
ABSTRACT 

ELDEEB, HADIR MAHMOUD AHMED MAHMOUD. Modeling Tensile Behavior of 3D 

Orthogonal Woven Composites from High Performance Natural Fibers. (Under the direction of 

Dr. Abdel-Fattah Seyam). 

 

Over the past few decades, ecological concerns resulted in an interest in using natural fibers such 

as flax and hemp in composite materials. Although, natural fibers have comparable mechanical 

properties to glass fibers, involving them in composites is challenging because of the inherent 

variability in their mechanical and physical properties. This variability is an obstacle in 

manufacturing due to the difficulty of predicting the properties of the composite without the need 

of manufacturing it. Modeling the mechanical behavior of 3D orthogonal woven (3DOW) 

composites from natural fibers is very beneficial in characterizing the composite material with a 

minimal need for multiple trials and coupon testing. 

From the literature review, it was found that most of the previous modeling of the mechanical 

behavior of 3DOW composites focused on linear elastic region only ignoring the plastic region. 

In addition, most of the work done was limited to plain jammed structures and few researchers 

dealt with limited number of weaves.  Additionally, the previous work done on natural fiber 

surface treatment mostly focused on the small amount of fibers and few researches addressed 2D 

fabrics.  

In this work, a generalized model to predict the entire tensile load-extension of 3DOW 

composites from natural spun yarns (flax and hemp) was developed. This model was verified 

experimentally through producing composites with different fabric architectures such as the 

number of Y- yarn layers, the weave pattern and the Z- to Y-yarns ratio. The results showed a 

general good agreement between the theoretical and experimental curves.  



The model was applied on 3DOW composites from preforms from as supplied yarns and yarns 

with enhanced surface treatment to reveal the effect of treatment on the model prediction. The 

results indicated better agreement between the theoretical and the experimental curves from 

bleached yarns than that from as supplied yarns. 

A numerical parametric study was performed to expose the architecture potential of 3DOW 

preforms. Composite panels were produced using 3D orthogonal weaving technology and 

infused using Vacuum Assisted Resin Transfer Molding (VARTM) process. Different 3DOW 

composites were tested for tensile, impact (Tup and Charpy) and compression properties to 

empathize their failure mechanisms in terms of structural parameters. A full study of the effect of 

composite thickness, weave design and the contribution of Z-binders was investigated. The study 

concluded that the number of Y-yarn layers had the most significant effect on the mechanical 

behavior of composites. 

The properties of composites from natural fibers (flax and hemp) were compared to composites 

from glass fibers. Composites from natural fibers showed lower tensile stress compared to glass 

composites due to the low fiber volume fraction of samples from natural fibers, however specific 

modulus was found to be comparable. In case of impact properties, composites from natural 

fibers showed equivalent specific impact properties compared to that from glass composites.  
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1. INTRODUCTION 

The environmental concerns have been increased globally during the last centuries. These 

concerns increased the awareness of using renewable resources as alternative materials in many 

applications due to their eco-friendly impacts on the environment (1). Recently natural fibers 

such as flax, hemp, cotton, etc. have been used broadly as composite reinforcements to replace 

the glass fibers in many industrial products. This is due to their merits as biodegradable 

materials, energy efficient, the high strength-to-weight ratio (2), good heat, sound and electrical 

insulators and efficient vibration dampers when compared with other synthetic polymers (3). 

The previous advantages of the natural fibers made them proper alternative materials in several 

applications such as biomedical applications (sutures, bone plates, joint replacements, heart 

valves, controlled drug-delivery devices, biosensors, and  blood tubes) (2), packaging, 

automobiles, bridges for on-foot passage (1), building constructions (4). Recently, flax fibers 

have been introduced strongly to replace glass fibers because of their high mechanical properties. 

Single flax fibers possess acceptable strength and stiffness values in the fiber direction (5).  

1.1. Definition of Composites  

The composite material is defined as an engineering material made from two or more distinct 

constituents with significantly different physical and chemical properties that have superior 

characteristics than that of each individual component (1). Usually, in a composite material, the 

strongest component is called reinforcement and the other is called matrix as shown in Figure 1.  
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Figure 1. Schematic of composite material (6) 

1.2. Classification of Composites 

Composite materials can be classified depending on either the type of the reinforcement or the 

type of the matrix as shown Figure 2. For the reinforcements, composites have two main 

categories; fibrous and particulate reinforced composites. The fibrous reinforced composites can 

be continuous fibers reinforced composites and short fibers reinforced composites. Each one can 

be classified depending on their alignment inside the composite into random or oriented for the 

short fiber reinforced composites and into unidirectional, bidirectional and multidirectional 

composites in case of continuous fiber or staple fibers converted into yarns. Other common 

classifications of fibrous structures (preforms) deals with their method of formation and 

thickness. Preforms may be produced using nonwoven, weaving, and knitting technologies in 

form of two-dimensional (2D) for one layer or thin preform or three-dimensional (3D) structures 

for multilayer and thick preforms. Secondly, depending on the type of the matrix, composite 

materials can be classified into polymer matrix composites (PMC), metal matrix composites 

(MMC) and ceramic matrix composites (CMC). The polymer matrices are mostly used in 

composites because of their low prices and easy processability when compared with the metal or 
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ceramic matrices (3). In this work, 3D orthogonal woven preforms have been produced from flax 

yarns then, infused with a Vinylester polymer matrix.  

 

Figure 2. Classification of composite material (3) 

1.3. Green Composites  

Due to environmental issues and limited petroleum resources, the demand for alternative 

renewable materials has been increased. This has forced the composite industry to find 

substitutional ecofriendly “Green” fibers and/or matrices replace the traditional composite 

constituents. Green composites can be classified into partly renewable composites; if either the 

reinforcement or the matrix is natural or totally renewable composites; if both components are 

natural (1).  

Besides the merits of the composite materials which include light weight, flexibility, high 

strength, superior corrosion, impact and chemical resistance, low coefficient of thermal 
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expansion and superior fatigue resistance, green composites have more advantages (1). For 

instance, green composites are coming from renewable resources, biodegradable, energy 

efficient, superior vibration dampers, efficient electrical, heat and sound insulators (1,2,7).  

Due to the advantages of green composites, they have been used widely in several applications. 

Figure 3 shows examples of such applications. Green composites can be used in biomedical, 

building constructions, automobiles, households, musical instruments, sports equipment and 

packaging markets (8-10).   

 

 

       Figure 3. Applications of green composites (8-11) 

1.4. Preforms of Green Composites 

Fiber preforms used for reinforcing the composites can be fibers, yarns, wovens or nonwovens. 

Textile structures for composites conducted either 2D or 3D preforms depending on the 

application. The 2D architectures include woven, braided and nonwoven preforms, however the 
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3D preforms, the most dominated, include the 3D woven, woven spacer, circular braided, 

nonwoven, laminated and sandwiches structures. 3D preforms allow the production of fairly 

thick fabrics (8-10). Figure 4 shows some examples of the textile preforms used in composites.  

 

(a) 

 

(b) 

Figure 4. Preforms of green composites; (a) 2D structures, (b) 3D structures (8-10) 
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1.5. Natural Fibers 

Natural fibers are defined as non-uniform structures with irregular cross-sections which contain 

voids and defects and have more complicated structures than that of the synthetic polymers (12). 

Natural fibers can be classified into two main categories; inorganic and organic materials. The 

later can get from plant resources or animal resources (1,12). Figure 5 introduces a simple 

classification of natural fibers with some examples of each type.  
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Figure 5. Classification of natural fibers, adapted from (1,13) 

1.6. Morphology of Flax Stem 

After about 90 days of flax cultivation, the stem turns yellow which indicates the time of 

harvesting. The stalk should not be cut in this process to keep the sap which affects the quality of 

the flax fibers. Then, the flax stems go through the rippling process in which the plant is passed 

through coarse combs in order to remove seeds and leaves from the plant. After that, the woody 
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bark surrounding the flax fiber is decomposed by water or chemical retting to remove the pectin 

or gum that attach the fibers to the stem. The retting process is followed by squeezing and 

breaking processes to crush the decomposed stalks then, go through fluted rollers to break up the 

stem and separate the fibers. After that, a process known as scutching is conducted to remove the 

broken stem and release the flax fibers, which then are combed and straightened to be prepared 

for the spinning process. The very finest flax fibers are called linen or dressed flax. The average 

length of the fibers is 12-20 inch (30.5-51.0 cm) (14). 

Figure 6 (a) presents a cross-section of a flax stem as well as a zoom on the peripheral area 

where the fibers are arranged into bundles. Bourmaud et al. (15,16) proved that the diameter of 

the stems has a direct effect on the number of the thickened fibers per section; the number of 

fibers per section and their diameter increased with the diameter of the stems. In addition, the 

diameter of the fibers increased significantly with stem height. One flax fiber can be composed 

of several elementary fibrils (typically 10–40) that are bounded together by the pectin. The 

elementary flax fiber consists of three distinct layers and the center which is called lumen as 

shown in Figure 6 (b). The outer layer is called the middle lamella which contains the pectin and 

lignin, the primary wall contains the hemicelluloses and cellulose and the secondary wall has 

mainly the cellulose which consists of three other layers (S1, S2, and S3). The spiral angle and 

S2 layer play a critical role in determining the mechanical properties of the fiber; the smaller the 

angle the higher is the fiber strength and modulus. The existence of pectin and lignin in these 

bundles reduces the mechanical properties of the fiber and has a crucial impact on the interfacial 

properties between the fibers and different matrices when used in composites (16,17).   
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Figure 6. Bundle of flax fibers; (a) Stem cross-section, (b) Elementary flax fiber, adapted from 

(16,17) 

1.7. Lignocellulosic Structures  

Plant fibers are called lignocellulosic structures which refer to the three main constituents; 

cellulose, hemicelluloses, and lignin combined with other minor components such as protein, 

wax, pectin, tannins, ash, and inorganic salts (13). The percentage of each component varies 

from plant to plant and even from type to type and within the same fiber as well. These 

variabilities came from several parameters. For instance, the source of the fibers, the growing 

conditions, the age of the plant and the digestion processes. Depending on the internal chemical 

structure and the constituents of the plant fibers, different physical properties can be found. Table 

1 shows some of the most widely used natural fibers in green composites and the content of each 

of the three main components.  
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Table 1. Natural fiber constituents, adapted from (13) 

Fiber Type Cellulose(%) Hemicellulose(%) Lignin(%) 

Cotton 82.7-92 5.7-6 0 

Flax 71-81 18.6-20.6 2.2-3 

Hemp 70.2-74.4 17.9-22.4 3.7-5.7 

Bamboo 48.2-60.8 25.1 2.1-32.2 

Jute 61-73.2 13.6-20.4 12-16 

Kenaf 28-39 21.5-25 15-22.7 

Ramie 68.6-76.2 13.1-16.7 0.6-1 

Sisal 56.5-78 5.6-16.5 8-14 

 

1.8. Chemical and Mechanical Structure of Cellulose 

Cellulose is a linear semicrystalline hydrophilic polymer composed of anhydroglucose units 

linked by β 1–4 glucosidic bonds. The building unit of the cellulose is the D-glucopyranose unit 

as shown in Figure 7 which contains many hydroxyl groups leading to a large number of 

hydrogen bonds. Some of the cellulose molecules align together, highly ordered, and form 

crystalline regions due to these hydrogen bonds and van der Waals forces, however the rest of 

the molecules with less packing introduce an amorphous region (3,12,13).  

The number of these units in the fiber is called the degree of polymerization (DP) which 

determines its chemical and physical properties. The DP of the cotton fibers is approximately 

7000 however, for flax fibers it is 8000 on average (13).  
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Figure 7. The molecular structure of cellulose (13) 

The DP and chemical constituents of natural fibers influence their physical and mechanical 

properties as it can be seen in table 2. 

Table 2. Fiber mechanical properties, adapted from (12) 

Fiber Type Density 

(g/cm3) 

Diameter (µm) Strength 

(MPa) 

Modulus 

(Gpa) 

Elongation at 

Break(%) 

Cotton 1.5-1.6 15.6-21 287-800 1.1-12.6 6-9.7 

Flax 1.5-1.54 - 450-1500 27.6-38 1.5-3.2 

Hemp 1.48 53.7 690-873 9.93 1.6-4.7 

Bamboo 0.6–1.1 88–125 140–441 11–36 1.3–8 

Jute 1.3-1.45 25-200 393-773 2.5-26.5 1-2 

Kenaf 0.749 43.3-140 223-624 11-14.5 2.7-5.7 

Ramie 1.45 34 400-938 24.5-128 1.2-3.8 

Sisal 1.45 50-200 80-640 1.46-15.8 3-15 
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2. LITERATURE REVIEW  

2.1. Geometrical Modeling 

Modeling the tensile behavior of industrial materials can be useful in prediction of the 

performance of the final product to reduce/eliminate unnecessary expensive trials. Due to their 

homogenous structure, materials such as metals, ceramics and polymers can be easily modeled 

compared to the heterogeneous fiber reinforced composite materials. Due to its numerous 

advantages, one class of fiber reinforced composites that drove the attention of researchers 

during the last three decades is composites from 3D Orthogonal Woven Preforms (3DOW). 

3DOW structures offer different directional properties dictated by the yarn spacing, weaving 

interlacing patterns, yarn count, yarn cross-section and the number of horizontal and vertical 

yarns. This part of the chapter critically reviews prior relevant work on modeling of tensile 

behavior of 2D and 3DOW structures. 

In 1973 and 1979 Kawabata et al. (18-20) developed a model to predict the entire biaxial load-

extension curve of plain weave fabrics, which assumed that warp and weft yarns are perfectly 

flexible. The measured yarn properties and fabric geometry were used to calculate the forces 

required to stretch the fabric in the warp and weft directions at the same time. By using finite-

deformation theory, where yarns were represented as straight line segments as shown in Figure 8, 

this model was able to accurately predict the tensile properties of the plain woven fabric. 

However, this model did not consider the effect of yarn bending stiffness which has been 

improved after that as a development of the model. Later, the model has been developed to 

predict the tensile behavior of 2/2 twill fabrics. Using finite deformation theory, this model 

accounted for the nonlinear nature of woven fabrics tensile properties using the measured yarn 
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properties to predict the load-extension curve of plain woven fabrics. However, the model was 

limited to plain and 2x2 twill weaves. 

 

Figure 8. The straight-line segments of a unit structure of plain weave (20) 

In 1995, Sun et al. (21) used Kawabata’s model to generate a general model that can predict the 

entire load-extension curve of any weave design. Despite this model used the straight-line 

geometry of Kawabata, it introduced a parameter that characterizes the interlacing point 

distribution pattern of the weave. In addition, this model was applicable for hybrid warp and 

filling yarns and used different thread spacing as shown in Figure 9. Sun et al. divided the woven 

structure into two portions; portion A which represented the inclined portion at the thread 

interlacing and portion B which is horizontal portion at the thread float as shown in Figures 9 

and 10. This model was successfully verified experimentally with a good agreement between the 

predicted and the actual results, however, it is still limited to 2D fabrics and cannot be used to 

predict the stress-strain curve of 3D preforms.  
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Figure 9. A repeat of one yarn structure in the warp direction (21) 

 

Figure 10. Structure within one repeat along the warp yarn axis (21) 

In 1994, Nagai et al. (22) proposed an analytical method to predict the elastic properties of 

composites made of three-dimensional orthogonal woven (3DOW) preforms using the role of 

mixture for composites. Different formulas for Young’s modulus, shear stress and Poisson’s ratio 

were derived and verified experimentally and by utilizing these formulas, the failure strain was 

estimated. In this model, a unit cell of 3D anisotropic space, which is shown in Figure 11, was 

used with different material properties according to the orientation direction. Then, each unit cell 

was divided into infinitesimal volume elements, shown in Figure 12, which can represent either a 

fiber, a matrix or a void. After that, all these infinitesimal volume elements were averaged over 
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the whole unit cell. Although this model was able to successfully predict the elastic properties of 

the composite material, it is still limited to the structure introduced in this research and cannot be 

generalized for any weave design.  

 

Figure 11. A 3D orthogonal weaving unit cell (22) 

 

Figure 12. Infinitesimal volume element in the 3D anisotropic space (22) 

In 1997, Tan et al. (23) established a unit cell model and a laminate model to predict the elastic 

properties of 3DOW composites. For the unit cell model, they used a Finite Element Analysis 

(FEA) and four theoretical analysis. These theoretical models depended on the elastic mechanics 
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theory and a range of analytical models; the X-model, the Y-model and the Z-model which 

divided the Representative Volume Element (RVE) into micro blocks (Figure 13). These micro 

blocks can represent either a fiber (warp, weft or binder yarn) or a matrix. Then the elastic 

properties of the whole composite were calculated using the micro blocks according to four 

theoretical models obtained from the X-model, the Y-model and the Z-model which were the 

XYZ- model, YXZ-model, ZXY- model, or ZYX- model. The models included parameters such 

as the diameters of warp, weft and binder yarns, the mechanical properties of the constituents of 

the composite and the fiber volume fraction. The mechanical properties of the matrix were 

assumed to be homogenous, however, it is assumed to be orthotropic for the preform. This model 

did not take into account any weaving design structural parameters which make it limited to what 

was produced for the model. All these models were verified experimentally, and the results 

showed a good agreement, however, the authors did not recommend one over the other.  

 

Figure 13. A schematic diagram of (a) X-model, (b) Y-model, and (c) Z-model (23) 

In 2002, Zuorong et al. (24) developed a model to predict the thermal elastic properties of 3D 

orthogonal composites by dividing the composite structure into unit cells and each unit cell again 

was divided into small segments. Each segment can be consisting of a warp yarn, a filling yarn, a 
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binder or a matrix as explained in Figure 14. However, this model got good agreements with the 

experimental data, it is still limited to jammed plain weaves.   

 

Figure 14. A schematic diagram for a unit cell of 3DOW composite (24) 

In 2009, Pankow et al. (25) developed a lamination theory for 3DOW composites to predict the 

effective linear elastic extensional and bending stiffnesses. A representative unit cell (RUC) of 

the composite, showed in Figure 15, was used that include the constituents which are warp, 

filling, and binder yarns and a resin as explained in Figure 16. Each component was assumed to 

be a transversely isotropic linear elastic solid and the contribution from each to the RUC elastic 

bending stiffness was calculated by volume averaging using the fiber volume fraction of each 

component. While the model showed a good correlation with the experimental results, the 

volume fraction of each constituent layer or ply was determined from micro-computed 

tomography (micro-CT) scans and a finite element model to convert the slices into a 3D model. 

The model requires production of the composites and then take CT images to obtain actual 

geometry, which defeats the purpose of predictive model without actually producing the 

composite. 



  18 

 

 

Figure 15. 3DOW composite with its Representative unit cell (RUC) (25) 

 

Figure 16. The four constituent layers in the 3D woven composite (25) 

In 2013, Seyam and Ince (26) developed a generalized geometrical model of non-jammed and 

jammed structures of 3DOW preforms from spun yarns, shown in Figure 17, to predict a range of 

parameters such as fiber volume fraction, preform thickness, preform areal density and 

maximum thread density to achieve the jammed structure. The model inputs included weave 

factor, number of layers, Z/Y yarn ratio. The model considered circular cross-sections for 
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jammed and non-jammed structures in addition to a racetrack cross-section for jammed structure. 

The model introduced numerical results to reveal the generalized model potential as a design tool 

to achieve a broad range of preform properties which can be used in simulating the geometry of 

3DOW preforms including the shape of the yarn interstices and thus, the resin flow time could be 

predicted and optimized. The unique advantage of this model is the prediction of the preforms 

and their composites properties for any weave design and it is specifically for preforms from 

spun yarns and twisted continuous filament yarns. Therefore, this model can be used to predict 

tensile properties of composites from any 3DOW in combination with methodology used in 

previous models such as Sun et al. (21) and Kawabata et al. (18-20). 
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Figure 17. 3DOW preform (jammed and non-jammed structures) (26) 

In 2018, Midani et al. (27) developed a generalized model using the finite-deformation approach 

that depends on Kawabata et al. (18-20), Sun et al. (21), and Seyam and Ince (26) models to 

predict the entire load-extension curve of 3DOW preforms as well as their composites from flat 

filament and spun yarns including the non-linear region. The model had two main approaches of 

the input of the preform which are using the x, y, and z yarns’ tensile properties or their fibers’ 

tensile properties. The results showed a better agreement using the fibers’ properties than the 

yarns’ properties due to the weak link effect. While the model is general and can be applied for 
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any 3DOW architecture, including weave and hybrid structures, the model was experimentally 

verified for composites from flat filament yarns. The flat filament yarns and their fibers are much 

more uniform compared to natural fibers such as hemp and flax. The latter fibers pose modeling 

challenges due to their high non-uniformity that need to be accounted for to obtain reasonable 

prediction of their preforms and composites.  

2.2. Fiber Surface Treatments 

Despite the advantages of using the natural fibers in composites, there are many disadvantages 

which created challenges for the application of natural fiber composites. One of the tremendous 

difficulties is that the natural fibers in composites can absorb moisture by water diffusion 

through defects in the interface fiber via the microvoids and microcracks, as well as along the 

crosslinking points. In addition, the variability in the quality of the natural fibers which depends 

on several parameters including the multitude of different plant varieties, the growing conditions, 

and the availability of the some types of fibers in some countries than others due to the weather 

conditions which increases the cost of the fibers due to shipping and handling cost. Besides, 

natural fibers have low thermal degradation that limits the applications of their composites 

(1,12).  

The mechanical performance of the composite material can be affected by the properties of the 

reinforcements and matrices, the orientation of the fibers inside the composite and the bonding 

between the fibers and the matrix. The latter is a crucial parameter because it determines how the 

matrix is effective in transferring the stresses to the fibers and therefore affect the performance of 

the final composite material.  The non-cellulosic constituents in natural fibers inhibit the bonding 

between the cellulose and polymer matrices which affects the interfacial bonding between the 

fibers and the matrix. In order to enhance this bonding, several surface treatments of the natural 
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fibers have been practiced (12). There are three approaches of the surface treatment; the first 

depends on removing the non-cellulosic constituents from the surface of the fiber to enhance the 

relationship between the cellulose and the matrix. The second approach is by separating the large 

fiber bundle into smaller ones to increase the fiber-matrix interaction by increasing the bonded 

surface area. The third focuses on the chemical treatments to form covalent bonds between the 

fiber and the matrix (12,28). Depending on the three approaches applied to the surface 

treatments, several treatment methods have been utilized. These methods can be classified into 

four main categories; mechanical treatments, physical treatments, chemical treatments and 

physicochemical treatments (12,28,29).  

2.2.1. Mechanical Treatments 

Mechanical treatments are able to change the structural and surface properties of natural fibers 

and therefore enhance the fiber-matrix relationship. Several mechanical treatments including; 

fiber stretching, calendaring, rolling or swaging have been investigated, however, using such 

methods causes fiber damage (29). For this reason, mechanical treatments have not been widely 

used. 

Hearle and Sparrowand (30) studied the effect of suspending cotton fiber into water and applying 

tension followed by drying without removing the stress. They noticed an increase in its strength 

and a decrease in the extensibility as a result of removing the convolutions in the cotton fiber as 

shown in Figure 18. This pretreating had been carried out before mercerizing the cotton fibers to 

examine the effect on the subsequent process, however their proof about removing the 

convolutions from the cotton fibers through wetting and drying the fibers under tension still 

important for any subsequent process including the relationship between natural fibers and the 

resin.  
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Figure 18. SEM images of cotton fiber (a) before extension; (b) at 3.8% extension; (c) at 6.4% 

extension; (d) fracture at 7.4% extension (note rupture near left end) (30) 

Semsarzadeh (31) used the calandering method for jute laminate woven fabrics to improve the 

fiber orientation and therefore decrease the micro void content in the composite. However the 

intensive calandering of jute cloth caused damages in the jute fibers. In addition, a pressure was 

applied during the curing process to enhance the resin wetting and the bonding between fibers 

and the polyester resin. The mechanical treatment with the use of poly (vinyl acetate) to treat jute 

fabric improved the fiber-matrix interaction. 

2.2.2. Physical Treatment 

Physical treatments including cold plasma, plasma with corona, laser, γ-ray, solvent extraction 

and steam explosion have been carried out as effective surface treatments of fibers (29). Plasma 

and laser treatments of lignocellulosic fibers resulted in improving the surface of lignocellulosic 

fibers, while steam explosion has been reported to reduce stiffness, improve bending properties, 

and caused narrow fineness (diameter) distribution (17).  
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2.2.2.1. Plasma Treatment (17) 

Plasma treatment is one of the most successful methods that have been carried out by researchers 

to modify the surface of natural fibers without changing their bulk properties. Two main methods 

of using plasma have been investigated; discharging plasma by corona and cold plasma. Cold 

plasma can introduce high-frequency of electric discharge using microwave energy however, 

corona plasma produces lower frequency by alternating current discharge at atmospheric 

pressure.  

Marais et al. (32) used helium cold plasma to treat a nonwoven sheet made from pure flax fibers 

and a mixture of flax and polyethylene terephthalate (PET) with a weight ratio 80/20 to reinforce 

an Unsaturated Polyester Resin (UPR). They compared the plasma treatment with the use of an 

autoclave to achieve the best improvement in both moisture resistance and stiffness of the 

composites. The helium plasma introduced some radicals on the surface of the flax fibers that 

react with the unsaturated polyester chains and reduced the impurities on the surface, as shown in 

Figure 19, and therefore enhanced the interaction properties between the fibers and the 

composite as shown in the SEM images in Figure 20. However, the plasma and the autoclave 

treatments were able to increase the elastic modulus of the composite, the ultimate strength had 

been decreased as shown in Figure 21 which conflicted with the SEM images that showed 

enhancement in the relationship between the fibers and matrix after the plasma treatment. On the 

other hand, autoclave treatment was more efficient in terms of the water resistance of the 

reinforced composites. 
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Figure 19. SEM images of flax fibers (a) Untreated, (b) Plasma treated (32) 

 

Figure 20. SEM images of fractured flax/PET composite (a) Untreated flax fibers, (b) Plasma 

treated (32) 
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Figure 21. Values of tensile modulus E, breaking strength (σ), and breaking strain (ε %) of dry 

composites: (a) flax/ UPR composite, (b) flax/ UPR composite plasma treated, (c) (flax/PET)/ 

UPR composite, (d) (flax/PET)/ UPR composite plasma treated, (e) flax/ UPR composite 

autoclave treated, (f) flax/ UPR composite autoclave plasma treated (32) 

Sarikanat et al. (33) studied the effect of flax treatment by argon and air atmospheric pressure 

plasma to enhance the mechanical properties of flax/ unsaturated polyester composite with the 

use of three plasma powers; 100, 200 and 300 W. Their experiments of the tensile strength, 

tensile modulus, flexural strength, flexural modulus, interlaminar shear strength (ILSS), Mode I 

interlaminar fracture toughness (GIC), and Mode II interlaminar fracture toughness (GIIC) 

proved that the mechanical properties for flax fiber-reinforced polyester composites have been 

improved using air plasma treatment much better than that by argon plasma treatment as 

explained in Figure 22. Changing the plasma power in air plasma improved the tensile properties 

of the composite, however, this enhancement was up to 200 W in case of argon plasma treated 

due to the deterioration of the flax fibers.  In Figure 23, unlike all other mechanical properties, 
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the flexural strength of air plasma treated composite at 200 W had been decreased compared to 

100 W treatment.  No explanation was provided for such deterioration by increasing the plasma 

power. 

 

Figure 22. Tensile strength values of flax fiber-reinforced polyester composites (33) 

 

Figure 23. Flexural strength values of flax fiber-reinforced polyester composites (33) 
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Bozaci et al. (33) treated flax fibers to improve the interfacial adhesion between flax fibers and 

two matrices; high-density polyethylene (HDPE) and unsaturated polyester by argon and air 

atmospheric pressure plasma systems under various plasma powers. This treatment changed the 

surface chemical composition and functional groups and increased the surface roughness. That 

was obvious in the results of Fourier Transform Infrared Spectroscopy, X-ray Photoelectron 

Spectroscopy, Scanning Electron Microscopy, and roughness tests. They proved that the 

interfacial adhesion of argon treated flax fiber for HDPE matrix was superior to those of air 

treated and untreated flax fiber, however the air plasma treatment was more efficient than argon 

plasma treatment of flax fiber and polyester matrix and that was the same results showed by 

Sarikanat et al. Above that, the pull-out tests showed that greater plasma power causes greater 

interfacial adhesion (34). 

2.2.3. Solvent Extraction  

The aim of the solvent extraction process is to separate the lignocellulosic components from the 

fibers with a high content of cellulose by using solvents. These solvents pollute the environment 

through hazardous substances and vapors produced (12).  

Le Digabel and Avérous (35) studied the effect of different extraction conditions on the filler 

surface and the size distribution which affected the thermal and mechanical properties of the 

biocomposites. The lignocellulose fillers were a by-product of an industrial fractionation process 

of wheat straw, however, the used matrix was a biodegradable aromatic copolyester 

(polybutylene adipate-co-terephthalate). From the raw agro-material, three different filler 

fractions (TLF1, TLF2, and TLF3) have been obtained by varying the fractionation conditions to 

extract the lignin according to the liquid media (water or ethanol). Two temperatures had been 

used; the room temperature and the solvent reflux temperature. Changes in the surface tensions 
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of the fillers were observed due to the treatments of the fillers. Above that, an increase in the 

fillers roughness after treatment was noticed. Therefore, variations on the thermal properties 

were particularly notable on the biocomposites’ crystallization temperatures. The elongations at 

break and at the yield point of the composites with treated fillers had been decreased than that of 

the untreated fillers, however, there was no clear trend of increasing or decreasing the breaking 

elongation with different filler fractions.  

2.2.4. Thermal Treatment 

Thermal treatment depends mainly on depolymerizing or releasing the non-cellulose constituents 

and chemicals from the fiber bundle.  In this process, the lignocellulosic fibers are autoclaved 

around or below the glass transition temperature of lignin (around 200◦C) to separate the single 

fibers from the bundle. Thermal treatments can increase the crystallinity and dimensional 

stability of lignocellulosic fibers. The hydrophobicity of the surface of the fibers also can be 

increased as a result of melting and flowing the non-cellulose chemicals to the surface (12). 

2.2.5. Steam Explosion 

Steam explosion is usually used to separate the lignocellulosic fiber bundles into their 

elementary fibers and main components. This process is used widely in extracting wood fibers 

(36), but can also be applied to high cellulose content long fibers to increase the contribution of 

the cellulose and therefore improve their properties (37). Steam explosion helps in decreasing the 

amount of minerals, water-extractables, and pectin included in the fibers however, it reduces the 

length of long fibers. In the steam explosion, the biomass is pressurized with steam for a short 

time and then exposed to atmospheric pressure for the biomass defibrillation. A steam explosion 

can significantly increase the crystallinity of the fibers and therefore increase their modulus (38).   
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Nykter et al. (37) studied the effects of pectinase enzyme treatment followed by thermal 

treatments which were a steam explosion and dry heating on the chemical composition of hemp 

fibers. The enzymatic treatment of hemp increased the moulds of the fibers however, the steam 

explosion reduced the growth of moulds on the hemp fibers. In addition, the steam explosion was 

found to reduce the number of bacteria. It was noticed that both enzymatic treatment and steam 

explosion had changed the chemical composition of the hemp fibers. The cellulose content 

increased by 6% to be 67–70% with the enzymatic treatment, 74% in case of a steam explosion 

and 78% when steam explosion treatment was used after enzymatic treatment of hemp fibers.  

2.2.3. Chemical Treatment 

2.2.3.1. Alkaline Treatment 

Alkaline treatment or mercerization is one of the most widely used chemical treatments of 

cellulosic fibers before using them as reinforcements for thermoplastics and thermosets. This 

process depends mainly on the disruption of hydrogen bonding in the network structure by 

alkaline treatment and therefore increasing the surface roughness of the fibers. Alkaline 

treatment removes a certain amount of lignin, wax and oils which cover the external surface of 

the fiber cell wall as shown in Figure 24, however, it can depolymerize the cellulose and expose 

the short length crystallites. The addition of aqueous sodium hydroxide (NaOH) to natural fiber 

results in ionization of the hydroxyl groups to the alkoxide as shown in equation (1)  (39). The 

alkaline treatment changes the orientation of highly packed crystalline cellulose order and 

forming an amorphous region. Thus, more access to penetrating chemicals can happen (40). 

𝐹𝑖𝑏𝑒𝑟 − 𝑂𝐻 + 𝑁𝑎𝑂𝐻 → 𝐹𝑖𝑏𝑒𝑟 − 𝑂 − 𝑁𝑎 + 𝐻2𝑂  (1) 
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Figure 24. The schematic representation of the fiber contents before and after alkaline treatment 

(40) 

Mohanty et al. (41) used alkali treatment to enhance the bonding between the chopped kenaf and 

henequen fibers and polypropylene (PP) matrix. The results showed that the use of alkali was 

efficient in improving the fiber–matrix adhesion in natural fiber/ PP composites. During alkali 

treatment, removal of a substantial portion of uronic acid which is a constituent of hemicellulose 

xylan resulted in changes in the FTIR spectra. The TGA analysis evidenced that the 5% alkali-

treatments of natural fibers improved the thermal stability. The alkali treatment of kenaf and 

henequen fibers resulted in superior mechanical properties of the natural fiber-PP composites. 

Balnois et al. (42) chemically modified flax fibers in order to enhance the relationship between 

flax fibers and unsaturated polyester resins using sodium hydroxide, sodium hydroxide plus 

acetic anhydride and formic acid-based treatments. The surface structure of treated flax fibers 

became smoother with a decrease in roughness when compared to the raw flax fibers. Using the 

AFM results they proved that the chemical modification of the natural fibers contributed to 

highlight some of the important parameters that are necessary to enhance the mechanical 

properties of composites. 
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Huo et al. (43) used three types of cellulosic fiber; long-line European (EU) flax fiber, North 

American (NA) flax fiber, and North American hemp fiber mats as reinforcements in natural 

fiber composites. Two alkaline fiber surface treatments had been used with different treatment 

conditions. The first was alkaline treatment in which the natural fibers were immersed into 1500 

mL of 10 g/L sodium hydroxide ethanol solution at a temperature of 78 °C for 2 h and then 

washed with distilled water with 7 pH.  The second was immersing the fibers into 3 wt. % acrylic 

resin (AR) Tetrahydrofuran (THF) solution for an hour at room temperature after alkaline 

treatment. In both methods, the treated fibers were dried in an oven for 24 h at 80 °C. Vinyl ester 

(VE) had been used as a polymer matrix for the treated and untreated fibers. The FTIR spectra 

were able to show the differences between the treated and the untreated natural fibers. Figure 25 

describes the infrared spectra of the treated and untreated hemp fibers. The CH peak stretching 

around 3000 𝑐𝑚−1 to 2800 𝑐𝑚−1 was clearer in the spectra of the treated hemp fibers indication 

of clean surface of the treated fibers. In addition, the peak at 1737 𝑐𝑚−1 in the 3% AR treated 

hemp fibers explained the C=O group that came from the acrylic resin. 
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Figure 25. The infrared spectra of untreated and treated hemp fibers 

The treatments revealed the high mechanical properties of EU flax fiber reinforced composites, 

as described in table 3, with minimal voids and fine surface appearance. All surface treatments 

were able to increase the adhesion between fibers and matrices, however alkaline treatment and 3 

% AR THF treatment reduced the fiber modulus. Table 3 shows the tensile properties for the 

different treatments of the three fibers. 
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Table 3. Tensile Properties Comparison (43) 

 

Ishikawa et al. (44) used flax and hemp natural fibers in an epoxy acrylate resin to produce 

composites. Three different surface treatments had been applied for each type of fibers before 

producing the composite in order to improve the mechanical properties of the final product by 

developing the interfacial adhesion between the fibers and the matrix. For flax, the treatments 

were acetone, laundry detergent, and an aqueous solution of sodium hydroxide (3 wt. % NaOH). 

For hemp, they used polysilazane, silane coupling agent, and coating by polyvinyl alcohol 

(PVA). A vacuum assisted resin transfer molding (VARTM) had been used to inject the 

pressurized resin into the preform as described in Figure 26, however there was no information 

provided about the used preform. Figure 27 shows that all surface modifications of flax fibers 

increased the tensile strength of the composite, however the alkali washing was the most 
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effective that increased the tensile strength of the composite by 19.7%. In contrast, all hemp fiber 

treatments decreased the tensile strength as described in Figure 28. It was claimed that cracks 

were partially produced on the polysilazane layer as defects which reduced the tensile strength of 

the composite. On the other hand, the PVA had filled the gabs between fibers and prevented the 

epoxy resin from impregnating into the preform. The results of the micro-droplet pull-out test 

confirmed the weakness of treated hemp fiber composites. However, by looking at the SEM 

images of fracture surfaces of hemp fiber composites in Figure 29, it is noticed that the treated 

fiber sample had a cleaner surface without pulled-out fibers. On the other hand, the untreated 

hemp fiber composite had many pulled fibers which indicated that the adhesion between fibers 

and matrix was stronger in case of the treated hemp fibers which conflicts with the tensile and 

the pull-out test results.  

 

Figure 26. Schematic diagram of VARTM method (44) 
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Figure 27. Tensile properties and fiber contents of flax fiber composites (44) 

 

Figure 28. Tensile properties and fiber contents of hemp fiber composites (44) 
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Figure 29. Fracture surfaces of hemp fiber composites; (a) untreated and (b) PVA 5 wt. % (44) 

Amiri et al. (45) studied the effect of alkaline treatment of flax fiber and the addition of 1% 

acrylic resin to vinyl ester matrix on mechanical properties and long-term creep behavior of 

flax/vinyl ester composites. Flax fibers were immersed into 1500 mL of 10 g/L sodium 

hydroxide/ethanol solution at a temperature of 78 ˚C for 2 hours. The alkaline treatment with the 

use of sodium hydroxide was able to increase the cellulose content by 10% and decrease all other 

constituents in the flax fibers as shown in table 4. Therefore, it increased the number of reaction 

sites which resulted in stronger adhesion between the fibers and the matrix. The SEM images of 

untreated and treated flax fibers in Figure 30, revealed the clean surface of alkali treated flax 

fibers. This modification resulted in an increase in the interlaminar shear, tensile and flexural 

strength of the composite, however, the tensile and flexural modulus was decreased by 10%. The 

addition of 1% acrylic resin to the vinyl ester resin enhanced all the mechanical properties except 

the flexural modulus that was decreased by 5%. Time-temperature superposition (TTS) had been 

used to describe the long-term creep behavior. The results of applying the TTS showed that the 

alkaline fiber treatment and adding 1% acrylic resin to vinyl ester delayed the creep response. 
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Figure 30. SEM images of flax fiber; (a) untreated; (b) alkaline treated, adapted from (45) 

Table 4. Constituent analysis of untreated and alkaline treated flax fibers (45) 

 

2.2.3.2. Coupling Agents  

Silane treatments, acylation, benzoylation, and graft copolymerization have been used widely for 

modifying the surface of fibers to enhance the interfacial adhesion between the fibers and the 

matrix. Coupling agents contain chemical groups that react with fiber and matrix to create 
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covalent and hydrogen bonds which can improve the interaction between them (12). Many 

coupling agents have been used in the surface modification of natural fibers depending on the 

types of the polymer and the matrix. In silane treatments, the composition of silane forms a 

chemical link between the fiber surface and the matrix through several stages of hydrolysis, 

condensation and bond formation during the treatment process. The presence of moisture 

produces silanols and hydrolysable alkoxy groups, one end of silanol reacts with the cellulose 

hydroxyl group during the condensation process and the other end forms a bond with the 

functional group of the matrix. These linkages provide molecular continuity across the interface 

of the composite which can improve the chemical adhesion between the fibers and the matrix 

and therefore, enhance the properties of the composite. However, in the acylation (known as 

esterification) method, acetyl groups (CH3CO) react with the hydrophilic hydroxyl groups (OH) 

of the fiber and therefore decrease the existence of moisture and decrease the hydrophilicity of 

natural fibers. This increases the dimensional stability and decreases the void content of the 

composite. In addition, this treatment provides rough surface topography which leads to better 

mechanical interlocking with the matrix (46).  

Valadez-Gonzalez et al. (47) were able to improve the interfacial shear strength between 

henequen fibers and a thermoplastic matrix of high-density polyethylene (HDPE) by the 

presence of a silane-coupling agent after alkali treatment as shown in Figure 31. This treatment 

increased the surface roughness which resulted in a better mechanical interlocking and it 

incremented the amount of cellulose exposed on the fiber surface, therefore increasing the 

number of possible reaction sites. The silane treatment resulted in better interfacial load transfer 

efficiency in addition to increasing the tensile strength of the composite material from 21 to 27 

MPa. In composite materials, the fibers used to have better mechanical properties than the 
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matrix, however, it was unusual that the tensile strength of the henequen fibers was lower than 

that of the HDPE matrix. 

 

 

Figure 31. Schematic representation of the interphases formed on the henequen fibers; (a) 

untreated, (b) alkaline treated, (c) alkaline treated followed by a silane treatment (47) 

2.2.3.3. Bleaching 

Lignocellulosic fibers usually contain certain amounts of lignin and pectin which can be 

degraded using bleaching treatments. Bleaching agents can be classified into two types; 

oxidation bleaching and reduction bleaching. Bleaching treatments are typically used for cotton 

fibers to deduce the color and increase the whiteness of the fibers. The bleaching agent reacts 

with the functional groups of the fiber, which cause different colors, to change their structure and 

therefore, cause the whitening (12).  
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Cherif et al. (48) produced prepregs with the use of 2/2 twill woven flax fabric and epoxy matrix. 

They investigated many pre-conventional treatments such as mercerization, bleaching, and 

leaching of fabrics from long fibers, and yarn leaching for short fibers to study their effect on the 

water sorption and the mechanical properties and of flax/epoxy composites. The leaching 

treatment was done with a boiled alkaline, sodium hydroxide was used with the mercerizing 

treatment, however, a combination of hydrogen peroxide and sodium hypochlorite was used for 

the bleaching treatment. After these treatments, two composite preparation techniques were 

implied; hot platen press and autoclave. The fiber volume fractions of all composites prepared by 

hot platen press were higher than the autoclave as described in Figure 32 which explained the 

reason behind the higher values of the tensile strength of composites prepared with the hot platen 

press shown in Figure 33. For the water sorption, table 5 shows that all pretreatments had 

decreased the water sorption parameters; diffusion coefficient, sorption coefficient, and 

permeability coefficient. Moreover, the effect of the different chemical treatments on flax yarns 

had been studied and Figure 34 described their effects on the effective yarn strength. It is 

obvious that all treatments except leaching for short fibers, improved the mechanical properties 

of flax yarns. It is noted that the fabric used to produce the composites had different fabric basis 

weight as described in table 6 and different fiber volume fraction and it is not fair to compare the 

fabric treatments since other parameters are not equal.   
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Figure 32. Fiber volume fractions of hot platen press and autoclave prepared composites (48) 

 

Figure 33. Tensile strength of hot platen press and autoclave prepared composites (48) 

 

 



  43 

 

Table 5. Diffusion, sorption and permeability coefficients for flax/epoxy composite (48) 

 

 

Figure 34. Influence of pretreatments on the effective yarn strength (48) 
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Table 6. Fabric basis weight of the twill 2/2 fabrics used for the preparation of the composites 

(48) 

 

2.2.3.4. Peroxide  

Peroxide treatment is an efficient method used to improve the interfacial properties between the 

natural fibers and the matrix. The initiated peroxide free radicals react with the hydroxyl group 

of the fiber and the matrix as well. Thus, stronger fiber-matrix adhesion along the interface can 

be achieved. In addition, this treatment reduces the moisture absorption tendency by the fibers 

and improves the thermal stability of the composite (46).  

Li et al. (49) studied the effect of potassium permanganate surface treatment on ultra-high 

molecular weight polyethylene (UHMWPE) fibers reinforcement with natural rubber (NR) in 

composites. The FTIR spectra illustrated in Figure 35 shows an increase in the relative intensity 

of the –OH peak at 3340 𝑐𝑚−1 and the –C=O at 1630 𝑐𝑚−1 which indicated that the number of 

these functional groups on the surface of the fiber had been increased and therefore, enhanced 

the interfacial bonding between the fiber and the matrix. These changes were obvious in the 

SEM images of the untreated and treated fiber as described in Figure 36. The better tensile 

properties of the composites with treated fibers confirmed the enhancement in the interfacial 

bonding between the fibers and the matrix as shown in Figure 37. Figure 38 shows the fracture of 
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treated and untreated UHMWPE fibers/NR composites. The untreated fibers had been pulled-out 

from the natural rubber with clean surfaces which indicated the low interfacial bonding, 

however, the treated fibers presented less pulled-out fibers accompanied by several micro-

fibrillation which can explain the strong interfacial adhesion. It is noted that the type of fracture 

in the SEM images was not mentioned. 

 

Figure 35. FTIR spectra of UHMWPE fibers (49) 

 

 

Figure 36. SEM micrographs of (a) untreated fiber, (b) treated fiber (49) 
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Figure 37. Stress-strain curves of NR and 2 wt. % UHMWPE fibers/NR composites (49) 

  

Figure 38. SEM images of fractured surface: (a) UHMWPE fibers/NR composites, (b) treated 

UHMWPE fibers/NR composites, adapted from (49) 

2.2.3.5. Nanoparticles Treatments 

Nanotechnology has been considered as one of the most important and newest technologies in 

this century. Researchers have used the unique properties of nanomaterials to investigate new 

methods for natural fiber surface treatments (4). Altundal et al. (50) investigated treatment with 

nano alkali additives of five types of flax fibers, numberd 1-5, in a polymer matrix composites. A 
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comparison between the effect of the treated and untreated surface fibers on the mechanical 

behavior of composites was introduced in Figure 39 (a, b). Higher tensile strengths were 

observed in all treated fiber composite samples than that in untreated fiber composite samples.  

 

(a) 

 

(b) 

Figure 39. Stress –deformation curves of (a) untreated, (b) alkali treated fiber reinforced 

composites, adapted from (50) 
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Ajith et al. (51) studied the effect of grafting flax fiber yarns by hydrous zirconia nanoparticles 

on the flax/epoxy interfacial properties. The tensile strength and the interfacial shear strength of 

the flax fiber to the epoxy resin had been increased after the grafting of the nanoparticles onto 

the flax fibers. In addition, the glass transition temperature and storage modulus were increased 

as well which indicated the enhanced bonding strength between the grafted fibers and the epoxy 

resin. Moreover, the treated flax fiber-based composites showed an antimicrobial performance. 

2.2.4. Comparison of Different Surface Treatments 

Yu et al. (52) treated ramie fibers, after cutting into 10 mm in average length, with two types of 

surface treatments; alkali and coupling agents. The used coupling agents were 3-

aminopropyltriethoxy silane and c-glycidoxypropyltrimethoxy silane. Rami fibers had been used 

as a reinforcement with poly lactic acid (PLA) (Mw = 140,000) to produce a composite with 

30% fiber volume fraction by the two-roll mill. Different characterization techniques were used 

to study the effect of fiber surface treatment on the tensile, flexural, thermal, and morphological 

properties of the composite. A neat PLA had been tested to be compared with the produced 

treated and untreated composites. However, the FTIR spectroscopy confirmed the chemical 

reaction between the silane and the ramie, it failed to indicate a difference between the alkali 

treated and untreated fibers. In contrast, the FTIR spectroscopy used by Mohanty et al. (41) was 

able to differentiate between the untreated and alkali treated kenaf and henequen fibers as shown 

in Figure 40 which are cellulosic fibers as well. This difference in results maybe because of the 

settings of the FTIR, since none of the papers mentioned details about the setting of the 

instrument. The tensile and flexural properties of alkali treated composites showed better results 

than that treated with silane 2 than that with silane 1(52). This indicated that the interfacial 

properties of the alkali treated rami and the matrix were the best. 
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Figure 40. FTIR spectra of (a) raw kenaf, and (b) alkali-treated kenaf fibers (41) 

The results of the DMA showed that the storage modulus of the alkali treated composite is higher 

than that treated with silane 1 than that with silane 2 than that without treatment as shown in 

Figure 41. Since, the higher the value of storage modulus, the better the interfacial adhesion 

between the PLA matrix and ramie fibers (52), it was expected that the tensile strength of the 

composite with silane 1 treated fibers would be higher than the composite with silane 2 treated 

fibers however, table 7 shows the opposite. 
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Figure 41. Storage modulus of PLA and PLA-based composites: (a) neat PLA, (b) composite 

with untreated fiber, (c) composite with fiber treated by alkali, (d) composite with fiber treated 

by silane 1, and (e) composite with fiber treated by silane 2, adapted from (52) 

 

Figure 42. Flexural properties of neat PLA and PLA-based composites, adapted from (52) 
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Table 7. Mechanical properties of PLA and PLA-based composites, adapted from (52) 

 

Thermal degradation was tested by the DSC. Despite the strong interfacial adhesion between the 

PLA matrix and the alkali treated ramie fibers, it showed less thermal degradation compared to 

the silane treated samples (52). The reasons for such a conflict was not explained by the authors. 

The surface morphologies of the fractured specimens of composites with treated and untreated 

fibers had been tested using SEM. The SEM images differentiated between the untreated and the 

treated fibers in the composites. For the untreated sample, there were pulled out fibers with a 

clean surface which clarified the low interfacial adhesion between the untreated fibers and the 

matrix (52). However, the authors mentioned that the SEM images for the alkali and silane 

treated specimens were different, they did not list any of these differences between the 

morphologies.  

Sreekumar et al. (53) were able to enhance the interfacial bonding between sisal fibers and 

polyester resin through different chemical and physical fiber treatments. They used silane, 

permanganate, benzoylchloride, sodium hydroxide and heating at 100 ˚C as surface 

modifications to improve the mechanical properties and decreased the water absorption of the 

composite. It is noted that the authors mentioned that the FTIR had been used to test the surface 

modifications of the fibers, however, there was no specific explanation or spectra from the FTIR. 

The treatments resulted in an improvement in the mechanical properties of the fiber-reinforced 
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composites such as the tensile and flexural properties as described in table 8, however, all the 

treatments decreased the impact properties of the composites as shown in Figure 43. The authors 

claimed that the enhancement in the fiber/matrix adhesion resulted in increasing the tensile 

properties of the composite while decreasing the impact results due to the crack propagation 

along the fracture area. This theory can be clear in case of mercerized fibers that had the highest 

tensile strength and modulus and the lowest impact strength, however, by looking at silane 

treatment which had the highest tensile strength after mercerization, it had the highest impact 

strength of all the treatments. Thus, this explanation addressing the comparison between the 

treatments was not justified. A decrease in the water absorption had been described as a result of 

the increase of the fiber/matrix bonding.  

Table 8. Mechanical properties of treated sisal fiber-reinforced polyester composites, adapted 

from (53) 

 

Where; (R): resin transfer molding, (N): mercerization, (H): heat treatment, (B): benzoylation, 

(P): permanganate, (S): silane treatment, and (40): fiber content %.   
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Figure 43. Impact properties of treated and untreated sisal/polyester composites (53) 

2.3. Properties of Green Composites 

2.3.1. Physical Properties 

Usually, natural fibers exhibit dimensional instability due to their nature of hydrophilicity when 

compared to glass fibers (54). The existing hydrophilic free radicals in natural fibers dictates the 

response of composite material when exposed to water or relative humidity. This property 

usually determined by the consequent dimensional changes when the material is immersed in 

water (4). The hydrophilic nature of plant fibers can cause cracks in the matrix or lack in the 

adhesion between fibers and matrix due to the water absorption. To reduce the moisture 

absorption of natural fiber composites, several surface treatments have been suggested by 

scientists. Pan and Zhong (55) modified the Mori–Tanaka model to measure the mechanical 

degradation of natural fiber reinforced composites (NFRCs) induced by moisture absorption. 

They measured the loss in Young's modulus due to the water absorption. The comparison 

between the theoretically predicted results of the model and the experimental data showed a good 
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agreement as shown in Figure 44. Above that, their numerical results showed that a stiffer matrix 

can reduce both the moisture absorption and the mechanical degradation of natural fibers.  

 

Figure 44. The comparison of Young’s modulus E of the composite between theoretical and 

experimental results (55) 

Marais et al. (32) investigated helium cold plasma and/or autoclave treatments by means of water 

permeation measurements to treat flax fibers in a flax-polyester composite. Water sorption 

measurements showed a reduction of the water concentration in autoclave-treated fibers 

compared to untreated fibers, however for the plasma-treated fibers no change has been 

observed. 

Sreekumar et al. (53) were able to decrease the water absorption of the composite by enhancing 

the interfacial bonding between a nonwoven preform of sisal fibers and polyester resin (R) with 

40% fiber content. They used a combination of chemical and physical treatments such as alkali 

treatment (N), heating at 100 °C (H), permanganate treatment (P), benzoylation (B) and 

silanization (S). Table 9 shows the effects of different surface treatments on the diffusion, 

sorption, and permeability coefficient of composites. It is noted that all surface treatments were 

able to decrease the diffusion coefficient of the composite when compared to the untreated fiber-
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based composite. Benzoylation had the least diffusion coefficient. Besides, sorption and 

permeability coefficients had been calculated depending on the diffusion coefficient for a better 

understanding of water absorption in the composite. 

Table 9. Diffusion, sorption and permeability coefficient for treated sisal/polyester composites at 

different temperatures (53) 

 

The thermal stability of green composites depends upon the thermal decomposition of fibers and 

polymers used in the composite and their contribution as well (56). Kabir et al. (40) used 

peroxide treatment to enhance the thermal stability of natural-fibers composites. However, 

Araujo et al. used different coupling agents to improve the thermal properties of high-density 

polyethylene composites with curaua fibers that are usually extracted from the leaves of the 

Ananas erectifoliusL. B. Smith plant and is cultivated in the Amazon region (57,58).  
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2.3.2. Mechanical Properties 

Studying the mechanical properties of composites have been carried out using different 

characterization methods such as tensile, flexural and impact testing. Two approaches for these 

measurements have been investigated; micro-scale analysis and macro-scale analysis. Most of 

the characterization testing in natural composited had been done on the micro-scale level for 

single fibers with droplets of a matrix.  

Bax and Mussig (59) compared the mechanical properties of PLA with random fiber webs of 

Cordenka rayon fibers and flax fibers reinforcements. They used injection molding to produce 

the samples. Table 10 shows the results of the mechanical properties of the two types of 

composites depending on the fiber content. Cordenka reinforced PLA at a fiber-mass proportion 

of 30% showed the highest impact strength (72 kJ/m2) and tensile strength (58 MPa) while the 

highest Young’s modulus (6.31 GPa) was found for the flax/PLA composite. 

Table 10. The mechanical properties of flax/PLA and Cordenka/PLA composites (59) 

 

Ramakrishna and Sundararajan (60) compared the impact properties of four natural fibers; coir, 

sisal, jute and hibiscus cannebinus with of cement mortar slabs with the objective to assess the 

impact behavior using a simple projectile test. For each fiber, four different fiber contents (0.5%, 

1.0%, 1.5% and 2.5% by weight of cement) and three fiber lengths (20mm, 30mm and 40mm) 
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had been considered. The results showed that coir fiber reinforced mortar slab specimens got the 

best performance based on the impact resistance (Ru), residual impact strength ratio (Irs), impact 

crack-resistance ratio (Cr) and the condition of fiber at ultimate failure.  

Park (61) utilized the Vacuum Assisted Resin Transfer Molding (VARTM) manufacturing 

method to produce the flax/vinyl-ester natural fiber composites using a unidirectional and 2D 

flax nonwovens. He compared the mechanical properties of the produced composite with flax 

composites data cited from some references. Tables 11 and 12 shows the mechanical properties 

of a previous work that had been done by other researchers for unidirectional and 2D flax/vinyl-

ester composites. The author did not provide explanation about the testing methods or standards 

that had been used and how that was different or similar to what had been reported in other 

authors’ work he compared his work to. In addition, the author claimed that his method of 

manufacturing the composite proved that it had better mechanical properties, however, there was 

no data provided to support his claim.  

Table 11. Mechanical properties of UD-flax specimen (61) 
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Table 12. Mechanical properties of the 2d-flax specimen (61) 

 

Zampaloni et al. (62) used a compression molding process utilizing a layered sifting of a 

microfine polypropylene powder and chopped kenaf fibers to produce a kenaf/PP composite. A 

thermal treatment was conducted for the fibers in addition to a coupling agent was used for the 

matrix to enhance the adhesion between the fibers and the matrix. The mechanical properties of 

the manufactured composites were compared for their tensile strength and flexural strength with 

hemp/PP, flax/PP, sisal/PP and coir/PP. The results are exhibited in Figures 45 and 46. It is noted 

that the hemp/PP and flax/PP composites have superior tensile properties, and flax/PP was the 

best in terms of flexural strength properties. Figure 47 shows a comparison between the specific 

E-modulus of five natural fibers (flax, hemp, kenaf, sisal, and coir) and E-glass fibers. Kenaf and 

hemp fibers have higher specific modulus than E-glass fibers, however flax, sisal, and coir got 

low specific E-modulus.  
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Figure 45. Comparison of the tensile strength of kenaf/PP composites to other natural fiber 

composites (62) 

 

Figure 46. Comparison of flexural strength of kenaf/PP composites to other natural fiber 

composites (62) 
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Figure 47. Comparison of the specific modulus of various fibers (62) 

Samuel et al. (63) utilized the hand lay-up process to manufacture natural composites with a 30 

wt. % fibers using five different natural fibers; ukam, banana, sisal, coconut, and hemp. The 

mechanical properties of the manufactured composites were compared to that of E-glass fiber 

reinforced laminates. The natural fibers were treated with alkaline in order to improve the 

mechanical properties of the resultant laminates. Figures 48-50 show that the e-glass based 

composites had very high compressive, tensile and bending strength when compared to the 

values of natural fibers-based composites. On the other hand, natural fibers-based composites 

proved to be a good competitor with e-glass based composites as described in Figure 51. The 

authors failed to report the type of matrix used in their work. 
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Figure 48. Compressive strength of alkalized treatment of natural fiber reinforced laminate 

samples (63) 

 

Figure 49. Tensile strength of alkalized treatment of natural fiber reinforced laminate samples 

(63) 
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Figure 50. Bending strength of alkalized treatment of natural fiber reinforced laminate samples 

(63) 

 

Figure 51. Impact strength of alkalized treatment of natural fiber reinforced laminate samples 

(63) 

Vuure et al. (64) compared the compressive properties of natural fiber composites from three 

types of natural fibers; flax, bamboo and coir fibers with epoxy matrix. Flax fibers had been 

dried for 24 h at 60 °C, however, a wet cleaning was applied to bamboo and coir fibers then 

dried for 72 h at 60 °C which resulted in aligning the fibers. A Vacuum Assisted Resin Infusion 
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(VARI) had been utilized for producing the unidirectional fibers composites. Table 13 shows that 

the compressive properties of bamboo/epoxy were higher than flax/epoxy, higher than 

coir/epoxy composites, however, the tensile modulus of flax/epoxy composite was higher than 

bamboo/epoxy composite as shown in table 14. 

Table 13. Compressive properties of UD composites with different natural fibers with a fiber 

volume fraction of 40% (64) 

 

Table 14. Comparison of tensile and compressive properties for flax and bamboo UD composites 

with equal fiber volume fractions of 40% (64) 

 

Le Duigou et al. (65) had used the microbond test, micromechanical analysis and contact angle 

measurements to examine the interfacial characterization and the mechanical properties of Flax 

fiber/PLA composite at the micro-scale and compared it with those of Glass/ Polyester, Glass/ 

Epoxy, Flax/Polyester, and Flax/Epoxy composites. Above that, the matrix mechanical, thermal 

properties and matrix morphology had been tested. A droplet of the matrix was produced around 

a fiber to be used for the measurements. A tensile machine with a 2 N load cell and a crosshead 
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speed of 0.1 mm/min was used in order to measure the maximum force used (𝐹𝑚𝑎𝑥) to depond 

the fiber and the matrix. The mechanical behaviour of PLA was similar to that of standard 

polyester and epoxy resins so that, the crack appearance from the debonding process for each 

was not unique after reaching the 𝐹𝑚𝑎𝑥.  

𝐹𝑚𝑎𝑥 had been used with the droplet length and the fiber diameter to determine the apparent 

shear strength (𝜏𝑎𝑝𝑝) and the ultimate shear stress (𝜏𝑢𝑙𝑡) by a predeveloped micro-mechanics 

equation. Slow cooling rates showed better results for 𝜏𝑎𝑝𝑝 and 𝜏𝑢𝑙𝑡 as the residual stresses were 

able to be released with the use of longer time. The average 𝜏𝑎𝑝𝑝 of Flax/PLA was the highest of 

all composites which indicated that their interfacial properties were the best.  

The contact angles between the flax fiber and the solid matrix with the microdroplet have been 

measured by image analysis. Contact angles had been decreased with slower cooling rates 

because of the difference in shrinkage, viscosity, and the magnitude of residual stress inside the 

droplet with temperature. Samples had been heated to 190℃ to measure the degree of 

crystallinity. Melting temperature and glass transition temperature were measured using different 

cooling rates. In order to evaluate the thermal stresses that happened by the cooling process, the 

difference between the stress-free temperature and the tested temperature had been determined 

(𝛥𝑇 = 𝑇𝑓𝑟𝑒𝑒 − 𝑇𝑡𝑒𝑠𝑡). ΔT values referring to the degree of crystallinity were higher with slower 

cooling rate. Higher values of ΔT produce higher shrinkage of the matrix which increase the 

difference between thermal expansion coefficients of the fiber and the matrix and thus, affect the 

stress transfer mechanism between the two. The authors mentioned that they used a suitable 

cooling rate for the DSC but they did not specify the rate.  
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DMA in the compression mode was used to estimate the thermal expansion coefficient of the 

composites with a temperature range of -20℃ to 60℃. The slow cooling rate which had a high 

degree of crystallization showed the best tensile and shear properties. Thermal expansion 

coefficient did not change with cooling rate because the used temperature range was small. It is 

noted that the used frequency was missed in the paper. Fracture surfaces were sputter-coated 

with a thin layer of gold and had been examined via SEM. The fracture of flax/PLA which was 

interfacial indicated that there were physical interactions such as Van der Waals interactions 

between flax and PLA however, the interfacial bonding between epoxy and flax was by chemical 

bonds which is much stronger than Van der Waals interactions. That means the interfacial 

bonding between epoxy and flax is stronger than PLA and flax which is opposite to what they 

got from measuring the 𝜏𝑎𝑝𝑝 using the microbond test. An explanation for that conflict should 

have been provided. 

Polymer structure was observed via the polarization microscopy with different cooling rates. The 

slowest cooling rate showed a crystalline structure with large spherulites unlike the air cooling 

sample as shown in Figures 52 and 53. 

 

Figure 52. Air cooling: (a) PLA/flax/PLA stack; (b) microdroplet, adapted from (65) 
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Figure 53. 1℃/min: (a) PLA/flax/PLA stack; (b) microdroplet, adapted from (65) 

By reviewing the literature, it is found that most of the researches had been done in natural fiber 

composites, especially with flax fibers, were in the micro-scale level with single fibers. Only a 

few papers had been utilized nonwoven fabrics and only one paper used 2x2 twill prepregs 

laminate. Therefore, there is a gap in the field of green composites with 3D orthogonal woven 

preforms (3DOW).  Thus, this work intended to fill this gap by producing green composites from 

flax fibers using 3DOW preforms and compare their properties with glass fibers-based 

composites.  
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3. OBJECTIVES 

In the last decades, the interest in producing composite materials from natural fibers has been 

increased to reduce environmental impacts of using synthetic fibers, however this is challenging 

because the significant non-uniformity in the mechanical and the physical properties of natural 

fibers. To produce a composite material from a 3D preform, there are three main basic 

technologies to convert sets of yarns into a well oriented and regular structure which are 

weaving, knitting and braiding. Such structures can effectively carry the internal load in three 

dimensions without the need for layering to produce laminated composites. A recent technology 

that has not been fully explored, especially in green products, is 3D orthogonal weaving (3DOW) 

process. The significance of the 3DOW preforms and their composites have been shown to 

provide better performance compared to their counter parts using other formation technologies. 

In this process, structural parameters (such as yarn count, yarn spacing and weave pattern) can be 

changed to meet the performance requirements to meet products with desired properties. All of 

these different preform architectures can determine the performance of the preform during the 

infusion process which will determine the mechanical properties of the produced composite. In 

addition, the channels resulting from the non-crimp y- and X-yarns in the preform reduce the 

resin flow time and therefore the cost of the final composite. 

From the review in chapter 2, it is found that most of the previous modeling of the mechanical 

behavior of 3DOW composites focused on linear elastic region however, the plastic region is 

very important since the stresses are distributed and the damage is accumulated which is 

different from 3D from 2D laminate composites. In addition, most of the work done was limited 

to plain jammed structures and few researchers addressed the non-jammed structures. Moreover, 

few researches addressed different types of weaves which can alter the properties of the preform 
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and hence the final composite. Additionally, the previous work done on natural fiber surface 

treatment mostly focused on the small amount of fibers and few researches were found on 2D 

fabrics. There is a gap in studying the effect of surface treatments on 3DOW preforms and their 

composites. The lack of research mentioned above directed the objectives of the current 

proposed work. 

The main objective of this work is to develop a generalized model to predict the entire tensile 

load-extension of 3DOW composites made from natural spun yarns (hemp and flax) and verify 

the model experimentally. For this purpose, 3D woven preforms with different fabric 

architectures were produced by changing different structural parameters such as the Z-yarn 

interlacing (weave) pattern, the number of layers, weft yarn type and the number of Z to Y yarns 

ratio. The model relies on measured X-, Y-, and Z-yarns and dry resin’s tensile properties to 

predict entire load-extension curve of the composite. 

The second objective is to apply the model on 3DOW composites from preforms from as 

supplied yarns as well as yarns with enhanced surface treatment and find out whether the 

treatment affects the model prediction. For this objective, different weft yarns with and without 

fiber surface treatments have been woven as 3DOW preforms. 

The third objective of this research is to compare between the properties of composites from 

natural fibers (hemp and flax) and glass fiber. Hemp and flax have competitive properties to 

glass fibers which allow them to be a natural substitutional in the future.    
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4. EXPERIMENTAL 

This chapter covers the experimental work used in this research project including the materials, 

3DOW preforms and their composites formation, experimental design and the methods and 

equipment used to determine the physical and mechanical properties of the composites and their 

constituents.  

4.1. Materials 

4.1.1. Fibers  

The material of warp, weft and binder yarns were made from flax fibers manufactured by 

ALBANA LINEN, Egypt. Bleached warp yarns were used in the Y and Z direction as warp and 

binder yarns to produce the 3DOW performs with linear densities 8.5 and 20 metric counts 

(NM), respectively. In contrast, four different types of flax yarns were used in the X direction 

with the same linear density of 6 NM. The specifications of all yarns are depicted in table 15. All 

yarns were produced by wet spinning and the bleached yarns were at ELBANA LINEN with 

Hydrogen Peroxide (H2O2) with a 50% concentration which was applied for 90 minutes. 
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Table 15. Specifications of warp, weft and binder yarns  

 

Yarn 

Linear 

Density 

(Nm) 

 

Yarn Type 

 

Doubling 

Single Yarn 

Diameter 

(mm) 

Y-yarn 8.5 Bleached Flax Yarns 3 0.406 

X-yarn  

6 

Grey Flax Yarns  

2 

 

0.483 
Bleached Flax Yarns 

Grey High Strength Flax Yarns 

Bleached High Strength Flax Yarns 

Z-yarn 20 Bleached Flax Yarns 1 0.264 

 

4.1.2. Resin and Curing Agent 

An epoxy-based DERAKANE® 8084 Vinylester resin donated by Ashland Performance 

Materials, Kentucky was used in this study as a matrix for the 3DOW preforms to produce the 

composite. The typical properties of the liquid and cured DERAKANE® 8084 Vinylester resin 

are given in tables 16 and 17. The Vinylester resin can cure in room temperature and less 

hazardous than polyester resin because of the lower styrene content. The Vinylester during the 

curing process is forming a gel initially which helps to get a uniform glass transition temperature 

across the composite. In this research, the Vinylester resin was mixed with curing agents which 

were an initiator NOROX® MEKP-925H and a promotor Cobalt Naphtenate-6%. The typical 
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properties of the initiator are shown in table 18. These curing agents can control the gelation time 

of the Vinylester resin which is an important factor to control the wetting of the preform that 

affects the performance of the composite. The short gelation time causes unsaturated dry spots 

because once the gelation happens the flow of the resin stops. On the other hand, the long 

gelation time decreases the productivity, so it is very critical to be able to control the curing time 

of the resin. In this research, the following infusion parameters are depicted in table 19.  

Table 16. Typical properties of the liquid Derakane® 8084 Vinylester resin 

Property Value 

Density, 25℃ 1.02 g/mL 

Dynamic Viscosity, 25℃ 360 mPa·s (cP) 

Kinematic Viscosity 350 CST 

Styrene Content 40% 

Shelf Life, Dark, 25℃ 6 months 
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Table 17. Typical properties of the cured Derakane® 8084 Vinylester resin 

Property  Value  Test Method  

Tensile Strength  76 MPa  ASTM D-638 / ISO 527  

Tensile Modulus  2.9 GPa  ASTM D-638 / ISO 527  

Tensile Elongation, Yield  8-10%  ASTM D-638 / ISO 527  

Flexural Strength  130 MPa  ASTM D-790 / ISO 178  

Flexural Modulus  3.3 GPa  ASTM D-790 / ISO 178  

Density  1.14 g/cm3  ASTM D-792 / ISO 1183  

Volume Shrinkage  8.2%   

Heat Distortion Temperature  82℃ ASTM D-648 Method A / ISO 

75  

Glass Transition Temperature, 

Tg2  

115℃  ASTM D-3419 / ISO 11359-2  

IZOD Impact (unnotched)  480 J/m  ASTM D-256  

Barcol Hardness  30  ASTM D-2583 / EN59  
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Table 18. Typical properties of the initiator NOROX® MEKP-925H 

Property Value 

Active Oxygen 9.0 %, max 

Form Liquid 

Color Water white 

Specific Gravity @ 25℃/4℃ 1.10 

 

Table 19. The infusion parameters 

Temperature 24℃  

Time  60±15 Minutes 

MEKP (Initiator), wt.%  1.5 

CoNap6% (Promoter) , wt.%  0.3 

 

4.2. Experimental Design 

Two experimental designs A and B have been structured to: (1) verify the generalized model to 

predict the entire tensile load-extension of 3DOW composites made from natural spun yarns 

(hemp and flax) model experimentally, (2) Apply the model on 3DOW composites from 

preforms with enhanced surface treatment and find out whether the treatment affects the model 

prediction and (3) Compare between the properties of composites from natural fibers (hemp and 

flax) and glass and high performance synthetic fibers to identify applications for the green 

composites.  
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4.2.1. Design of Experiment A 

Design of experiment A aimed to fulfill objectives (1) and (3) in which different levels of three 

preform architectural parameters have been varied to study their effects on the performance of 

the 3DOW composites. The preforms were designed to be volume-balanced in the X and Y-

directions (the x-fiber volume fraction equals y-fiber volume fraction) to achieve the best 

interlaminar performance (26). Table 20 shows the variables and levels of experimental design A 

along with the total number of runs.  

Table 20. Variables and their levels of design of experiment A 

Variables Values Levels 

No. of Y layers 

(X-yarn density Picks/cm for 

volume-balanced structures) 

 

3 (2.02), 6 (2.31), 9 (2.43) 

 

3 

Z/ Y ratio 1:1, 1:3 2 

Weaves Plain, 2x2 warp rib, 3x3 warp rib 3 

Total no. of runs 3 x 2 x 3 18 

 

In this design of experiment, the Y-yarns density kept constant and bleached flax X, Y and Z-

yarns were used.  

4.2.2. Design of Experiment B 

The experimental design B was structured to achieve objectives (1) and (2). In this design of 

experiment, different flax yarns were used in the X-direction to study the effect of the surface 
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treatment on the model prediction since the treatment affects the fiber surface characteristics and 

hence the interfacial bonding between the resin and fiber, which in turn impacts the tensile 

properties of the composites . Two levels of the number of Y-yarn layers are included in this 

design. The experimental design variables and levels are listed in table 21.  

Table 21. Design of experiment B 

Variables Values Levels 

X-Yarn Type Grey, HS., Bleached HS. 3 

No. of layers 

(X-yarn density Picks/cm 

for volume-balanced 

structures) 

 

3 (2.02), 6 (2.31) 

 

2 

Total no. of samples 3 x 2 6 

 

The fixed parameters in this experimental design were; plain weave, 1:1 Z/ Y ratio, Y-yarns 

density, Y, Z-yarns were bleached. 

4.3. Preforms Formation 

Preforms were woven using the 3D weaving machine, shown in Figure 54, which is housed in 

the composite core facility at the Wilson College of Textiles, NC State University. This machine 

was donated by 3TEX Inc. The Y- and Z-yarns are directly supplied from two creels which can 

hold up to 1088 yarn packages.  X-yarn packages are supplied by additional side creel. The weft 

insertion mechanism in this loom is single rigid rapier/X-yarn. In each insertion cycle, two X-

yarns are inserted simultaneously since the yarns are fed continuously without cutting after each 
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insertion. All yarns were back wound from as supplied large packages to cylindrical packages to 

fit holders of the two creels utilized.  

 

Figure 54. (a) view of the 3D weaving loom, (b) multi-insertion of weft yarns 

Each warp yarn layer on the loom has 102 Y-yarns with an even yarn spacing using a reed with a 

dent density of 2.36 dents/cm (6 dents/inch) with one Y-yarn/layer and one Z-yarn in each dent 

in case of 1:1 Z to Y-yarn ratio. One Y-yarn/layer in each dent and a Z-yarn every three dents 

were set in case of 1:3 Z to Y-yarn ratio as shown in figure 55. One meter of each preform (24 

preforms in total for design of experiments A and B) was woven with a width of 43 cm 

excluding the selvages. Two selvage Z-yarns were added at the edges of the preform to prevent 

the unraveling of X-yarns. 



  77 

 

 

Figure 55. Denting Plan 

4.4. Resin Infusion 

In order to transform the 3DOW preforms into composites, each sample has been divided into 

two half-meter each to achieve the best uniform infusion. Each half-sample was consolidated 

using a vacuum assisted resin transfer molding technique (VARTM) using a VacMobiles® 20/2 

equipment shown in Figure 56 (a). The VARTM system is available at the composite core 

facility, Wilson College of Textiles, NC State University. 
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(a)                                                                       (b) 

Figure 56. (a) VacMobiles® vacuum pump, (b) A schematic diagram of the VARTM technique 

In the VARTM technique, the preform is placed over a release film that is put over a glass top 

table. After that, another release film of polyester fabric is laid over the preform. Then, a resin 

distribution (green flow) media was used in order to eliminate the permeability effect in the 

thickness direction. Resin inlet spiral tubes and resin inlet and outlet port were placed over the 

preform. In the end, a plastic bagging is placed over all these layers and is sealed using double-

sided tape. After vacuum application using the vacuum pump, the system is checked for air 

leakage using the Amprobe TMULD-300 ultra-sonic leak detector. The resin mixture is prepared 

and infused through the sample and then a solidified panel of the composite is finalized.  

4.5. Testing and Evaluation 

4.5.1. Fiber Testing 

Fiber density and tensile properties have been measured for the following types of fibers: hemp, 

grey flax, bleached flax, high strength flax and bleached high strength flax. For each type of 
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fiber, about 150 single fibers have been extracted carefully and randomly from yarns to be 

evaluated. Before testing, all the fibers were conditioned for at least 24 hours at 70 ± 2 degree 

Fahrenheit and 65% ± 2 relative humidity.  

The Vibromat testing instrument, shown in Figure 57, was used to measure fiber’s linear density 

(denier) following the ASTM D1577-07. The Vibromat is located at the physical testing lab, 

Wilson College of Textiles, NC State University. 150 fibers were extracted from yarns for each 

type of fibers to be tested individually. This method is based on the vibrating string principle in 

which the linear density of fibers can be measured from the fundamental resonant frequency of 

transverse vibration of a fiber measured under known conditions of length and tension. A pre-

tension of 165 mg was used to straighten the fibers during the measurements.  

 

Figure 57. (a) An extracted fiber with a pre-tension at the end, (b) The Vibromat instrument 

fter measuring the linear density, the tensile properties of about 120 fibers/yarn were measured. 

Each fiber was mounted on paper frame by using glues and tapes as shown in Figure 58. The 

gauge length of single fiber specimens was 2.54 cm (1 inch). ASTM D3822 was followed to 

determine the tensile strength of single fiber using an MTS Q Test machine located at the 
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physical testing lab, Wilson College of Textiles, NC State University. A 0.2039 Kg (2 N) load 

cell, 15 mm/min elongation rate and grip pressure of 4.9 kg/cm2 (70 psi) were used. The grips 

were equipped with rubber to reduce the stress concentration and achieve a better pressure 

distribution, which reduces the possibility of fiber slippage or breakage inside the grips. The 

paper frame was cut before starting the test as shown in Figure 59. Fibers that broke inside the 

either grip were not considered in the calculation of the average fiber tensile strength. 

 

Figure 58. Cardboard frame used in single fiber tensile testing preparation 
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Figure 59. Cardboard frame inside the grips of the MTS Q Test machine 

4.5.2. Yarn Testing 

The ASTM D1907 was followed to measure the linear density of yarn. A 109.73 m (120 yards) 

of nine specimens from three different packages (three from each) of each type of yarn were 

wound on a skein winder and weighed using a four-digital scale (0.0001 milligram accuracy).  

Figure 60 pictures the skein winder and the weight scale 

 

Figure 60. (a) Skein winder, (b) A scale 

Hemp and flax yarns’ tensile properties were measured according to ASTM D2256/ D2256-10.  

Different gauge lengths of 25.4 cm (10 inches), 2.45 cm (1 inch), and 1.27 cm (0.5 inch) were 
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considered using an MTS Q Test machine with different load cells and gripping conditions. The 

testing parameters of each gauge length are listed in Table 22. The load-extension curves of 2.54 

cm gauge length were used as input to the model discussed in chapter 6. For the 25.4 cm gauge 

length, snipping grips were used, however for the 2.54 cm and the 1.27 cm gauge lengths, each 

yarn specimen was taped and glued in a paper frame as the one used in the single fiber testing.  

Table 22. The testing parameters of yarn tensile properties using the MTS Q Test machine 

Gauge length 

(cm) 

Load cell (kg) Elongation rate 

(mm/min) 

Grip pressure 

(𝐤𝐠/𝐜𝐦𝟐) 

Number of 

specimens 

25.4 453.6 304.8 4.22 10 

2.54 113.4 15 5.6 15 

1.27 113.4 15 5.6 10 

 

The twist per meter (TPM) for all hemp and flax yarns were measured according to ASTM 

D1422 using the Twistmeter shown in Figure 61. Twenty-five specimens were measured for 

each yarn type. 

 

Figure 61. Yarn Twistmeter 
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In order to predict the composite tensile properties, the load-elongation of the fibers and the 

number of fibers in yarn cross-section are needed as input parameters to the model. Bleached X-, 

Y- and Z-yarns from flax fibers were sized using 20% solid sizing solution with the use of 

PhilBind L-1000 sizing agent from Philchem and a red dye as shown in Figure 62 (a). A sizing 

winder shown in Figure 62 (b) located at the weaving lab, Wilson College of Textiles, NC State 

University was used to prepare the sized yarns, which was run at 43 m/min. Sizing the yarn made 

it stiff enough to cut by a razor to create yarn cross section according to the following 

procedures. After conditioning, the sized yarns were coated by synthetic fibers and squeezed 

through a foam using a sewing thread and a sewing needle.  

Each sized yarn with accompanied with filament yarn were pulled out from the foam pieces as 

shown in Figure 63 (b). After that, thin slices of the foam and the sized yarn surrounded by 

synthetic fibers were cut using sharp razor blades as indicated in Figure 64. Number of fibers in 

yarn’s cross-section was calculated from pictures taken by Confocal microscope. Ten pictures of 

bleached X-, Y- and Z-flax yarns were captured and the average number of fibers in yarn cross-

section of each yarn type was considered in the model in Chapter 6. 
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(a)                 (b) 

Figure 62. (a) Sizing winder (b) Size box contains solution with a red dye  
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(a)  (b) 

Figure 63. Steps of preparing yarn samples for the confocal: (a) Tools used to prepare the yarn 

cross-section (b) The sized yarn surrounded by synthetic fibers and squeezed through the foam 

 

Figure 64. Slices of foam with sized yarn surrounded by synthetic fibers 
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Figure 65. Yarn cross-section captured by the confocal 

4.5.3. Composite Testing 

4.5.3.1. Sampling 

For each sample, two composite panels had been produced with 50 cm length and 45 cm width 

each in average. The sampling plan was developed to maximize the utilization of each composite 

panel and to have at least five specimens for each test as required by the ASTM standards 

followed in this research. Figure 66 shows the cutting plan sufficient representative specimens 

used in this research. The cutting plan was drawn first using Adobe Illustrator and cut by a 

computerized waterjet cutting technology available at ADR Hydro-Cut, Inc., Morrisville, NC.  

Waterjet cutting was chosen due to its preciseness in terms of dimensions with a very low 

coefficient of variation (less than 0.1%). In addition, it does not cause any thermal induced 

damages or delamination to the composite which are common with the conventional CNC 

cutting.  
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Figure 66. Cutting plan 

       

(a)  (b) 

Figure 67. Composite panel (a) after waterjet cutting and (b) after removing specimens 
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4.5.3.2. Fiber volume fraction 

Fiber volume fraction (FVF) plays an important role in the properties of the composite as it 

represents the fiber percentage within the entire composite. Theoretically, fiber volume fraction 

can be calculated using a combination of densities, yarns’ linear density and the geometrical 

parameters of the preform. In this research, a theoretical FVF was calculated using equations 

(17-19) in Chapter 6 and compared to the measured using equation (2). Preform and composite 

weight was calculated directly from the composite panels before and after infusion. Flax and 

Hemp fibers’ densities were used as 1.43 and 1.48 (g/cm3), respectively (12,66). Composite 

density was calculated using a density kit. A specimen (8 mm x 8 mm) was placed in a beaker 

and the weight was measured in air and in water as shown in Figure 68. The average of five 

specimens from each sample are listed in Tables 23 and 24 which show a comparison between 

the theoretical and the experimental FVF of the samples of experimental designs A and B, 

respectively.  

𝐹𝑉𝐹 =
Preform weight (g)/fiber density (

g

cm3)

composite weight (g)/composite density (
g

cm3) 
∗ 100 (2) 

 

Figure 68. Density Kit 
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Table 23. Theoretical and experimental FVF of samples- Experimental design A 

Sample 

ID 

Y-

layers 

Z/Y 

Dent 

Ratio 

Weave X-yarns 

density 

(picks/ 

inch/ layer) 

Measured 

FVF 

Calculated 

FVF 

3L-1 3 1:1 Plain 10.28 22.83 17.75 

3L-2 3 1:1 2x2 Warp Rib 10.28 24.42 17.14 

3L-3 3 1:1 3x3 Warp Rib 10.28 24.94 16.93 

3L-4 3 1:3 Plain 10.28 23.04 16.83 

3L-5 3 1:3 2x2 Warp Rib 10.28 22.79 16.63 

3L-6 3 1:3 3x3 Warp Rib 10.28 22.84 16.56 

6L-1 6 1:1 Plain 11.76 25.81 29.80 

6L-2 6 1:1 2x2 Warp Rib 11.76 24.61 27.78 

6L-3 6 1:1 3x3 Warp Rib 11.76 24.35 27.10 

6L-4 6 1:3 Plain 11.76 25.70 26.98 

6L-5 6 1:3 2x2 Warp Rib 11.76 25.53 26.31 

6L-6 6 1:3 3x3 Warp Rib 11.76 24.90 26.09 

9L-1 9 1:1 Plain 12.34 27.62 30.10 

9L-2 9 1:1 2x2 Warp Rib 12.34 27.25 28.04 

9L-3 9 1:1 3x3 Warp Rib 12.34 27.36 27.36 

9L-4 9 1:3 Plain 12.34 27.29 27.27 

9L-5 9 1:3 2x2 Warp Rib 12.34 27.04 26.59 

9L-6 9 1:3 3x3 Warp Rib 12.34 27.44 26.36 
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Table 24. Theoretical and experimental FVF of samples- experimental design B 

Sample 

ID 

Y-

layers 

Filling Yarn X-yarns 

density (picks/ 

inch/ layer) 

Measured FVF Calculated FVF 

3L-1 3 Bleached 10.28 22.83 17.75 

3L-7 3 BHS 10.28 25.01 17.61 

3L-8 3 HS 10.28 24.26 14.69 

3L-9 3 Grey 10.28 22.13 15.29 

6L-1 6 Bleached 11.76 25.81 29.80 

6L-7 6 BHS 11.76 26.05 29.63 

6L-8 6 HS 11.76 26.79 26.02 

6L-9 6 Grey 11.76 25.71 26.73 

 

4.5.3.3.Tensile 

MTS Servo-hydraulic 370 load frame, showed in Figure 69, located at the Composite Core 

Facility, Wilson College of Textiles, NC State University was used to evaluate the tensile 

properties of the composite produced in this research. The testing device has 250 KN load 

capacity. The ASTM D3039 was followed to measure the tensile properties of the composites in 

the X- and Y-axis directions. A five specimens in each direction (254 mm x 25.4 mm) each were 

used with a gauge length 154 mm and a 50 mm gripping length. A 1mm/min cross head speed 

was used with different gripping pressure that was changed accordingly with the number of Y-
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yarn layer to obtain optimum gripping and avoid any slippage or crushing in the specimen. A 

1000, 1800 and 2000 MPa gripping pressures were used for 3 layers, 6 layers and 9 layers, 

respectively.  

 

Figure 69. MTS Servo-hydraulic 370 load frame 

4.5.3.4.Tup impact 

Instron Drop Tower Impact CEAST 9350 showed in Figure 70 (a) and located at the Composite 

Core Facility, Wilson College of Textiles, NC State University was utilized to measure the 

impact resistance of the composite in which the specimen was pneumatically clamped and then 

punched by the hemispherical striker according to ASTM D3763-15 Standard Test Method for 

High-Speed Puncture Properties of Plastics Using Load and Displacement Sensors.  The striker 

was connected to a piezoelectric transducer to measure the force employed on the specimen in 

the direction of impact. The specimen size was 101.6 mm x 101.6 mm and the impact velocity 
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was 4.4 m/s with a maximum 20% change. A 49.7 J force was used for all specimens which was 

suitable for breaking samples with 9 Y-Yarn layers. No extra dead weight was used because the 

specimens were sensitive to high impact energy. Five specimens were tested from each sample. 

4.5.3.5.Charpy impact 

For Testing the Charpy impact properties of the composite, Instron Pendulum Impactor II 

showed in Figure 70 (b) and located at the Composite Core Facility, Wilson College of Textiles, 

NC State University was used. The ASTM D6110: Standard Test Method for Determining the 

Charpy Impact Resistance of Notched Specimens of Plastics was followed to test the Charpy 

impact resistance of composite specimens in the X- and Y-axis directions. In this research, the 

specimens were not notched although, this was recommended by the ASTM standard because 

this would reduce the impact resistance more. Five specimens of 127 mm length and 12.7 mm 

width in each direction were tested with a striker energy of 10.8 J which was enough to break the 

specimen while maintaining the absorbed energy level less than 80% of the striker energy.  
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Figure 70. Instron impact testing equipment, (a) drop tower impact CEAST 9350, and (b) 

pendulum impactor II 

4.5.3.6.Compression 

For testing the compression properties of the composites, the MTS Servo-hydraulic 370 load 

frame in Figure 69 was utilized. The ASTM D-6641for Compression Properties of Polymer 

Matrix Composite Materials Using a Combined Loading Compression (CLC) Test Fixture in 

which the loading is a combination of shear and end loading was followed. The CLC fixture 

consists of four steel blocks with specimen gripping surfaces coated with tungsten carbide 

(Figure 71 (a)), each pair are clamped together with four bolts. Five specimens in each direction 

from each panel were tested with a specimen size of 152.4 mm x 12.7 mm and the gauge length 

was 12.7 mm. Figure 71 (b) shows a fractured specimen after compression test. 
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             (a)                                                 (b) 

 

(c) 

Figure 71. (a) CLC fixture, (b) A compression specimen fixed between CLC fixture (c) 

Composite specimens before and after compression 

4.5.4. Resin Tensile Properties 

Pure resin panels have been produced and cut to obtain the load-extension cure of the resin. A 

resin mixture was prepared and pored inside a mold then let dry for 24 hours, then the pure resin 

panel was cut into coupons with sizes 152.4 mm in length, and 35.56 mm in width. MTS Servo-

hydraulic 370 load frame (shown in Figure 69), was used to measure the tensile properties of the 

pure resin coupons following the ASTM D3039.  
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4.5.5. Statistical Analysis 

JMP software was employed to analyze the data Specifically, ANOVA (Analysis of Variance) 

and Tukey HSD (Honestly Significant Difference) were used to evaluate the effect of structural 

parameters of 3DOW composites on their mechanical properties. The independent structural 

parameters used were number of Y-yarn layers, weave and Z- to Y-yarn ratio. Responses 

(dependent variables) assessed were composite tensile, impact (Tup and Charpy), and 

compression properties.  
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5. RESULTS AND DISCUSSION 

This chapter is devoted to present and discuss the results of the fiber, yarn and composites. The 

effects of structural parameters including weave, number of Y-yarn layers and Z- to Y-yarn ratio 

in addition to the type of X-yarn on the mechanical properties of the 3DOW composites are 

discussed in detail. The statistical analysis was used to find out whether a response is 

significantly influenced by the independent parameters at 95% confidence level. 

5.1. Results of Fiber Testing 

5.1.1. Fiber Linear Density 

Flax and hemp yarns (tables 26) were untwisted to facilitate picking fibers without damage. 

Single fibers were tested for their denier using the Vibromat testing instrument as discussed in 

Chapter 4. From each yarn type (list), 150 fibers were tested. Table 25 shows the average denier 

of each type of fibers. Figure 72 shows the frequency distribution of the denier of bleached flax 

fibers which revealed the inherent variability in natural fibers in terms of their linear density. The 

frequency distribution of the other types of fibers are shown in Appendix A.1 (Figures 163- 164). 
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Figure 72. Frequency distribution of denier of bleached flax fibers 

5.1.2. Fiber Tensile Properties 

After measuring single fiber’s linear density, each fiber was mounted on paper frame using glues 

and tapes and the tensile properties of individual fiber were measured as discussed in Chapter 4. 

Fibers that broke inside either grips were discarded from the calculation of the average fiber 

tensile strength. Table 25 shows the average data of fiber strength, elongation and modulus of 

each fiber type and all the data of glass fibers are averaged from three glass yarn. The glass fiber 

data obtained from Xie (67). Graphs of fiber tensile properties are in Appendix A.2 (Figures 165-

171) and the Load-Elongation curves are in Appendix A.3 (Figure 172). Secant modulus at 10% 

breaking load was determined for each fiber type since the initial modulus was affected by the 

manual pretension while fixing the sample in the tensile tester jaws. The specific strength, 

modulus and secant modulus were calculated by dividing the strength, modulus and secant 

modulus by fiber linear density. Since the density of flax and hemp fibers are lower than that of 

glass fibers, the specific strength of all natural fibers used in this research was higher than that of 
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glass fibers which is a major advantage that supports one of the objectives of this study to 

produce composites from high strength natural fibers to reduce the environmental impacts of 

using glass fibers.  

It is observed that in general, the CV% of all tensile properties of bleached flax, grey flax and 

hemp fibers are higher than that of bleached high strength flax and high strength flax fibers. The 

latter are closer to the CV% of glass fibers’ data. This reduction in variability is due to the fiber 

selection and sorting at the flax yarn supplier (ALBANA LINEN, Tanta, Egypt) manufacturing 

facility upon our request to obtain high quality, high strength bleached and unbleached flax 

yarns. This explains the high strength of these two fiber types compared to the other natural 

fibers.  

It is noted that, the bleached flax and the high strength bleached flax fibers has lower strength 

than grey flax and high strength flax fibers. This was because of the bleaching process that was 

carried out to clean the surface of the fibers that caused chemical damages to the individual 

fibers and resulted in reduction in the fiber strength.   
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Table 25. Average linear density and tensile properties of 150 single fibers of each fiber type 

Fiber 

Type 

Fiber 

Linear 

Density, 

Denier 

(CV%) 

Tenacity

, gf/ den 

(CV%) 

Specific 

Strength, 

gf/ 

den/g/cm

3 (CV%) 

Elo., % 

(CV%) 

Modulus

, gf/ den 

(CV%) 

Specific 

Modulus, 

gf/ 

den/g/cm3 

(CV%) 

Specific 

Secant 

Modulus 

at 10% 

Breaking 

Load, gf/ 

den 

(CV%) 

Bl. 

Flax 

3.55 

(31) 

6.82 

(33) 

4.48 

(33) 

2.71 

(38) 

361.6 

(65) 

237.6 

(65) 

281.6 

(47) 

Grey 

Flax 

3.67 

(41) 

7.00 

(40) 

4.60 

(40) 

2.63 

(40) 

292.5 

(56) 

192.5 

(56) 

247.3 

(45) 

BHS. 

Flax 

2.87 

(31) 

8.98 

(34) 

5.91 

(34) 

4.79 

(30) 

115.3 

(93) 

75.9 (93) 

142.2 

(50) 

HS. 

Flax 

2.85 

(32) 

9.13 

(37) 

6.01 

(37) 

4.37 

(26) 

235.0 

(81) 

154.6 

(81) 

175.1 

(67) 

Hemp 

4.48 

(62) 

6.02 

(65) 

3.96 

(65) 

3.86 

(64) 

244.1 

(71) 

160.6 

(71) 

202.3 

(72) 

Glass 

Fiber 

5.14 

(00) 

8.33 

(32) 

3.28 

(32) 

3.14 

(24) 

311.5 

(29) 

122.7 

(29) 

122.7 

(29) 
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5.2. Results of Yarn Testing  

The linear density of each yarn type was measured according to the procedure explained in 

chapter 4 using a skein winder and a scale (Appendix A.4 (Figure 173)). For the yarn tensile 

properties, different gauge lengths of 25.4 cm (10 inches), 2.45 cm (1 inch), and 1.27 cm (0.5 

inch) were considered using an MTS Q Test machine with different load cells and gripping 

conditions. Table 26 summaries the tensile properties of the yarns of 2.54 cm gauge length. The 

data of 25.4 cm and 1.27 cm are in Appendix A.4 (Figures 174-183). The Load-Extension curves 

of yarns from flax and hemp fibers are in Appendix A.5 (Figure 186). 

It can be noticed from Tables 25 and 26 that the fiber strength is significantly higher than the 

yarn strength in all cases. Two main reasons contribute to this effect. The first is the mechanism 

of yarn breakage during the tensile test where combination of fiber breakage and slippage occur. 

The slipped fibers do not contribute much to the load sharing. The second reason is the twist, 

which causes fiber to contribute less in the load direction due to fiber inclination to the yarn axis 

(test direction).   

In general, the CV% of yarn properties are less than that of single fiber because the fibers’ 

properties are averaged in the yarn cross-section. Hemp Z-yarn has the highest yarn tenacity 

among all the other hemp and flax yarns. The effect of the bleaching process was more 

significant when comparing bleached high strength flax yarn tenacity (4.9 gf/ den) and that of 

high strength flax yarn (4.1 gf/ den) even with higher twist level of the high strength flax yarn. 

The tenacity of grey flax X-yarn (3.3 gf/ den) was lower than that of the bleached flax X-yarn 

(4.1 gf /den). The high twist level of the grey flax X-yarns than that of the bleached flax X-yarn 

explains this difference.  

 



  101 

 

Table 26. Average linear density and tensile properties of yarns measured at 2.54 cm gauge 

length 

Type of 

Fiber 

Linear 

density, 

denier 

(CV%) 

Tenacity

, gf/ den 

(CV%) 

Specific 

Strength, 

gf/ 

den/g/cm

3 (CV%) 

Elongation, 

% (CV%) 

Modulus, 

gf/ den 

(CV%) 

Specific 

Modulus, 

gf/den 

/g/cm3 

(CV%) 

Yarn 

Twist, 

TM 

(CV%) 

Bl. 

Flax- X 

1,521 

(1.4) 
4.1 (20) 2.7 (20) 5.4 (9) 

123.3 

(11) 
81.1 (18) 

3.27 

(10) 

Bl. 

Flax- Y 

1,012 

(5.6) 
4.0 (13) 2.6 (13) 4.7 (14) 

138.5 

(13) 
91.1 (13) 

2.88 

(11) 

Bl. 

Flax- Z 

446 

(2.7) 
4.1 (15) 2.7 (15) 3.8 (11) 

136.2 

(13) 
89.6 (13) 2.87 (8) 

Grey 

Flax- X 

1,497 

(2.8) 
3.3 (15) 2.2 (15) 5.0 (11) 98.0 (12) 64.5 (12) 3.71 (6) 

BHS 

Flax- X 

1,053 

(3.4) 
4.1 (18) 2.7 (18) 5.2 (36) 64.9 (43) 42.7 (43) 3.50 (9) 

HS Flax 

- X 

1,041 

(1.1) 
4.9 (12) 3.2 (12) 4.3 (7) 97.0 (26) 63.8 (26) 

3.42 

(10) 

Hemp - 

X 

1,462 

(3.2) 
2.4 (33) 1.6 (33) 4.9 (22) 72.0 (35) 47.4 (35) 

3.55 

(14) 

Hemp - 

Y 

1,206 

(4.1) 
2.2 (22) 1.5 (22) 9.5 (17) 37.4 (24) 24.6 (24) 6.59 (3) 

Hemp - 

Z 

234 

(5.3) 
9.7 (21) 6.4 (21) 4.2 (11) 

312.3 

(42) 

205.5 

(42) 

2.41 

(12) 

Glass 

Fiber 

10,230 

(0) 
6.6 (7) 2.6 (7) 2.9 (4) 284.1 (3) 117.9 (3) 0.00 
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5.3. Results of Composite Testing 

5.3.1. Experimental Design A 

In design of experiment A, composite thickness (number of Y-yarn layers), Z-yarns interlacing 

pattern (weave design) and Z- to Y-yarn ratio have been changed to understand their effect on 

the tensile strength, compression strength and impact resistance of the 3DOW composites. The 

thicknesses of 3DOW composites are controlled by the number of Y-yarn layers (and X-yarn 

layers) and the resin saturation. The pick densities were chosen specifically to manufacture a 

volume balanced preforms in the X- and Y-directions for the different number of Y-yarn layers 

considering the rapier’s double yarn insertion mechanism as two yarns are inserted per shed. In 

design of experiment A, X-, Y- and Z-yarns were bleached from flax fibers. All samples used in 

design of experiment A are listed in Table 27 along with their ID and independent variable 

parameters. 
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Table 27. Samples ID of experimental design A and their variable parameters 

Sample 

ID 

Y-

layers 

X-

layers 

Z/Y 

Dent 

Ratio 

weave X-yarns density 

(picks/inch/layer) 

3L-1 3 4 1:1 Plain 10.28 

3L-2 3 4 1:1 2x2 Warp Rib 10.28 

3L-3 3 4 1:1 3x3 Warp Rib 10.28 

3L-4 3 4 1:3 Plain 10.28 

3L-5 3 4 1:3 2x2 Warp Rib 10.28 

3L-6 3 4 1:3 3x3 Warp Rib 10.28 

6L-1 6 7 1:1 Plain 11.76 

6L-2 6 7 1:1 2x2 Warp Rib 11.76 

6L-3 6 7 1:1 3x3 Warp Rib 11.76 

6L-4 6 7 1:3 Plain 11.76 

6L-5 6 7 1:3 2x2 Warp Rib 11.76 

6L-6 6 7 1:3 3x3 Warp Rib 11.76 

9L-1 9 10 1:1 Plain 12.34 

9L-2 9 10 1:1 2x2 Warp Rib 12.34 

9L-3 9 10 1:1 3x3 Warp Rib 12.34 

9L-4 9 10 1:3 Plain 12.34 

9L-5 9 10 1:3 2x2 Warp Rib 12.34 

9L-6 9 10 1:3 3x3 Warp Rib 12.34 
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5.3.1.1.Tensile properties 

The tensile properties of 3DOW composites with different fiber volume fraction and 

architectural parameters including number of Y-yarn layers (thickness), weave design and Z- to 

Y-yarns ratio were evaluated. In total, the 18 samples of experimental design A (180 specimens; 

90 in the Y-yarn (warp) direction and 90 in the X-yarn (weft) direction) were tested. The results 

of the tensile test including the peak tensile load, failure strain and peak tensile stress were 

analyzed.  A total of 90 (18x5) specimens from warp (Y-yarn) direction and the same number of 

specimens from weft (X-yarn) direction were analyzed using ANOVA and Tukey HSD to 

investigate the effect of the structural parameter on the tensile properties. The results of the 

tensile test in warp and weft directions are listed in Tables 28 and 29, respectively. Figure 73 

shows a sample fixed in the MTS Load Frame with images of specimens after tensile test.  
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Figure 73. A specimen fixed in the MTS Load Frame along with tested specimens 

ANOVA statistical analysis was used to analyze the results for the main effect of different 

architectural parameters (number of layers, weave design and Z- to Y-yarns ratio) on the tensile 

properties of the composites in Y- and X-directions as shown in Tables 49 and 53 (Appendix 

D.1.1). The load-extension curves of the tested specimens in the warp (Y-yarn) and weft (X-

yarn) direction as shown in Appendix C.1 (Figures 198-200). In spite of the samples have a 

balanced structure (total linear density of fibers in the Y-direction/unit width is equal to the total 

linear density of fibers in the X-direction/unit length), the peak load of all the samples of the X-

yarn (weft) direction was steadily higher than that of the Y-yarn (warp) direction because the 

weft yarns tensile strength is higher than that of the warp yarns (Table 26).  
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Table 28. Results of tensile test in the warp (Y-yarn) direction- experimental design A 

Sample 

ID 

Thickness 

of Tensile 

Specimens

, mm 

Modulus

, Gpa 

(CV%) 

Peak 

Tensile 

Load, 

KN 

(CV%) 

Load/ 

Preform 

Areal 

Density, 

KN/ 

g/cm2 

Load/ 

Comp. 

Areal 

Density, 

KN/ 

g/cm2 

Peak 

Tensile 

Stress, 

Mpa 

(CV%) 

Failure 

Strain, 

% 

(CV%) 

3L-1 2.03 4.83 (0.4) 2.68 (4) 31.53 8.82 88.45 (7) 2.18 (4) 

3L-2 1.81 5.23 (5) 2.24 (6) 24.46 7.32 82.76 (10) 1.99 (7) 

3L-3 1.81 4.74 (7) 2.12 (10) 24.28 7.42 78.72 (16) 1.95 (7) 

3L-4 1.90 5.19 (10) 2.20 (5) 24.12 6.81 77.22 (7) 1.81 (10) 

3L-5 1.87 5.86 (10) 2.03 (18) 22.54 6.30 73.40 (22) 1.60 (22) 

3L-6 2.02 5.41 (12) 2.26 (7) 24.42 6.92 74.52 (9) 1.70 (11) 

6L-1 4.21 3.80 (4) 5.69 (11) 29.75 9.35 53.21 (9) 1.69 (9) 

6L-2 3.89 3.91 (3) 5.63 (4) 32.07 9.63 57.04 (5) 1.77 (6) 

6L-3 3.95 3.95 (4) 6.05 (5) 34.43 10.07 60.31 (3) 1.83 (6) 

6L-4 3.95 3.93 (2) 6.49 (8) 34.69 10.66 64.72 (6) 2.11 (7) 

6L-5 3.76 4.16 (2) 6.34 (7) 35.07 10.49 66.35 (5) 1.92 (8) 

6L-6 4.00 4.07 (6) 5.73 (16) 31.76 9.45 56.68 (19) 1.66 (21) 

9L-1 5.99 3.83 (2) 8.76 (7) 30.23 9.81 57.58 (3) 1.97 (6) 

9L-2 5.88 3.66 (3) 8.41 (7) 30.79 9.75 56.34 (7) 1.93 (9) 

9L-3 5.76 3.64 (4) 9.07 (10) 33.56 10.68 61.91 (8) 2.10 (10) 

9L-4 5.98 3.58 (5) 8.78 (4) 31.68 10.09 57.74 (4) 2.11 (8) 

9L-5 5.85 3.59 (6) 8.90 (8) 32.76 10.32 60.15 (12) 2.10 (12) 

9L-6 5.86 9.50 (10) 7.90 (14) 28.78 9.27 53.64 (14) 1.79 (17) 

 



  107 

 

Table 29. Results of tensile test in the weft (X-yarn) direction- experimental design A 

Sample 

ID 

Thickness 

of Tensile 

Specimens, 

mm 

Modulus, 

Gpa 

(CV%) 

Peak 

Tensile 

Load, 

KN 

(CV%) 

Load/ 

Preform 

Areal 

Density, 

KN/ 

g/cm2 

Load/ 

Comp. 

Areal 

Density, 

KN/ 

g/cm2 

Peak 

Tensile 

Stress, 

Mpa 

(CV%) 

Failure 

Strain, 

% 

(CV%) 

3L-1 2.06 6.85 (3) 4.77 

(3) 

56.10 15.70 154.34 

(3) 

2.41 

(2) 

3L-2 1.89 7.25 (9) 3.46 

(12) 

37.84 11.32 123.05 

(19) 

1.89 

(7) 

3L-3 1.84 7.33 (22) 4.60 

(21) 

52.72 16.11 172.67 

(32) 

2.48 

(13) 

3L-4 1.92 7.48 (4) 4.71 

(9) 

51.59 14.57 163.52 

(11) 

2.34 

(8) 

3L-5 1.99 7.17 (8) 4.40 

(13) 

48.76 13.62 147.62 

(11) 

2.25 

(17) 

3L-6 1.87 7.74 (9) 4.31 

(13) 

46.70 13.24 154.68 

(18) 

2.14 

(10) 

6L-1 4.27 5.53 (5) 12.26 

(5) 

64.09 20.15 113.15 

(6) 

2.32 

(7) 

6L-2 3.95 5.83 (4) 10.47 

(9) 

59.59 17.90 104.38 

(9) 

2.05 

(12) 

6L-3 3.97 5.88 (4) 10.15 

(5) 

57.82 16.92 100.76 

(6) 

1.93 

(7) 

6L-4 4.04 5.69 (3) 13.04 

(3) 

69.74 21.42 127.07 

(4) 

2.52 

(5) 

6L-5 3.93 5.82 (2) 10.31 

(6) 

57.04 17.07 103.44 

(6) 

2.00 

(6) 

6L-6 3.87 5.91 (6) 9.97 

(14) 

55.29 16.45 102.11 

(17) 

1.95 

(17) 

9L-1 6.07 5.58 (1) 17.65 

(6) 

60.86 19.76 114.52 

(6) 

2.48 

(6) 

9L-2 5.83 5.31 (4) 16.95 

(7) 

62.07 19.65 114.53 

(8) 

2.47 

(11) 

9L-3 5.77 5.29 (3) 14.56 

(13) 

53.87 17.15 99.50 

(15) 

2.09 

(13) 

9L-4 5.86 5.19 (1) 16.72 

(1) 

60.34 19.22 112.45 

(5) 

2.53 

(2) 

9L-5 5.84 5.42 (2) 16.54 

(4) 

60.86 19.17 111.29 

(4) 

2.37 

(3) 

9L-6 5.84 12.27 (6) 14.30 

(5) 

52.12 16.78 96.61 

(7) 

2.11 

(10) 
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Main effect of number of layers on tensile properties 

Figure 74 shows the effect of number of layers on the tensile peak load in the X- and Y-

directions. The graph indicates that there is a significant difference of the tensile load between 

the samples with different layers or thickness which was confirmed using ANOVA analysis in 

Appendix D.1.1 (Table 49 & 53 and Figure 211 & 219). As the number of warp layers increased, 

a gradual rise in the tensile peak load was observed. This was due to the difference in the number 

of X- and Y-yarns, the higher the number of warp yarn layers, the higher the number of X- and 

Y-yarns contributed towards the tensile load. The peak load was normalized by several 

approaches to segregate the effect of dependent parameters from the analysis and to have a 

rational and fair comparison between the samples regardless of the thickness. The peak load was 

normalized in the warp and weft directions, by preform areal density and composite areal density 

as shown in Figures 75 and 76, respectively. The normalized peak load in both warp and weft 

directions showed a significant difference between composites with different layers (Appendix 

D.1.1 (Tables 50-52 & 54-56). Tukey multiple mean comparison indicated a significant 

difference of the normalized tensile load between 3 Y-yarn layers and 6 and 9 Y-yarn layers, 

however there was no substantial difference between 6 and 9 Y-yarn layers as shown in 

Appendix D.1.1 (Figures 213, 215, 217, 211, 233 and 225). This was because the low FVF of the 

3 Y-yarn layers as indicated in Table 23. In addition, the fabric structure formation in 3D woven 

composites plays an integral part in determining the tensile properties of the composite. In order 

to keep the defects as minimum as possible, straight alignment of yarns was very important. 

However, in case of 3 Y-yarn layers, the probability of missing the straight alignment of yarns 

within the preform was higher. 
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The tensile strain and tensile stress in X- and Y-directions are illustrated in Figures 77 and 78, 

respectively. The graphs indicate no significant effect of number of layers on tensile strain and 

stress in the warp as it can be seen from the error bars however, the 3 Y-yarn layers showed a 

higher stress in the weft direction because of the significant difference in specimens’ thickness in 

the 3 warp layers when compared to 6 and 9 warp layers. 

 

Figure 74. Main effect of layers on tensile load 

0

3

6

9

12

15

18

3 Layers 6 Layers 9 Layers

L
o
a
d

, 
K

N

Warp (Y) direction Weft (X) direction



  110 

 

 

Figure 75. Main effect of layers on tensile load normalized by preform areal density 

 

Figure 76. Main effect of layers on tensile load normalized by composite areal density 
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Figure 77. Main effect of layers on tensile strain 

 

Figure 78. Main effect of layers on tensile stress 
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weave pattern in the Y-direction however, plain weave had a significant high peak load 

compared to 2x2 warp rib and 3x3 warp rib. This difference happened since plain woven 

structures provide more reinforcement through the thickness and therefore reduces the formation 

of resin rich areas compared to the 2x2 warp rib and 3x3 warp rib weaves. The peak load was 

normalized by the preform areal density and the composite areal density as indicated in Figures 

80 and 81, respectively. The figures show the same effect of the weave pattern on the normalized 

peak tensile load in the X- and Y-direction. Plain weave was significantly different from 2x2 

warp rib and 3x3 wrap rib in weft direction however, there was no effect of the weave in the 

warp direction. Similar trends were seen for the effect of weave on the tensile stress in the warp 

and weft direction as indicated in Figure 83. 

ANOVA and Tukey analyses as indicated in Appendix D.1.1 (Table 49-56 and Figures 212, 214, 

216, 218, 220, 222, 224 and 226) illustrate that there was no significant difference between the 

weave pattern namely plain, 2x2 warp rib and 3x3 warp rib in the warp direction while, plain 

weave showed a significant difference compared to 2x2 warp rib and 3x3 warp rib in the weft 

direction.  

The tensile strain in X- and Y-directions, as illustrated in Figure 82, indicates that there was no 

significant difference between the tensile strain of the samples in both warp and weft directions 

while changing the weave pattern.  
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Figure 79. Main effect of weave on tensile load 

 

Figure 80. Main effect of weave on tensile load normalized by preform areal density 
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Figure 81. Main effect of weave on tensile load normalized by composite areal density 

 

Figure 82. Main effect of weave on tensile strain 
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Figure 83. Main effect of weave on tensile stress 

Main effect of number of Z- to Y-yarn ratio on tensile properties 
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and weft direction indicating that there is no significant difference between 1:1 and 1:3 ratio. The 
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respectively. The results were confirmed using ANOVA analysis as indicated in Appendix D.1.1 
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Figure 84. Main effect of Z: Y ratio on tensile load 

 

Figure 85. Main effect of Z: Y ratio on tensile load normalized by preform areal density 
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Figure 86. Main effect of Z: Y ratio on tensile load normalized by composite areal density 

 

Figure 87. Main effect of Z: Y ratio on tensile strain 

0

10

20

30

1:1 1:3

N
o
rm

a
li

ze
d

 L
o
a
d

, 
K

N
/ 

g
/c

m
2

Warp (Y) direction Weft (X) direction

0

1

2

3

1:1 1:3

T
en

si
le

 S
tr

a
in

, 
%

Warp (Y) direction Weft (X) direction



  118 

 

 

Figure 88. Main effect of Z: Y ratio on tensile stress 

Comparison of tensile properties of composites from glass, flax and hemp fibers 
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It was noted that tensile properties of composites from flax fibers were higher than that from 

hemp fibers due to the difference in yarns properties (Table 26).  

Table 30. Comparison of the tensile properties of composites from glass, flax and hemp fibers 

Fiber 

Test 

direction 

Fiber 

Density, 

g/cm3 

Tensile 

stress, 

Mpa 

Specific 

tensile 

stress, 

Mpa/ 

g/cm3 

Modulus, 

Gpa 

Specific 

modulus, 

Gpa/ g/cm3 

Glass 

Warp 

2.54 338- 488 133- 192 13.5- 26.4 5.3- 10.4 

Flax 1.47 53- 89 36- 60 3.6- 9.5 2.4- 6.5 

Hemp 1.48 13- 40 9- 27.1 1.4- 3.7 1- 2.5 

Glass 

Weft 

2.54 

290 - 

477 

114- 188 13- 30 5.1- 11.8 

Flax 1.47 90- 173 61- 118 5.2- 12.3 3.5- 8.4 

Hemp 1.48 30- 91 20- 62 2- 6.1 1.4- 4.1 

 

5.3.1.2.Tup impact 

Tup impact is a destructive test used to measure the peak force at impact, peak impact energy, as 

well as the total energy required to penetrate the composite material by a drop weight. In this 

mode of test, the three yarn systems are contributing to absorbing the impact energy of the 

sticker. Table 31 shows the results of the Tup impact test for samples of experimental design A 
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in which different preform architectural parameters such as the number of Y-yarn layers, the 

weave design and the number of Z- to Y-yarn ratio were changed. A total of 90 (18x5) 

specimens had been tested and the results were analyzed using ANOVA and Tukey HSD to 

investigate whether the effect of structural parameters on the impact energy of composite panels 

are significant. Figure 89 shows a test specimen with a typical puncture from 3 different views. 

 

(a)                                                         (b) 

 

(c) 

Figure 89. Specimen after Tup impact test (a) Front view, (b) Back view, and (c) Side view 
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Table 31. Average Tup impact data- experimental design A 

Sample 

ID 

Thickness, 

mm 

Peak 

force, 

kN 

CV, 

% 

Total 

energy, 

J 

CV, 

% 

Energy/ 

thickness, 

J/ mm 

Energy/ 

preform 

areal 

density, 

J/ g/cm2 

Energy/ 

comp. 

areal 

density, 

J/ 

g/cm2 

3L-1 2.03 0.75 15.57 6.17 34.16 3.05 72.57 20.31 

3L-2 1.81 0.61 17.69 4.46 35.80 2.46 48.74 14.59 

3L-3 1.81 0.59 10.87 4.03 10.21 2.23 46.18 14.12 

3L-4 1.90 0.56 9.45 4.19 24.36 2.20 45.90 12.97 

3L-5 1.87 0.61 23.15 4.42 63.22 2.37 49.06 13.70 

3L-6 2.02 0.52 20.29 3.23 37.36 1.60 34.94 9.90 

6L-1 4.21 2.18 5.65 16.32 2.76 3.88 85.34 26.82 

6L-2 3.89 2.15 5.51 16.78 12.29 4.31 95.52 28.69 

6L-3 3.95 2.15 6.43 16.13 8.56 4.09 91.82 26.86 

6L-4 3.95 2.15 5.89 16.25 7.64 4.12 86.86 26.68 

6L-5 3.76 2.07 4.71 16.70 7.78 4.44 92.37 27.64 

6L-6 4.00 2.01 4.44 15.60 5.70 3.90 86.51 25.74 

9L-1 5.99 4.87 2.98 39.38 3.05 6.57 135.80 44.08 

9L-2 5.88 4.28 6.42 33.45 5.59 5.69 122.50 38.78 

9L-3 5.76 4.38 8.63 34.50 7.32 5.99 127.62 40.63 

9L-4 5.98 4.79 5.25 38.85 3.32 6.49 140.23 44.65 

9L-5 5.85 4.80 5.24 37.41 6.97 6.39 137.63 43.36 

9L-6 5.86 4.49 5.92 35.01 7.45 5.97 127.56 41.07 
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Main effect of number of layers on impact energy 

Figures 90 and 91 show the effect of number of layers on the impact energy. The graphs indicate 

that there is a significant difference of the impact energy between the samples with different 

layers (thicknesses) which was confirmed using ANOVA and Tukey analyses in Appendix D.1.2 

(Table 57 and Figure 227). As the number of warp layers decreased, a gradual decline in the 

impact load and energy was observed. This was due to the difference in the number of X- and Y-

yarns resisting the impact load/energy. The impact energy was normalized by thickness, preform 

areal density and composite areal density as shown in figures 92- 94. After normalization, the 

number of Y-yarn layers showed the same significant difference on the impact energy. ANOVA 

analysis and Tukey multiple mean comparison showed that there was a significant difference of 

the normalized impact energy between 3, 6 and 9 Y-yarn layers as shown in Appendix D.1.2 

(Tables 58-60 and Figures 229, 231 and 233). This was due to the high component contribution 

in the impact resistance in 9 Y-yarn layers than 6 than 3 Y-yarn layers. Table 23, showed that the 

FVF increased with increasing the number of Y-yarn layers since the Z-yarn effect in terms of 

increasing the resin constituent at the top and the bottom of the composite panel in more 

significant in 3 Y-yarn layers than 6 than 9 Y-yarn layers.  
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Figure 90. Main effect of layers on peak force 

 

Figure 91. Main effect of layers on impact energy 
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Figure 92. Main effect of layers on impact energy normalized by composite thickness 

 

Figure 93. Main effect of layers on impact energy normalized by preform areal density 
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Figure 94. Main effect of layers on impact energy normalized by composite areal density 

Main effect of weave on impact energy 
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weave on the normalized impact energy by specimen thickness, preform areal density and 

composite areal density.  

 

Figure 95. Main effect of weave on peak force 

 

Figure 96. Main effect of weave on impact energy 
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Figure 97. Main effect of weave on impact energy normalized by composite thickness 

 

Figure 98. Main effect of weave on impact energy normalized by preform areal density 
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Figure 99. Main effect of weave on impact energy normalized by composite areal density 

Main effect of number of Z- to Y-yarn ratio on impact energy 

Figures100 and 101 show the effect of number of Z- to Y-yarn ratio on the peak impact force and 

the impact energy indicating that there is no significant difference between 1:1 and 1:3 ratio. The 

normalized peak impact force and the impact energy showed a similar trend. Figures 102- 104 
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Figure 100. Main effect of Z: Y-yarn ratio on peak force 

 

Figure 101. Main effect of Z: Y-yarn ratio on impact energy 
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Figure 102. Main effect of Z: Y-yarn ratio on impact energy normalized by composite thickness 

 

Figure 103. Main effect of Z: Y-yarn ratio on impact energy normalized by preform areal density 
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Figure 104. Main effect of Z: Y-yarn ratio on impact energy normalized by composite areal 

density 

Comparison of Tup Impact Properties of Composites from Glass, Flax and Hemp Fibers 
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0

10

20

30

40

50

1:1 1:3

N
o
rm

a
li

ze
d

 E
n

er
g
y
, 
J
/ 

g
/c

m
2



  132 

 

the most acceptable way to compare between composites with different construction parameters 

since it is independent from the thickness variability caused by variation in resin volume 

fraction.  

Table 32. Comparison of Tup impact properties of composites from glass, flax and hemp fibers 

Fiber 

Total 

Energy 

Energy/ 

thickness, J/ 

mm 

Energy 

normalized by 

preform areal 

density, kJ/ 

g/mm2 

Energy 

normalized by 

comp. areal 

density, kJ/ 

g/mm2  

Glass 26- 70 13.5- 19.8 10.5- 15.2 7.5- 10.6 

Flax 3.2- 39 1.6- 6.6 3.5- 14.0 1.0- 4.5 

Hemp 3.1- 33 1.1- 5.1 3.5- 13.4 1.1- 4.2 

 

5.3.1.3.Charpy impact 

The Charpy impact test is a destructive test in which the energy required to fracture the 

supported composite specimen as a simple beam until failure with a hammer. The test was 

conducted to fail X- and Y-composite constituents. The results of the Charpy impact test of 90 

(18x5) specimens in each direction including the energy absorbed to fracture the samples and as 

a percentage in the warp (Y-yarn) direction and the weft (X-yarn) direction are listed in tables 33 

and 34, respectively. In general, the energy absorbed to break samples in the X-yarn direction 

was higher than that in the Y-direction. In Charpy test, the samples can experience complete, 

hinged, and partial or non-break as shown in Figure 105. However, in this research only 
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specimens with complete or hinge break were observed for the failure analysis. The data were 

analyzed using ANOVA and Tukey HSD analyses to investigate the effect of number of Y-yarn 

layers (thickness), weave design and Z- to Y-yarn ratio.  

Table 33. Charpy impact results in the warp direction- experimental design A 

Sample 

ID 

Thickness, 

mm 

Energy 

absorbed, J 

(CV%) 

Energy/ 

thickness, 

J/ mm 

Energy/ 

Preform 

Areal 

Density, 

J/ g/cm2 

Energy/ 

Comp. 

Areal 

Density, 

J/ g/cm2 

Energy 

absorbed, % 

(CV%) 

3L-1 2.03 0.42 (24) 0.21 4.99 1.40 3.93 (24) 

3L-2 1.81 0.41 (19) 0.22 4.46 1.33 3.77 (19) 

3L-3 1.81 0.40 (24) 0.22 4.59 1.40 3.70 (24) 

3L-4 1.90 0.57 (25) 0.30 6.24 1.76 5.28 (25) 

3L-5 1.87 0.46 (30) 0.24 5.07 1.42 4.23 (30) 

3L-6 2.02 0.34 (17) 0.17 3.68 1.04 3.15 (17) 

6L-1 4.21 1.97 (13) 0.47 10.29 3.23 18.23 (13) 

6L-2 3.89 0.93 (23) 0.24 5.31 1.60 8.65 (23) 

6L-3 3.95 1.06 (13) 0.27 6.03 1.76 9.81 (13) 

6L-4 3.95 0.83 (18) 0.21 4.46 1.37 7.72 (18) 

6L-5 3.76 0.93 (37) 0.25 5.14 1.54 8.60 (37) 

6L-6 4.00 0.98 (16) 0.25 5.44 1.62 9.09 (16) 

9L-1 5.99 1.40 (17) 0.23 4.84 1.57 13.00 (17) 

9L-2 5.88 1.72 (18) 0.29 6.31 2.00 15.97 (18) 

9L-3 5.76 1.39 (11) 0.24 5.15 1.64 12.90 (11) 

9L-4 5.98 1.64 (23) 0.27 5.91 1.88 15.16 (23) 

9L-5 5.85 2.06 (29) 0.35 7.59 2.39 19.11 (29) 

9L-6 5.86 1.25 (25) 0.21 4.57 1.47 11.61 (25) 
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Table 34. Charpy impact results in the weft direction- experimental design A 

Sample 

ID 

Thickness, 

mm 

Energy 

absorbed, J 

(CV%) 

Energy/ 

thickness, 

J/ mm 

Energy/ 

Preform 

Areal 

Density, 

J/ g/cm2 

Energy/ 

Comp. 

Areal 

Density, 

J/ g/cm2 

Energy 

absorbed, % 

(CV%) 

3L-1 2.06 0.92 (16) 0.45 10.86 3.04 8.56 (16) 

3L-2 1.89 1.34 (47) 0.71 14.70 4.40 12.45 (47) 

3L-3 1.84 0.84 (19) 0.46 9.66 2.95 7.80 (19) 

3L-4 1.92 0.97 (15) 0.50 10.63 3.00 8.98 (15) 

3L-5 1.99 0.73 (11) 0.37 8.07 2.25 6.74 (11) 

3L-6 1.87 1.08 (12) 0.58 11.73 3.33 10.04 (12) 

6L-1 4.27 2.36 (20) 0.55 12.33 3.88 21.85 (20) 

6L-2 3.95 2.77 (20) 0.70 15.79 4.74 25.70 (20) 

6L-3 3.97 2.50 (16) 0.63 14.23 4.16 23.16 (16) 

6L-4 4.04 2.16 (10) 0.53 11.55 3.55 20.01 (10) 

6L-5 3.93 2.94 (19) 0.75 16.29 4.87 27.28 (19) 

6L-6 3.87 2.22 (37) 0.58 12.33 3.67 20.60 (37) 

9L-1 6.07 3.46 (14) 0.57 11.93 3.87 32.03 (14) 

9L-2 5.83 3.36 (28) 0.58 12.31 3.90 31.13 (28) 

9L-3 5.77 4.13 (15) 0.72 15.28 4.86 38.27 (15) 

9L-4 5.86 3.36 (13) 0.57 12.11 3.86 31.08 (13) 

9L-5 5.84 3.65 (24) 0.63 13.44 4.23 33.84 (24) 

9L-6 5.84 3.30 (6) 0.57 12.02 3.87 30.57 (6) 
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                                               (a)                                                                (b) 

Figure 105. (a) Type of breaks in Charpy (b) Specimens showing complete and hinge break 

Main effect of number of layers on impact energy 

Figure 106 shows the effect of increasing the number of Y-yarn layers on the energy absorbed by 

the samples to break in the warp and weft directions. It was observed that increasing the number 

of Y-yarn layers caused a significant increase in the total impact energy used to fracture the 

3DOW composite samples. The impact energy was normalized by thickness, preform areal 

density and composite areal density as shown in Figures 107- 109. The ANOVA analysis in 

Appendix D.1.3 (Tables 61-68) indicated that the rise in the impact energy due to the increase of 

the warp layers was significant however, it was observed from Figures 107- 109 that the 

normalized impact energy of the samples with 6 Y-yarn layers was higher than that of the 9 Y-

yarn layers. Therefore, the Tukey HSD was performed to understand the effect of layers and it 

indicated that the samples with 3 Y-yarn layers was significantly different than the 6 and 9, 

however there was no substantial difference between the 6 and 9 Y-yarn layers as shown in 

Appendix D.3.1 (Figures 235, 237, 239, 241, 243, 245, 247 and 249).  
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Figure 106. Main effect of layers on energy absorbed 

 

Figure 107. Main effect of layers on energy absorbed normalized by composite thickness 
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Figure 108. Main effect of layers on energy absorbed normalized by preform areal density 

 

Figure 109. Main effect of layers on energy absorbed normalized by composite areal density 
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impact energy than that of 2x2 warp rib and 3x3 warp rib and this was confirmed by ANOVA 

and Tukey analyses as indicated in Appendix D.1.3 (Tables 61 and 65 and Figures 236 and 244). 

The impact energy was normalized by thickness, preform areal density and composite areal 

density as shown in Figures 111- 113, respectively. The normalized impact energy showed 

similar results in terms of Y-yarn direction which was confirmed by ANOVA and Tukey HSD 

analyses as shown in Appendix D.1.3 (Tables 62-64 and 65-67 & Figures 238, 240, 242, 246, 

248 and 250). The reason behind this is that plain weave is more uniform with less resin rich 

areas than 3x3 warp rib. In terms of X-yarn direction, the weave pattern did not affect the impact 

energy significantly.  

 

Figure 110. Main effect of weave on energy absorbed 
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Figure 111. Main effect of weave on energy absorbed normalized by composite thickness 

 

Figure 112. Main effect of weave on energy absorbed normalized by preform areal density 
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Figure 113. Main effect of weave on energy absorbed normalized by composite areal density 

Main effect of number of Z- to Y-yarn ratio on impact energy 

Figure 114 shows the effect of number of Z- to Y-yarn ratio on the Charpy impact energy 

indicating that there is no significant difference between 1:1 and 1:3 ratio in both the warp and 

the filling directions. The impact energy was normalized by the thickness, the preform areal 

density and the composite areal density. The normalized impact energy by all three normalizing 

approached showed that the samples with 1:1 Z- to Y-yarn ratio was significantly higher than 

that with 1:3 Z- to Y-yarn ratio in terms of the Y-yarn (warp) direction. For the X-yarn (weft) 

direction, the effect of the Z- to Y-yarn ratio showed a significant difference using ANOVA 

analysis when the impact energy was normalized by the composite areal density. It was clear that 

the number of Z-yarns had more effect on the warp direction because this was the direction 

where they were woven earlier. The results were confirmed using ANOVA analysis as indicated 

in Appendix D.1.3 (Tables 61-68). 
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Figure 114. Main effect of Z: Y-yarn ratio on absorbed energy 

 

Figure 115. Main effect of Z: Y-yarn ratio on absorbed energy normalized by composite 

thickness 
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Figure 116. Main effect of Z: Y-yarn ratio on absorbed energy normalized by preform areal 

Density 

 

Figure 117. Main effect of Z: Y ratio on absorbed energy normalized by composite areal density 
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Comparison of Charpy Impact Properties of Composites from Glass, Flax and Hemp 

Fibers 

Charpy impact properties of composites from glass, flax and hemp fibers were compared. The 

total impact energy of flax, hemp and glass composites was used for comparison along with 

normalized value to thickness, composite areal density as shown in Table 35. The total energy of 

composites from flax and hemp fibers was found to be comparable to that from glass fibers after 

normalizing by preform areal density.  

Table 35. Comparison of Charpy impact properties of composites from glass, flax and hemp 

fibers 

Fiber 
Test 

direction 

Total 

Energy 

Energy/ 

thickness, 

J/mm 

Energy 

normalized 

by preform 

areal 

density, kJ/ 

g/mm2  

Energy 

normalized by 

comp. areal 

density, kJ/ 

g/mm2  

Glass 

Warp 

2.2- 11.5 1.2- 3.6 0.9- 2.6 0.7- 1.9 

Flax 0.7- 4.1 0.4- 0.8 0.8- 1.6 0.2- 0.5 

Hemp 0.2- 1.1 0.1- 0.2 0.3- 0.5 0.1- 0.2 

Glass 

Weft 

2.6- 13 1.3- 3.7 1.2- 2.9 0.8- 2.1 

Flax 0.8- 3.0 0.4- 0.8 1.0- 1.7 0.3- 0.5 

Hemp 0.7- 2.3 0.2- 0.5 0.6- 1.6 0.2- 0.5 
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5.3.1.4.Compression Test 

The combines loading compression (CLC) governs compression and stiffness properties of the 

3DOW composites. This test was performed to 6 and 9 Y-yarn layers with three different 

weaves; plain, 2x2 warp rib and 3x3 warp rib and two Z- to Y-yarn ratios 1:1 and 1:3. 60 

specimens in each direction were accomplished to investigate the compression properties of 

3DOW composites. In general, the weave design showed a significant difference in the 

compression peak load only in the filling direction while changing either the number of Y-yarn 

layers or the Z- to Y-yarn ratio did not show a significant effect. Tables 36 and 37 shows the 

results of the compression test including the peak load, the normalized peak load by the preform 

and the composite areal densities and the compression stress. Figure 118 shows a typical 

specimen before and after compression test. The results have been statistically analyzed using 

ANOVA and Tukey HSD analyses. 

 

Figure 118. Compression specimens before and after testing 
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Table 36. Compression test results – Warp direction 

Sample ID 
Thickness, 

mm 

Peak Load, 

KN (CV%) 

Load/ Preform 

Areal Density, 

KN/ g/cm2 

Load/ 

Comp. Areal 

Density, 

KN/ g/cm2 

Compression 

Stress, Mpa 

(CV%) 

6L-1 4.09 5.37 (2) 28.09 10.68 45.28 (3) 

6L-2 3.88 5.52 (37) 31.43 11.06 112.60 (39) 

6L-3 3.95 4.51 (3) 25.66 8.90 39.32 (3) 

6L-4 3.98 5.27 (8) 28.17 10.60 45.64 (9) 

6L-5 3.98 4.80 (2) 26.54 9.73 41.62 (2) 

6L-6 3.85 4.53 (1) 25.10 9.28 40.23 (3) 

9L-1 6.03 7.58 (5) 26.16 10.24 104.80 (5) 

9L-2 5.87 7.72 (15) 28.27 10.57 103.40 (14) 

9L-3 5.99 8.39 (12) 31.02 11.51 48.30 (12) 

9L-4 5.95 7.45 (1) 26.88 10.06 43.17 (1) 

9L-5 5.96 7.36 (6) 27.07 10.02 42.54 (4) 

9L-6 5.71 6.60 (4) 24.04 9.42 39.81 (3) 
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Table 37. Compression test results – Weft direction 

Sample ID 
Thickness, 

mm 

Peak Load, 

KN (CV%) 

Load/ 

Preform 

Areal 

Density, KN/ 

g/cm2 

Load/ Comp. 

Areal 

Density, KN/ 

g/cm2 

Compression Stress, 

Mpa 

6L-1 4.11 5.38 (2) 28.13 8.84 45.17 (2) 

6L-2 3.94 5.32 (16) 30.26 9.09 106.09 (15) 

6L-3 3.88 5.00 (3) 28.47 8.33 44.51 (6) 

6L-4 4.02 4.98 (4) 26.64 8.18 43.30 (6) 

6L-5 3.93 4.98 (3) 27.53 8.24 43.72 (4) 

6L-6 3.90 4.80 (3) 26.59 7.91 42.47 (5) 

9L-1 6.04 7.12 (2) 24.57 7.97 98.22 (2) 

9L-2 5.79 6.87 (2) 25.15 7.96 93.37 (2) 

9L-3 5.81 7.00 (6) 25.90 8.25 41.54 (5) 

9L-4 6.02 7.06 (0) 25.48 8.11 40.67 (11) 

9L-5 5.98 7.61 (5) 27.99 8.82 43.86 (5) 

9L-6 5.78 6.63 (3) 24.16 7.78 39.54 (3) 

 

Main effect of number of layers on compression properties 

Figure 119 shows the effect of number of Y-yarn layers on the compression peak load in the X- 

and Y-directions. The graph indicates that there is a significant difference between the samples 

with different layers which was confirmed by ANOVA analysis in Appendix D.1.4 (Tables 69-

71). The 9 layers samples in the warp and weft directions have a higher peak load compared to 6 

layers of composite samples. This is due to the presence of higher number of yarns in the 9 

layers compared to 6 layers. This indicates that in 9 layers, more yarns contribute towards the 

compression strength. The compression stress in Y- and X-directions is illustrated in Figure 120, 
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indicated that 9 layers has a slightly better compression results than that of 6 Y-yarn layers, 

however the ANOVA analysis exhibited that the number of layers does not affect the 

compression behaviors of the samples in both warp and weft direction. The compression peak 

load was normalized by the preform areal density and the composite areal density. The 9 Y-yarn 

layers had a slightly lower compression load after normalization by preform areal density 

however, the different between 6 and 9 Y-yarn layers was not significant when the compression 

peak load was normalized by composite areal density.  

 

Figure 119. Main effect of layers on the compression peak load 
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Figure 120. Main effect of layers on the compression stress 

 

Figure 121. Main effect of layers on the normalized compression peak load by preform areal 

density 
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Figure 122. Main effect of layers on the normalized compression peak load by composite areal 

density 

Main effect of weave on compression properties 

Figure 123 shows the effect of the weave on the compression peak load in the X- and Y-

directions indicating that 2x2 warp rib specimens have the highest compression peak load 

followed by plain weave and 3x3 warp rib specimens. ANOVA and Tukey analyses indicated 

that there was no significant difference between the samples with different weaves in the Y-

direction, however in case of X-direction, the weave design affected the compression peak load 

significantly as shown in Appendix D.1.4 (Tables 69 and 73 & Figures 251 and 255). This is due 
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comparison. In contrast, the normalized compression peak load by preform and composite areal 

densities (Figures 125 and 126) showed no significant difference between different weaves.  The 

results were confirmed using ANOVA and Tukey analyses as shown in Appendix D.1.4 (Tables 

70-72 and 74-76 & Figures 252-254 and 256-258).  

 

Figure 123. Main effect of weave on the compression peak load 
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Figure 124. Main effect of weave on the compression stress 

 

Figure 125. Main effect of weave on the normalized compression peak load by preform areal 

density 

 

Figure 126. Main effect of weave on the normalized compression peak load by composite areal 

density 
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Main effect of number of Z- to Y-yarn ratio on compression properties 

Figure 127 shows the effect of Z- to Y-yarn ratio on the compression peak load in the X- and Y-

directions which indicates that 1:1 ratio samples has higher compression peak load than that of 

1:3 ratio. ANOVA test showed that the effect of changing the Z- to Y-yarn ratio was significant 

only in the Y-direction as indicated in Appendix D.1.4 (Tables 69 and 73). The compression 

stress and the normalized compression load by composite areal density showed similar trend 

however, the normalized load by preform areal density indicated that the effect was not 

significant in both directions as shown in Figures 128-130. The results was confirmed by 

ANOVA test in Appendix D.1.4 (Tables 70-72 and 73-75). Although the normalized Peak 

compression load by preform areal density showed no significant difference between 1:1 and 1:3 

Z:Y yarns ratio, the interaction between the weave and Z:Y ratio showed a significant effect in 

the Y-direction as shown in Appendix D.1.4 (Table 71). 

 

Figure 127. Main effect of Z: Y-yarn ratio on the compression peak load 
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Figure 128. Main effect of Z: Y-yarn ratio on the compression stress 

 

Figure 129. Main effect of Z: Y-yarn ratio on the normalized compression peak load by preform 

areal density 
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Figure 130. Main effect of Z: Y-yarn ratio on the normalized compression peak load by 

composite areal density 

5.3.2. Experimental Design B 

In design of experiment B, the type of X-yarn had been changed to study the effect of the surface 

treatment on the model prediction. Two levels of the number of Y-yarn layers (3 and 6) were 

considered in this design. Plain weave and 1:1 Z:Y yarns ratio were used for all the samples in 

experimental design B. The experimental design variables and levels are listed in table 38. 
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Table 38. Variable used in experimental design B 

Sample 

ID 

Y-

layers 

Filling 

Yarn 

X-yarns 

density 

(picks/ inch/ 

layer) 

3L-1 3 Bleached 10.28 

3L-7 3 BHS 10.28 

3L-8 3 HS 10.28 

3L-9 3 Grey 10.28 

6L-1 6 Bleached 11.76 

6L-7 6 BHS 11.76 

6L-8 6 HS 11.76 

6L-9 6 Grey 11.76 

 

The fixed parameters in this experimental design were; plain weave, 1:1 Z- to Y-yarn ratio, Y-

yarns density, Y- and Z-yarns were bleached. 

5.3.2.1. Tensile properties 

The tensile properties of 3DOW composites with different X-yarns and two different thicknesses 

were tested. The results of the tensile test including the peak tensile load, failure strain and peak 

tensile stress were analyzed.  A total of 40 (8x5) specimens from weft (X-yarn) direction were 

analyzed using ANOVA to investigate the effect of surface treatment on the tensile properties. 

The results of the tensile test in weft direction are listed in Tables 39 
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Table 39. Results of tensile test in the weft (X-yarn) direction- experimental design B 

Sample 

ID 

Thickness 

of Tensile 

Specimens, 

mm 

Modulus, 

Gpa 

(CV%) 

Peak 

Tensile 

Load, 

KN 

(CV%) 

Load/ 

Preform 

Areal 

Density, 

KN/ 

g/cm2 

Load/ 

Comp. 

Areal 

Density, 

KN/ 

g/cm2 

Peak 

Tensile 

Stress, 

Mpa 

(CV%) 

Failure 

Strain, 

% 

(CV%) 

3L-1 2.06 6.85 (3) 4.77 (3) 56.10 15.70 154.34 

(3) 

2.41 (2) 

3L-2 1.95 7.42 (2) 4.93 (8) 55.39 16.24 169.23 

(10) 

2.55 

(10) 

3L-3 1.93 7.08 (4) 4.31 (4) 48.29 14.36 149.27 

(4) 

2.33 (4) 

3L-4 2.08 5.81 (4) 3.98 (8) 47.56 12.59 127.34 

(5) 

2.48 

(10) 

3L-5 4.27 5.53 (5) 12.26 

(5) 

64.09 20.15 113.15 

(6) 

2.32 (7) 

3L-6 4.00 5.62 (3) 11.97 

(3) 

64.61 20.23 117.97 

(5) 

2.50 (5) 

6L-1 3.91 5.78 (4) 11.78 

(6) 

62.74 19.52 118.74 

(7) 

2.46 (7) 

6L-2 4.03 4.15 (8) 9.23 (4) 49.89 15.16 90.18 

(5) 

2.81 

(13) 

 

Figure 131 shows the peak tensile load of 3DOW composites in the X-direction of different X-

yarns. The ANOVA and Tukey HSD analyses indicated that there was no significant difference 

between the tensile peak loads of different types of yarns as shown in Appendix D.2.1 (Table 77 

and Figure 259). After normalizing the peak load by the specimens’ thickness, preform areal 

density and the composite areal density, the ANOVA analysis in Appendix D.2.1 (Tables 78-80) 

induced that there was a significant difference in the tensile peak load between specimens with 
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different types of X-yarn. Tukey HSD in Appendix D.2.1 (Figures 260-262) confirmed that there 

was a substantial difference between specimens with bleached flax and grey flax, however the 

difference was not significant between the samples of BHS flax and the HS flax. While the 

difference was not statistically significant, samples with BHS flax showed a higher average peak 

load compared to the samples with HS flax. In general, the samples with bleached yarns 

(bleached flax and BHS flax) showed higher tensile loads than their corresponding unbleached 

yarns (grey flax and HS flax). This was because of the effect of the surface treatment that 

increased the (OH) groups on the surface of the fibers and therefore enhanced the interaction 

between the fiber and the matrix. Although, as indicated before in Table 25 that the bleaching 

surface treatment caused damages to the surface of the fibers, it helped to improve the interfacial 

bonding between the flax fibers and the Vinylester resin which is a very crucial aspect in 

determining the tensile properties of the composite. Another reason was that grey flax yarns had 

higher variability in yarn tenacity than bleached flax yarns as indicated in Table 26. This 

variability caused a higher probability for the yarns to break at the weakest points (weak-link 

effect).   
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Figure 131. Effect of filling yarn type on tensile load 

 

Figure 132. Effect of filling yarn type on tensile load normalized by preform areal density 
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Figure 133. Effect of filling yarn type on tensile load normalized by composite areal density 

 

Figure 134. Effect of filling yarn type on tensile strain 
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Figure 135. effect of filling yarn type on tensile stress 

5.3.2.2. Tup impact 

The Tup impact test was performed using 3DOW composites with different X-yarns and two 

different thicknesses. The results of Tup impact test including the peak impact force and the 

impact energy were analyzed.  A total of 40 (8x5) specimens were analyzed using ANOVA and 

Tukey HSD analyses to investigate the effect of surface treatment on the impact results. The 

results of the Tup impact test are listed in Table 40. 
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Table 40. The Tup impact test results- experimental design B 

Sample 

ID 

Thickness, 

mm 

Peak 

force, kN 

CV, 

% 

Total 

energy, 

J 

CV, 

% 

Energy/ 

thickness, 

J/ mm 

Energy/ 

preform 

areal 

density, 

J/ g/cm2 

Energy/ 

comp. 

areal 

density, 

J/ g/cm2 

3L-1 2.03 0.75 15.57 6.17 34.16 3.05 72.57 20.31 

3L-7 1.95 0.60 6.37 4.23 20.83 2.18 47.57 13.95 

3L-8 1.93 0.57 12.19 4.19 9.57 2.18 46.96 13.97 

3L-9 2.08 0.69 12.48 4.99 21.54 2.40 59.69 15.80 

6L-1 4.21 2.18 5.65 16.32 2.76 3.88 85.34 26.82 

6L-7 4.00 2.17 6.74 19.15 17.04 4.79 103.36 32.36 

6L-8 3.91 2.00 2.91 14.40 4.06 3.68 76.69 23.86 

6L-9 4.03 2.11 2.64 19.62 12.72 4.87 106.07 32.24 

 

Figures 136 and 138 show the peak impact force and impact energy of 3DOW composites of 

different filling yarns in the X-direction. The ANOVA and Tukey HSD analyses in Appendix 

D.2.2 (Table 81 and Figure 263) indicated that there was no significant difference between 

impact results of different types of yarns. After normalizing the peak impact force and the impact 

energy by specimens’ thickness, preform areal density and composite areal density, ANOVA and 

Tukey HSD analyses induced a similar trend as indicated in Appendix D.2.2 (Tables 82-84 and 

Figures 264-266). Figures 138- 140 show the effect of X-yarn type on the normalized impact 

energy by thickness, preform areal density and composite areal density, respectively.  
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Figure 136. Effect of filling yarn type on peak force 

 

Figure 137. Effect of filling yarn type on impact energy 
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Figure 138. Effect of filling yarn type on impact energy normalized by composite thickness 

 

Figure 139. Effect of filling yarn type on impact energy normalized by preform areal density 
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Figure 140. Effect of filling yarn type on impact energy normalized by composite areal density 

5.3.2.3. Charpy impact 

Samples of 3DOW composites with different types of X-yarns and two different thicknesses 

were tested using the Charpy impact instrument. The results of Charpy impact test are listed at 

Table 41. The data of 40 (8x5) specimens were analyzed using ANOVA and Tukey HSD 

analyses to investigate the effect of surface treatment on the impact results. The impact energy 

was normalized by thickness, preform areal density and composite areal density. 
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Table 41. Charpy impact results in the weft direction- experimental design B 

Sample 

ID 

Thickness, 

mm 

Energy 

absorbed, 

J (CV%) 

CV, 

% 

Energy/ 

thickness, 

J/ mm 

Energy/ 

Preform 

Areal 

Density, 

J/ g/cm2 

Energy/ 

Comp. 

Areal 

Density, 

J/ g/cm2 

Energy 

absorbed, 

% 

(CV%) 

3L-1 2.06 0.92 (16) 15.55 0.45 10.86 3.04 8.56 (16) 

3L-7 1.95 0.92 (20) 9.57 0.47 10.31 3.02 8.51 (20) 

3L-8 1.93 1.23 (52) 51.61 0.64 13.80 4.10 11.41 (52) 

3L-9 2.08 0.84 (24) 24.33 0.40 10.04 2.66 7.78 (24) 

6L-1 4.27 2.36 (21) 20.77 0.55 12.33 3.88 21.85 (21) 

6L-7 4.00 2.61 (13) 12.49 0.65 14.08 4.41 24.17 (13) 

6L-8 3.91 2.06 (11) 10.47 0.53 10.99 3.42 19.12 (11) 

6L-9 4.03 3.04 (7) 7.02 0.76 16.46 5.00 28.19 (7) 

 

Figures 141 show the impact energy of 3DOW composites of different X-yarns in the weft 

direction. The ANOVA analysis and Tukey HSD analyses indicated that there was no significant 

difference between impact results of different types of yarns as shown in Appendix D.2.3 (Table 

89 and Figure 272). After normalizing the impact energy by specimens’ thickness, preform areal 

density and composite areal density, ANOVA and Tukey HSD analyses showed a similar trend 

as indicated in Appendix D.2.3 (Tables 90-92 and Figures 272-274). Figures 142- 144 show the 

effect of X-yarn type on the normalized impact energy by thickness, preform areal density and 

composite areal density, respectively.  
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Figure 141. Effect of filling yarn type on energy absorbed 

 

Figure 142. Effect of filling yarn type on absorbed energy normalized by composite thickness 
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Figure 143. Effect of filling yarn type on absorbed energy normalized by preform areal density 

 

Figure 144. Effect of filling yarn type on absorbed energy normalized by composite areal density 
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20 (4x5) specimens were analyzed using ANOVA and Tukey HSD analyses to investigate the 

effect of surface treatment on the impact results. The compression peak load was normalized by 

preform areal density and composite areal density.  

Table 42. Compression test results in the weft direction – experimental design B 

Sample ID 
Thickness, 

mm 

Peak Load, 

KN (CV%) 

Load/ 

Preform 

Areal 

Density, KN/ 

g/cm2 

Load/ Comp. 

Areal 

Density, KN/ 

g/cm2 

Compression 

Stress, Mpa 

6L-1 4.09 5.38 (2) 28.13 10.70 45.17 (2) 

6L-7 3.79 4.32 (14) 23.33 8.88 39.40 (15) 

6L-8 3.75 4.66 (3) 24.82 9.60 42.91 (4) 

6L-9 4.05 4.92 (13) 26.58 9.95 41.89 (13) 

 

Figure 145 shows the peak tensile load of 3DOW composites in the X-direction of different X-

yarns. The ANOVA and Tukey HSD analyses induced that there was a significant difference 

between the compression peak loads of different types of yarns as shown in Appendix D.2.4 

(Table 93 and Figure 275). Similar trend was experienced by compression stress and normalized 

compression load by preform areal density and composite areal density as shown in Figures 146-

148. The results of ANOVA and Tukey HSD analyses are in Appendix D.2.4 (Tables 94-96 and 

Figures 276-278). Tukey HSD, indicated that there was a considerable difference between the 

samples with bleached flax and with grey flax, however the difference was not significant 

between the samples of BHS flax and the HS flax. Samples with bleached flax yarns showed 

higher compression load than that of grey flax yarns while, the BHS flax yarn samples got lower 

results than that of HS flax yarn. 
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Figure 145. Effect of filling yarn type on the compression peak load 

 

Figure 146. Effect of filling yarn type on the compression stress 
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Figure 147. Effect of filling yarn type on the compression peak load normalized by preform areal 

density 

 

Figure 148. Effect of filling yarn type on the compression peak load normalized by composite 

areal density 
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6. GENERALIZED MODEL AND EXPERIMENTAL VERIFICATION FOR THE 

LOAD-EXTENSION BEHAVIOR OF 3DOW COMPOSITES 

This chapter is dedicated to developing the theory for a generalized model for the load-extension 

behavior of 3D orthogonal woven composites from spun yarns and verifying the model with the 

experimental tensile results of 3DOW composite in Chapter 5. 

6.1. Generalized Load-Extension Model of 3DOW Preforms 

Green composites are the promising solution to reduce the environmental impacts of most 

advanced composites made from epoxy resin and tows of continuous flat filaments that are 

manufactured from petroleum precursors. Green composites can have the reinforcement or the 

matrix from natural components and it will be named as partial green composites, or both the 

components can be bio-based and then be totally green composite. Natural fiber usually spun and 

twisted to bind the fibers together by friction, which causes the cross-section of the yarn tends to 

be circular. Thus, this model will only deal with circular cross-sections of yarns.  

There is a lack in developing a generalized model that can adapt the huge variabilities of natural 

fibers properties, as discussed in chapter 2, therefore, this research will fill the gap in this area. 

The objective here is to develop a generalized model for 3DOW preforms from natural spun 

yarns, to be able to predict its entire load-extension curve under biaxial loading. The benefits of 

predicting the entire load-extension include estimating the initial modulus, secant modulus at a 

desired elongation, peak load and stress, and toughness that are useful in characterizing the 

materials’ performance. This model will be depending on three basic approaches: (1) Kawabata’s 

finite deformation approach that for prediction of entire load-extension curve of plain and 2x2 

twill weaves (20), (2) Sun et al. generalized model, which introduced the weave factor and can 
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be used for any weave design (21), and (3) use of the geometry of 3DOW preforms from spun 

yarns defined by Ince (26) as shown in Figure 149.  

 

Figure 149. Ince’s generalized 3D woven preform geometry of non-jammed structure for circular 

yarns cross-section (26) 

The nonlinear actual yarn properties will be utilized as input to this model, which employs yarn 

segments geometry to simplify the analytical modeling of the structure. The predicted entire 

load-extension curve will be representative of small strains to strains near breaking values. This 

model can predict the performance of 3D preforms of any weave architecture including hybrid, 

under biaxial loading, which represents the loading in composites since the transvers (and hence 

Passion’s ratio) sample dimension is negligible. In any weave, the Z-yarn geometry is divided 

into two straight-line segments; one is parallel to the preform plane at yarn floats, and the other is 

inclined to the preform plane at yarns intersection. Figure 150 shows the geometry of an identical 

unit cell of the 2D plain weave of warp yarn at the intersection with filling yarn, which was used 

by Kawabata (20). 
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Figure 150. A unit at weave intersection in the deformed state used by Kawabata (20) 

6.1.1. Nomenclature 

A consistent system of nomenclature representing the 3D orthogonal preform structural 

parameters is listed here. 

P = average yarn spacing  

T = thread density 

N = number of threads in the weave repeat  

I = number of intersections in the weave repeat  

M = weave factor = N/I  

X = X-yarns direction 

Y = Y-yarns direction  

Z = Z-yarns direction  

ϴ = angle between the Z-yarn axis and the normal to the cloth plane.  

LI = Z-yarn length at intersection (slanted part)  
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hm = distance between fabric neutral plane and yarn at the crossover point  

n = number of layers  

c = Z-yarn crimp  

 λy= stretch ratio of yarn  

λ = stretch ratio of fabric along the coordinate axis, which is defined by;  

λ= 
length in the stretched state 

length in the unstretched state 
= 1 + strain  

FT = yarn tension  

F = tensile force per single yarn end on fabric along the coordinate axis X and Y  

ƒ = tensile force per unit fabric length along the coordinate axis X and Y  

gx, gy, gz = tensile behavior of X-, Y-, and Z-yarns  

d = yarn diameter  

ф = yarn packing factor  

ρ1 = linear density of yarn (g/km or tex)  

ρv = volumetric density of yarn material (g/cm3)  

Fƒ  = fiber volume fraction of a yarn  

t = preform thickness 

Suffix x denotes the value of X-yarn  

Suffix y denotes the value of Y-yarn  

Suffix z denotes the value of Z-yarn  
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Suffix i denotes the value of the ith X-yarn  

Suffix j denotes the value of the jth Y-yarn  

Suffix k denotes the value of the kth Z-yarn  

Suffix t denotes total 

6.1.2. Assumptions and a Generalized Model of Any Weave 

Unlike engineering materials, textile structures are not uniform in terms of their geometry and 

properties. Therefore, assumptions have to be made to simplify the derivation of geometrical 

relationships from which the model to predict the tensile properties can achieved. The following 

assumptions relevant to the 3DOW structures and their constituents are made: 

1.  X, Y and Z-yarns are uniform cylinders 

2.  The bending rigidities of X, Y and Z-yarns are neglected  

3.  X, Y and Z-yarns are incompressible during tensile testing 

4. X-yarn and Y-yarn spacing are constant 

5. Z-yarn is formed of straight segments (Figure 152) 

It is assumed that X, Y and Z-yarns have uniform circular cross-sections, assumption 1, with a 

diameter that can be calculated from yarn linear density, packing factor, and fiber density. This 

assumption was firstly used by Peirce in 1937 (69) for spun yarns from cotton and many 

researches followed this assumption (26,27,70). Yarns from staple fibers are twisted during 

spinning process to increase the coherent between fibers. This twist creates lateral forces, which 

cause the yarn be round and the circular cross-section is a good approximation.   
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Since X and Y-yarns are straight in the 3DOW preform with approximately zero crimp (crimp 

was measured Mehmet (71) and found to be insignificant), the contribution of the yarn bending 

rigidity to tensile property in Y- and X-directions is negligible and thus yarn bending rigidity is 

ignored in this research. For the Z-yarn which has crimp (Figure 152), the forces in Y-direction 

required to straighten the Z-yarns is negligible. The 3DOW structures are designed to maximize 

the in-plane properties and this is achieved by reducing the Z-yarn linear density and count. Thus 

the fiber volume fraction of Z-yarn is extremely low compared to Y-yarn.  

Assumption 3 is valid for Y-yarns since these are not interlaced with the Z-yarn. Since Z- and X-

yarns are interlaced and in contact with each other at the top and bottom layers they may be 

compressed during tensile loading of their composites. While this has been the case on testing 

woven fabrics/preforms (18-20,72), the situation is expected to be different in composites. To 

check the validity of this assumption specimens’ dimension and images of Y-cross section before 

and after tensile testing were taken. It was found that the Y-yarns’ remained unchanged in 

geometry and dimensions (Figure 151). Additionally, the thickness and width of the tested 

specimens did not change significantly from the specimens before testing.  
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Figure 151. The dimensions of the thickness (a) and width (b) of a specimen after tensile testing 

Since Y-yarns do not interlace, Y-yarns’ spacing is uniform. For X-yarns, the spacing under the 

float is smaller than that at the intersection (21). X-yarns’ spacing under the float varies depends 

on the preform degree of tightness. While the X-yarn spacing can be easily determined for 

jammed structures, it is extremely difficult to model the spacing under the float for non-jammed 

preforms. Additionally, it is time consuming to establish the relationship between the X-yarn 

spacing and degree of tightness experimentally. For this reason the X-yarn spacing is assumed to 

be uniform in this research to decrease the complexity. 

Z-yarns follow a straight path parallel to the cloth plane at weave floats and follow inclined path 

to the cloth plane at weave intersections. In the case of 3D orthogonal weaving looms, the filling 

yarn is fed continuously without cutting after each insertion and as such, each filling yarn is 

doubled per insertion cycle. The filling yarn geometry is then treated as parallel double (side-by-
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side) yarns. A schematic diagram of one repeat of a 3DOW fabric structure is shown in Figure 

152. Figure 153 shows a hypothetical general repeat of jth Y-yarn in a 3DOW structure.  

 

Figure 152. A schematic diagram of a generalized repeat of the 3DOW preform, including hybrid 

yarns 
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Figure 153. X-yarn cross section of a general weave repeat, X-yarns are in red, Y-yarns are in 

blue, and Z-yarns are in gray 

The yarn diameter d (cm), can be calculated using the generalized formula (70) described in 

equation (3) 

𝑑 =
1

280.2
∗ √

𝜌1

𝜑∗𝜌𝑉
  (3) 

Figure 153 shows the geometry of the 3DOW structure of a general weave. The following 

equations can be derived from the geometry; 

𝑃𝑥 =
1

𝑇𝑥
  (4) 

𝑠𝑖𝑛𝜃 =
𝑃𝑥

𝐿𝐼𝑧
  (5) 

𝑡𝑡 = 2𝑑𝑧 + 𝑑𝑦𝑛𝑦 + 𝑑𝑥𝑛𝑥 (6) 

(
𝐿𝐼𝑧

2
)2 =  (

𝑃𝑥

2
)2 + (ℎ𝑚𝑧)2 (7) 

𝐿𝐼𝑧 = 2√(
𝑃𝑥

2
)2 + (ℎ𝑚𝑧)2 (8) 
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ℎ𝑚𝑧 = (2𝑑𝑧 + 𝑑𝑦 𝑛𝑦 +  𝑑𝑥 𝑛𝑥)/2  (9) 

6.1.3. Load-Extension Properties of X, Y and Z-yarns 

Unlike engineering materials, textile structures are not uniform in terms of their geometry and 

properties. Therefore, the tensile properties of X and Y-yarns are represented by the following 

functions, which is derived from experimental measurements; 

𝐹𝑇𝑋 =  𝑔𝑥(𝜆𝑦𝑋)  (10)  

𝐹𝑇𝑌 =  𝑔𝑦(𝜆𝑦𝑌)  (11) 

The total load acting on the X- and Y-yarns in the repeat unit can be calculated using the 

schematic shown in Figure 152 in which Nx is the number of X-yarns in the weave repeat in one 

layer, and Ny is the number of Y-yarns in the weave repeat in one layer. Therefore, the total load 

on the X and Y-yarns is calculated by multiplying the load on the ith X-yarn, and jth Y-yarn by 

the number of yarns per weave repeat per layer and then by the number of layers as shown in 

equations (12) and (13). This approach can also be used in case of using different types of X and 

Y-yarns. 

𝐹𝑋 = 𝑛𝑥 ∑ 𝐹𝑥𝑖
𝑁𝑥
𝑖=1   (12) 

𝐹𝑦 = 𝑛𝑦 ∑ 𝐹𝑦𝑖
𝑁𝑦
𝑗=1   (13) 

For the Z-yarn, it is divided into two-unit structures A (inclined portion) and B (straight line 

segment). Figure 153 shows that the total number of unit structures A and B equals the number 

of X-yarns in the weave repeat. The tensile properties of the straight part (B) is calculated using 

equation (14) which was determined from the experimental measurements. 

𝐹𝑇𝑧 =  𝑔𝑧(𝜆𝑦𝑧)  (14) 
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However, the value of the tensile force on the inclined portion of Z-yarn along the Y-axes Fz is 

calculated as shown in equation (15). 

Since, 𝐹𝑧 = F𝑇𝑧 𝑠𝑖𝑛𝜃  (15) 

The total load acting on the Z-yarn ends in the repeat unit is calculated by multiplying the load 

on the kth Z-yarn by the number of yarns per weave repeat as shown in equation (16) 

𝐹𝑧 = ∑ 𝐹𝑧𝑘
𝑁𝑧
𝑘=1   (16) 

6.1.4. Volume Fraction of Yarns and Matrix Components 

The volume fraction of each yarn component is calculated using equations (17-19) (26). By 

assuming that there are no voids in the composite, the matrix component volume fraction in a 

specific direction is calculated by subtracting the sum of the yarns volume fractions in this 

direction from unity.  

F𝑓x =

nx ρ1x
ρvx 103

px(nydy+nxdx+2dz)
  (17) 

F𝑓y =

ny ρ1y

ρvy 103

py(nydy+nxdx+2dz)
  (18) 

F𝑓z =

[
LIz
Mz

+(1−
1

Mz
)px]Nz ρ1z

ρvz 103

Nypypx(nydy+nxdx+2dz)
  (19) 

6.1.5.  The Load-Extension Properties of General 3DOW Preform Under Biaxial Loading 

To determine the load-extension behavior of any 3DOW preform, the repeat unit approach used 

in the model with target to predict the entire load-extension behavior by considering the preform 

constituents within the repeat, which represents the entire preform. Each repeat has a certain 

number of X-, Y-, and Z-yarns where the X- and Y-yarns are straight line segments (non-
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crimped), however, the Z-yarn is divided into two unit structures A and B. Unit structure A is the 

inclined portion of the Z-yarn at the intersection as a result of interlacing with X-yarns, while 

unit structure B is the straight portion (parallel to the preform plane) at the float. The sum of 

numbers of unit structures A and B equals the number of X-yarns in the weave repeat as 

described in Figure 152. This approach is generalized for any interlacing pattern of the Z-yarn, 

and for hybrid structures which contain different X- and/or Y-yarns.  

As mentioned, the repeat unit consists of different numbers of A and B unit structures. Thus, it is 

important to calculate the load-extension curve for each segment then, the entire load-extension 

behavior of the woven preform is computed from the behavior of individual units according to 

the weave pattern. For unit structure A which is the inclined segment, the load-extension 

behavior at a given local fabric stretch ratio λA
zk will be calculated and obtain the fabric tensile 

force of the Z-yarn end Fzk. While the load-extension behavior of unit structure B which is the 

straight segment is identical to X- and Y-yarns’ load-extension. 

For the X-axis direction, the 3DOW preform load-extension properties are decided by the 

properties of the X-yarns. On the other hand, it is obvious that Y and Z-yarns that have different 

geometry in the 3DOW contribute differently to the tensile properties in the Y-direction. 

Hamburger’s theory (66) of blended yarns is considered since the 3DOW preform and its 

composite is formed from constituents of different tensile properties. The theory of blend (known 

also as law of mixture) predicts the tensile properties of a structure with its constituents they bear 

the load together until the component with the lower extension is ruptured, and then the other 

components continue to stand the load until the structure is ruptured. Figure 154 shows a 

structure with two components with component 1 ruptured first then component 2. The some of 

the load at a given extension is used to construct the entire load-extension of the structure. A 
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numerical example showing how the model handles the input parameter to derive the entire load-

extension curve of 3DOW composites is indicated in Appendix B.4. 

 

Figure 154. Effect of stress-elongation characteristics on blend strength (73) 

Since the composite consists of two main components; reinforcement and matrix, Hamburger 

theory of blended yarns is used to obtain the entire load-extension curve of the composite from 

its two components. In order to apply this theory of blended yarns, it is required to know the 

volume fraction in addition to the load-extension properties of each component. Ince’s 

generalized geometrical model equations for calculating the volume fraction have been used 

(26), and the equations are included in equations (17-19).  However, the load-extension 

properties of fibers, yarns and resin were experimentally measured as discussed in chapter 4. 

6.2. Experimental Data  

In order to verify the model experimentally, the load-extension curves of the reinforcement 

(3DOW) and the matrix are required as inputs for the model as indicated in Figure 155. Spun 
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yarns from hemp and flax fibers were acquired and converted to 3DOW preforms of different 

architectures, then resin treated to obtain final composite panels in order to verify the model. The 

tensile properties of composites from hemp fibers are taken from Gupta (68). 

 

Figure 155. Summary of the input and output parameters of the generalized model 

6.2.1. Load-Extension Curves of Natural Fibers and Yarns  

The load-extension curves of hemp and flax fibers were determined experimentally. The ASTM 

D3822 was followed to determine the tensile strength of single fibers using an MTS Q Test 

machine, more details about the testing parameters and conditions are discussed in chapter 4. In 

Figure 156, the load-extension curves of hemp and bleached flax fibers are shown. Load-

extension of other types of flax fibers are included in Appendix A.1. All fibers were taken out 

randomly from as supplied yarns by untwisting the yarns to ease the fibers removal. The figures 

indicate the high non-uniformity of fiber tensile properties that poses challenge in predicting 

their 3DOW preforms and their composites. 
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(a) 

 

(b) 

Figure 156. Load-extension curves of (a) 119 hemp fibers taken from yarns, (b) 121 bleached 

flax fibers taken from yarns 
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To get the load-extension curves of hemp and flax yarns, the ASTM D2256/ D2256-10 was 

followed using an MTS Q Test machine, and the procedure of measurements and testing 

parameters are discussed in chapter 4. The load-extension curves of hemp X-yarns and bleached 

flax X-yarns are shown in Figure 157. The reminder tensile data of yarns are provided in 

Appendix A.2. While the variability of tensile properties of the yarns are less than the fibers, it is 

still broad compared to yarns made from synthetic fibers. 
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(a) 

 

(b) 

Figure 157. Load-extension curves of (a) 17 samples of hemp X-yarn, (b) 30 samples of 

bleached flax X-yarn  
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6.2.2. Load-Extension Curve of Vinylester Resin  

MTS Servo-hydraulic 370 load frame was used to measure the tensile properties of the pure 

Vinylester resin coupons produced for this research. It was noticed that the resin broke with 

different manners; single break, double break and shattered as described in the pictures in Figure 

158. The load-extension curves of all specimens are shown in Figure 159. The typical load-

extension curve of the pure resin was used in the model calculations. 

 

Figure 158. Breaking modes of pure resin tensile test 
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Figure 159. Load-extension curves of 5 pure resin specimens 

As noticed earlier, there is significant variability in both fibers and yarns tensile properties. 

Using single average or typical fiber or yarn tensile curve as input to predict the tensile 

properties of final composites would not consider the variability. Additionally, the use of such 

prediction may lead to erroneous decision and deviation from the real value. To overcome this 

serious issue, it was decided to derive upper and lower limits load-extension curves for each yarn 

and use them as input to the model to predict upper and lower limits of composite tensile 

properties based on equation (2) in which μ is the mean value calculated from the entire 

experimental data points collected by the tensile tester during testing load-elongation of 

fibers/yarns specimens, α is critical value equals 1.96 𝑎𝑡 95% Confidence level, σ is the standard 

deviation and n is the sample size. A MATLAB code was created to derive the upper and lower 

limits tensile curves at 95% confidence level and regression equation of each yarn and fiber used 

in this research. An example of flax yarn with the regression line and the upper and lower limits 
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is exhibited in Figure 160. All yarns’ tensile and regression curves are exhibited in Appendix 

A.3. 

𝜇 ± 𝛼
𝜎

√𝑛
   (2) 

 

Figure 160. The experimental data, regression equation and the upper and lower limits of a flax 

X-yarn 

6.3. Model Verification  

To verify the model experimentally, preforms of hemp and flax yarns were woven into 3D 

orthogonal structures with different architectures and Z-yarn weave patterns, then they were 

infused to produce composite panels. These panels were cut into specimens and tested using the 

MTS Servo-hydraulic 370 load frame located at the Composite Core Facility, Wilson College of 
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Textiles, NC State University according to the ASTM D3039. The tensile results of hemp 

reinforced composites were generated by Gupta (68).  

Figure 160 illustrates one example of the model verification of bleached flax/ vinyl ester 

composite while the rest of figures which indicate the model verification of 96 composite 

specimens in the X- and Y-directions are in appendix B.1 and B.2 for composites from flax and 

hemp fibers, respectively. In general, the figures show a good agreement between the 

experimental and predicted composite tensile properties. The experimental curves are within the 

upper and lower limits in both X and Y-directions tensile results. The samples in Figure 161 are 

for composite from bleached flax spun yarns with 6 Y-yarn layers (7 X-yarn layers), 2.31 

picks/cm, plain weave, 1:1 Z- to Y-yarns ratio and linear densities of X, Y and Z-yarns of 1462, 

1207 and 234 denier, respectively. 
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(a) 

 

(b) 

Figure 161. Experimental vs. model tensile load-elongation for 6 Y-yarn layers 3DOW plain 

weave and 1:1 Z to Y-yarn ratio from bleached flax fibers (a) X-direction, (b) Y-direction 
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 The results show that there is a general good agreement between the experimental and the 

theoretical curves derived from the load-elongation properties of the yarns used to produce the 

composite however, some deviations were noted. One source of the deviation could be the weak-

link effect which is a phenomenon explains the effect of sample length on breaking strength and 

it is commonly associated with textile materials. The weak-link effect indicates that the measured 

strength of a specimen decreases as the sample length is increased due to the presence of local 

defects which have higher probability to be there with increasing the sample length which makes 

the theoretical strength of any material can never be achieved in practice. Thus, the strength of a 

specific fiber material decreases with moving to a bundle of fibers. This weak-link effect 

decreases when the preform transferred into composites because the fibers are interlocked inside 

the matrix however, the twist inserted to the bundle of fibers to produce the yarns earlier moves 

the fibers; center line form the yarn’s center line which prevents the fiber from sharing with its 

whole strength into the yarn’s strength and then the preform. Therefore, the yarn strength cannot 

be calculated from multiplying the fibers strength by the number of fibers in the yarn cross-

section. This explains why the theoretically predicted load-strain curves that were based on the 

tensile properties of the yarn had better agreement with the experimental curves, than the ones 

based on the tensile properties of the single fiber as shown in Figure 162. The samples in Figure 

162 are for composite from bleached flax spun yarns with 6 Y-yarn layers, 2.31 picks/cm, plain 

weave, 1:1 Z- to Y-yarns ratio. 
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(a) 

 

(b) 

Figure 162. Experimental vs. model tensile load-elongation for 6 Y-yarn layers 3DOW plain 

weave and 1:1 Z to Y-yarn ratio from bleached flax fibers (a) X-direction, (b) Y-direction 
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Another source of deviation as well as the low failure strain levels of the composite that are even 

lower than its constituents is the manufactured induced defects. The first cause of the 

manufactured induced defects is the weaving process. During the weaving process, the X- Y and 

Z-yarns are forced to slide against many machine elements such as the warp creel, tensioning 

devices, heddles, reed and rapiers which results in abrasion and breakage due to the friction. This 

abrasion causes broken fibers and creates more defects in the yarns and therefore degrades the 

tensile properties. Another phenomenon that affects the tensile properties of the woven preform 

is the strain hardening of the yarns during weaving. This is since the yarns undergo consecutive 

cycles of loading and unloading during weaving which cause a strain hardening of the yarns and 

therefore reducing its extensibility and failure strain. The second cause of the manufactured 

induced defects is the VARTM process in which the preform is induced to high level of vacuum 

(100 kPa) which compresses the preform creating local stress concentrations at the cross over 

points between the Z- and X-yarns. In addition, these local stresses deform the outermost X-

yarns and increases the waviness of the X-yarns. During the resin infusion process, air bubbles 

can enter the system and got trapped results in voids after hardening which might be another 

form of local defects in the composite system. These defects are considered nuclei for cracks 

initiation which then propagate across the resin during loading and cause an early failure at a 

lower strain level. Finally, the interfacial adhesion between the fibers and the matrix is a 

significant factor that strongly affects the load transfer in the composite system. In this model, it 

is assumed that there is a perfect adhesion between the fibers and the matrix, which is not always 

true. 
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7. OVERALL CONCLUSION AND SUGGESTION FOR FUTURE WORK 

A generalized model considering jammed and non-jammed structures to predict the load-

extension properties of the 3DOW composites made of natural spun yarns (hemp and flax) was 

developed. The model introduced a reasonable prediction that considers the inherent variability 

of natural fibers. The model relies on the preform architecture, and the measured tensile 

properties of the constituent yarns and resin as input parameters, and the output of this model is 

the entire load-extension diagram of the composite, including the nonlinear region. The model is 

generalized to predict the load-extension properties of 3DOW composite with any weave 

architecture, including hybrid composites which can be used as a design tool to predict the 

tensile properties of the 3DOW composites from flax and hemp fibers without the need to form 

the preforms and the composites. 

The model was verified experimentally for a broad range of experimental composites. The main 

independent parameters were number of Y-yarn layers, weave (Z-yarn interlacing pattern), Z- to 

Y-yarn ratio and X-yarn type. The results show that there is a general good agreement between 

the experimental and the theoretical load-extension curves. The theoretical curves generated 

using the yarn properties had better agreement with the experimental curves than the ones 

created using the fiber properties, due to the inherent variability in the properties of natural fiber. 

The model overestimated the failure point of 3DOW composites by 30± 3% due to the induced 

defects by weaving, VARTM and material defects. The model can assist in designing composites 

from natural fibers with targeted performance. 

The model was applied to 3DOW composites from preforms from as supplied yarns as well as 

yarns with enhanced surface treatment. Different X-yarns from flax fibers with surface treatment 

(bleached and BHS) and without surface treatment (grey and HS) were woven as 3DOW 
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preforms. The results showed that the model prediction improved when using bleached flax 

yarns than that of grey flax yarns which was due to enhancing the interaction between the fibers 

and the matrix to meet the model assumption of having a strong adhesion between the composite 

constituents. In contrast, the difference between the theoretical and the experimental curves of 

composites from HS and BHS yarns was insignificant compared to the difference between that 

from grey and bleached. 

In design of experiment A, a full numerical parametric study was conducted to reveal the 

architecture potential of 3DOW composites. The study included the effect of changing the 

number of Y-yarn layers, the weave design and the amount of Z- to Y-yarns ratio. A wide range 

of 3DOW preforms were woven, transformed into composites and tested using different 

mechanical tests including tensile, impact (Tup & Charpy) and compressing tests to study their 

responses. 

Changing the number of Y-yarn layers affected the tensile strength of the composite samples 

significantly in both warp and weft direction. Plain weave was significantly different from 2x2 

warp rib and 3x3 wrap rib in weft direction, however, there was no effect of the weave in the 

warp direction. The difference in weft direction came from the fact that plain woven structures 

are more compact and therefore reduces the formation of resin rich areas compared to the 2x2 

warp rib and 3x3 warp rib weaves. There was no significant effect on the tensile properties with 

changing number of Z- to Y-yarns ratio. While comparing composites from natural fibers (flax 

and hemp) with glass composites, it was found that the specific tensile stress of glass was 

significantly higher compared to flax and hemp. Unlike tensile stress, specific modulus of flax 

and hemp and glass composite was found to be comparable. 
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In case of impact test (Tup and Charpy), it was noted that changing the number of Y-yarn layers 

increased the total impact energy significantly. The statistical analysis indicated that there was a 

significant difference between samples of different weaves. While plain weave was significantly 

different from 2x2 warp rib and 3x3 warp rib, there was no difference between 2x2 warp rib and 

3x3 warp rib. The effect of a change in Z- to Y-yarns ratio was not substantial. The comparison 

of the normalized total penetration energy between composites from flax and hemp fibers to the 

ones from glass fibers was found to be comparable. 

In the compression test, the increase in the number of Y-yarn layers or thickness increased the 

compression peak load in both warp and weft directions. 2x2 warp rib showed a significant 

higher compression peak load than that of plain and 3x3 warp rib in the weft direction, however 

the weave design had no effect in the warp direction. The effect of Z- to Y-yarns ratio was 

significant in the warp direction while had no effect in the filling direction. 1:1 Z- to Y-yarn ratio 

showed higher compression load than 1:3 ratio. 

In design of experiment B, the type of X-yarn was changed to compare the mechanical properties 

of composites from bleached and BHS flax yarns to composites from grey and HS flax yarns. In 

general, the samples with bleached yarns (bleached flax and BHS flax) showed higher tensile 

loads than their corresponding unbleached yarns (grey flax and HS flax). The X-yarns from as 

supplied yarns to bleached yarns showed no significant effect on the impact tests (Tup and 

Charpy). In case of compression test, Tukey analysis induced that while composites from 

bleached flax yarns had higher compression load than that of grey flax yarns, BHS flax yarns 

samples showed lower results than that of HS flax yarns. 

For future investigations, processing defects (material, weaving, infusion) should be factored in 

the model to overcome the limitations in predicting the composite failure. Fiber surface 
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characteristics are crucial in determining the interfacial properties, therefore more chemical and 

physical surface treatments are required. Totally renewable composites should be considered 

using plant-based resins from natural resources such as soybean and starch.  
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Appendix A 

A.1. Results of Fiber Denier Measurements 

 

Figure 163. Average denier of 150 single fibers of each fiber type 

 

0

2

4

6

8

Bl. Flax Flax Bl. HS.

Flax

HS. Flax Hemp GF

D
en

ie
r

Single Fiber Denier

0

20

40

60

F
re

q
u

en
cy

Fiber Denier

Frequency Distribution of Fiber Denier

(147 Bl. Flax Fibers)



  212 

 

(a) 

 

(b) 

 

(c) 

0

20

40

F
re

q
u

en
cy

Fiber Denier

Frequency Distribution of Fiber Denier

(159 Flax Fibers)

0

20

40

60

F
re

q
u

en
cy

Fiber Denier

Frequency Distribution of Fiber Denier

(150 Bleached High Strength Flax 

Fibers)



  213 

 

 

(d) 

 

(e) 

0

20

40

60

80
F

re
q

u
en

cy

Fiber Denier

Frequency Distribution of Fiber Denier

(150 Unbleached High Strength Flax 

Fibers)

0
5

10
15
20
25
30
35
40
45
50

F
re

q
u

en
cy

Fiber Denier

Frequency Distribution of Fiber Denier

(150 Hemp Fibers)



  214 

 

Figure 164. Frequency distribution of fiber denier (a) Bleached flax, (b) Grey flax, (c) BHS  

(Bleached High Strength) flax, (d) HS (High Strength) flax and (e) Hemp 

Table 43. Minimum number of samples of fiber denier 

Fiber Type Confidence Level 

90% 95% 99% 

Flax 613 870 1503 

Bl. Flax 320 455 785 

HS. Flax 

 

229 

 

325 

 

561 

 
Bl. HS. Flax 216 307 530 

Hemp 2112 2999 5180 

 

A.2. Results of Fiber Tensile Properties 

 

Figure 165. Single fiber tenacity 
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Figure 166. Specific strength of single fibers 

Table 44. Minimum number of samples of fiber tenacity 

Fiber Type Confidence Level 

90% 95% 99% 

Flax 2083 2957 5107 

Bl. Flax 1358 1928 3331 

HS. Flax 
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Figure 167. Breaking elongation of single fibers 

 

Figure 168. Single fiber initial modulus 
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Figure 169. Specific initial modulus of single fibers 

 

Figure 170. Secant modulus at 10% breaking load of single fibers 
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Figure 171. Specific secant modulus at 10% breaking load of single fibers 

A.3. Load-Extension Curves of Hemp and Flax Fibers 
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(c)                                                           (d) 

 

 

(e) 

Figure 172. Load-Extension curves of (a) 119 hemp fibers, (b) 121 bleached flax fiber, (c) 124 

flax fibers, (d) 116 high strength bleached flax fibers, and (e) 125 high strength flax fibers 
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A.4. Linear Density and Tensile Properties of Hemp and Flax Yarns 

 

Figure 173. Linear density of flax and hemp yarns 

 

Figure 174. Yarn tenacity of 25.4 cm gauge length 
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Figure 175. Yarn specific strength of 25.4 cm gauge length 

 

Figure 176. Yarn elongation of 25.4 cm gauge length 
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Figure 177. Yarn initial modulus of 25.4 cm gauge length 

 

Figure 178. Yarn specific initial modulus of 25.4 cm gauge length 
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Figure 179. Yarn tenacity of 2.54 cm gauge length 

 

Figure 180. Yarn specific strength of 2.54 cm gauge length 
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Table 45. Minimum number of samples of yarns’ tensile properties of 2.54 cm gauge length 

Fiber Type Confidence Level 

90% 95% 99% 

Bl. Flax - X 177 252 435 

Bl. Flax - Y 68 97 167 

Bl. Flax - Z 95 134 232 

Flax - X 70 99 171 

Flax - Y 120 170 294 

Bl. H.S Flax - Y 140 198 342 

H.S Flax - Y 96 136 235 

Hemp - X 170 241 417 

Hemp - Y 68 96 167 

Hemp - Z 1117 1585 2738 
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Figure 181. Yarn elongation of 2.54 cm gauge length 

 

Figure 182. Yarn initial modulus of 2.54 cm gauge length 
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Figure 183. Yarn specific initial modulus of 2.54 cm gauge length 

 

Figure 184. Yarn twist (twist/ m) 
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Figure 185. Yarn twist multiplier 
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A.5. Load-Extension Curves of Hemp and Flax Yarns 

  

(a)                                                           (b) 

   

(c)                                                           (d) 

   

(e)                                                           (f) 
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(g)                                                           (h) 

   

(i)                                                           (j) 

Figure 186. Load-extension curves of (a) hemp X-yarns, (b) hemp Y-yarns, (c) hemp Z-yarns, 

(d) bleached flax X-yarns, (e) bleached flax Y-yarns, (f) bleached flax Z-yarns, (g) flax X-yarns, 

(h) flax Y-yarns, (i) bleached high strength flax X-yarns, (j) high strength flax X-yarns 
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A.6. Regression Equation, Upper and Lower Limits of Load-Extension Curves of Hemp 

and Flax Yarns 
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(i) 

 

(j) 

Figure 187. Regression equation, upper and lower limits of load-extension curves of (a) hemp X-

yarns, (b) hemp Y-yarns, (c) hemp Z-yarns, (d) bleached flax X-yarns, (e) bleached flax Y-yarns, 

(f) bleached flax Z-yarns, (g) flax X-yarns, (h) flax-Y-yarns, (i) bleached high strength flax 

yarns, (j) high strength flax yarns 
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Appendix B 

B.1. Experimental vs. Model Tensile Load-Elongation Curves of 3DOW Composites 

from Flax Fibers Based on the Tensile Properties of the Yarn 
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(f) 

Figure 188. Experimental vs. model tensile load-elongation curves of 3 Y-yarn layers 3DOW 

composites from bleached flax in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 

2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 

1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-

yarn ratio 
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Figure 189. Experimental vs. model tensile load-elongation curves of 6 Y-yarn layers 3DOW 

composites from bleached flax in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 

2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 

1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-

yarn ratio 
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(f) 

Figure 190. Experimental vs. model tensile load-elongation curves of 9 Y-yarn layers 3DOW 

composites from bleached flax in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 

2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 

1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-

yarn ratio 
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Figure 191. Experimental vs. model tensile load-elongation curves of 3 and 6 Y-yarn layers 

3DOW composites of plain weave and 1:1 Z to Y-yarn ratio (a) grey flax X-yarns, (b) HS flax 

X-yarns and (c) BHS flax X-yarns in the X-direction  

 

B.2. Experimental vs. Model Tensile Load-Elongation Curves of 3DOW Composites 

from Hemp Fibers Based on the Tensile Properties of the Yarn 
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(i) 

Figure 192. Experimental vs. model tensile load-elongation curves of 3 Y-yarn layers 3DOW 

composites from Hemp in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 

warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:2 Z 

to Y-yarn ratio, (e) 2x2 warp rib and 1:2 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:2 Z to Y-yarn 

ratio (g) plain and 1:3 Z to Y-yarn ratio, (h) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (i) 3x3 warp 

rib and 1:3 Z to Y-yarn ratio 
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Figure 193. Experimental vs. model tensile load-elongation curves of 6 Y-yarn layers 3DOW 

composites from Hemp in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 

warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:2 Z 

to Y-yarn ratio, (e) 2x2 warp rib and 1:2 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:2 Z to Y-yarn 

ratio (g) plain and 1:3 Z to Y-yarn ratio, (h) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (i) 3x3 warp 

rib and 1:3 Z to Y-yarn ratio 
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(i) 

Figure 194. Experimental vs. model tensile load-elongation curves of 9 Y-yarn layers 3DOW 

composites from Hemp in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 

warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:2 Z 

to Y-yarn ratio, (e) 2x2 warp rib and 1:2 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:2 Z to Y-yarn 

ratio (g) plain and 1:3 Z to Y-yarn ratio, (h) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (i) 3x3 warp 

rib and 1:3 Z to Y-yarn ratio 

B.3. Experimental vs. Model Tensile Load-Elongation Curves of 3DOW Composites 

from Flax Fibers Based on the Tensile Properties of the Single Fiber 
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Figure 195. Experimental vs. model tensile load-elongation curves of 3 Y-yarn layers 3DOW 

composites from Flax in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 

warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:3 Z 

to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-yarn 

ratio 
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(f) 

Figure 196. Experimental vs. model tensile load-elongation curves of 6 Y-yarn layers 3DOW 

composites from Flax in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 

warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:3 Z 

to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-yarn  
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Figure 197. Experimental vs. model tensile load-elongation curves of 9 Y-yarn layers 3DOW 

composites from Flax in the X- and Y-directions (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 

warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:3 Z 

to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-yarn 

ratio 

B.4. Numerical Example of Calculating Load-Extension Curve of 3DOW Composites 

An example is given below to demonstrate the theoretical calculations of obtaining the load-

extension curve of 3DOW composites. The structural parameters of the used 3DOW preform are 

in Table 46. 

Table 46. Structure of Sample Preform 

Constituent ρ1, Tex ρv, 

g/cm3 

T,  

cm-1 

d, mm n N M 

X-yarn 338 1.43 4.04 1.4167 7 2 - 

Y-yarn 337.2 1.43 7.63 0.7075 6 2 - 

Z-yarn 49.6 1.43 2.55 0.2713 - 2 1 

 

X-, Y- and Z-yarns and resin tensile properties are derived directly from their experimental 

measurements. Fiber Volume Fraction (FVF) of each yarn is calculated using equations (20-22). 

To calculate the contribution of the preform in the X- and Y-direction at a certain value of strain, 

the load of each yarn at this strain is multiplied by the number of yarns per weave repeat and the 

number of layers as indicated in equations (23 & 24). The load of coupon of pure resin is 

calculated from equation (25) then multiplied by resin volume fraction to calculate its 
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contribution in the X- and Y- direction as indicated in equations (26 & 27), respectively. After 

that, the load of the 3DOW composites is obtained using Hamburger’s theory of blended yarns 

by adding the corresponding load of the preform and the resin in the X- and Y-directions as 

shown in equations (28 & 29), respectively. These calculations are repeated for all strain points 

to obtain the entire Load-Extension curve of 3DOW composites in the X- and Y-direction. 

From the data in Table 46, 

ℎ𝑚𝑧 =
(2𝑑𝑧+𝑑𝑦 𝑛𝑦+ 𝑑𝑥 𝑛𝑥)

2
  

ℎ𝑚𝑧 =
2∗0.27+0.71∗6+ 1.42∗7

2
= 7.37 𝑚𝑚  

𝐿𝐼𝑧 = 2√(
𝑃𝑥

2
)2 + (ℎ𝑚𝑧)2  

𝐿𝐼𝑧 = 2√(
0.62

2
)2 + (7.37)2 = 14.75 𝑚𝑚  

𝑠𝑖𝑛𝜃 =
𝑃𝑥

𝐿𝐼𝑧
  

Ɵ = 2.4  

Ffx =

nx ρ1x
ρvx 103

px(nydy+nxdx+2dz)
   (20) 

Ffx =
7∗338

1.43∗ 103

0.62(6∗0.71+7∗1.42+2∗0.27)
= 0.18  

Ffy =

ny ρ1y

ρvy 103

py(nydy+nxdx+2dz)
    (21) 

Ffy =
6∗ 337.2

1.43∗ 103

1.31(6∗0.71+7∗1.42+2∗0.27)
= 0.07  
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Ffz =

[
LIz
Mz

+(1−
1

Mz
)px]Nz ρ1z

ρvz 103

Nypypx(nydy+nxdx+2dz)
    (22) 

Ffz =

[
14.45

1
+(1−

1
1

)∗0.62]∗2∗ 49.6

1.43∗ 103

2∗1.31∗0.62(6∗0.71+7∗1.42+2∗0.27)
= 0.04  

FX = 2 (139 λyX
2 + 508 λyX) ∗ nx ∗ Nx ∗

W

Px∗Nx
  (23) 

At 0.01 stain, 

FX = 2 (139 ∗ 1.012 + 508 ∗ 1.01) ∗ 7 ∗ 2 ∗
25.4

0.62 ∗ 2
= 377000 gf 

FTY = 80 λyY
2 + 463 λyY   

The straight part (B) of Z-yarn, 

𝐹𝑇𝑍 =  24 𝜆𝑦𝑍
2 + 383 𝜆𝑦𝑍   

The inclined portion (A) of Z-yarn, 

𝐹𝑧 = 𝐹𝑇𝑧 𝑠𝑖𝑛 15.66    

FY = (80 λyY
2 + 463 λyY) ∗ nY ∗ NY ∗

W

PY∗NY
+ (24 𝜆𝑦𝑍

2 + 383 𝜆𝑦𝑍) ∗ sin Ɵ (24) 

At 0.01 stain, 

FY = 3 (80 ∗  1.012 + 463 ∗ 1.01) ∗ 6 ∗ 2 ∗
25.4

1.31∗2
+ (24 ∗ 1.012 + 383 ∗ 1.01) ∗ sin 2.4 

=191966 gf 

For Resin, 

𝐹𝑟𝑒𝑠𝑖𝑛 = (−2.7 𝜆𝑦𝑍
2 + 22.35 𝜆𝑦𝑍) ∗ 𝑊 ∗ 𝑡 ∗ 101.97 (

𝑔𝑓

𝑁
)  (25) 

At 0.01 stain, 
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𝐹𝑟𝑒𝑠𝑖𝑛 = (−2.7 ∗  1.012 + 22.35 ∗ 1.01) ∗ 25.4 ∗ 4.22 ∗ 101.97 = 216623 𝑔𝑓 

Load of resin in the X-direction, 

𝐹𝑋 𝑟𝑒𝑠𝑖𝑛 = 𝐹𝑟𝑒𝑠𝑖𝑛 ∗ (1 − 𝐹𝑓𝑥)   (26) 

At 0.01 stain, 

𝐹𝑋 𝑟𝑒𝑠𝑖𝑛 = 216623 ∗ (1 − 0.18) = 177631 𝑔𝑓  

Load of resin in the Y-direction, 

𝐹𝑌 𝑟𝑒𝑠𝑖𝑛 = 𝐹𝑟𝑒𝑠𝑖𝑛 ∗ (1 − (𝐹𝑓𝑌 + 𝐹𝑓𝑍))   (27) 

At 0.01 stain, 

𝐹𝑌 𝑟𝑒𝑠𝑖𝑛 = 216623 ∗ (1 − (0.07 + 0.04)) = 192795 𝑔𝑓  

Load of 3DOW composite in the X-direction, 

FX composite = FX + FX resin   (28) 

At 0.01 stain, 

FX composite = 377000 + 177631 = 554631 gf 

Load of 3DOW composite in the Y-direction, 

FY composite = FY + FY resin   (29) 

At 0.01 stain, 

FY composite = 191966 + 192795 = 384761 gf  
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By following the same procedure for all the strain points, the entire load-extension curves of 

3DOW composite are predicted in the X- and Y-directions as shown in Figure 196 (a). Table 47 

shows the force of 3DOW composite at different strain point in the X- and Y-directions. 

Table 47. Predicted force of 3DOW composites in the X- and Y-directions 

Direction Strain Ratio Fpreform, gf Fresin, gf Fcomposite, gf 

X 

0.0050 374732 176873 551605 

0.0150 377000 177631 554632 

0.0200 379273 178388 557661 

0.0250 381549 179143 560692 

0.0300 383830 179897 563727 

0.0345 386114 180650 566764 

Y 

0.0050 190875 191972 382848 

0.0150 191966 192795 384761 

0.0200 193058 193616 386674 

0.0250 194152 194436 388587 

0.0300 195247 195254 390501 

0.0345 196343 196071 392414 

 

 



  312 

 

Appendix C 

C.1. Load-Elongation Curves of 3DOW Composites of Tensile Test- Experimental 

Design A 
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(f) 

Figure 198. Load- extension curves of 3 Y-yarn layers 3DOW composites in the Y-yarn (warp) 

and X-yarn (filling) (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn 
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ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp 

rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-yarn ratio  
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(c) 
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(f) 

Figure 199. Load- extension curves of 6 Y-yarn layers 3DOW composites in the Y-yarn (warp) 

and X-yarn (filling) (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn 
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ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp 

rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-yarn ratio 
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(c) 
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(d) 
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(f) 

Figure 200. Load- extension curves of 9 Y-yarn layers 3DOW composites in the Y-yarn (warp) 

and X-yarn (filling) (a) plain and 1:1 Z to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn 
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ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp 

rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp rib and 1:3 Z to Y-yarn ratio 

C.2. Load-Elongation Curves of 3DOW Composites of Tensile Test- Experimental 

Design B 
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(d) 

Figure 201. Load- extension curves of 3 Y-yarn layers 3DOW composites in the X-yarn (filling) 

(a) bleached flax yarns, (b) BHS flax yarns, (c) HS flax yarns and (d) grey flax yarns 
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(d) 

Figure 202. Load- extension curves of 6 Y-yarn layers 3DOW composites in the X-yarn (filling) 

(a) bleached flax yarns, (b) BHS flax yarns, (c) HS flax yarns and (d) grey flax yarns 
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C.3. Force-Displacement Curves of 3DOW Composites of Tup Impact Test- 

Experimental Design A 
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(b) 
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(e) 
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Figure 203. Force- displacement curves of 3 Y-yarn layers 3DOW composites (a) plain and 1:1 Z 

to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn 

ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp 

rib and 1:3 Z to Y-yarn ratio 
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(d) 
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(f) 

Figure 204. Force- displacement curves of 6 Y-yarn layers 3DOW composites (a) plain and 1:1 Z 

to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn 

ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp 

rib and 1:3 Z to Y-yarn ratio 
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(c) 

 

(d) 

0

1

2

3

4

5

0 5 10 15 20 25

F
o

rc
e,

 k
N

Displacement, mm

9L-3

Specimen 1 Specimen 2 Specimen 3

Specimen 4 Specimen 5

0

1

2

3

4

5

0 5 10 15 20

F
o

rc
e,

 k
N

Displacement, mm

9L-4

Specimen 1 Specimen 2 Specimen 3

Specimen 4 Specimen 5



  344 
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Figure 205. Force- displacement curves of 9 Y-yarn layers 3DOW composites (a) plain and 1:1 Z 

to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-yarn 

ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 warp 

rib and 1:3 Z to Y-yarn ratio 

C.4. Force-Displacement Curves of 3DOW Composites of Tup Impact Test- 

Experimental Design B 
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(d) 

Figure 206. Force- displacement curves of 3 Y-yarn layers 3DOW composites in the X-yarn 

(filling) (a) bleached flax yarns, (b) BHS flax yarns, (c) HS flax yarns and (d) grey flax yarns 
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(d) 

Figure 207. Force- displacement curves of 6 Y-yarn layers 3DOW composites in the X-yarn 

(filling) (a) bleached flax yarns, (b) BHS flax yarns, (c) HS flax yarns and (d) grey flax yarns 
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C.5. Typical Compression Curves of 3DOW Composites of Test- Experimental Design 
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(b) 
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(c) 
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(d) 
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(e) 
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(f) 

Figure 208. Typical compression curves of 6 Y-yarn layers 3DOW composites (a) plain and 1:1 

Z to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25 30 35 40 45

L
o
ad

, 
k
N

Strain, %

Sample 6L-6-Warp

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25 30 35 40 45

L
o
ad

, 
k
N

Strain, %

Sample 6L-6-Filling

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5



  356 

 

yarn ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 

warp rib and 1:3 Z to Y-yarn ratio 

 

 

(a) 

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60

L
o
ad

, 
k
N

Strain, %

Sample 9L-1-Warp

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50

L
o
ad

, 
k
N

Strain, %

Sample 9L-1-Filling

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5



  357 

 

 

 

(b) 
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(c) 
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(d) 
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(e) 
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(f) 

Figure 209. Typical compression curves of 9 Y-yarn layers 3DOW composites (a) plain and 1:1 

Z to Y-yarn ratio, (b) 2x2 warp rib and 1:1 Z to Y-yarn ratio, (c) 3x3 warp rib and 1:1 Z to Y-

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60

L
o
ad

, 
k
N

Strain, %

Sample 9L-6-Warp

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50

L
o
ad

, 
k
N

Strain, %

Sample 9L-6-Filling

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5



  362 

 

yarn ratio, (d) plain and 1:3 Z to Y-yarn ratio, (e) 2x2 warp rib and 1:3 Z to Y-yarn ratio, (f) 3x3 

warp rib and 1:3 Z to Y-yarn ratio 

C.6. Typical Compression Curves of 3DOW Composites of Test- Experimental Design 
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(d) 

Figure 210. Force- displacement curves of 6 Y-yarn layers 3DOW composites in the X-yarn 

(filling) (a) bleached flax yarns, (b) BHS flax yarns, (c) HS flax yarns and (d) grey flax yarns 
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Appendix D 

Table 48. Nomenclature of variables used in statistical analysis 

Energy E 

Thickness t 

Load L 

Force F 

Preform PF. 

Composite Comp. 

Arial Density A. D. 

Weaves: 1, 2, 3 Weaves: Plain, 2x2 Warp rib, 3x3 Warp rib 

Z/Y Ratio: 1, 0.33 Z/Y Ratio: 1 to 1, 1 to 3 
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D.1. Statistical Analysis of Experimental Design A 

D.1.1. Tensile Test 

 

Table 49. ANOVA Results- Tensile (Warp)- Peak load 
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Figure 211. Tukey HSD- Tensile (Warp)- Effect of Layers on Tensile Load 
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Figure 212. Tukey HSD- Tensile (Warp)- Effect of weave on Tensile Load 
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Table 50. ANOVA Results – Tensile (Warp)- Peak stress 
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Figure 213. Tukey HSD- Tensile (Warp)- Effect of layers on Tensile stress 
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Figure 214. Tukey HSD- Tensile (Warp)- Effect of weave on Tensile stress 
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Table 51. ANOVA Results – Tensile (Warp)- Tensile Load Normalized by Preform Areal 

Density 
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Figure 215. Tukey HSD- Tensile (Warp)- Effect of layers on Tensile Load Normalized by 

Preform Areal Density 
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Figure 216. Tukey HSD- Tensile (Warp)- Effect of weave on Tensile Load Normalized by 

Preform Areal Density 
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Table 52. ANOVA Results – Tensile (Warp)- Tensile Load Normalized by Composite Areal 

Density 
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Figure 217. Tukey HSD- Tensile (Warp)- Effect of layers on Tensile Load Normalized by 

Composite Areal Density 
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Figure 218. Tukey HSD- Tensile (Warp)- Effect of weave on Tensile Load Normalized by 

Composite Areal Density 
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Table 53. ANOVA Results- Tensile (Weft)- Peak load 
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Figure 219. Tukey HSD- Tensile (Weft)- Effect of Layers on Tensile Load 
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Figure 220. Tukey HSD- Tensile (Weft)- Effect of weave on Tensile Load 
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Table 54. ANOVA Results – Tensile (Weft)- Peak stress 
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Figure 221. Tukey HSD- Tensile (Weft)- Effect of layers on Tensile stress 
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Figure 222. Tukey HSD- Tensile (Weft)- Effect of weave on Tensile stress 
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Table 55. ANOVA Results – Tensile (Weft)- Tensile Load Normalized by Preform Areal 

Density 
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Figure 223. Tukey HSD- Tensile (Weft)- Effect of layers on Tensile Load Normalized by 

Preform Areal Density 
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Figure 224. Tukey HSD- Tensile (Weft)- Effect of weave on Tensile Load Normalized by 

Preform Areal Density 
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Table 56. ANOVA Results – Tensile (Weft)- Tensile Load Normalized by Composite Areal 

Density 
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Figure 225. Tukey HSD- Tensile (Weft)- Effect of layers on Tensile Load Normalized by 

Composite Areal Density 
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Figure 226. Tukey HSD- Tensile (Weft)- Effect of weave on Tensile Load Normalized by 

Composite Areal Density 
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D.1.2. Tup Impact 

 

Table 57. ANOVA Results – Tup impact- Impact Energy 
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Figure 227. Tukey HSD- Tup impact- Effect of Layers on Impact Energy 
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Figure 228. Tukey HSD- Tup impact- Effect of Weave on Impact Energy 
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Table 58. ANOVA Results – Tup impact- Impact Energy Normalized by Thickness 
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Figure 229. Tukey HSD- Tup impact- Effect of Layers on Impact Energy Normalized by 

Thickness 
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Figure 230. Tukey HSD- Tup impact- Effect of Weave on Impact Energy Normalized by 

Thickness 
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Table 59. ANOVA Results – Tup impact- Impact Energy Normalized by Preform Areal Density 
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Figure 231. Tukey HSD- Tup impact- Effect of Layers on Impact Energy Normalized by 

Preform Areal Density 
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Figure 232. Tukey HSD- Tup impact- Effect of Weave on Impact Energy Normalized by 

Preform Areal Density 
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Table 60. ANOVA Results – Tup impact- Impact Energy Normalized by Composite Areal 

Density 
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Figure 233. Tukey HSD- Tup impact- Effect of Layers on Impact Energy Normalized by 

Composite Areal Density 
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Figure 234. Tukey HSD- Tup impact- Effect of Weave on Impact Energy Normalized by 

Composite Areal Density 
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D.1.3. Charpy Impact 

 

Table 61. ANOVA Results – Tup impact (Warp) - Impact Energy  
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Figure 235. Tukey HSD- Tup impact (Warp) - Effect of Layers on Impact Energy  
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Figure 236. Tukey HSD- Tup impact (Warp) - Effect of Weave on Impact Energy 
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Table 62. ANOVA Results – Tup impact (Warp) - Impact Energy Normalized by Thickness 
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Figure 237. Tukey HSD- Tup impact (Warp) - Effect of Layers on Impact Energy Normalized 

by Thickness 
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Figure 238. Tukey HSD- Tup impact (Warp) - Effect of Weave on Impact Energy Normalized by 

Thickness 
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Table 63. ANOVA Results – Tup impact (Warp) - Impact Energy Normalized by Preform Areal 

Density 
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Figure 239. Tukey HSD- Tup impact (Warp) - Effect of Layers on Impact Energy Normalized 

by Preform Areal Density 
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Figure 240. Tukey HSD- Tup impact (Warp) - Effect of Weave on Impact Energy Normalized by 

Preform Areal Density 
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Table 64. ANOVA Results – Tup impact (Warp) - Impact Energy Normalized by Composite 

Areal Density 
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Figure 241. Tukey HSD- Tup impact (Warp) - Effect of Layers on Impact Energy Normalized 

by Composite Areal Density 
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Figure 242. Tukey HSD- Tup impact (Warp) - Effect of Weave on Impact Energy Normalized 

by Composite Areal Density 
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Table 65. ANOVA Results – Tup impact (Weft) - Impact Energy  
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Figure 243. Tukey HSD- Tup impact (Weft) - Effect of Layers on Impact Energy  
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Figure 244. Tukey HSD- Tup impact (Weft) - Effect of Weave on Impact Energy 
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Table 66. ANOVA Results – Tup impact (Weft) - Impact Energy Normalized by Thickness 
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Figure 245. Tukey HSD- Tup impact (Weft) - Effect of Layers on Impact Energy Normalized by 

Thickness 
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Figure 246. Tukey HSD- Tup impact (Weft) - Effect of Weave on Impact Energy Normalized by 

Thickness 
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Table 67. ANOVA Results – Tup impact (Weft) - Impact Energy Normalized by Preform Areal 

Density 
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Figure 247. Tukey HSD- Tup impact (Weft) - Effect of Layers on Impact Energy Normalized by 

Preform Areal Density 
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Figure 248. Tukey HSD- Tup impact (Weft) - Effect of Weave on Impact Energy Normalized by 

Preform Areal Density 
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Table 68. ANOVA Results – Tup impact (Weft) - Impact Energy Normalized by Composite 

Areal Density 
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Figure 249. Tukey HSD- Tup impact (Weft) - Effect of Layers on Impact Energy Normalized by 

Composite Areal Density 
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Figure 250. Tukey HSD- Tup impact (Weft) - Effect of Weave on Impact Energy Normalized by 

Composite Areal Density 
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D.1.4. Compression Test 

 

 

Table 69. ANOVA Results- Compression (Warp)- Peak load 
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Figure 251. Tukey HSD- Compression (Warp)- Effect of weave on Compression Load 
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Table 70. ANOVA Results – Compression (Warp)- Peak stress 
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Figure 252. Tukey HSD- Compression (Warp)- Effect of weave on Compression stress 
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Table 71. ANOVA Results – Compression (Warp)- Compression Load Normalized by Preform 

Areal Density 
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Figure 253. Tukey HSD- Compression (Warp)- Effect of weave on Compression Load 

Normalized by Preform Areal Density 
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Table 72. ANOVA Results – Compression (Warp)- Compression Load Normalized by 

Composite Areal Density 
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Figure 254. Tukey HSD- Compression (Warp)- Effect of weave on Compression Load 

Normalized by Composite Areal Density 



  434 

 

 

Table 73. ANOVA Results- Compression (Weft)- Peak load 
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Figure 255. Tukey HSD- Compression (Weft)- Effect of weave on Compression Load 
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Table 74. ANOVA Results – Compression (Weft)- Peak stress 
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Figure 256. Tukey HSD- Compression (Weft)- Effect of Compression on Tensile stress 
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Table 75. ANOVA Results – Compression (Weft)- Compression Load Normalized by Preform 

Areal Density 
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Figure 257. Tukey HSD- Compression (Weft)- Effect of weave on Compression Load 

Normalized by Preform Areal Density 
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Table 76. ANOVA Results – Compression (Weft)- Compression Load Normalized by Composite 

Areal Density 
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Figure 258. Tukey HSD- Compression (Weft)- Effect of weave on Compression Load 

Normalized by Composite Areal Density 

 

 



  442 

 

 

D.2. Statistical Analysis of Experimental Design B 

D.2.1. Tensile Test 

 

Table 77. ANOVA Results- Tensile (Weft)- Effect of X-yarn type on Peak load 
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Figure 259. Tukey HSD- Tensile (Weft)- Effect of X-yarn type on Tensile Load 
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Table 78. ANOVA Results- Tensile (Weft)- Effect of X-yarn type on Peak stress 
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Figure 260. Tukey HSD- Tensile (Weft)- Effect of X-yarn type on peak stress 
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Table 79. ANOVA Results- Tensile (Weft)- Effect of X-yarn type on Peak load Normalized by 

Preform Areal Density 
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Figure 261. Tukey HSD- Tensile (Weft)- Effect of X-yarn type on Tensile Load Normalized by 

Preform Areal Density 
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Table 80. ANOVA Results- Tensile (Weft)- Effect of X-yarn type on Peak load Normalized by 

Composite Areal Density 
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Figure 262. Tukey HSD- Tensile (Weft)- Effect of X-yarn type on Tensile Load Normalized by 

Composite Areal Density 
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D.2.2. Tup Impact 

 

Table 81. ANOVA Results – Tup impact- Effect of X-yarn type on Impact Energy 
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Figure 263. Tukey HSD- Tup impact- Effect of X-yarn type on Impact Energy 
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Table 82. ANOVA Results – Tup impact- Effect of X-yarn type on Impact Energy Normalized 

by Thickness 
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Figure 264. Tukey HSD- Tup impact- Effect of X-yarn type on Impact Energy Normalized by 

Thickness 
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Table 83. ANOVA Results – Tup impact- Effect of X-yarn type on Impact Energy Normalized 

by Preform Areal Density 
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Figure 265. Tukey HSD- Tup impact- Effect of X-yarn type on Impact Energy Normalized by 

Preform Areal Density 
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Table 84. ANOVA Results – Tup impact- Effect of X-yarn type on Impact Energy Normalized 

by Composite Areal Density 
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Figure 266. Tukey HSD- Tup impact- Effect of X-yarn type on Impact Energy Normalized by 

Composite Areal Density 
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D.2.3. Charpy Impact 

 

Table 85. ANOVA Results – Charpy impact- Effect of X-yarn type on Impact Energy 
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Figure 267. Tukey HSD- Charpy impact- Effect of X-yarn type on Impact Energy 



  460 

 

 

Table 86. ANOVA Results – Charpy impact- Effect of X-yarn type on Impact Energy 

Normalized by Thickness 
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Figure 268. Tukey HSD- Charpy impact- Effect of X-yarn type on Impact Energy Normalized 

by Thickness 
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Table 87. ANOVA Results – Charpy impact- Effect of X-yarn type on Impact Energy 

Normalized by Preform Areal Density 
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Figure 269. Tukey HSD- Charpy impact- Effect of X-yarn type on Impact Energy Normalized 

by Preform Areal Density 
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Table 88. ANOVA Results – Charpy impact- Effect of X-yarn type on Impact Energy 

Normalized by Composite Areal Density 



  465 

 

 

Figure 270. Tukey HSD- Charpy impact- Effect of X-yarn type on Impact Energy Normalized 

by Composite Areal Density 
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D.2.4. Compression Test 

 

Table 89. ANOVA Results- Compression (Weft)- Effect of X-yarn type on Compression Load 

Peak load 
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Figure 271. Tukey HSD- Compression (Weft)- Effect of X-yarn type on Compression Load 
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Table 90. ANOVA Results- Compression (Weft)- Effect of X-yarn type on Peak stress 
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Figure 272. Tukey HSD- Compression (Weft)- Effect of X-yarn type on peak stress 
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Table 91. ANOVA Results- Compression (Weft)- Effect of X-yarn type Peak load Normalized 

by Preform Areal Density 
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Figure 273. Tukey HSD- Compression (Weft)- Effect of X-yarn type on Compression Load 

Normalized by Preform Areal Density 
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Table 92. ANOVA Results- Compression (Weft)- Effect of X-yarn type Peak load Normalized 

by Composite Areal Density 
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Figure 274. Tukey HSD- Compression (Weft)- Effect of X-yarn type on Compression Load 

Normalized by Composite Areal Density 


