"We may regard the present state of the universe as the effect of its past and the cause of its future. An intellect which at any given moment knew all of the forces that animate nature and the mutual positions of the beings that compose it, if this intellect were vast enough to submit the data to analysis, could condense into a single formula the movement of the greatest bodies of the universe and that of the lightest atom; for such an intellect nothing could be uncertain and the future just like the past would be present before its eyes." -Marquis Pierre Simon de Laplace "Prediction is difficult, especially the future." -Niels Bohr "I dedicate this thesis to my grandmother: Narukulla Thummala Sathya Narayanamma" 1 General Introduction

Context

Composite materials have a wide range of applications in transportation, sports, civil structures, and medical fields. However, they have a major share in the aviation industry, in 1903 Wright brothers initiated an application for wood fabric composite, from recorded data in 1964 Royal Aircraft Establishment used carbon fiber composites to enhance the structural strength and in recent trends Airbus 380 which is one of the biggest passenger aircraft containing more than 50% composite structures to support its strength.

For industrial applications composites are manufactured by autoclave, resin transfer molding (RTM), infusion, compression molding, etc. Void type defects are unavoidable and observed in every manufacturing process. This will result in the reduction of mechanical properties or undesired behavior. For instance, due to this reason, the composites with the void volume fraction greater than 0.02 are rejected for aerospace applications. However, not all applications require this standard, thus increasing the application range for composites with voids. Hence,  Understanding the influence of void on the mechanical properties will provide cost savings and design advantages.  Studying the effect of void characteristics such as size, shape, location (inside or between the yarns) as well as volume fraction, on the mechanical properties of composites will help to provide a guideline for selecting good manufacturing parameters.

This subject was under investigation since the 1970s. Because of the lack of experimental techniques, in most of the cases composite behavior was directly related to the void volume fraction. Which is always not an effective parameter. As we will show, it leads to very coarse approximation and sometimes may lead to wrong conclusion.

Recent developments of the imaging techniques provided a detailed insight into the micro world of composites which allowed researchers to measure the void's geometry such as shape and size. In the literature, void characteristics were used to estimate the elastic properties of the composites with help of analytical or numerical techniques. It is found that void characteristics also should be taken into account in modeling.

The void characteristics depend on the type of reinforcement and manufacturing process parameters. In addition, depending on the reinforcements voids can have a dual scale nature. For example, in textile composites, the voids occur inside the fiber yarns and also in-between the yarns. To understand the influence of such voids, a multi-scale investigation should be carried out.

Motivations

The material hierarchy of the textile composites, calls for a multi-scale numerical method. The representation of this phenomenon and numerical method for textile composites are presented in the following figure.

 In microscale (in yarns) voids have irregular shapes and have special spatial distribution. Fibers have a circular cross-section and unique spatial arrangement.  In mesoscale (reinforcement) voids have near-spherical shapes and the yarn has irregular cross-section and paths.

The influence of these parameters on mechanical properties was not completely covered in the literature. In recent studies, the effect of void aspect ratio and size have been investigated. However, parameters such as void spatial distribution is still an open question. Moreover, most of the studies are confined to the unidirectional and laminated composites. There are no dedicated microstructure generators to produce a Representative Volume Element (RVE) containing voids. This may be the reason for approximating the void shapes as a regular geometry such as a sphere in the literature. However, at meso-scale, a real structure with voids and yarn cross-section can be reconstructed from micro-computed tomography (µCT) data.

Objectives

In this work, we present the multi-scale numerical homogenization to predict the elastic properties of the 3D textile composite. However, this method can be adapted to any other types of composites. This task contains combined experimental methods and a numerical approach.

Experimental:

 Manufacturing of the 3D textile composite with a controlled void volume fraction.  Characterizing the mechanical properties of the composite.

 Characterization of the void volume fraction, intra-yarn characteristics (fiber area fraction, and void area fraction).  µCT of the composite to capture the inter-yarn voids and textile reinforcement.

Numerical:

 Develop a tool to generate fibers in yarns respecting fiber radius and spatial distribution.  Develop a tool to generate the voids inside and between the yarns considering all possible void characteristics.  Carry out a multi-scale homogenization to predict the elastic properties of the 3D textile composite. The complete multi-scale scheme is presented in the following figure.

Outline

This thesis is organized as follows. The second chapter focuses on the mechanism of void formation, different void characteristics, and their characterization techniques. Here we also present, a literature survey covering the effect of void on the mechanical properties of the composites and the state of art techniques to predict their effect. This chapter also serves as the motivation for the developments presented in the next chapters.

Composite manufacturing methods and characterization are explained in the third chapter. It starts with the introduction to textile reinforcements used in this study and composite manufacturing. Then we present the template for the extraction of the specimens to characterize the composite plate. Total fiber volume fraction and void volume fraction are measured by burn-off tests. The intra-yarn fiber area fractions and void area fraction inside warp and weft are obtained by microscopy. The specimens for the 𝜇CT are extracted to obtain the scan data for the reconstruction of meso-structure which will be used in Chapter 4. Tensile tests are carried out along the weft direction to quantify Young's modulus, strength, and failure strain.

The chapter ends with a sensitivity study on tensile properties to total void volume fraction and intra-yarn (warp & weft) void area fraction.

Homogenization of the yarn properties and a parametric study to analyze the effect of void radius, shape and distribution on the elastic properties are conducted in the fourth chapter. The chapter starts with a stepping scheme to predict the effect of the spherical voids on the yarns. Next, the modified Near Neighbor Algorithm is presented. The statistical equivalence of the RVE is verified with the measured fiber radius and inter-fiber distance. Two more algorithms dedicated to generating the void in RVE are proposed. A convergence study is presented to choose the element size and RVE size for the numerical homogenization. Numerical homogenization is carried out by adopting approximate periodic boundary conditions. The chapter ends with a detailed discussion on the influence of void characteristics on the elastic properties of the yarns.

Chapter 5 starts with the explanation of the structure tensor based segmentation method to generate the real meso-structure from 𝜇CT data and the converge study. Later, the results of segmentation for 𝜇CT data acquired during this study are presented. An algorithm is developed to generate artificial inter-yarn voids. Using this algorithm meso-structure with different interyarn void volume fraction are created. A parametric study is carried out to understand the sensitivity of composite elastic properties to void characteristics. A complete multi-scale simulation is carried out at end of the chapter and the results are validated with the experiments carried out in the third chapter.

Conclusions and perspectives are presented in Chapter 6.

State of the art

In this chapter, we present a general introduction to composites and their manufacturing processes. In particular, we state the importance of studying the effect of manufacturing induced defects on the mechanical properties of composites and modeling techniques to predict composite behavior. The chapter begins with a quick introduction of composites and processing defects in Section 2.1. Section 2.2 presents industrial composite manufacturing techniques like autoclave and resin transfer molding (RTM). This section also explains the different defects induced during manufacturing in composites, particularly void type defects. In Section 2.4, we present the characterization techniques to measure void characteristics such as void volume fraction, size, shape, and spatial distribution. Section 2.5 discusses the influence of the voids on the mechanical properties. The analytical and numerical methods to predict the impact of void on the mechanical properties of composites are presented in section 2.6. Finally, in section 2.7, we discuss the summary of chapter 2 and present the road map for the next chapters.

Composites and processing defects

Fiber-reinforced composites have a high strength to weight ratio, making them an optimal choice in various engineering applications in aerospace, automotive, marine, civil, chemical processing equipment, sporting, land transportation, and leisure sectors. In this work, we focus on the fiber-reinforced polymer matrix composites, containing the reinforcements made of synthetic fiber (glass, carbon, etc.) or natural fibers (flax, jute, etc.). The composites can be sub-classified as random, unidirectional (UD), laminated, and textile composites based on the reinforcement architecture. The reinforcement choice depends on the application, the manufacturing technique, cost, and type of matrix. However, anomalies can be created in composites at different steps of manufacturing called process-induced defects. A detailed explanation of such defects is presented following section.

Process induced defects:

Composites are an effective solution for producing high strength composite parts. However, the final properties of the composite parts depend on the type of matrix and manufacturing process. Notably, defects induced during composite manufacturing will result in an undesired behavior of the part. They can be classified into matrix, fiber, and interface defects [START_REF] Hamidi | Process induced defects in liquid molding processes of composites[END_REF][START_REF] Boussu | General definition of 3D warp interlock fabric architecture[END_REF]. The 2D schematic representation of the manufacturing defects (fiber and matrix) is presented in Figure 1.

 Fiber defects include fiber misalignments, waviness, and broken fibers. The cause of the fiber defects can be fiber curving during manufacturing, faulty textile machines.  Interface defects are fiber/matrix separation, caused by improper sizing of the fiber or bad choice of matrix, resulting in improper adhesion between fiber and matrix.  Matrix defects include matrix cracks (improper matrix curing), dry spots, and voids. Dry spots are caused due to insufficient resin in the system, whereas void can be due to entrapment of air during resin injection or curing. Hence dry spots can be removed by optimizing the manufacturing strategy. Out of the defects mentioned above, voids are the most common and unavoidable during most of the manufacturing processes. Hence, in the following Section 2.2, we present the industrialized manufacturing processes, like autoclave and resin transfer modeling techniques and the mechanism of the void formation/nucleation, respectively. Voids are the most significant defect type, and the creation of the part without void is highly expensive and not often possible. Thus quantifying the effect of voids on composite properties will provide a tradeoff between mechanical performance and manufacturing cost [START_REF] Talreja | Manufacturing defects in composites and their effects on performance[END_REF].

Manufacturing of composites

Composites manufacturing is assembling two or more non-miscible materials (reinforcements and matrix) to obtain a final part. There are different types of manufacturing techniques available to produce a composite part. Depending on the resin flow during the manufacturing of fiber-reinforced composites, the processes can be classified into two types.

 Flow processes, where resin flows into a stationary porous medium.  No-flow processes where the resin does not flow through the preform but gets consolidated under the external pressure and temperature [4].

There are different manufacturing processes utilized in the production of a composite part. However, selecting the correct manufacturing technique depends on the material choice, time of manufacturing, and the required properties of the composite part. Autoclave and resin transfer modeling (RTM) are two widely used manufacturing processes in the composite industry.

The autoclave molding is mostly utilized in producing composite parts for aerospace applications but not a cost-effective solution for mass production. On the other hand, RTM has gained interest in the industry because of its cost-effectiveness [START_REF] Abraham | A comparison of physical properties of glass fibre epoxy composites produced by wet lay-up with autoclave consolidation and resin transfer moulding[END_REF]. Thus, the manufacturing process (Autoclave, RTM) and the phenomenon leading to voids are explained in the following Sections 2.2.1 and 2.2.2, respectively.

Autoclave

The process starts with cutting the prepregs sheets into the desired shape and stacking them in a sequence on an open mold. Then it is vacuum bagged and the air will be removed (Layup). The layup is placed inside an autoclave then compaction pressure and temperature are applied for consolidation of the part. The steps under which the temperature and pressure can be varied are called cure cycles. After the prescribed cycle time, the part will be moved out of the autoclave and the final product can be collected. Figure 2 represents the schematic of the autoclave stacking sequence and vacuum bagging. 

Liquid composite molding with emphasis on RTM

Impregnation of resin under controlled conditions (resin velocity, inlet pressure) into a dry fibrous medium is the working principle of the liquid composite molding (LCM) processes. It comprises different techniques such as Compression Resin Transfer Molding (CRTM), Resin Transfer Molding (RTM) and Vacuum Assisted Resin Transfer Molding (VARTM), etc. [START_REF] Laurenzi | Advanced Composite Materials by Resin Transfer Molding for Aerospace Applications[END_REF].

The schematic representation of the RTM process is shown in Figure 3. The process starts with cutting the fiber or textile and placing it in a closed mold. The mixture of rein is prepared separately and injected into the preform under controlled parameters like constant pressure or flow rate and constant temperature. Once the resin is solidified, the mold is opened and the final part can be collected. In comparison to the autoclave, RTM is cost-effective for largescale productions. The cycle time of the parts is comparatively shorter, as there is no preparation for vacuum bagging. The advantages and disadvantages of the RTM process are presented in Table 1. Advantages Disadvantages  Best geometrical control on the produced part.  A higher surface finish can be achieved.  Take less time when compared to autoclave.  Prototyping with high accuracy is possible.  Low manufacturing cost compared to the autoclave.  Better control of void percentage.

 Possible leaks during the process due to improper molds.  For a part with large dimensions, production tooling cost can be higher.  The void volume fraction is higher Table 1 Advantages and disadvantages of the RTM process [4].

After comparing both processes (autoclave & RTM) RTM is selected as the better process because of its adaptability for mass production and ease of manufacturing complex shapes. However, composites manufactured by RTM processes always have voids, and it is impossible to avoid their formation. Moreover, in the case of dual-scale reinforcements like textiles, void also occurs in two scales (see Figure 5 b) intra-tow voids and inter-tow voids). Hence, in Section 2.3 we will present the mechanism of void formation in the autoclave process and dual scale void formation in textile composites during the RTM process.

Void type defects

The formation and evolution of voids in the textile composites depends on the manufacturing technique, textile architecture, and type of matrix. Since void formation is a local phenomenon, it is impossible to control its occurrence during the manufacturing process. However, the understanding of the void formation mechanism will help us to control the void formation to some extent. For example, by controlling the injection pressure in RTM and cure cycles in Autoclave we can produce composites with different void volume fractions [START_REF] Liu | Effects of cure cycles on void content and mechanical properties of composite laminates[END_REF][START_REF] Ruiz | Optimization of injection flow rate to minimize micro/macro-voids formation in resin transfer molded composites[END_REF][START_REF] Rojek | Effect of through-thickness compressive stress and porosity on the tensile strength of carbon-fibre reinforced composites[END_REF]. A detailed understanding of this mechanism can further help us to control certain void characteristics like the location of void formation. Hence, the void formation mechanism in autoclave and RTM processes is explained in the following sections.

Void formation

During an autoclave process, voids can occur due to various reasons such as the air entrapment during the layup, the volatile gas during the curing of the matrix, existing air bubbles in the prepregs, and matrix shrinkage during curing [4]. As the temperature increases, the small voids move and settle near the top layer and bigger voids get trapped in between the layers as shown in Figure 4. In the RTM process the formation of voids can be due to mechanical entrapment of air during resin flow [START_REF] Rohatgi | Experimental investigation of flow-induced microvoids during impregnation of unidirectional stitched fiberglass mat[END_REF], volatile gas created during curing [START_REF] Hayward | The effect of vacuum assistance in resin transfer moulding[END_REF], and nucleation of the dissolved gas in the resin [START_REF] Grunenfelder | Void formation in composite prepregs -Effect of dissolved moisture[END_REF]. Out of all the phenomena, the major contribution to the void formation is the entrapment of the air, which is caused due to the non-uniform resin flow in non-homogeneous fiber preform. Even the macroscopic resin velocity seems to be smooth, the local velocity at the microscale can vary from point to point. This results in the formation of the void in different scales (see Figure 5 b)) intra-yarn voids and inter-yarn voids). There are different nomenclature used in the literature for voids at different scales. Micro void refers to void located in yarns called "yarn void", "intra-yarn voids", "intra-bundle voids", whereas the meso-voids refer to the void in between yarns "inter-yarn voids" or "inter-bundle voids", "channel voids". In this thesis, we refer to the voids as intra-yarn void (voids in a yarn) and inter-yarn voids (voids in a channel). The occurrence of intra-yarn voids and inter-yarn voids have a complex coupled physics. Therefore, this topic was highly studied [START_REF] Rohatgi | Experimental investigation of flow-induced microvoids during impregnation of unidirectional stitched fiberglass mat[END_REF][START_REF] Vaxman | Void formation in short-fiber thermoplastic composites[END_REF][START_REF] Lundstrom | Void Formation in RTM[END_REF][START_REF] Patel | Modeling of void formation and removal in liquid composite molding. Part II: Model development and implementation[END_REF], and the authors suggested a dual scale porosity distribution, which is a characteristic feature of the yarn based composites such as textile composites. In a textile composite, the pore size in a channel (meso-pores) is in the order of ~100 µm to ~1mm, whereas pores inside the yarns are at an order of ~1 μm to ~10 μm [START_REF] Lawrence | Modeling the impact of capillary pressure and air entrapment on fiber tow saturation during resin infusion in LCM[END_REF]. Hence the resin flow in the channel is driven by the viscous flow and inside the yarns, the surface tension is predominant. Hence, flow in yarns is driven by capillary forces causing wicking. The formation of the inter-yarn and intra-yarn voids is determined as competition between these two flows. For example, if the capillary flow is dominant it results in the creation of inter-yarn voids as shown in To quantify the competition between the viscous flows and capillary wicking in yarns [START_REF] Patel | Modeling of void formation and removal in liquid composite molding. Part II: Model development and implementation[END_REF], the authors proposed the modified capillary number (𝐶 𝑎 * ) which is the ratio of the viscous force to the surface tension as shown in Equation 2.1.

𝐶 𝑎 * = 𝜇. 𝑉 𝛾. cos 𝜃 (2.1)
where 𝜇 is the resin viscosity, 𝑉 is the resin velocity, γ is the surface tension of the resin, and θ the contact angle of resin with fiber. The modified capillary number suggests that, at smaller values of 𝐶 𝑎 * (lower resin velocity) the inter-yarn voids are predominant and at higher 𝐶 𝑎 * (high resin velocity) the intra-yarn voids are predominant [START_REF] Leclerc | Porosity reduction using optimized flow velocity in Resin Transfer Molding[END_REF]. There have been experimental and numerical works to relate the void formation and capillary number by an in-situ investigation [START_REF] Gueroult | Analytical modeling and in situ measurement of void formation in liquid composite molding processes[END_REF][START_REF] Park | Modeling and simulation of voids and saturation in liquid composite molding processes[END_REF][START_REF] Park | Modeling void formation and unsaturated flow in liquid composite molding processes: a survey and review[END_REF] It is worth mentioning that the final void content is also affected by other phenomena such as void migration and void compression. Once the air void is created it is constantly compressed by the resin surrounding it results in the reduction of the void volume and this phenomenon is called void compression. During the mold filling process the air bubbles continue to move along the flow this is called void migration.

Thus, the void formation in the textile composite is affected by architecture, processing conditions (flow velocity), resin properties such as viscosity and surface tension. In this thesis, we use this mechanism intentionally to induce a particular void distribution in the composite part.

Moreover, one can also observe that voids have different shapes, sizes, and spatial distribution. These parameters are termed as void characteristics and they influence the mechanical behavior of the composite. Thus, it is important to consider these constituent characteristics for the exact prediction of the material properties. Void type defects are generally characterized by void volume fraction. However, this parameter does not provide any information about the size, shape, and spatial distribution. Hence the techniques to characterize the geometrical features of the voids are explained in the Section 2.4

Geometrical characteristics of voids

In composite materials, the void characteristics correspond to void volume fraction (Section 2.4.1), size (Section 2.4.2), shape (Section 2.4.3), and distribution (Section 2.4.4). The review presented by [START_REF] Mehdikhani | Voids in fiber-reinforced polymer composites: A review on their formation, characteristics, and effects on mechanical performance[END_REF] emphasizes the importance of the void characteristics to understand the composite behavior. Since, these void characteristics depend on the properties of reinforcement, matrix, and manufacturing parameters (pressure, time, and temperature), It is worth noting that the measuring of all void characteristics requires special characterization techniques which were explained in section 2.4.5.

Void volume fraction

It is the most frequently used void characteristic and is mostly addressed in the literature to quantify the effect of voids on the mechanical properties [START_REF] De Almeida | Effect of void content on the strength of composite laminates[END_REF]. It is calculated as the ratio of the total volume of air in the composites to the total geometrical volume of the composite part.

𝑉𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑖𝑟 𝑖𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑝𝑎𝑟𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑝𝑎𝑟𝑡 (2.2)

However, there are enough works to support that total void volume fraction is not a single parameter to relate the behavior of composite with voids. Hence, the other void characteristics such as void size, shape, and distribution should be characterized.

Void size

It can be related to the cross-section area (𝐴) of the void when observations are performed on the 2D slices of composite and volume (𝑉) of the void in the case of 3D reconstruction. To remove the ambiguity of the size measurement, in [START_REF] Guerdal | Effects of processing induced defects on laminate response:Interlaminar tensile strength[END_REF] was introduced an equivalent void radius. They observed for a UD composite, this value can range from ~10 to 450 microns. The equation to calculate the equivalent void radius (𝑟 𝑒𝑓𝑓 ) by using cross-section is given in Equation 2.3 and utilizing void volume is presented in Equation 2.4 [START_REF] Gagauz | Effect of Voids on Interlaminar Behaviour of Carbon / Epoxy Composites[END_REF].

𝑟 𝑒𝑓𝑓 = √ 𝜋 𝐴 ⁄ (2.
3)

𝑟 𝑒𝑓𝑓 = √ 3𝑉 4𝜋 ⁄ 3 (2.4)
Void size has been a difficult parameter to determine. Firstly high variation of void size results in difficulty in determining the good parameter for void identification. Secondly, the measured void size can be varied with respect to the characterization techniques [START_REF] Abdelal | Comparison of methods for the characterization of voids in glass fiber composites[END_REF]. There are considerable studies conducted to determine the statistics of void size in UD composites. Micro-CT along with image segmentation was the common tool utilized in determining the void size [START_REF] Little | Voids characterisation in carbon fibre/epoxy composite laminates[END_REF][START_REF] Mehdikhani | Detailed characterization of voids in multidirectional carbon fiber/epoxy composite laminates using X-ray microcomputed tomography[END_REF].

In a UD composite manufactured by autoclave [START_REF] Rubin | Evaluation of porosity in composite aircraft structures[END_REF] it has been observed, in the specimens with high void volume fraction contained bigger voids than the specimens with lower void volume fraction. However, the void size can highly depend on the cure cycles. For example, observations made on composites manufactured out of autoclave [START_REF] Chambers | The effect of voids on the flexural fatigue performance of unidirectional carbon fibre composites developed for wind turbine applications[END_REF] reported a void size of 8-30000 micron 2 , whereas [START_REF] Agius | Cure behaviour and void development within rapidly cured out-of-autoclave composites[END_REF] reported 3-15000 micron 2 . Hence, it is important to obtain the void size for each composite even if they are manufactured by the same process. In the studies of [START_REF] Gagauz | Effect of Voids on Interlaminar Behaviour of Carbon / Epoxy Composites[END_REF], the authors presented void effective diameter/size as the efficient parameter than total void content to study the effect of voids on inter-laminar properties.

Void shape

Morphology of voids can be influenced by the manufacturing process [START_REF] Hsu | A Morphological Study of Porosity Defects in Graphite-Epoxy Composites[END_REF][START_REF] Ca Howe | A comparison between voids in RTM and prepreg carbon/epoxy laminates[END_REF], the architecture of the reinforcement, and the layup sequence. Classically the void shape is indicated by the parameter called aspect-ratio (AR). The AR of the void is defined as the ratio of the length of the major axis to the length of the minor axis, presented in Equation 2.5. This is a measure to specify elongation of the void, smaller AR mean voids shapes are spheroids [START_REF] Gagauz | Understanding the effect of void morphology and characteristics on laminate mechanical properties[END_REF] and large AR means they are elliptical [START_REF] Drach | Characterization and statistical modeling of irregular porosity in carbon/carbon composites based on X-ray microtomography data[END_REF]. Depending on the AR, there are several morphological terms utilized to describe the void shapes, such as flattened, coins shapes [START_REF] Hsu | A Morphological Study of Porosity Defects in Graphite-Epoxy Composites[END_REF], cylindrical-shaped, cigar-shaped, rod-like shapes, elliptical cylinders, and large-long shapes [START_REF] Rubin | Evaluation of porosity in composite aircraft structures[END_REF].

𝐴𝑅 = 𝐿𝑒𝑛𝑔ℎ𝑡 𝑜𝑓 𝑚𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠 (2.5)
The shape of the void is measured by using imaging techniques such as microscopy and µCT. Microscopy can only provide the 2D morphological information of the void. However, the observation on the multiple slices can give adequate information on the 3D morphology of the void [START_REF] Hamidi | Formation of microscopic voids in resin transfer molded composites[END_REF]. Since the proper investigation is only possible by analyzing the 3D void morphology, several studies in the literature have used micro Computed Tomography (𝜇CT) aided with image segmentation tools to analyze the void characteristics. In the literature, most of the studies are dedicated to UD composites manufactured by autoclave. Research from various sources can be concluded that small voids (~5𝜇𝑚 2 ) are volatile induced voids and have spherical shapes. Meanwhile the larger voids formed by air-entrapment in between laminates have flattened and elongated shapes with ~50-250 𝜇𝑚 2 and an aspect ratio of about 40 [START_REF] Guerdal | Effects of processing induced defects on laminate response:Interlaminar tensile strength[END_REF][START_REF] Hsu | A Morphological Study of Porosity Defects in Graphite-Epoxy Composites[END_REF].

The voids in laminates are dominantly elongated in the fiber direction and always in contact with the adjacent fibers [START_REF] Little | Voids characterisation in carbon fibre/epoxy composite laminates[END_REF][START_REF] Hernández | Effect of curing cycle on void distribution and interlaminar shear strength in polymer-matrix composites[END_REF]. In textile composites manufactured by RTM, the void have near-spherical shapes in matrix rich zone and elongated cylindrical shapes inside the fiber yarns [START_REF] Sisodia | Highresolution computed tomography in resin infused woven carbon fibre composites with voids[END_REF][START_REF] Ravey | Determination of the optimal impregnation velocity in Resin Transfer Molding by capillary rise experiments and infrared thermography[END_REF]. The description of different void shapes observed in the literature is presented in Table 2.

Void schematic Shape description Location

Composite type [START_REF] Hernández | Effect of curing cycle on void distribution and interlaminar shear strength in polymer-matrix composites[END_REF] Elongated Cigar shapesirregular crosssection

Inside the yarns

Textile, UD [START_REF] Drach | Prediction of the effective elastic moduli of materials with irregularly-shaped pores based on the pore projected areas[END_REF] Voids with irregular crosssection

In matrix 2D,3D textile [START_REF] Nikishkov | Measurement of voids in composites by X-ray Computed Tomography[END_REF] Flat disk shapes In between plies

UD, Textile Laminate

Spherical

In resin-rich zones Textile Table 2: Description of shapes and their location observed in composites.

Void distribution

Voids can be concentrated in a certain zone or uniformly distributed in a large zone. This spatial distribution of voids will influences the state of stress distribution thus affecting the material's mechanical response. The spatial distribution of the void can be affected by the manufacturing method, processing parameters, and architecture of the textile. For example in laminated composites, depending on the process parameters, voids can be concentrated in between plies or inside the ply. In textile composites, they can be inter-yarn or intra-yarn. Several studies were conducted to observe the position of the void as the function of processing parameters. For an LCM process, [START_REF] Lundström | Influence from process parameters on void formation in resin transfer molding[END_REF] observed the position of the void with respect to the resin velocity.

In the autoclave process, through-thickness void distribution studies were conducted in [START_REF] Chambers | The effect of voids on the flexural fatigue performance of unidirectional carbon fibre composites developed for wind turbine applications[END_REF][START_REF] Hernández | Effect of curing cycle on void distribution and interlaminar shear strength in polymer-matrix composites[END_REF]. Several other works also presented the distribution of the void position in the composite. However, there are no works found investigating the spatial distribution of the voids such as homogeneous, random, and cluster distribution. Hence the effect of void distribution will be evaluated in our study along with other void characteristics. For this, in Chapter 4 a novel algorithm based on the near neighbor distance will be proposed to generate a microstructure with the controlled spatial distribution of the voids.

Void characterization techniques

Now we present the different characterization techniques available to evaluate all the void characteristics discussed above. There are four major characterization techniques to obtain the void characteristics in a composite part, namely burn-off test, ultrasonic method, gravimeter/density test, and image-based analysis (Microscopy/ µCT). The choice of the technique depends on the material type and scale of the required data. For example, the burnoff test cannot be used for composites reinforced with the fiber having the degradation temperature lower than the matrix (e.g. natural fiber composites), whereas, in the case of the synthetic fibers burn-off is highly utilized. Conversely, the burn-off test does not provide any other void parameters such as shape, size, and distribution. Hence, every test has its advantages and limitations. It is recommended to understand the methodology, application, and limitations of these techniques so that one can choose the right technique. The comparison of different techniques available in the literature is presented in Table 3. In this thesis, we will use the burn-off test to obtain the total void volume fraction and scanning electron microscopy (SEM) to measure the intra-yarn void characteristics and Micro-CT to characterize the inter-yarn void volume fraction.

Technique Density method

Burn-off test

Images based analysis Ultrasonic

Methodology

Effect of voids on the mechanical properties of composites

This has been a broadly studied topic in the field of composites and is still under exploration. The main interest in characterizing the voids in structural composites is to quantify their effect on the mechanical behavior. Depending on the characteristics of the void, even a small volume fraction of voids can have dramatic effects on composite behavior, in particular on the matrixdominated properties (interlaminar shear strength, transverse properties). Many studies have tried to relate the mechanical properties of composite with respect to the total void volume fraction, to list a few [START_REF] De Almeida | Effect of void content on the strength of composite laminates[END_REF][START_REF] Rubin | Evaluation of porosity in composite aircraft structures[END_REF][START_REF] Yoshida | Statistical approach to the relationship between ILSS and void content of CFRP[END_REF][START_REF] Guo | Critical Void Content for Thermoset Composite Laminates[END_REF][START_REF] Costa | The influence of porosity on the interlaminar shear strength of carbon/epoxy and carbon/bismaleimide fabric laminates[END_REF][START_REF] Tang | Effects of Cure Pressure on Resin Flow, Voids, and Mechanical Properties[END_REF][START_REF] Jeong | Effects of voids on the mechanical strength and ultrasonic attenuation of laminated composites[END_REF]. However, there are several studies [START_REF] Chambers | The effect of voids on the flexural fatigue performance of unidirectional carbon fibre composites developed for wind turbine applications[END_REF][START_REF] Nikishkov | Measurement of voids in composites by X-ray Computed Tomography[END_REF][START_REF] Lambert | Damage characterisation and the role of voids in the fatigue of wind turbine blade materials[END_REF][START_REF] Carraro | Influence of manufacturing induced defects on damage initiation and propagation in carbon/epoxy NCF laminates[END_REF][START_REF] Seon | Effects of defects on interlaminar tensile fatigue behavior of carbon / epoxy composites[END_REF][START_REF] Olivier | Effects of cure cycle pressure and voids on some mechanical properties of carbon/epoxy laminates[END_REF] concluded that the void volume fraction is not a sufficient parameter to understand the effect of voids. In some of these works, the authors proposed that specimens with void volume fraction less than 0.005-0.01 do not affect the mechanical properties, hence this void volume fraction is called critical void volume fraction. It is important to note that, particular void characteristics have a detrimental effect on the specific mechanical property. Hence in this section, the effects of void characteristics on mechanical properties like interlaminar shear strength (ILSS) and tensile properties are presented.

Interlaminar shear strength

The effect of voids on the interlaminar shear strength ILSS is one of the most-studied topics and the early research date from 1968. This is simply because the ILSS is dominated by the matrix and matrix fiber interface properties which are highly affected by voids. However, most of the available literature was only limited to laminated composites. After a large number of studies, the effect of void on ILSS is reported in terms of total void content as a linear or nonlinear decrease or by following empirical relations.

In the works of Judd and wright [START_REF] Ncw | Voids and their effects on mechanical-properties of composites[END_REF], they obtained the critical void volume fraction for ILSS as 0.005. They also identified a linear relation between ILSS and void content: a 1% increase of void content will result in a 6% decrease of the ILSS. According to Ghiorse [START_REF] Ghiorse | Effect of void content on the mechanical properties of carbon/epoxy laminates[END_REF] for every 1% increase of void content will result in a 10% decrease in ILSS. This value is significantly higher than Judd and wright. This significant decline of ILSS is supported by the argument that the reduction of properties can also depend on the void characteristics. In the works of Tang et al. [START_REF] Tang | Effects of Cure Pressure on Resin Flow, Voids, and Mechanical Properties[END_REF], Lui et al. [START_REF] Liu | Effects of cure cycles on void content and mechanical properties of composite laminates[END_REF], found the void sensitivity on ILSS increases at higher void content, the sensitivity was attributed to the reduction of the ply interface area because of high void content. Their observations also confirmed that a 1% increase in void content resulted in a 6% decrease in ILSS. An empirical exponential relation (see Equation 2.6) between the ILSS (𝜎) and the total void volume fraction (𝑉 𝑣 ) (correlated to the ultrasonic attenuation) was proposed by [START_REF] Ryshkewitch | Compression Strength of Porous Sintered Alumina and Zirconia: 9th Communication to Ceramography[END_REF] as follows :

𝜎 = 𝜎 𝑚𝑎𝑥 𝑒 -𝐵𝑉 𝑣 (2.6)
where 𝜎 𝑚𝑎𝑥 is the strength of void-free composite and B is the coefficient that depends on the void characteristics.

The recent research on the ILSS tried to attribute the reduction of ILSS to voids length [START_REF] Wisnom | Reduction in interlaminar shear strength by discrete and distributed voids[END_REF] or their locations [START_REF] Olivier | Effects of cure cycle pressure and voids on some mechanical properties of carbon/epoxy laminates[END_REF]. Olivier et al. [START_REF] Olivier | Effects of cure cycle pressure and voids on some mechanical properties of carbon/epoxy laminates[END_REF] observed that during a short beam shear test voids in between the plies trigger the failure of the composite. A more systematic study was conducted by Wisnom et al. [START_REF] Wisnom | Reduction in interlaminar shear strength by discrete and distributed voids[END_REF] to relate ILSS to the void size (length), the increase of void length from 0.28 to 3.00 mm results in a reduction of 23% of ILSS in comparison with void-free composite.

The effect of void size (radius) was also studied by Kousourakis et al. [START_REF] Kousourakis | Interlaminar properties of polymer laminates containing internal sensor cavities[END_REF]. They created cavities for sensors in between the plies by using silicon tubes, they found that ILSS decreased linearly with an increase in the cavity size or number of cavities. Assuming that cylindrical voids are arranged in a regular pattern Hernàndez et al. [START_REF] Hernández | Effect of curing cycle on void distribution and interlaminar shear strength in polymer-matrix composites[END_REF] proposed a simple analytical netsection model to correlate the reduction of ILSS with respect to void content. They proposed that, depending on the void morphology, even at lower void content the ILSS can suffer a huge decline. To find the better parameter to signify the effect of void on ILSS, Gagauz et al. [START_REF] Gagauz | Effect of Voids on Interlaminar Behaviour of Carbon / Epoxy Composites[END_REF] compared the reduction of ILSS with respect to void volume (see Figure 7a)) and effective void radius (see Figure 7 b)). The measurement with an effective void radius (Equation 2.4) provided a slightly higher correlation with a linear fit (r=0.863, see Figure 7-b) which suggests that this is a better morphological characteristic to be used when assessing the influence of voids on ILSS. The effect of voids on ILSS properties of woven-ply composites was also studied in the literature. Studies conducted by Jeong et al. [START_REF] Jeong | Effects of voids on the mechanical strength and ultrasonic attenuation of laminated composites[END_REF] and Uhl et al. [START_REF] Uhl | Mechanical Strength Degradation of Graphite Fiber Reinforced Thermoset Composites Due to Porosity[END_REF] recorded for the same void volume fraction the ILSS of UD composites has been more sensitive to the voids than wovenply composites. This could be due to the natural resistance of the woven composites for crack propagation. They also assigned the variation to the difference in the void morphology. For a UD composite in resin-rich zones, the voids were elongated cylinders and spheres in textile composites. Moreover, Goodwin et al. [START_REF] Goodwin | The Role of Voids in Reducing the Interlaminar Shear Strength of RTM Laminates[END_REF] noted the difference in the response of the composites based on the textile. For a 1% increase of void content, the plain weave showed a 4% reduction, and 5-harness had a 7% reduction in ILSS. This was attributed to void shapes in 5-harness composites, the higher stress concentration at the corners of the void with a smaller radius.

Remarks:

 The void volume fraction is not an exclusive efficient parameter to correlate the effect of voids on ILSS.

 For better correlation, one can consider void morphological parameters such as effective void radius and length of the void.  The ILSS also depends on the type of reinforcements. In general, for a UD composite, a 1% increase in void content results in a 6 % decrease in ILSS and textile composite it reduces to 4%. However, the percentage of reduction can vary depending on void characteristics.

Tensile properties

Young's modulus: In the early studies of Harper et al. [START_REF] Harper | A Note on the Effects of Voids Upon the Hygral and Mechanical Properties of AS4/3502 Graphite/Epoxy[END_REF] and Olivier et al. [START_REF] Olivier | Effects of cure cycle pressure and voids on some mechanical properties of carbon/epoxy laminates[END_REF] it was found that in the UD ply composites, the fiber dominant elastic properties (i.e. longitudinal tensile modulus and Poisson's ratio) are less sensitive to voids. This phenomenon was also confirmed by Lui et al. [START_REF] Liu | Effects of cure cycles on void content and mechanical properties of composite laminates[END_REF], Zhan et al. [START_REF] Li | The influence of cure pressure on microstructure, temperature field and mechanical properties of advanced polymer-matrix composite laminates[END_REF], and Stamopoulos et al. [START_REF] Stamopoulos | Evaluation of porosity effects on the mechanical properties of carbon fiber-reinforced plastic unidirectional laminates by Xray computed tomography and mechanical testing[END_REF]. This behavior was also analytical and numerically verified by Selmi et al. [START_REF] Selmi | Void Effect on Carbon Fiber Epoxy Composites[END_REF] Huang and Talreja [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF]. But the matrix dominant properties like transverse tensile modulus and shear modulus decreases with an increase in void volume fraction. Experimental investigations by Gurdal et al. [START_REF] Guerdal | Effects of processing induced defects on laminate response:Interlaminar tensile strength[END_REF] showed that out of plane tensile modulus decreases by 10% for a 1% increase in void content. Varna et al. [START_REF] Varna | Effect of voids on failure mechanisms in RTM laminates[END_REF] found 5% of voids resulted in a 15% reduction of the transverse modulus and related the lower reduction of modulus to the difference in the reinforcements. Van Den Broucke et al. [START_REF] Broucke | Modelling of textile reinforced composites using finite element tools and investigation of influence porosity on mechanica properties[END_REF] found that in carbon/epoxy woven composite, a 1% increase in the void content results in the reduction of 5% in-plane tensile modulus and 7% out-of-plane tensile modulus. The reduction of the transverse tensile properties depends on the orientation of the fiber. Zhu et al. [START_REF] Zhu | Influence of Voids on the Tensile Performance of Carbon/epoxy Fabric Laminates[END_REF] conducted an experimental study on composites with the same void content and different fiber orientations. They found that composites with 0-degree orientation have a 14% reduction in properties whereas ±45 degrees reduce by 8%.

Naganuma et al. [START_REF] Naganuma | Influence of prepreg conditions on the void occurrence and tensile properties of woven glass fiber-reinforced polyimide composites[END_REF] observed that the effect of voids on tensile modulus is dependent on the morphology of the void (created by residual solvents) in woven composites. They found that composites with flat regular cross-section voids between the plies in composites registered less reduction in properties than the composites with voids of the irregular cross-section. The effect of the void aspect ratio on the elastic properties of the UD composites was studied by Talreja et al. [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF]. For a given aspect ratio, 5% void content resulted in 5 to 10% reduction of the longitudinal tensile modulus and (12-40) % reduction in transverse tensile modulus. For the same void content in plane-shear modulus reduced by 6 to12% and the out of plane shear modulus reduced by 12 to 40%. They also conducted a comparison between analytical Mori-Tanaka solution and FE-simulation and found a good agreement at lower void content, whereas at higher void content Mori-Tanaka under-estimated the elastic properties.

The void sensitivity of 3D braided carbon/epoxy composite numerically was explored by Xu and Qian [START_REF] Xu | An FEM analysis with consideration of random void defects for predicting the mechanical properties of 3d braided composites[END_REF]. They concluded that at a given void content the elastic properties are smaller sensitive to the randomly distributed voids. The reduction of properties in the longitudinal direction is less than the transverse direction. However, the longitudinal tensile modulus starts decreasing with an increase in the braiding angle. A few numerical studies conducted by Shigang et al. [START_REF] Shigang | Effect of manufacturing defects on mechanical properties and failure features of 3D orthogonal woven C/C composites[END_REF] modeled the void by reducing the mechanical properties of the randomly chosen elements in the mesh. They showed that an increase in the intra-yarn void percentage resulted in the reduced tensile properties of the 3D textile composite.

Shear modulus:

Longitudinal shear modulus of cylindrical (rod) made of UD carbon/epoxy specimen was measured in the torsion test by Hancox et al. [START_REF] Hancox | The effects of flaws and voids on the shear properties of CFRP[END_REF]. The observations showed that 1.5% of void content resulted in a 10% reduction of the shear modulus and the theoretical estimates based on Mori-Tanaka showed that 1% of void content will result in a 10% reduction of shear modulus. In the experimental investigation, an increase of void content (~5%) lead to the rapid decrease of the shear modulus (70%). The author concluded this reduction can be because of the void morphology and distribution in specimens with higher void content.

The numerical simulations conducted by V.D.Broucke et al. [START_REF] Broucke | Modelling of textile reinforced composites using finite element tools and investigation of influence porosity on mechanica properties[END_REF] and found that a 1% increase of the randomly distributed voids results in a 4% and 10% reduction of in-plane shear modulus and out-of plane shear modulus respectively. In a 2D FEM simulation carried by Nikopour et al. [START_REF] Nikopour | A virtual frame work for predication of effect of voids on transverse elasticity of a unidirectionally reinforced composite[END_REF] by considering the voids as the circles, they obtained that for a given void content the shear modulus reduced faster than the tensile properties. For braided composites, the numerical results presented by Xu and Qian [START_REF] Xu | An FEM analysis with consideration of random void defects for predicting the mechanical properties of 3d braided composites[END_REF] showed that out-of-plane shear modulus decreases faster than the in-plane shear modulus. The reduction of the properties was related to the fiber orientation. They found that increasing the braiding angle reduced the effect of voids on the out-of-plane shear modulus.

Remarks:

 The longitudinal (fiber-direction) tensile modulus is almost unaffected by the void content, whereas the transverse tensile modulus registered higher reduction. Based on the experimental investigation on UD composites presented in Section 2.5.2, an average increase of 1% in void content resulted in a 7 to 9% reduction of transverse tensile modulus. The uncertainty of the experiments was related to variation in void morphology and distribution.  The results from FE-simulations [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF] proved that transverse tensile modulus is highly affected by the aspect ratio of the void. For a void content of 5% depending on the aspect ratio the transverse tensile modulus by 12-40%.  Similar behavior is also observed for shear properties. The in-plane shear modulus is less affected by the voids when compared to the out-of-plane shear modulus.  The numerical investigation on the woven composites showed that shear modulus is more sensitive to the local fiber orientation. Shear modulus in direction of the fiber orientation is less affected by the voids.  Shear modulus is highly affected in the presence of a void when compared to the tensile modulus. For 1% of void content, shear properties are reduced by 10 to 12% whereas the tensile modulus is reduced only by 7 to 9%. This effect is more predominant at higher void content.

Based on the literature survey we can conclude that experimental control on the void volume fraction, shapes, size, and distribution is not possible. The analytical models and numerical simulations have been utilized and proved to be an efficient tool to understand the effect of void on mechanical properties. Hence in Section 2.6, we present the different techniques to estimate the elastic properties of the composites.

Methods for prediction of elastic properties

The prediction of the elastic properties of the composites containing void was carried based on different analytical models (e.g. in the literature [START_REF] Hernández | Effect of curing cycle on void distribution and interlaminar shear strength in polymer-matrix composites[END_REF][START_REF] Selmi | Void Effect on Carbon Fiber Epoxy Composites[END_REF][START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF][START_REF] Nikopour | A virtual frame work for predication of effect of voids on transverse elasticity of a unidirectionally reinforced composite[END_REF][START_REF] Rubin | Evaluation of porosity in composite aircraft structures[END_REF][START_REF] Farouk | Modulus prediction of a cross-ply fiber reinforced fabric composite with voids[END_REF]) and numerical methods (e.g. in the literature [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF][START_REF] Xu | An FEM analysis with consideration of random void defects for predicting the mechanical properties of 3d braided composites[END_REF][START_REF] Qi | Numerical study of the effects of irregular pores on transverse mechanical properties of unidirectional composites[END_REF][START_REF] Dong | A two-scale method for predicting the mechanical properties of 3D braided composites with internal defects[END_REF]). The process of predicting the elastic properties of the final composites based on the constituent properties is called homogenization [START_REF] Lomov | Meso-FE modelling of textile composites: Road map, data flow and algorithms[END_REF].

In an analytical method, for a UD composite, the elastic properties were calculated by inclusion methods based on the Mori-Tanaka solution [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF] or by reducing the properties of the matrix [START_REF] Choudhry | Predicting the effect of voids on mechanical properties of woven composites[END_REF]. For textile composites, approaches based on the method of cells, the mosaic model, and bridging models were used (e.g. in literature [START_REF] Yanjun | Elastic behavior analysis of 3D angle-interlock woven ceramic composites[END_REF][START_REF] Ansar | Modeling strategies of 3D woven composites: A review[END_REF][START_REF] Hage C El | Analytical and numerical modeling of mechanical properties of orthogonal 3D CFRP[END_REF][START_REF] Naik | An Analytical Method for Thermoelastic Analysis of 3D Orthogonal Interlock Woven Composites[END_REF]). The methods based on the numerical approach make use of FE-solution (e.g. in the literature [START_REF] Talreja | Manufacturing defects in composites and their effects on performance[END_REF][START_REF] Xu | An FEM analysis with consideration of random void defects for predicting the mechanical properties of 3d braided composites[END_REF][START_REF] Dong | Effects of Process-Induced Voids on the Properties of Fibre Reinforced Composites[END_REF][START_REF] Hyde | Effects of microvoids on strength of unidirectional fiberreinforced composite materials[END_REF]).

For a UD composite, the elastic properties can be calculated in a single step. However, textile composites or layered composites use a multiscale approach to predict the properties of the composite [START_REF] Engquist | Heterogeneous Multiscale Methods: A Review[END_REF]. A multi-scale simulation critically consists of two following homogenization steps one at micro-scale to obtain properties of yarns and the second is at the meso-scale to obtain final composite properties.

Regardless of the problem's scale, homogenization can be performed using analytical or numerical methods. The different analytical methods review applied to textile composites is presented in Section 2.6.1 followed by the numerical homogenization in Section 2.6.2.

Analytical methods

In this section, we present the different analytical models used to predict the homogenized stiffness of the textile composites and their limitations. As explained in the previous section the first step in the multiscale approach is the prediction of the elastic properties of yarns (micro-scale). The accuracy of results for analytical homogenization at the microscale is dependent on two key parameters.

 Yarn geometrical parameters (yarn cross-section, yarn width, fiber volume fraction, void volume fraction, etc.)  Method of homogenization (Micromechanical models).

Homogenization at the micro-scale can be achieved by micromechanical models [START_REF] Sendeckyj | Mechanics of Composite Materials: Past, Present, and Future[END_REF][START_REF] Aboudi | Micromechanics of Composite Materials[END_REF]. At the meso-scale, the homogenized composite properties are calculated based on the iso-strain assumptions, iso-stress assumptions, or inclusion methods. The available methods for macroscale homogenization can be divided into four categories a) Classical Laminate Theory (CLT), b) iso-strain, c) iso-stress assumption models and d) inclusion methods. CLT-based models were proposed by Ishikawa et al. [START_REF] Ishikawa | Elastic Behavior of Woven Hybrid Composites[END_REF] to predict the elastic properties of the 2D laminates. Authors have proposed mosaic, undulation, and birding models. These three different models are explained in the following.

The mosaic model approximates the composites as a lay-up of cross-ply laminates. The final properties of the composite can be calculated by iso-strain or iso-stress conditions. This model yields lower and upper bounds of the in-plane elastic properties [START_REF] Ishikawa | Elastic Behavior of Woven Hybrid Composites[END_REF].

The undulation model is an extension of the mosaic model. The undulation of yarns in the loading direction is modeled by trigonometric function, and yarns in the transverse direction are considered to be straight. The undulated yarn is divided into sub-volumes and the stiffness of each block is evaluated considering fiber orientation as the direction of undulation. The whole system now can be assembled as a mosaic model and elastic properties can be calculated by using iso-strain/iso-stress methods. This method is applied in the literature to find the properties of 2D textile laminates [START_REF] Ishikawa | Elastic Behavior of Woven Hybrid Composites[END_REF].

In later works of Chou et al. [START_REF] Ishikawa | Stiffness and strength behaviour of woven fabric composites[END_REF] proposed the extension of the undulation model called the bridging model. This model can be applied to the composites with complex reinforcement architectures. The total volume is subdivided into three to five sub-volumes such as warp, weft, and binder yarns. Later these sub-volumes are assembled and homogenization is carried out under a combination of iso-stress and strain assumptions.

Using the bridging model Yanjun et al. [START_REF] Yanjun | Elastic behavior analysis of 3D angle-interlock woven ceramic composites[END_REF] calculated the stiffness of the 3D interlock reinforced ceramic composites. Later Hage et al. [START_REF] Hage C El | Analytical and numerical modeling of mechanical properties of orthogonal 3D CFRP[END_REF] used a similar method to calculate the elastic properties of 3D woven textile reinforced composites. [START_REF] Hallal | Improved analytical model to predict the effective elastic properties of 2.5D interlock woven fabrics composite[END_REF] used the iso-strain approach to calculate the stiffness of 3D angle interlock composites. The bridging models were also applied to complex architecture considering such a braided textile by Li et al. [START_REF] Zhou | A bridging model prediction of the ultimate strength of composite laminates subjected to triaxial loads[END_REF]. Further, these methods were used by Naik et al. [START_REF] Naik | An Analytical Method for Thermoelastic Analysis of 3D Orthogonal Interlock Woven Composites[END_REF][START_REF] Naik | Prediction of on-axes elastic properties of plain weave fabric composites[END_REF] to calculate the properties of the 3D textile reinforced composites. In the review presented by Hallal et al. [START_REF] Hallal | Review and comparative study of analytical modeling for the elastic properties of textile composites[END_REF] the qualitative comparison of the predictive models shows that analytical models based on iso-strain assumption have an over prediction of the in-plane elastic properties and only a reasonable prediction on the outof-plane module and Poisson's ration is almost out of bounds.

In recent three-stage homogenization (3SHM), models were proposed by Hallal et al. [START_REF] Hallal | Improved analytical model to predict the effective elastic properties of 2.5D interlock woven fabrics composite[END_REF] where they presented an improved comparison of elastic properties concerning the experimental data from Hage et al. [START_REF] Hage C El | Analytical and numerical modeling of mechanical properties of orthogonal 3D CFRP[END_REF]. The 3SHM is based on the homogenization at three scales micro-, meso-and macro-scales. At first, the properties of the yarns are evaluated, in the second step the yarns are divided into sub-volumes where the properties of each sub-volume are calculated based on the fiber orientation. Now the sub-volumes are assembled to calculate the properties of the yarns at mesoscale. Finally, in step three, the homogenized composite properties are calculated by the iso-strain approach. The simplicity of this model facilitates the application to complex architectures.

Apart from the presented models the inclusion methods based on mean-field homogenization were also used in the literature to calculate the elastic properties of the textile composites. [START_REF] Gommers | The Mori-Tanaka method applied to textile composite materials[END_REF] used the Mori-Tanaka model on different textile reinforced composites. In this method, the yarns are subdivided into regions of elliptical cross-section and the effective properties of each sub-region are calculated by Eshelby's inclusion methods [START_REF] Eshelby | The Determination of the Elastic Field of an Ellipsoidal Inclusion, and Related Problems[END_REF]. In the end, the homogenized sub-cells were assembled to calculate the properties of the composite. This method is also used by Lomov et al. [START_REF] Lomov | Textile geometry preprocessor for meso-mechanical models of woven composites[END_REF] to calculate the properties of the textile composite with different reinforcements and presented that the longitudinal Young's modulus and in-plane shear modulus are close to numerical simulations. However, the transverse modulus has a deviation of more than 15%, and this was associated with the inaccurate geometrical modeling of the yarns in the analytical formulation.

Method of cells (MOC) has gained recent popularity in the homogenization of textile composites [START_REF] Prodromou | The method of cells and the mechanical properties of textile composites[END_REF]. In this approach, the sub-volumes contain the yarn layers and matrix layers, where the properties of the yarn layers can be calculated by the micromechanical models such as Chamis, modified rule of mixtures, and Halpin-Tsai [START_REF] Raju | A review of micromechanics based models for effective elastic properties of reinforced polymer matrix composites[END_REF].

The comparison of elastic properties calculated by different analytical models with the experimental results is presented in Table 4. Micromechanical methods and inclusion based methods have a smaller percentage of error than the iso-strain/iso-stress methods. The source of error can be related to the approximation in the yarn geometry and local fiber volume fraction and fiber orientation. The analytical solution cannot take into account the defects/anomaly in the composite parts in the geometrical modeling and, this results in the inaccurate prediction in the mechanical properties of the 3D composites [START_REF] Ramakrishna | Characterization and modeling of the tensile properties of plain weftknit fabric-reinforced composites[END_REF]. 

Modeling the effect of voids on mechanical properties:

There are no dedicated analytical models available to consider the effect of voids on textile composites. Regardless of the MS framework, the effect of void on composites has been related to overall void content with help of empirical relation [START_REF] Hancox | The effects of flaws and voids on the shear properties of CFRP[END_REF][START_REF] Farouk | Modulus prediction of a cross-ply fiber reinforced fabric composite with voids[END_REF]. However, there a few works where the properties of the yarn are calculated by using micromechanical models such as Chamis, Halpin-Tsai, and Mori-Tanaka. Later yarn properties are used at the meso-scale to calculate the homogenized composite properties [START_REF] Chen | Fast Fourier transform solver for damage modeling of composite materials[END_REF][START_REF] Vasiukov | Multi-scale modelling of 3D textile composites with different orthogonal mesostructures including the influence of the composite manufacturing process[END_REF]. In a multiscale simulation framework, almost all the works in literature use a numerical approach to determine the effect of voids on the mechanical properties.

 The limitation of the analytical models such as consideration of real yarn geometry and manufacturing defects can be realized by numerical simulations presented in the following section.

Numerical simulations

It is a highly utilized method to understand the behavior of heterogeneous materials such as textile composites [START_REF] Engquist | Heterogeneous Multiscale Methods: A Review[END_REF]. The key feature is that numerical modeling allows us to replicate the microstructure close to reality, to take into account the real yarn geometry and anomaly/defects in the material. The growing image-based characterization techniques such as micro-CT and computational capability have enabled the researcher to create exact microstructures and analyze the non-linear and linear behaviors of textile architectures [START_REF] Chen | Fast Fourier transform solver for damage modeling of composite materials[END_REF][START_REF] Liu | Multi-scale material model for 3D composite using Micro CT Images geometry reconstruction[END_REF]. However, a complete representation of microstructure from fiber to composite in a single structure is far out of the reach for the present computational capability. Thus, a multiscale numerical simulation has gained the popularity to bridge the gaps between different scales of material [START_REF] Fish | [END_REF]. The term, numerical homogenization is generally associated with this process in the literature. The first order numerical homogenization has almost been the basis of the homogenization process for the last 20 years and proved to be the best technique for the estimation of the linear material behavior at small strains and not only [START_REF] Geers | Multi-scale computational homogenization: Trends and challenges[END_REF].

In this section, we present a multi-scale numerical simulation homogenization scheme to predict the behavior of the textile reinforced composites which requires a detailed description of the microstructure, material properties, and boundary conditions at each step/scale [START_REF] Engquist | Heterogeneous Multiscale Methods: A Review[END_REF]. Thus, the first numerical homogenization is carried out at a micro-scale to calculate the properties of yarn and the second one at the meso-scale to calculate the properties of a composite.

In general, the workflow numerical simulation can be divided into three steps: 1) Definition of geometry, 2) Meshing and boundary conditions, and 3) Stress analysis and calculation of elastic properties. Geometry generation is the spatial arrangement of constitutes which depends on the scale of the material. In the numerical homogenization of the 3D textile composites, at the micro-scale, the microstructure corresponds to the yarns, and at the meso-scale, it refers to the architecture of the textile. In this section, we present the different kinds of modeling techniques/algorithms adopted to generate microstructure at microscale and mesoscale.

Microscale (Yarns)

The microstructure of yarns corresponds to the distribution of the fibers and voids in a domain, such that it represents the behavior of the entire yarn. Then the microstructure can be called a Representative Volume Element (RVE). In the literature, there are numerous algorithms to generate fibers [START_REF] Torquato | Random sequential addition of hard spheres in high Euclidean dimensions[END_REF]. However, there were no dedicated algorithms for packing voids. In most of the studies considering the voids, their morphology was approximated to regular cylinders or elliptical cylinders [START_REF] Nikopour | A virtual frame work for predication of effect of voids on transverse elasticity of a unidirectionally reinforced composite[END_REF][START_REF] Dong | Effects of Process-Induced Voids on the Properties of Fibre Reinforced Composites[END_REF][START_REF] Liu | The effect of voids on the quasi-static tensile properties of carbon fiber/polymer-laminated composites[END_REF][START_REF] Masmoudi | Modeling of the effect of the void shape on effective ultimate tensile strength of porous materials: Numerical homogenization versus experimental results[END_REF][START_REF] Matveeva | Effect of intra-ply voids on the homogenized behavior of a ply in multidirectional laminates[END_REF]. These works considered micro-voids (intra-yarn voids) to be elongated cylinders along the fiber direction as shown in Figure 8 a), b). Unlike in reality the intra-yarn voids have very concave shapes and cannot be approximated to simple circular cross-sections (see Figure 8 c)). However, the approximation of the void cross-section will result in uncertainty in the prediction of the elastic properties, this phenomenon was presented by [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF] already presented in section 1.4.2. Apart from the morphological indicator (aspect ratio), the shape of the void is also rendered important, [START_REF] Hyde | Effects of microvoids on strength of unidirectional fiberreinforced composite materials[END_REF] studied the effect of different void geometries (square, triangular and circular) and concluded that void geometry influences the strength of the UD composites. Also, the experimental works presented in the literature showed that at given void content the UD glass fiber composite has a different reduction in properties ranging between 12 and 40% this variation was directly associated to void shapes and distribution [START_REF] Hsu | A Morphological Study of Porosity Defects in Graphite-Epoxy Composites[END_REF]. Hence it is important to consider the geometrical features of the void in the generation of RVE. Image-based modeling techniques are developed by Wu et al. [START_REF] Wu | From SEM images to elastic responses: A stochastic multiscale analysis of UD fiber reinforced composites[END_REF], Qi et al. [START_REF] Qi | Numerical study of the effects of irregular pores on transverse mechanical properties of unidirectional composites[END_REF]. They used a segmented image to generate the microstructure containing the voids and calculated the mechanical properties of that particular image. However, this process needs images at high resolution and the choice of image is crucial, as every slice of an image cannot representative of the entire composite. Hence image-based microstructures can be used for validation but cannot be treated as the representative for the whole composite. a) b) Figure 9: Generation of microstructure directly from SEM images [START_REF] Qi | Numerical study of the effects of irregular pores on transverse mechanical properties of unidirectional composites[END_REF].

Limitations of present microstructure generation algorithms at the microscale are:

 There are no works found, that the study about the effect of void spatial distribution on the mechanical behavior of the composites. And there are no algorithms that allow generating voids, either.  Even the algorithms for the fiber generation are being developed for a long time, there was no possibility in the present algorithm to enforce the spatial distribution of the fiber, even though in literature it was found that the distance between fibers and the local packing, both play an important role in stress concentration, damage initiation, and elastic properties [START_REF] Melro | Influence of geometrical parameters on the elastic response of unidirectional composite materials[END_REF].

Motivation 1: Hence in this work, we propose an algorithm that can respect all the statistical parameters, which can be used to describe the yarn, such as fiber size and spatial distribution, and voids, spatial distribution, shape, and size. The detailed information regarding the microstructure generation will be presented in section 4.3.1.

Mesoscale (Architecture)

Textile composite architecture at mesoscale can be referred to as the modelling of the intertwined warp, weft yarns and manufacturing defects such as voids. There is a vast pool of research with numerous examples to model the woven composites, with several advancements into more complex 3D woven and braided structures. Elastic properties are calculated from mesoscale finite element calculations are proved to be reliable, provided a correct description of the yarn geometry and successful meshing [START_REF] Hale | Influence of opposing wave nesting in compression-loaded composites[END_REF][START_REF] Woo | Low Degree of Homogeneity Due to Phase Shifts for Woven Composites[END_REF][START_REF] Kashani | Damage Prediction in Woven and Non-woven Fabric Composites. Non-woven Fabr[END_REF][START_REF] Page | Finite element simulation of woven fabric composites[END_REF][START_REF] Dixit | Modeling techniques for predicting the mechanical properties of woven-fabric textile composites: A Review[END_REF]. Meso-scale yarn-based geometrical models can be generated by "Ideal" or "Realistic" numerical model.

Ideal models

These geometry generation algorithms have the assumptions [START_REF] Ansar | Modeling strategies of 3D woven composites: A review[END_REF][START_REF] Isart | Internal geometric modelling of 3D woven composites: A comparison between different approaches[END_REF][START_REF] Wintiba | An automated procedure for the generation and conformal discretization of 3D woven composites RVEs[END_REF][START_REF] Sherburn | Geometric and Mechanical Modelling of Textiles[END_REF] such as  Simplified yarn cross-sections,  Constant yarn cross-sections,  Propagation path of the binder yarns, and  Aligned warp and weft yarns.

Modeling of yarn can be carried by considering them as homogeneous anisotropic material. Whereas, their geometry can be achieved by generating yarn cross-section and yarn paths.

Several solutions [START_REF] Lomov | Meso-FE modelling of textile composites: Road map, data flow and algorithms[END_REF][START_REF] Lomov | Model of shear of woven fabric and parametric description of shear resistance of glass woven reinforcements[END_REF][START_REF] Wendling | Consistent geometrical modelling of interlock fabrics[END_REF][START_REF] Badel | Simulation and tomography analysis of textile composite reinforcement deformation at the mesoscopic scale[END_REF] have been proposed to create a geometry for these complex structures. Creating a coding [START_REF] Lomov | Hierarchy of Textile Structures and Architecture of Fabric Geometric Models[END_REF][START_REF] Lomov | Compression of Woven Reinforcements: A Mathematical Model[END_REF] to describe the relative positions (above/under) of the yarns is one of the common approaches used to describe generate the yarns.

The yarn paths are given by the spatial positions of the centers of the yarn cross-sections. These yarn centers can be calculated from the microscopy observation [START_REF] Ha-Minh | Vers la géométrie réelle d ' un tissu 3D interlock sur la précision de la simulation numérique à l ' impact[END_REF][START_REF] Roirand | Modélisation multiéchelle du comportement et de l ' endommagement de composites tissés 3D . Développement d ' outils numériques d ' aide à la conception des structures tissées[END_REF] or mathematical functions [START_REF] Wintiba | An automated procedure for the generation and conformal discretization of 3D woven composites RVEs[END_REF][START_REF] Roirand | Modélisation multiéchelle du comportement et de l ' endommagement de composites tissés 3D . Développement d ' outils numériques d ' aide à la conception des structures tissées[END_REF][START_REF] Sonon | A level-set based representative volume element generator and XFEM simulations for textile and 3D-reinforced composites[END_REF]. These functions are defined for all the yarns in the unit cell by the geometrical model. When used in numerical calculations, all these functions are given as arrays of values for a set of points along the yarn midline, the quality of representation of the continuous yarn lines and especially the continuity of the tangent regulated by the fineness of the divisions of the yarn middle lines. The shape of the yarn cross-sections can be assumed elliptical, lenticular, etc [START_REF] Ha-Minh | Vers la géométrie réelle d ' un tissu 3D interlock sur la précision de la simulation numérique à l ' impact[END_REF][START_REF] Piezel | Bending effect on the risk for delamination at the reinforcement/matrix interface of 3D woven fabric composite using a shell-like RVE[END_REF][START_REF] Piezel | A multilevel finite element analysis of a textile composite[END_REF][START_REF] Perie | Meso-scale modelling and homogenization of interlock reinforced composite[END_REF]. Additionally corrected dimensions can be measured from microscopy observations. Software like TexGen and WiseTex are considered as the alternative for the construction of 2D/3D textile geometry. TexGen was developed by the University of Nottingham and the working principle of this software was explained in [START_REF] Sherburn | Geometric and Mechanical Modelling of Textiles[END_REF]. It is also widely used to perform a numerical simulation [START_REF] Lin | Finite element modelling of fabric compression[END_REF]. WiseTex was developed in KU-Leuven and it works on the principle of minimization of energy and has better parameters that can take into account yarn distortions during the process. The common assumptions of the idealized models in that the geometry of the textile only depends on the key parameters such as the cross-section of the yarns and the spacing between the yarns remains constant. The textile composites are also modeled by the Digital Element Method (DEM) geometry and analytical geometry. The main difference between idealized models and DEM is the consideration of the effect of the binder yarn on the warp and filler yarns. The geometry of the textile produced by this software (idealized) does not consider yarn waviness or yarn pinching, and these parameters play an important role in the resulting properties [START_REF] Cox | On the tensile failure of 3D woven composites[END_REF] [START_REF] Mahadik | Effect of fabric compaction and yarn waviness on 3D woven composite compressive properties[END_REF]. Conversely the models (DEM & analytical) define a more realistic geometry that can reproduce the yarn undulations and varying cross-section.

The digital element method (DEM) was proposed by [START_REF] Wang | Digital-element simulation of textile processes[END_REF] and later developed by [START_REF] El Said | Kinematic modelling of 3D woven fabric deformation for structural scale features[END_REF] based on the yarn kinematics of yarn during the textile deformation. Yarns are not considered as solid entities. Instead, they are treated as a bundle of 1D chains connected through frictionless joints which allows modeling the phenomenon such as yarn sliding, sticking, and compaction such that DEM allows modeling the textile architecture more in detail. However, to utilize the yarn sections in the numerical simulation they must have a continuous solid surface. Hence, [START_REF] El Said | Kinematic modelling of 3D woven fabric deformation for structural scale features[END_REF] proposed the use of convex hull algorithms to construct the yarn surface. Similar methods are also implemented by [START_REF] Durville | Finite Element Simulation of the Mechanical Behaviour of Textile Composites at the Mesoscopic Scale of Individual Fibers[END_REF]. A representative of the 3D woven textile model generated based on such an approach is shown in Figure 10. Although the higher accuracy of the geometry can be modeled by DEM, the time cost is also considerable. Due to the requirement of the FE simulation, it takes on average around 9 hours to generate a numerical model with the desired complexity [START_REF] Green | Numerical modelling of 3D woven preform deformations[END_REF].

An analytical approach to model the internal architecture of woven composite was proposed by [START_REF] Isart | Internal geometric modelling of 3D woven composites: A comparison between different approaches[END_REF]. This model was built by considering that the geometry of the textile, can be generated by interpolation of a few sections along the two orthonormal planes. The cross-section of the yarns can be continuously varied and the locus of the yarn path can be followed by trigonometric function. This mode is very simple to define and once the interpolation points are obtained the textile geometry can be modeled in TexGen. The comparative study presented by [START_REF] Isart | Internal geometric modelling of 3D woven composites: A comparison between different approaches[END_REF] showed that geometry generated by the analytical approach has the closest variation for micro-CT and the highest variation is observed on the model produced by modeling software (TexGen / WiseTex).

Unfortunately, although the predicted elastic properties using the ideal geometry agree well with the experimental results, the ability to study damage and failure mechanisms with the proposed model remains questionable. Because it is still an idealized model based upon the symmetry hypothesis about the middle planes of the Unit Cell (UC) which cannot be found in the real material. Alongside there is no reference to models found in the literature that can accommodate the inter-yarn voids in the geometry. These drawbacks will be addressed in the realistic models.

Realistic models

These are an alternative to the ideal model to achieve realistic textile geometry with manufacturing defects like voids. These models are usually reconstructed from the micro-CT image. The realistic models can be generated either as 2D or 3D models. The first attempts for the generation of 2D-realistic models to evaluate the damage and crack propagation was presented by Faes et al. [START_REF] Faes | Accuracy of 2D FE models for prediction of crack initiation in nested textile composites with inhomogeneous intra-yarn fiber volume fractions[END_REF]. After image processing in a 2D slice, real yarn sections were outlined. The undulated yarn path was modeled by segments while the heterogeneity of local intra-yarn fiber volume fraction (Vfy) was determined by mapping the circular detection zone with a specified radius.

A structural tensor-based method was used by Naouar et al. [START_REF] Naouar | 3D composite reinforcement meso F.E. analyses based on X-ray computed tomography[END_REF] to generate the 3D-model directly from micro-CT data. The segmentation method is applied to each 2D slice to identify the matrix, warp yarns, and weft yarns. A skeleton scheme was applied to determine the locus of the yarn path and this was assigned to the local fiber orientation. Hence this model is called the backbone model. The octahedral mesh was adopted to conserve the yarn shapes. Since the model does not use the local fiber orientation from the µCT data the results produced were much close to the analytical models.

Similar method based on supervised learning was proposed by Straumit et al. [START_REF] Straumit | Quantification of the internal structure and automatic generation of voxel models of textile composites from X-ray computed tomography data[END_REF]. They preliminarily discretized the 3D domain into several cubic sub-domains (i.e. voxels). They defined a set of variables for each voxel termed as the feature vector. This vector is unique for each voxel and is calculated based on the structure tensor. The voxel can be segmented based on the probability of their feature vector with respect to training sets. For example, for the segmentation 3D textile [START_REF] Liu | Multi-scale material model for 3D composite using Micro CT Images geometry reconstruction[END_REF] utilized a structure tensor containing three variables (the principal direction of anisotropy, the degree of anisotropy, and the averaged grey value). This method is simple to implement. However, the actuary of the solution depends on the definition training set for each constituent. This method was also used by Vasiukov et al. [START_REF] Vasiukov | Multi-scale modelling of 3D textile composites with different orthogonal mesostructures including the influence of the composite manufacturing process[END_REF] to segment the inter-yarn voids in a 3D textile composite. The yarn paths and cross-sections can also be directly reconstructed from the images acquired from µCT data as shown in Figure 12. The next challenge is to address the variation in the local fiber volume fraction along with the yarns. One of the first attempts to solve this issue is proposed in [START_REF] Wintiba | Automated reconstruction and conformal discretization of 3D woven composite CT scans with local fiber volume fraction control[END_REF], where authors presented methods to incorporate a variation of the local fiber volume fraction in the yarns.

An example of segmentation result is shown in

a) b) c) Figure 12: Yarn geometry a) µCT data of 3D textile composite, b) Segmented yarns, c) Ideal RUC of a 3D textile composite [START_REF] Roirand | Modélisation multiéchelle du comportement et de l ' endommagement de composites tissés 3D . Développement d ' outils numériques d ' aide à la conception des structures tissées[END_REF].

Local fiber volume fraction (Vf):

The distribution of fibers over a yarn cross-section is usually assumed uniform, and the value of Vf is the same in all the points on the cross-section (but may differ according to the cross-section) [START_REF] Mühlstädt | 3D model of intrayarn fiber volume fraction gradients of woven fabrics[END_REF]. Non-uniform distribution may be important for damage analysis [START_REF] Lomov | Hierarchy of Textile Structures and Architecture of Fabric Geometric Models[END_REF][START_REF] Kurashiki | Estimation of a mechanical characterization for woven fabric composites by FEM based on damage mechanics[END_REF] in this case Vf will vary over the cross-section. The variation of the local fiber volume fraction along the yarns is addressed by modeling the variation of the yarn cross-section. Similar methods were used in [START_REF] Wintiba | An automated procedure for the generation and conformal discretization of 3D woven composites RVEs[END_REF][START_REF] Pierreux | Automated generation of 3D orthogonal woven composites RVEs including yarn cross-section variations[END_REF].

Modelling interyarn voids:

Currently, no work dealing with meso-voids generation algorithm has been identified. However, a few strategies to model the effect of the void are available in the literature. In the works of Laiarinandrasana et al, [START_REF] Laiarinandrasana | Effect of multiaxial stress state on morphology and spatial distribution of voids in deformed semicrystalline polymer assessed by X-ray tomography[END_REF] the effect of the porosity on mechanical behavior is considered by modification of the constitutive modeling. It is considered that the non-linear behavior such as plasticity of the material is effected in the presence of voids. This kind of approach considers the effect of voids via a complex phenomenological non-linear material model without representing the geometry of void. Another strategy was selected by Shigang et al, [START_REF] Shigang | Effect of manufacturing defects on mechanical properties and failure features of 3D orthogonal woven C/C composites[END_REF], where authors modeled voids by reducing the properties of the randomly chosen mesh elements. This approach does not respect their morphology or spatial distribution. Similarly to microvoids, this drawback is overcome by image based modeling where the void can be directly segmented from the matrix [START_REF] Gigliotti | X-ray microcomputed-tomography characterization of cracks induced by thermal cycling in noncrimp 3D orthogonal woven composite materials with porosity[END_REF][START_REF] Rojek | Void growth measurement and modelling in a thermosetting epoxy resin using SEM and tomography techniques[END_REF].

The example of segmented voids segmented using µCT data is presented in Figure 13. Segmented interyarn voids in a 3D textiles composite [START_REF] Roirand | Modélisation multiéchelle du comportement et de l ' endommagement de composites tissés 3D . Développement d ' outils numériques d ' aide à la conception des structures tissées[END_REF].

Based on the methodology to create these geometrical properties, the modelling approaches can be classified into two types a) ideal models and b) realistic models.

Motivation 2: However, none of the algorithms to produce the ideal models presented in the literature deals with consideration of the inter-yarn voids. Thus, generation techniques for both the models and an argument for a reason to choose realistic models are presented below.

Macroscale

The anisotropic properties of the composite part can be predicted by the numerical homogenization at the meso-scale. However, the non-linear behavior in composites such as damage is a local phenomenon, thus depends on the arrangement of yarns. This phenomenon was well illustrated in the works of Hurmane [START_REF] Hurmane | Combined experimental and modelling approaches for strength analysis of 3D woven composites: from elementary coupons to complex aeronautical structures[END_REF]. In Figure 14 we can observe that the complex, heterogeneous meso-structure of the studied 3D textile composite was approximated by anisotropic non-linear material behavior. The absence of the local yarn geometry and material heterogeneity results in unrealistic crack prediction during the numerical simulation. These simulations showed the importance of considering the local yarn geometry, fiber volume fraction and orientation of the fibers [START_REF] Médeau | Rupture des composites tissés 3D : de la caractérisation expérimentale à la simulation robuste des effets d'échelle[END_REF]. Hence to address the realistic yarn geometry, voids and fiber orientation we will use the realistic models in our study. a) b) Figure 14: Effect of meso-structure on the non-linear behavior of 3D textile composites [START_REF] Hurmane | Combined experimental and modelling approaches for strength analysis of 3D woven composites: from elementary coupons to complex aeronautical structures[END_REF]: a) Representation of 3D textile, b) Propagation of crack in experiment vs numerical simulation.

Numerical homogenization

It is a process to find an equivalent homogeneous medium that has the same mechanical response for a given heterogeneous microstructure. The standard methodology is to connect macroscopic quantities through the volume averaging of their microscopic counterparts over the RVE [START_REF] Hill | Elastic properties of reinforced solids: Some theoretical principles[END_REF]. The implementation of the Hill-Mandel macro homogeneity theory was available in several works to calculate the elastic properties. Hence, the formulation is included in Annexe (see section 7.1).

Meshing

Meshing corresponds to the discretization of the material geometry, described by geometrical features (yarns/matrix/voids) into subdomains called finite elements. For an FE-mesh free from topological errors and defects, the FE-solution should be independent of the mesh. To name some, elongated elements, interpenetrated volumes, and high destiny mesh in a certain location are major defect types noticed in the meshing. The presence of such errors will result in the local mesh distortion which will affect the FE-solution. Usually, the FE-packages like ABAQUS produces the conformal mesh to conserve the geometry of the structure and are mostly used in FE-simulations.

For FE-simulations at the microscale, the geometry is well defined and this facilitates having a uniform mesh. On the other hand, at meso-scale the complex topology of the yarns results in local over-density of the mesh and this results in heavily distorted elements during a simulation [START_REF] Pastore | Applications of a meso-volume-based analysis for textile composite structures[END_REF]. These challenges lead to the development of an alternative called voxel mesh [START_REF] Kim | Voxel-based meshing and unit-cell analysis of textile composites[END_REF].

Voxel meshing has been used in a biomedical application for simulations on trabecular bones reconstructed from µCT data [START_REF] Hollister | Digital-image-based finite element analysis for bone microstructure using conjugate gradient and Gaussian filter techniques[END_REF]. Applying a similar method to the micro-CT data of textile composite will help to develop a voxel model avoiding yarn interpenetration and other difficulties. This can be achieved by using VoxTex an image segmentation tool developed by Straumit et al. [START_REF] Straumit | Quantification of the internal structure and automatic generation of voxel models of textile composites from X-ray computed tomography data[END_REF]. A voxel mesh is an even rectangular discretization of space into perfect hexahedral elements. This allows us to model the yarn as explicit non-interpenetrating surfaces.

A finer mesh can be achieved by increasing the spatial resolution. Due to this simplicity, it is used in the FE-simulations of the textile composites [START_REF] Liu | Prediction of linear and non-linear behavior of 3D woven composite using mesoscopic voxel models reconstructed from X-ray micro-tomography[END_REF]. However, due to the simple geometry of the mesh, it produces non-physical stress concentrations at the edge of the yarn geometries, as reported by Doitrand et al. [START_REF] Doitrand | Comparison between voxel and consistent meso-scale models of woven composites[END_REF]. At the same time, averaging techniques were proposed by Fanget al. [START_REF] Fang | Smoothing artificial stress concentrations in voxel-based models of textile composites[END_REF] to smooth the stress concentrations caused by the voxel element, such that extending the application to predict the elastic properties and non-linear behavior of the composites.

Boundary conditions

Boundary conditions (BC's) are a set of constraints applied to the boundary of the domain.

They have a decisive effect on the behavior and convergence of the solution. In the literature, there are three kinds of boundary conditions utilized to homogenize the properties of the composite at micro-scale and meso-scale. The BC's can be listed as 1) uniform displacement boundary conditions (KUBC's), uniform traction boundary conditions (SUBC's), periodic boundary conditions (PBC's), and mixed boundary conditions [START_REF] Espadas-Escalante | A study on the influence of boundary conditions in computational homogenization of periodic structures with application to woven composites[END_REF].

BCs have a direct effect on the prediction of mechanical properties, and the comparison of different boundary conditions on effective properties was found in the literature [START_REF] Zhang | A numerical micromechanics analysis of the mechanical properties of a plain weave composite[END_REF][START_REF] Byström | An evaluation of different models for prediction of elastic properties of woven composites[END_REF] reported that KUBC's overestimate the elastic properties and SUBC's underestimate. However, a study conducted by [START_REF] Vaughan | A combined experimental-numerical approach for generating statistically equivalent fibre distributions for high strength laminated composite materials[END_REF] showed that for a sufficiently large domain size the effect of BC's can be removed. They found for an RVE of length (L=50R) 50 times of fiber radius (Rf) the effect of BC's is no more be observed. On another hand, PBC's and mixed boundary conditions have convergence to the solution at small domain sizes which makes them an optimal choice for numerical homogenization. MBC's are used for the problems where the out-of-plane traction can be zero i.e. different mixture of in-plane and out-of-plane boundary conditions possible in the problem as presented in Figure 15 d). At first, the in-plane PBC is solved considering the out-of-plane traction condition as zero. Secondly, the out-of-plane stress can be calculated considering the in-plane displacements.

Application of PBC's needs a periodic geometry of RVE. However [START_REF] Schneider | Fully periodic RVEs for technological relevant composites: not worth the effort![END_REF] compared periodic and non-periodic structures and concluded that PBC can be applied to non-periodic structures. This type of boundary condition is called approximate periodic boundary conditions (APBC's). APBC are equally effective as complete periodic boundary conditions. This saves the extra effort to generate the exact periodic structure for the numerical homogenization. Moreover, the application of APBC solves an important issue of reconstructed geometries from µCT data which are generally not strictly periodic.

Motivation 3: Hence in this work, we use the APBC's both at the microscale and mesoscale homogenization. Since commercial software like ABAQUS does not facilitate an inbuilt tool for APBC's, an automated python script was developed to apply the PBS's on any given boxshaped structures.

Conclusions

In this chapter, we introduced state-of-the-art manufacturing induced void type defects in composites and the mechanism of their formation in RTM, and void characterization techniques. The formation of voids is an unavoidable phenomenon and was extensively studied in the literature. From the understanding of the modified capillary number, we proposed a manufacturing technique that is explained in detail in Section 3.2 to obtain a part dual scale void distribution.

It was observed that void content is not always an effect parameter to determine the effect of void on mechanical properties. A detailed literature survey about the effect of voids on the elastic properties and interlaminar shear strength was presented. It was observed that the void characteristics such as volume, aspect ratio, and distribution affect the elastic properties of UD composites, yarns, and textile composites. Hence, in this thesis, we present the correlation of the elastic properties with the total void volume fraction and intra-yarn void volume fraction. The burn-off test will be used to characterize the total void content in the composite part and microscopy will be performed on the intra-yarn void cross-section to determine the void size, aspect ratio, and distributions. Moreover, we propose two parametric studies to understand the influence of the void characteristics on the elastic properties of 1) yarns at the micro-scale and 2) textile composite at the meso-scale.

Since numerical homogenization facilitates representing the real geometry of composites, it is a better approach for the homogenization of composites. The multi-scale numerical approach is proved as a better homogenization technique in the literature to predict the elastic properties of the textile composites. This approach needs the description of the yarn geometry (microscale) and composite geometry (mesoscale). Since constituent characteristics in the yarn have a decisive effect on their behavior, they should be respected while generating the microstructure. For, example interlaminar properties are highly affected by void size, transverse tensile properties are affected by void aspect ratio. Void spatial distribution was seldom studied in the literature.

Moreover, most of these studies were limited to UD composites and do not consider realistic void shapes or distribution. Moreover, there are no efforts found to enforce the statistical parameters of the fiber and voids to generate the microstructure. Hence in this study, we propose a novel algorithm to generate a statistically equivalent RVE for yarns. To conduct a parametric study at meso-scale we present a new approach to generate voids at meso-scale in a meso-structure reconstructed from µCT data. At the microscale, the geometry is generated as a solid structure containing fibers and voids. Hence a conformal mesh, produced by ABAQUS will be adopted. For mesoscale FE-simulation a voxel model can be constructed from µCT data and boundary conditions are applied under the framework of approximate periodic boundary conditions.

3D textile composites were chosen to show the applicability of multi-scale numerical simulation presented in this thesis to predict the elastic properties of the textile composites (this method can be equally applied to any textile composites).

Materials, Manufacturing, and Characterization

Introduction

In this chapter, we present the materials, the manufacturing method of composites plates, and their characterization. Materials and manufacturing process are explained in Section 3.2, followed by the characterization of the total fiber volume fraction (VFT), total void volume fraction (VVT), and intra-yarn fiber fraction (Vfy), intra-yarn void volume fraction (Vvy) in Section 3.3. X-ray micro tomography was performed on several composite specimens to reconstruct the internal architecture of the 3D textile composites at the mesoscale (yarn level).

The parameters of scanning and reconstruction of radiographs are presented in Section 3.4.

Finally, the experimental setup to evaluate the tensile properties along the direction of the weft yarns is presented in Section 3.5. The observation and correlations of the material behavior with respect to the void characteristics are presented in Section 3.7.

Materials and manufacturing method 3.2.1 Materials

The 3D textile reinforcements used in this study are modified layer to layer satin and twill interlocks. These textiles were manufactured at ENSAIT (Roubaix, France). The architecture of three 3D layer to layer interlock (Satin, Twill, 2 nd Twill) textiles generated in TexGen are presented in Figure 16. 

Manufacturing method

Resin transfer molding was used to produce composite plates with dimensions of 190 mm x 290 mm x 2.3 mm. A fabric with dimensions of 190 mm x 290 mm was cut from the textile with a layer thickness of 2.4 cm. It will be placed in a prepared mold and a gap greater than two centimeters was left in the injection edge to ensure the rectilinear flow. The press applied the pressure of 20 bar to the mold, compressing the fabric with the accuracy of 0.1mm in terms of mold cavity height. By following this process we could ensure that there would be no race tracking inside the mold. Later, epoxy was prepared in a beaker by mixing resin and hardener in proportions of 100:28 and stirring until the mixture was homogeneous, then it was degassed for 20 minutes. The resin mixture was injected into the preform under constant pressure. The mold design used in the RTM process is presented in Figure 17. The injection pressure applied for manufacturing and time took to fill the mold of each plate are presented in Table 6. 6: Parameters for the RTM manufacturing process.

Both the resin inlet and outlet vents were closed as soon as the resin once appeared near the outlet. This ensured no resin flow in the mold after the mold filling. As specified in the technical data sheet from the supplier, the resin was left to cure at room temperature for 17 hours. This setup would ensure a straight linear flow front during the mold filling. Therefore the advancing flow front does not have any effect on the void formation in the transverse direction of the flow front advancement. Hence, it was assumed that the void volume fraction have negligible variation along the transverse direction. Hence, the specimens were extracted along the same direction which was also along with the weft yarns in the textile architecture. The layout of specimen extraction for manufactured composite plates is presented in the following section.

Specimen extraction

The scheme of specimen extraction for Twill and Satin is illustrated in Figure 18. Y-axis represents the direction of resin flow during injection and alignment of the warp yarns, while the weft yarns are aligned along the X-axis. The entire composite plate is divided into two zones: starting from the injection edge to the middle of the plate is called upstream and from the middle to the edge of the injection is called downstream (see Figure 18). The variation of total void volume fraction (VVT), which is the sum of the void volume fraction inside and outside the yarns in a specific position, was obtained by conducting a burn-off test [START_REF] Bodaghi | Experimental comparative study of the variants of high-temperature vacuum-assisted resin transfer moulding[END_REF] at 9 different locations on the plate. Burn-off specimen is indicated by B {1, 2, 3} {L, R, M}. {1, 2, 3} denotes the position of the specimen along the direction of the resin flow (Y-Axis) and {L, R, M} (Left, Middle and Right) represents the position of the specimen in the X-axis. At a given point, for an ideal situation, the resin velocity is the same along X-axis (uniform flow) such that it has a negligible variation in the void volume fraction along the X-axis. On the other hand, the void content may increase along the Y-axis from B1-B3 due to the phenomenon of void migration along with the resin flow (upstream to downstream) [START_REF] Rohatgi | Experimental investigation of flow-induced microvoids during impregnation of unidirectional stitched fiberglass mat[END_REF].

To understand the effect of void volume fraction on the tensile properties of textile composites, six tensile specimens (T1 to T6) were extracted along the direction of the resin flow for each composite plate. The variation of void volume fraction and the void characteristics were measured by both burn-off tests and microscopy.

Burn-off tests can only provide the global trend of the void volume and fiber volume fractions. However, in a textile composite, the total void volume fraction can be split into intra-yarn voids and inter-yarn voids. Imaging techniques were used to obtain the complete information of the local constituents' (i.e. fiber, matrix, and void) characteristics and their volume fractions at the micro and meso scales. Microscopic observations were performed on the warp (blue in layout) and weft (red in layout) yarns to evaluate the constituents' characteristics in each yarn. X-ray µCT was performed on the specimens at the upstream and the downstream (colored orange in Figure 18). This data was used to reconstruct the internal geometry at the mesoscale (yarn profiles and inter-yarn voids). The characterization of the fiber and void volume fractions at different scales is presented in the subsequent sections. 

Characterization of volume fractions for each constituent

The constituents of composites correspond to fiber, matrix, and voids. Since composites are a multiscale material, each constituent volume fraction can be sub-classified depending on the scale of the material. At the macro-scale, we can consider total fiber area fraction (VFT) and total void volume fraction (VVT). At the micro-scale in the yarns, we can take into account intrayarn fiber area fraction (Vfy) and intra-yarn void area fraction (Vvy). In this section, we present a methodology to obtain the constituent volume fractions at the macro-scale and the microscale.

Characterization of total fiber volume fraction and total void volume fraction

The total volume fractions of void and fiber in the composite plate were measured by conducting burn-off tests. The measurement process is presented in the Annexe (see Section 7.2). The results of VVT for the plates manufactured with different injection pressure are presented in Figure 19. The total void volume fraction is observed to increase from the edge of injection to the vent, this kind of behavior was also observed in the literature [START_REF] Ruiz | Optimization of injection flow rate to minimize micro/macro-voids formation in resin transfer molded composites[END_REF]. The fiber volume fraction has a negligible variation from the upstream to the downstream. The results for fiber volume fraction of all three different composite plates are presented in Table 7.

The composite part with 3D satin reinforcement manufactured with 1.0 bar injection pressure exhibits an increase of 30% in total void volume fraction from the upstream to the downstream, whereas the 3D twill reinforced composite has an increase of 35%. In the case of 2 nd -twill reinforced composites manufactured by 0.5 bar injection pressure, VVT varied only by 0.3%. Hence, it is conclusive to consider it homogeneous in terms of total void volume fraction from the upstream to the downstream. However, for the injection pressure of 1.0 bar, VVT increased by 20%, and for the injection pressure of 1.5 bar, the variation was further increased to 23%. Hence, we can state that the total void volume fraction in a composite part manufactured by RTM depends on the injection pressure and also the type of reinforcement. 

Reinforcement

Characterization of yarn constituents

Now at the microscale, intra-yarn fiber volume fraction, and intra-yarn void fraction are characterized by image processing of SEM observations on the local slices. Intra-yarn fiber volume fraction (Vfy) and intra-yarn void volume fraction (Vvy) are crucial in determining the behavior of the yarn, as well as the statistical parameters such as fiber radius distribution and inter-fiber distance (explained in detail in Section 0). As mentioned in Section 2.5.2, the void parameters such as shape, size, and spatial distribution also play a decisive role to determine the properties of the yarn. These parameters can be measured either by µCT or microscopy.

𝜇CT may help to capture the complete 3D information of the yarn, while its image acquisition is costly and it has limits for higher resolution. Moreover, its reconstruction at the yarn-level is computationally expensive. On the other hand, microscopy helps to reach a higher resolution at a relatively low cost and requires no reconstruction for the analysis whereas it provides the 2D information of yarn geometry. In this study, we use a scanning electron microscopy (SEM) technique to acquire the 2D micrographs of the yarn cross-section.

Image acquisition

The intra-yarn fiber and intra-yarn void volume fraction were obtained from the images acquired by SEM using JOEL (NEO-SPACE). The probe power was set to 10Kv and images were acquired at 100× magnification at a resolution of 0.96 𝜇/pixel. In the subsequent sections, we provide the methods to detect the fiber centers and the fiber radius directly from an SEM image. Once fiber position and radius are identified, a statistical descriptor called inter-fiber distance is measured to analyze the spatial distribution of the fibers. Utilizing a threshold-based segmentation, the micrographs from upstream and downstream in warp and weft directions are analyzed to obtain the statistical data on intra-yarn void area fraction, size, shape, and spatial distribution.

Algorithm for the detection of the fiber centers and radius

The most famous method to identify the fiber centers and measure fiber radius is the Hough Circle Transform (HCT) which is usually performed by the plugin provided in image processing tools like FIJI [START_REF] Liu | Multi-Scale damage modelling of 3D textile reinforced composites including microstructral variability generation and meso-scale reconstruction[END_REF][START_REF] Todeschini | [END_REF]. However, the HCT might be time-consuming (large images) and also requires noise-free high-resolution images for the detection of the fiber centers and radius. Thus, in this work, we developed an algorithm in MATLAB to map the fiber centers and measure the fiber radius based on the Voronoi tessellation.

To adapt micrographs for the post-processing, the image was treated with a low pass filter to remove isolated pixel noise and increase the contrast between the fiber and the matrix. Then the binarization of the image was carried out by considering all the pixels having a gray value higher than 135 as the fibers and the remaining pixels were identified as the matrix [START_REF] Abdelal | Comparison of methods for the characterization of voids in glass fiber composites[END_REF]. Then, a watershed algorithm was performed on the images to remove any fiber interconnectivity and a Euclidean space transform was applied to the image result in the intensity map of the fiber centers. Finally, the obtained image was overlapped with the original image to identify the high-intensity zones which were the fiber centers as shown in Figure 21 d). A Voronoi tessellation was performed on this fiber centers and the fiber radius (𝑅 𝑓 ) was defined as the least distance (𝐿 𝑖 ) from the fiber center to the Voronoi cell wall as shown in Figure 22 (𝑅 𝑓 = 𝑚𝑖𝑛{𝐿 𝑖 }). The fiber radius can also be measured by using a "particle analysis" plugin in FIJI. This plugin was developed by ILLINOIS Carl R. Woese Institute for Genomic Biology to analyze the particle shape, radius in the image [START_REF] Haeri | ImageJ Plugin for Analysis of Porous Scaffolds used in Tissue Engineering[END_REF][START_REF] Mesquita | Streamlined particle quantification (SParQ) plug-in is an automated fluorescent vesicle quantification plug-in for particle quantification in Fiji/ImageJ[END_REF]. The comparison among the HCT, particle analysis and the algorithm developed in this work is presented in Figure 23. The mean fiber radius measured using the algorithm differed by 0.5% when compared to the HTC and 2.4% to particle analysis in FIJI. To further extend the validation, the algorithm was also tested on the microstructure presented in the work of [START_REF] Liu | Multi-Scale damage modelling of 3D textile reinforced composites including microstructral variability generation and meso-scale reconstruction[END_REF] where they use the HCT to detect the fiber center, and the results are presented in Figure 23 d), e). The results differ by a negligible margin of 0.1%. HCT predicted a few cases of fiber overlap (Figure 23 a)) which is physically impossible. Even though particle analysis has no fiber overlaps, since this method requires manual operation, it is not ideal for large data sets. Hence, in this work, we will use the algorithm proposed in Section 0. The fiber radius has a normal distribution measured over 749 fibers as presented in Figure 25, which has a mean value of 7.9 microns and a standard deviation of 0.85 µm. It is important to notice that, the calculation of fiber radius based on Voronoi tessellation performs better for densely packed fibers with a low variation of the fiber radius. Once the fiber centers and radii were measured, the next step is to evaluate the fiber spatial distribution. For this, one needs to determine the inter-fiber distance which is based on the nearest neighbor distance. This procedure will be explained in the following section.

Nearest neighbor distance

Nearest neighbor distance is a spatial descriptor to study the distribution of the distance between the particles and it is given by the 1 st , 2 nd, and 3 rd nearest neighbor. The detailed analysis of these parameters can be helpful for the detection of clusters of fibers in a given domain. For any given fiber (F i ), the closest of all the fibers is called the 1 st nearest neighbor. Similarly, 2 nd and 3 rd neighbors correspond to the second and the third closest fibers respectively. To find the closest fibers, inter-fiber distance (IFD) between the fibers is calculated. IFD can be defined as the distance between the circumferences through the shortest distance for any pair of fibers and is calculated based on the schematic presented in Figure 24. If R is the radius of the current fiber, 𝑥 𝑐 and y c represents the fiber center coordinates and 𝑅 𝑖 is the radius of the n th fiber. Then the IFD of the fiber with respect to remaining fibers is given by IFD = 𝐷 -(𝑅 + 𝑅 𝑖 ) where 𝐷 is the nearest distance between the fiber pair. An average of five micrographs collected from five yarns combined to have 749 fibers were used in this study. From statistical data, it was found that the 1 st inter-fiber distance was equal to zero and most of the fibers were in contact with the neighbor fibers. The zero 2 nd inter-fiber distance and 3 rd inter-fiber distance were usually observed in the areas of high packing fraction. The distribution of the IFD is presented in Figure 26. As the statistical descriptors of the fiber radius and distribution are identified, the next step is to calculate the intra-yarn fiber volume fraction and intra-yarn void volume fraction.

Intra-yarn fiber and void volume fractions

In the literature, there are different methods to calculate the intra-yarn constituent fractions [START_REF] Isart | Internal geometric modelling of 3D woven composites: A comparison between different approaches[END_REF][START_REF] Karahan | Internal geometry evaluation of non-crimp 3D orthogonal woven carbon fabric composite[END_REF], such as the Fiber Count Method (FCM), the Pixel Counting Method (PCM), and Voronoi Cell Method(VCM). In this work, we proposed to improve the present VCM and this will help to determine the local fiber and void volume fractions and also to provide the information about the yarn geometry. Fiber Count Method [START_REF] Karahan | Internal geometry evaluation of non-crimp 3D orthogonal woven carbon fabric composite[END_REF] (FCM) is an approximate method for the calculation of the intrayarn fiber volume fraction (Vfy). If 𝑟 𝑓𝑚𝑒𝑎𝑛 represents the statistical mean fiber radius measured for a given yarn and 𝑁 represents the number of complete fibers (fibers on the edges with circularity smaller than 1 are neglected) in an image with an area 𝐴 𝑖𝑚𝑎𝑔𝑒 , then the fiber volume fraction can be calculated by Equation 3.1.

𝑉 𝑓𝑦 = 𝑁𝜋𝑟 𝑓𝑚𝑒𝑎𝑛 2 𝐴 𝑖𝑚𝑎𝑔𝑒 (3.1)
It is the fiber area fraction in the yarn cross-section. Assuming that all the fibers are unidirectional in the yarn, we can regard the fiber area fraction as the fiber volume fraction.

The Pixel Counting Method (PCM) is straightforward when compared to the FCM. It can be directly applied to the SEM image, and effectively used to measure the Vvy. The main idea is to perform segmentation to provide a binary image of fiber and matrix. For example, in Figure 27 c), the histogram-based segmentation by the Otus method [START_REF] Amirkhosravi | Accurate characterization of fiber and void volume fractions of natural fiber composites by pyrolysis in a nitrogen atmosphere[END_REF] was employed for identifying the fiber (see Figure 27 c)) and the matrix. All pixels corresponding to the matrix to be measured were assigned the value 0.0 and the remaining pixels were assigned 1.0. Then, the fiber volume fraction and void volume fraction could be identified as the ratio of the number of pixels with the corresponding value to the total number of pixels in the image as given in Equation 3.2. However, the measurements were highly affected by the noise in the images.

Post-processing of an image with some special filter can reduce the noise but will affect the accuracy of calculation. 

𝑉 𝑓𝑦 = ∑ 𝜋𝑟 𝑖𝑓 2 𝑁 𝑖=1 ∑ 𝐴 𝑖𝑉𝑃 𝑁 𝑖=1 (3.3)
Where 𝐴 𝑖𝑉𝑃 is the area of the Voronoi polygon, 𝑟 𝑖𝑓 (see Figure 28) represents the radius of the fiber in corresponding Voronoi polygon and N represents the total number of fibers. Since this method is built over the pre-identified centers and fiber radius, there is no effect of the isolated pixels which is unavoidable in the images. Hence this method is more robust than PCM and FCM. However, this method needs the pre-processing for the particle identification which needs high-quality microscopy images. Based on several resolutions used in this study, a magnification greater than 70 times should be sufficient to identify the fibers. Intra-yarn fiber volume fractions in warp and weft yarns are calculated by VCM for all the composites utilized in this study are presented in Table 8. The methods like VCM, PCM and FCM allows to calculate the fiber volume fraction in a region of interest (ROI) in the yarn. However, they cannot provide the information on the packing density around each fiber (i.e. how closely fibers are packed). One of the example is shown in Figure 29 where both the microstructures a) and b) have the same fiber volume fraction but different local fiber packing (FLFP). This is an important property and should be analyzed, especially in presence of defects. Thus, in this thesis, we provide the extension of the VCM method to calculate local fiber packing (FLFP). A study was conducted to find the correlation between the occurrence of voids and the local packing fraction of the yarn. We observe that it is not possible to exactly predict the location for void creation since it is not only depends on the 𝐹 𝐿𝐹𝑃 . However, there is a likelihood of its occurrence. Moreover, the voids are only observed in the region having 𝐹 𝐿𝐹𝑃 𝑖 in the range of (0. 

Area, radius, and aspect ratio of intra-yarn voids

In this study, we used the pixel counting method (PCM section 1.3.4) to measure the void volume fraction in a yarn. The void characteristics such as area, radius, and aspect ratio were calculated by segmentation of the yarn by using the image processing tool FIJI [START_REF] Abdelal | Comparison of methods for the characterization of voids in glass fiber composites[END_REF][START_REF] Arganda-Carreras | Trainable Weka Segmentation: a machine learning tool for microscopy pixel classification[END_REF]. At first, the yarn profile was manually outlined and a threshold was applied with a maximum gray value of 50. This resulted in an image containing only voids and an inbuilt plugin of FIJI called analyze particle [START_REF] Abdelal | Comparison of methods for the characterization of voids in glass fiber composites[END_REF] was used to obtain the data such as void area, aspect ratio, and position as shown in Figure 32.

Additionally, a noise removal procedure was applied to the image. In this study, the noise was related to the unwanted information in an image such as isolated or clustered pixels after the application of threshold. The origin of such noise can be polishing defects, the dust settled during metallization, and the electronic fluctuations during the image acquisition, which will cause wrong information of the measured data. The method of manual threshold cannot remove this kind of isolated noise without affecting the global measurement. To remove such noise, a numerical filter was applied to the calculated data during post-processing such that the least value with high repetition could be removed from the data before making the final data set. A similar technique was also adopted by Medhikhani et al. [START_REF] Mehdikhani | Detailed characterization of voids in multidirectional carbon fiber/epoxy composite laminates using X-ray microcomputed tomography[END_REF]. A total of 2069 voids were evaluated in this study out of which were 493 on the upstream warp, 601 on the upstream weft, 526 on the downstream warp, and 449 on the downstream weft. Intra-yarn void area fraction distributions at upstream and downstream in warp and weft yarns for three textile architectures are presented in Table 9. The intra-yarn void area fraction in both warp and weft yarns increases from upstream to downstream. This phenomenon is anticipated and was already explained in Section 2.3.1. The relatively high velocity of resin in upstream results a dominant resin flow in the channel, thus increasing the occurrence of the intra-yarn void. Conversely, in downstream the velocity of the resin is low and the capillarity of the yarns is significant enough to fill the yarns before the resin fills the inter-yarn channel. Thus, the low resin velocity in the downstream results in a small amount of intra-yarn voids.

Reinforcement, injection pressure

Warp (Vvy)

Weft (Vvy) Upstream Downstream Upstream Downstream Satin, 2.0 bar 0.014 ± 0.002 0.012 ± 0.001 0.015 ± 0.001 0.012 ± 0.008 Twill, 1.5 bar 0.022 ± 0.009 0.015 ± 0.004 0.058 ± 0.0016 0.030 ± 0.002 2 nd Twill, 1.5 bar 0.025 ± 0.003 0.020 ± 0.001 0.028 ± 0.009 0.021 ± 0.002 Table 9: Distribution of intra-yarn void area fraction in upstream and downstream for 3 different textile architectures (Satin, Twill, and 2 nd Twill).

In Figure 33, x-axis represents the void areal fraction of each void (𝐴 𝑒𝑓𝑓 ) for the void crosssection area (𝐴 𝑣 ) and y-axis represents the count of voids having similar A eff . The mathematical relation for calculating 𝐴 𝑒𝑓𝑓 is given in Equation 3.4, where 𝐴 𝑦𝑎𝑟𝑛 is the area of yarn. It is observed that the intra-yarn void area fraction has a log-normal distribution in both warp and weft yarns. The effective void radius can be calculated by approximating the area of the void as the area of a circle, and the effective radius of a void can be calculated from Equation 3 In upstream, it is observed that voids in weft yarns are 27.78 % bigger than voids in warp yarns. However, downstream, the variation is reduced to 2.63%. When a comparison is made between upstream and downstream, it is observed that voids for warp yarn have a similar size while the void in downstream for weft yarns is 26.8% smaller than voids in the upstream weft. Aspect ratio is the effective parameter to describe the shape of the void. It is calculated by:

𝐴𝑅 = 𝑚𝑎𝑗𝑜𝑟 𝑎𝑥𝑖𝑠 𝑙𝑒𝑛𝑔𝑡ℎ 𝑚𝑖𝑛𝑜𝑟 𝑎𝑥𝑖𝑠 𝑙𝑒𝑛𝑔𝑡ℎ ⁄ (3.6)
High AR means, the void cross-section is elliptical, approaching flat disk shapes. If AR is one, the void cross-section is circular. In Figure 34, x-axis represents the aspect ratio (AR) of the void calculated by Equation 3.6 and y-axis represents the count of voids. In upstream, the AR of voids in weft yarns is 5.8% higher than that of voids in warp yarns. The void in upstream has a higher AR that in downstream. 

Micro-computed tomography

Micro-CT is a 3D non-destructive technique to characterize material microstructure with a high spatial resolution at the micron level. X-ray beam plays a role as a penetrating probe so that, by monitoring the light identity variation before and after passing through the object, the constitutive phases and internal features can be distinguished by the different absorptivity of the material, which depends on the number (density) and type of atoms along the beam path. As illustrated in Figure 35, the electronic X-ray source illuminates the sample which is placed on a rotation stage. By rotating the sample from 0 to 360 degrees, 2D angular radiographs (projection images) are collected by the planar photo detector. At last, the computer treats and converts the radiographs into the 3D image normally in form of a series of virtual 2D slice images.

Figure 35: Schematic representation of the image acquisition by X-Ray µCT [START_REF] Liu | Multi-Scale damage modelling of 3D textile reinforced composites including microstructral variability generation and meso-scale reconstruction[END_REF].

Samples for 𝜇CT observations were extracted as indicated in Figure 36 a). The tomographic images were acquired over the ISIS4D platform (LML/LaMcube, France). Similar scanning parameters were used for all the observations in this thesis. Each sample was scanned with 1440 projection images over a 360° rotation. A projection image was an average of six frames to reduce the random noises. The spot size of about 2 µm was chosen to achieve the required voxel sizes. However, the µCT slices were pre-processed (See Figure 36b)) to enhance the contrast difference between matrix and inter-yarn voids. This will be helpful for the segmentation of the µCT data presented in Chapter 5. 

Mechanical characterization

Tensile tests were carried out in the transverse direction to the resin flow, and the tensile properties (i.e. modulus, strength, and strain at failure) of the textile composites along the direction of the weft yarn were analyzed. The tests were carried out according to the ASTM D3039 standards on Instron 1185 machine with a 100 KN load cell. Each specimen was loaded at a constant strain rate of 1mm/min until failure. The tensile test coupled with a digital image correlation technique (DIC) was carried out to measure the local strain and the modulus by using a clip-on length of 50 mm. The complete experimental setup is presented in Figure 37. The specimen extraction sequence was already presented in Figure 18. The dimensions of the tensile specimen (length 160 mm, the thickness of 2.2±0.1 mm and width of 2.5 mm) are provided in Figure 38. Tabs with a thickness of 1.5 mm and length of 30 mm were glued to specimens by an aeronautical graded adhesive to ensure that the failure does not occur inside the holding jaws. Deviation from this range will induce the noise in the computed strain resolution. They also presented that speckles should be of homogeneous size and have irregular shapes. Such a speckle pattern can be achieved by careful hand spray [START_REF]Speckle Pattern Fundamentals[END_REF]. The image of the speckle pattern on the tensile specimen is presented in Figure 39. The average speckle density for the tensile specimens is 37.89%. For the post-processing of images, the users must choose a subset size and step size. Subset size is defined as the height and width of the square in the image for the analysis and step size is the distance between two subsets. A subset size of 21 with a step size of 5 was selected for this study. Young's modulus and ultimate tensile strength of the specimen were measured by monotonically loading until failure. Since clip-on could be damaged during the failure of the specimen, the tensile test was carried out in two steps. In step one, clip-on was attached to the specimen and loaded untill a strain of 0.4%. In step two, the system was reinitialized to the original position and the clip-on was removed and loaded until failure. Whereas the DIC measurements were performed for both steps.

In this study, there were in six tensile tests for satin architecture, six tensile tests for twill architecture, and 54 for the final 2 nd twill architecture. The tensile test results for composites reinforced by satin architecture are presented in Figure 40 The specimens from downstream (T4, T5, T6 (blue in plots)) despite having a higher total void volume fraction exhibit better mechanical behavior (higher Young's modulus, ultimate tensile strength) than the specimens from upstream (T1, T2, T3 (red in plots)).

The phenomenon described above was observed in the composite with Satin reinforcement (see Figure 40 a)) and Twill reinforcement (see Figure 40 b)). Even though this behavior was not observed in 2nd Twill composites manufactured with an injection pressure of 0.5 bar (see Figure 41 a)) it can be related to the distribution of the total void volume fraction and intrayarn void volume fraction in upstream and downstream. However, with an increase in the injection pressure to 1.0 and 1.5 bar during manufacturing leads to better mechanical properties in the downstream (see Figure 41 b)).

Hence, the variations of Young's modulus and strength were subjected to the investigation with respect to the total void volume fraction, intra-yarn void volume fraction (see Section 3.6). The analysis with respect to the position of specimen for 2 nd twill reinforced composites manufactured with an injection pressure of 0.5 bar, 1.0 bar, and 1.5 bar are presented in Figure 42. This will help us to understand the trend in the evolution of the tensile properties as a function of the manufacturing parameter (injection pressure).

The change in the mechanical properties can be correlated to the position of the voids (intrayarn/ inter-yarn) in the composites. The results of the intra-yarn void volume fraction are presented in Section 0, and Table 9 shows that, while the total void volume fraction is lower in the upstream, the intra-yarn void content is higher and vice-versa in the downstream. Thus total void content is not always an effective parameter to analyze the effect of voids.

Results and discussion

The results of tensile tests along the weft direction for Satin, Twill, and 2 nd Twill layer to layer interlock in comparison with total void volume fraction and intra-yarn void area fraction are presented in Figure 43, Figure 44, and Figure 45, respectively. For three different architectures, the evolution of Young's modulus and tensile strength are presented with respect to a) total void volume fraction, b) intra-yarn void volume fraction in warp yarns and c) intra-yarn void volume fraction in weft yarns.

For Satin reinforcement (see Figure 43), Young's modulus and strength increase by 12.54% and 13.5% with a decrease of 20.4% and 12.35% of the intra-yarn void area fraction, in the warp and weft respectively. Similarly, for Twill composites (see Figure 43), the tensile modulus and strength increase from upstream to downstream by 14.04% and 12.39% respectively. For the composites containing the 2nd Twill reinforcement (see Figure 45) the elastic modulus and strength increase from upstream to downstream by 10.4% and 9.1% respectively. The modulus and strength did not increase by the same percentage in three composites. This can be associated with the difference in the intra-yarn void fraction, the difference in architecture, and total fiber volume fraction.

In general, we can conclude that the total void volume fraction might be a limited indicator to characterize the tensile behavior of the 3D reinforced textile composites. Considering the void position (intra-yarn or inter-yarn) it has been shown that the tensile properties are more sensitive to the intra-yarn voids which is an effective parameter to analyze the effect of the voids on the tensile behavior of the 3D textile reinforced composites. Similar behavior was observed in all three architectures. The standard deviation of the strengths is smaller than that of Young's modulus in all the reinforcements. One of the explanations for this can be that the final tensile failure of the composite is driven by fiber failure. As the fiber volume fraction is constant in all the specimens this would result in a low standard deviation in the tensile strength of the composites. The percentage of increases in Young's modulus and strength in comparison with the total void content, warp, and weft intra-yarn void content are presented in Table 10. 

E

Conclusions

Characterization of the fiber volume fraction and void volume fraction and the mechanical behavior of 3D textile reinforced composites were presented in this chapter. Burn-off tests were conducted to obtain the total fiber volume fraction (VFT) and total void volume fraction (VVT).

The VVT in the composite plates manufactured with constant injection pressure increases from upstream to downstream. An improved Voronoi Cell Method (VCM) method was proposed in this study to calculate the local fiber packing (FLFP). Intra-yarn fiber volume fraction (Vfy), fiber radius distribution (Rf), and inter-fibers distance (IFD) were evaluated based on the VCM. Void parameters such as size distribution and aspect ratio were evaluated by using threshold-based segmentation. For yarns, it was observed that voids occurred mainly in the regions with specific local fiber packing in the range of 0.35-0.65. These parameters will be used in Chapter 4 for the generation of the statistically representative microstructure for yarns.

For composites manufactured with an injection pressure of 0.5 bar, no specific trend in the total void volume fraction was observed. In composites manufactured with an injection pressure of 1.0 bar, the total void volume fraction increased by 24.2% from upstream (0.025 ± 0.0013) to downstream (0.033 ± 0.009). The intra-yarn void area fraction decreased from upstream to downstream. For composites manufactured with an injection pressure of 1.5 bar, the total void volume fraction increased by 18.9% from upstream (0.026 ± 0.003) to downstream (0.032 ± 0.009). The intra-yarn void area fractions in warp and weft decreased from upstream to downstream by 17.53% and 31.89 % respectively. Young's modulus and strength increased by 10.4% and 9.1% respectively. On average, the 1% increase in intra-yarn voids resulted in the 0.3-0.4% reduction of the tensile properties. Hence we can state that the intra-yarn voids have a higher influence on the tensile properties than inter-yarn voids. This phenomenon has not been reported in the literature. To completely understand the effect of the type of void on tensile properties, multiscale numerical simulations are proposed in Chapter 3 and Chapter 4.

Microscale modeling of yarns with void type defects

Introduction

The focus will be placed on, the microscale of the textile composites which have an approximate length scale of 𝜇m as shown in Figure 46. The estimation of the mechanical properties of yarns is the first step to evaluate the material behavior for the multiscale simulation. Calculation of the yarn behavior is possible by either an analytical approach or numerical methods [START_REF] Angioni | A comparison of homogenization methods for 2-D woven composites[END_REF]. In this chapter, we provide the methodology to predict the elastic properties of the yarn with both analytical and numerical approaches. In section 4.2, an analytical approach based on stepping Mori-Tanaka methods is presented considering voids as the zero stiffness spherical inclusions. A detailed explanation of the numerical homogenization is provided in section 4.3.

And the effect of void parameters such as void size, shape, and spatial distributions on the elastic properties of the unidirectional yarns is investigated. At the end of the chapter, results are presented in section 4.4.

Analytical methods to calculate the elastic properties

Analytical models have been effectively used to study the elastic properties of the dual-phase composites (fiber/particle and matrix). Empirical and phenomenological models do not consider physical aspects such as fiber shape. This will result in the deviation of the predicted elastic properties from reality, whereas the micromechanical such as Mori-Tanaka theory can overcome this drawback [START_REF] Vignoli | Comparative analysis of micromechanical models for the elastic composite laminae[END_REF]. In 1973, Mori-Tanaka [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF] formulated an analytical approach that relates the average stress and strain of stiff inclusion in an isotropic matrix. In 1987, Benveniste [START_REF] Benveniste | A new approach to the application of Mori-Tanaka's theory in composite materials[END_REF] reformulated the Mori-Tanaka's approach by applying the equivalent inclusion method to a compacted tensor, called dilution tensor which only depends on an Eshelby's tensor [START_REF] Eshelby | The Determination of the Elastic Field of an Ellipsoidal Inclusion, and Related Problems[END_REF] describing the shape of the inclusions. Hence, this method is popular and called Eshelby-Mori-Tanaka's method. For a two-phase material the effective stiffness (𝐶 𝑒𝑓𝑓 ) of the fiber reinforced composite can be calculated by using Equation 4.2.

𝑇 = [𝐼 + 𝑆𝐶 1 -1 (𝐿 2 -𝐿 1 )] -1 (4.1) 𝐶 𝑒𝑓𝑓 = 𝐶 1 + 𝑉 2 {(𝐶 2 -𝐶 1 )𝑇}[𝑉 1 𝐼 + 𝑉 2 {𝑇}] -1 (4.2)
where 𝐶 1 and 𝐶 2 are the stiffness of the matrix and the inclusion, 𝑉 1 and 𝑉 2 are respective volume fractions. Dilution tensor 𝑇 can be calculated from the Eshelby's tensor S (see Equation 4.1), which depends on the shape of the inclusion, i.e. compliance tensors 𝐿 1 , 𝐿 2 of the phases. The Eshelby's tensor depends on the shape of the inclusion [START_REF] Benveniste | A new approach to the application of Mori-Tanaka's theory in composite materials[END_REF].

This method can also be extended to calculate the elastic properties of materials with more than two phases [START_REF] Skrzat | Determination of Effective Properties of Fiber-Reinforced[END_REF]. Eshelby-Mori-Tanaka's method has been employed for multi inclusion systems such as composites with coated fibers [START_REF] Liu | A hybrid numerical-analytical method for modeling the viscoelastic properties of polymer nanocomposites[END_REF], [START_REF] Li | A closed-form, hierarchical, multi-interphase model for compositesDerivation, verification and application to nanocomposites[END_REF]. This method was also applied for the materials with different inclusion shapes that are ellipsoidal or irregular. The effect of the aspect ratio of the ellipsoidal inclusion for a transversely isotropic composite as an application to the short fiber-reinforced composites was studied by Tandon et al. [START_REF] Tandon | The effect of aspect ratio of inclusions on the elastic properties of unidirectionally aligned composites[END_REF]. Closed-form solution of Eshelby's integral in the isotropic material was developed by Weng et al. [START_REF] Weng | Some elastic properties of reinforced solids, with special reference to isotropic ones containing spherical inclusions[END_REF]. Y.M Wang et al. [START_REF] Wang | The influence of inclusion shape on the overall viscoelastic behavior of composites[END_REF] studied the elastic properties of the material with spherical inclusions and penny shaped.

In this thesis, we propose the application of Eshelby inclusion based Mori-Tanaka's method for homogenization of the fiber-reinforced composites with the manufacturing defects such as voids presented in Figure 47. A review on analytical homogenization methods for the material with multiple stiff inclusions was done by Klusemann B et al. [START_REF] Klusemann | Homogenization methods for multi-phase elastic composites with non-elliptical reinforcements: Comparisons and benchmarks[END_REF]. There are no works dedicated to the homogenization of the material with voids. The main reason for this rises from the fact that the homogenized stiffness tensor calculated by the M-T scheme tends to become unsymmetrical when applied for multiple inclusions. This problem was addressed in the literature and likely to be unavoidable in the multiphase homogenization especially with inclusions of different aspect ratios such as spherical and cylindrical. Benvenitne et al. [START_REF] Benveniste | On diagonal and elastic symmetry of the approximate effective stiffness tensor of heterogeneous media[END_REF] showed that a predicted effective stiffness tensor satisfies the symmetric condition only for a two-phase (matrix and inhomogeneity) composite and a multi-phase composite whose inclusions have a similar shape and the same orientation. Similar findings were also mentioned in the literature [START_REF] Ferrari | Asymmetry and the high concentration limit of the Mori-Tanaka effective medium theory[END_REF][START_REF] Qiu | On the application of Mori-Tanaka's theory involving transversely isotropic spheroidal inclusions[END_REF][START_REF] Castañeda | The effect of spatial distribution on the effective behavior of composite materials and cracked media[END_REF]. To overcome this problem, a stepping scheme was proposed by Yang Q-S et al. [START_REF] Yang | A stepping scheme for predicting effective properties of the multi-inclusion composites[END_REF] and this method can be applied to n number of inclusions and can be extended to any micromechanical approaches. Now, we present the stepping scheme to homogenize the elastic properties of the composite with cylindrical fibers and spherical voids.

Stepping scheme for multiple inclusion

The fundamental idea of the stepping scheme is to use one type (shape) of inclusion at one step and the homogenized material properties will be the matrix at the next inclusion. Such process is repeated until all the inclusions are considered. Thus the number of steps in the stepping scheme will be equal to the number of inclusion types in the material. To complete the understanding of the stepping scheme a few auxiliary definitions should be presented.

True inclusion fraction:

It means the fraction of the volume occupied by the i th inclusion in the total volume of the material. The true inclusion fraction (𝑣 𝑖 ) for the inclusion of volume 𝑉 𝑖 is calculated as:

𝑣 𝑖 = 𝑉 𝑖 𝑉 1 + 𝑉 2 + 𝑉 3 +. . +𝑉 𝑛 (4.3)

Instantaneous inclusion fraction:

It indicates the volume fraction of the current inclusion by neglecting the inclusions that have already been used in the homogenization. It can be calculated by:

𝑣 𝑖 ′ = 𝑉 𝑖 𝑉 1 + 𝑉 2 + 𝑉 3 . . +𝑉 𝑖 (4.4)
Now, we present the application of the stepping scheme to a UD composite with cylindrical fibers and spherical voids:

Step 1: In the first step of homogenization, the material can be considered as a two-phase composite with the spherical voids and matrix then the homogenized properties can be calculated by Equation 4.2. The new homogenized material can be called an effective matrix.

Step 2: Before the application of the M-T scheme for the 2 nd inclusions (cylindrical fibers), one should recalculate the Eshelby's tensor (S) and dilution tensor (T) for the second inclusion which depends on the shape of inclusion and the properties of the new effective matrix. Also, the volume fraction should be corrected by instantaneous inclusion fraction as the material after step one contains one less phase.

The formulations used for the stepping scheme are presented in Table 11. Consider a composite with isotropic matrix, fiber, and voids. 𝐶 𝑚 ,𝐶 𝑓 , 𝐶 𝑣 , 𝐶 𝑒𝑓𝑓 are stiffness tensor for matrix, fiber, voids, and yarn respectively. 𝑆 𝑠 , 𝑆 𝑐 are the Eshelby tensors for spherical and cylindrical inclusions respectively. The formulation of Eshebly tensors for spherical and cylindrical inclusions can be found in Annexe (see Section 7.3). 𝑣 𝑚 , 𝑣 𝑓 , 𝑣 𝑣 are the volume fractions of the matrix, fiber, and voids respectively.

Step 𝑆 is the Eshelby tensor which should be calculated depending on the shape of the inclusions (ANNEXE B) and T is the dilution tensor and operation [ ] -1 represents the inverse of the corresponding matrix. 𝐿 𝑉 , 𝐿 𝑓 , and 𝐿 𝑚 are compliance tensor for the void, fiber, and matrix respectively.

In the case of the single inclusion problem, the stepping scheme should match Mori-Tanka's model. The proposed M-T scheme was verified by Abaimov et al. [START_REF] Abaimov | On the closed form expression of the Mori-Tanaka theory prediction for the engineering constants of a unidirectional fiberreinforced ply[END_REF] where they used the Mori-Tanka scheme to predict the elastic properties of the unidirectional composite. The results are presented in Table 13. In this thesis, direction 1 represents the longitudinal direction (along the fiber direction) and direction 2 represents the transverse direction. The mechanical properties of the glass fiber, epoxy, and void are given in Table 12.

Material

Young's modulus (GPa) Poisson's ratio E-Glass fiber [START_REF] Abaimov | On the closed form expression of the Mori-Tanaka theory prediction for the engineering constants of a unidirectional fiberreinforced ply[END_REF] 13: Validation of the stepping Mori-Tanka scheme presented in this work by Abaimov et al. [START_REF] Abaimov | On the closed form expression of the Mori-Tanaka theory prediction for the engineering constants of a unidirectional fiberreinforced ply[END_REF].

The results for different study cases with fiber volume fractions of 0.40, 0.50, and 0.60 with a void volume fraction of varying from 0-0.05 were considered to observe the evolution of elastic properties with respect to void volume fraction. The results are presented in the following section.

Results for stepping Mori-Tanaka's scheme

To validate the stepping scheme, the predictions of the transverse properties are compared with the experimental results presented in the reference [START_REF] Liu | The effect of voids on the quasi-static tensile properties of carbon fiber/polymer-laminated composites[END_REF] (see Figure 48 a). A maximum of three percentage error was recorded at a void fraction (Vv) of 0.098 and the error in the prediction becomes higher as the void volume fraction increases (see Figure 48 b). The increase in error percentage can be due to the fact that stepping scheme is constructed assuming that voids are spherical and at higher Vv, the voids tend to have a higher aspect ratio which will increase error.

All the elastic properties tend to decrease linearly with an increase in the void fraction. The gradient of reduction depends on the orientation of the fiber. The properties in the fiber direction such as the Young's modulus in the fiber direction reduced 0.5% (see Figure 49 a) whereas the transverse modulus recorded 18% (see Figure 49 b) reduction for 4% void volume fraction. In comparison the shear properties are highly affected in the presence of voids. Notably, stepping MT predicts unreal value of the in-plane Poisson's ratio (see Figure 49 e,f) and this kind of behavior was also recorded in the literature [START_REF] Liu | A Note on mori-tanaka's method[END_REF][START_REF] Desrumaux | Generalised Mori-Tanaka scheme to model anisotropic damage using numerical Eshelby tensor[END_REF][START_REF] Saadat | Effective elastic properties of a composite containing multiple types of anisotropic ellipsoidal inclusions, with application to the attachment of tendon to bone[END_REF]. Very quickly analytical solutions find their limits. Analytical approaches fail to explain the effect of void distribution and morphology on the elastic properties of the UD yarns composites. This serves as one of the motivations for the development of a numerical simulation scheme that can improve the capability to predict the elastic properties of the composites. This will be further explained in the following sections. 

Numerical homogenization

The basic steps in the numerical homogenization are the generation of microstructure, determining mesh parameters, and application of the boundary condition and homogenization as presented in Figure 50. 

Generation of microstructure

At the microscale, it refers to the process of arranging the constituents (fiber/voids) inside a matrix domain. The initially suggested approaches were based on the hard-core models, also known as Random Sequential Adsorption (RSA) models, which follow the sequential placement of fibers in a given space [START_REF] Torquato | Random sequential addition of hard spheres in high Euclidean dimensions[END_REF]. The main limitation of RSA is the maximum fiber volume fraction, which is around 55% [START_REF] Torquato | Random sequential addition of hard spheres in high Euclidean dimensions[END_REF][START_REF] Zhou | Generation of three-dimensional microstructure model for discontinuously reinforced composite by Modified Random Sequential Absorption Method[END_REF]. A few works identified a solution to overcome this limitation by decreasing the RVE size to as small as 5-10 times the fiber radius to achieve higher fiber volume fractions (65%), facilitating the analysis of high-performance composites [START_REF] Chen | The transverse permeability of disordered fiber arrays: A statistical correlation in terms of the mean nearest interfiber spacing[END_REF][START_REF] Gommer | Influence of the micro-structure on saturated transverse flow in fibre arrays[END_REF]. On the other hand, the RSA was modified by adding an intermediate step where the fibers are steered towards the matrix-rich regions, thus increasing the maximum fiber volume fraction to 65% for a large RVE. This approach was further modified by considering the variability of fiber diameters and inter-fiber distances (IFD), but this led to a drop in the fiber volume fraction to 55% [START_REF] Wang | Micromechanical modeling of fiber-reinforced composites with statistically equivalent random fiber distribution[END_REF]. To reproduce the same fiber distribution and the fiber volume fraction of a domain of interest in a micrograph, image-based reconstruction can be used, but these methods are proven to be computationally costly and the accuracy of the results depends on the quality of the image [START_REF] Jeong | A virtual experimental approach to evaluate transverse damage behavior of a unidirectional composite considering noncircular fiber cross-sections[END_REF][START_REF] Romanov | Statistical analysis of real and simulated fibre arrangements in unidirectional composites[END_REF].

Although these values of maximum fiber volume fraction may seem reasonable in several practical applications (mostly high-performance applications), it was observed that the tow fiber volume fraction could reach a value of 75% [START_REF] Gommer | Quantification of micro-scale variability in fibre bundles[END_REF][START_REF] Catalanotti | On the generation of RVE-based models of composites reinforced with long fibres or spherical particles[END_REF], which most of the current algorithms are not able to generate. Furthermore, as previously mentioned, most of the approaches do not consider the statistical equivalency between a real microstructure and a generated microstructure. This disregard may lead to the misinterpretations of local failure strains and damage estimations.

Thus, this work aims at developing an algorithm which fulfills both limits to fiber volume fraction and the statistical equivalency of an RVE containing long aligned cylinders. The generation algorithm is similar to the Nearest Neighbor Algorithm [START_REF] Vaughan | A combined experimental-numerical approach for generating statistically equivalent fibre distributions for high strength laminated composite materials[END_REF] but with specific changes leads to greater computational efficiency and a higher fiber volume fraction. The detailed description of the algorithm is presented in the subsequent section 0, followed by the assessment of randomness and statistical equivalence of generated RVE. Finally, predictions of the elastic properties of generated RVE are compared with experimental results found in the literature.

Generation of fibers

In this work, the RVE is supposed to be a square with side L, and the cross-section on which all the fibers are circular shaped. The inputs of the algorithm constitute the target fiber volume fraction (Vtarget,f), the statistical parameters of fiber radius distribution (rf), and the inter-fiber distances. These parameters are obtained from micrographs (see Chapter 2). From the observation made on micrographs, the inter-fiber distance has log-normal distribution, and the fiber radius has a normal distribution. The current algorithm is similar to that of a classical NNA [START_REF] Vaughan | A combined experimental-numerical approach for generating statistically equivalent fibre distributions for high strength laminated composite materials[END_REF] but with a small yet significant variation which is presented in Figure 52. The step by step functioning of the algorithm is presented below:

Step 1: The initiation of the algorithm is carried out by providing the IFD distributions, fiber radius distributions, and the domain size (δ). An average value of rf is calculated and the boundaries of a square microstructure with a side length 'L' (𝐿 = 𝛿 × 𝑟 𝑓 ) are defined. A random point (x1, y1) is created within a square domain. A radius 'rf' is randomly chosen from the normal distribution provided as input by the user.

Step 2: Once the position of the first fiber is validated, the algorithm can identify the maximum of three nearest neighbors based on IFD distributions and allocates the fiber radii to the three new fiber centers. These new fiber centers are oriented at a random angle θi where 0≤θi≤ 2π and θi≠ θi+1 (i=1,2,3) as presented in Figure 51. A compatibility check is carried out to confirm that there is no overlap between existing fibers and new fibers. If so, fibers are reassigned with new placement angles to obtain new centers. This local search is repeated for about 30 times, and if the algorithm is unable to find a new center, it simply places two fibers or even one. This is usually the case when the domain is filled up to 80% of the target fiber volume fraction. Also, if the fiber centers are generated out of the boundary of RVE, that fiber center is omitted from the accepted list of centers.

Figure 51: Definition of random angle θ, fiber radius, and inter-fiber distance IFD.

Step 3: The algorithm then moves onto the next fiber and assigns its first, second and third neighbors for which the fiber diameters, placement angle, and IFDs are assigned in a similar way described in Step 2. This is repeated until the Vtarget,f is reached.

The fiber volume fraction at the end of each iteration is calculated based on the pixel method. Since the periodicity is not imposed on the fibers, this approach was more convenient and simple, rather than calculating the fiber volume fraction using the total number of fibers placed. The entire domain is discretized into pixels with the size 0.1x0.1µm 2 . The fibers are assigned with a color label of white, and black colors, which is assigned to the matrix. The algorithm then estimates the fiber volume fraction based on the number of white pixels within the domain. 

Computational efficiency of fiber generation algorithm

The algorithm in this work is implemented using MATLAB® on an Intel® i5 Processor. The microstructures generated using the current algorithm are presented in Figure 53 d) (more microstructures are presented in Annexe 7.4). It can be noticed that these microstructures are not periodic, but the periodicity can be imposed if necessary. The execution time is defined as the time taken for the algorithm to produce a list of fiber positions from the moment of initiation. In Figure 54 a), it can be noticed that with the increase in the domain size, the RVE generation time increases exponentially. However, even for an RVE of size δ=80, the generation time is only about 800 seconds. To further appreciate the efficiency of this algorithm, a comparison is made between the existing well-known generation algorithms in the literature [START_REF] Wongsto | Micromechanical FE analysis of UD fibre-reinforced composites with fibres distributed at random over the transverse cross-section[END_REF][START_REF] Liu | A numerical approach to reconstruct mesoscopic yarn section of textile composites based upon X-ray[END_REF][START_REF] Pathan | A new algorithm to generate representative volume elements of composites with cylindrical or spherical fillers[END_REF][START_REF] Trias | Determination of the critical size of a statistical representative volume element (SRVE) for carbon reinforced polymers[END_REF][START_REF] Melro | Generation of random distribution of fibres in longfibre reinforced composites[END_REF] and the current algorithm. It can be noticed straight away that the current algorithm is much faster even after considering all possible statistical inputs. For lower values of δ, i.e. 20, 30 and 40, the execution time is much shorter than 110 seconds. Furthermore, at a fixed domain size of δ =40, the execution time for the current algorithm for 70% fiber volume fraction is only about 40 seconds with a minimal discrepancy (see Figure 54 b)). The computational efficiency of this algorithm allows the user to generate several hundreds of RVE to carry out statistical analysis or other studies demanding large data sets. The efficiency of this algorithm can be further improved by parallelizing the algorithm using GPUs. This algorithm proved the unique ability to impose exact microstructure parameters such as fiber size distribution and Inter-fiber distance (IFD) distribution during the generation. The comparison between the experimentally measured parameters and numerically generated parameters is presented in Figure 60. 432±27 Catalanotti [START_REF] Trias | Determination of the critical size of a statistical representative volume element (SRVE) for carbon reinforced polymers[END_REF] 36900 Herràez et al. [START_REF] Liu | A numerical approach to reconstruct mesoscopic yarn section of textile composites based upon X-ray[END_REF] 1e6 Bailey [START_REF] Pathan | A new algorithm to generate representative volume elements of composites with cylindrical or spherical fillers[END_REF] 6456 This work 120±20 Table 14: Computational efficiency, Comparison with existing algorithms at Vf =65%. Different statistical descriptors are proposed which characterize the spatial point patterns [START_REF] Bailey | Statistical Analysis of Spatial Point Patterns[END_REF] and these can be applied to the microstructural arrangement in composite materials by considering the fiber centers as a spatial point pattern. Two descriptors mostly used in the literature are Ripley's K function and pairwise distribution function [START_REF] Vaughan | A combined experimental-numerical approach for generating statistically equivalent fibre distributions for high strength laminated composite materials[END_REF][START_REF] Catalanotti | On the generation of RVE-based models of composites reinforced with long fibres or spherical particles[END_REF]. The evaluation of these statistical descriptors is presented in subsequent sections.

Ripley's K-function is one of the spatial analysis methods used to describe the degree of dispersion of points within a domain of interest [START_REF] Hambly | Fractals, Random Shapes and Point Fields[END_REF]. It is defined as the ratio between the number of points (in this case, fiber centers) within an observing radius 'r' that can be incremented about an arbitrary point to the total number of points in a unit area as follows.

𝐾(𝑟) =

𝐴 𝑁 2 ∑ ∑ 𝐼(𝑑 𝑖,𝑗 ≤ 𝑟) 𝑤(𝑙 𝑖 , 𝑙 𝑗 ) 𝑗≠𝑖 𝑖 (4.5) where A is the area of RVE, N is the number of fibers, di,j is the distance between two points i,j. I is a conditional indicator which equals to 1 if the condition holds or 0 if false. w(li,lj) denotes the circumference of the circle within di,j. For an RVE which is completely random (CSR), Ripley's K-function becomes πr 2 . This can be used as a reference to understand how regular packing such as hexagonal packing fluctuates, whereas random packing approaches around CSR for higher values of r are presented in Figure 55. Pair-wise distribution function (PCF) also termed as g-function which is a derivative of the kfunction is defined in Equation 4.7. In this work g(r) can be calculated directly from a K(r) whereas a special formulation can be adopted from [START_REF] Bailey | Statistical Analysis of Spatial Point Patterns[END_REF].

𝐿(𝑟) = √ 𝐾(𝑟) 𝜋

𝑔(𝑟) = 𝐾 ′ (𝑟) 2𝜋𝑟 (4.7) 
The function g(r) provides information about, at which distance from any arbitrary point of a domain the distribution tends to be completely CSR. For the definition of g(r), the PCF will be one for complete spatial random distribution, g(r)>1 indicates the clustering and g(r) <1 means the distribution is abnormal. In Figure 56, the dashed red line indicates the CSR as mentioned g(r) =1, and the solid blue and red lines indicate the regular Hexa-packing and microstructure developed by modified-NNA respectively. It is observed that at an annulus radius of 0.1mm the microstructure tends to be approaching CSR whereas the regular packing has high fluctuation. Local fiber packing fraction (𝐹 𝐿𝐹𝑃 𝑖 ) is calculated based on the Delaunay triangulation method.

The reason for selecting this approach is to emphasize the fiber clustering and identify resinrich areas as shown in the reference [START_REF] Ghayoor | A micromechanical study of stress concentrations in composites[END_REF]. The calculation of 𝐹 𝐿𝐹𝑃 𝑖 using the approach of Delaunay triangulation is implemented using a MATLAB® script. Once the microstructure is generated, it is directly fed to this script as input, where the domain is discretized into several small triangles with fiber centers as vertices. Then, the fiber volume fraction of each triangle is calculated by sectoring the fibers lying inside of the triangle. The calculation process for the local fiber packing (𝐹 𝐿𝐹𝑃 𝑖 ) and local fiber density (𝑇 𝐿𝐹𝐷 𝑖 ) was already explained in Section 

Generation of spherical voids by Double NNA

As introduced in Section 2.4 the intra-yarn voids have a complex shape and the present algorithms do not have systematic provision to generate the microstructure with voids. Hence in this thesis, we propose two different algorithms for void generation.

 The microstructure with spherical voids.  The microstructure with the realistic void shapes to accommodate the statistical parameters such as void shape and void location based on the local fiber packing fraction.

At first, the algorithm for the generation of spherical voids is explained. The spherical voids are packed based on the presented NNA algorithm including some modifications such that the spheres cannot overlap on spherical voids and cylindrical fibers. Hence this algorithm is called Double Near Neighbor Algorithm (DNNA). The void generation is based on three kinds of spatial distributions (i.e. homogeneous, random, and clusters). The algorithm for packing spherical voids in the cylindrical fibers domain is presented in Figure 61. The position of the first void is selected randomly in the domain. This position is only accepted if the void does not overlap with the other fibers. The void volume fraction (VV) in the RVE is calculated after positioning each void. If the VV is greater than or equal to the target VV, the loop will be terminated and all the void information will be saved in a data file. This data will later be used in the generation of the microstructure for FEM simulations. An example of different spatial distributions of the spherical voids is presented in Figure 62. 

Generation void with realistic shapes

Consider an RVE with a fiber volume fraction of 0.60 generated by the NNA. The generation of the RVE with realistic voids can be done in three steps. 1) The first void is initiated in the zone of specified packing fraction.

2) The void is propagated to the neighboring fiber cluster.

3) Once the void area has reached the limit then propagation is terminated and a new void is initiated.

Void initiation:

It is based on a general assumption that voids are formed in the local regions with specified packing that can be measured from microscopy images. After the calculation of the local fiber packing (𝐹 𝐿𝐹𝑃 𝑖 ) in yarn, the highest probability of void formation is assigned for the cluster with the desired packing. As we know the cluster is a collection of adjacent triangles, now to initiate the void from one of the triangles in the cluster, a triangle with high 𝑇 𝐿𝐹𝐷 𝑖 is chosen as shown in Figure 63. The triangle with a red face-color represents the cluster of the triangles and the black triangle represents the highly packed Delaunay triangle in the cluster.

Void propagation: Initial void positioned with respect to the local fiber packing only represents the fraction of the total void content. Thus, the void size is allowed to increase based on the neighbor triangle packing. All the possible neighbor triangles are listed and the void is grown into the triangle with the next highest fiber density 𝑇 𝐿𝐹𝐷 𝑖 . The detailed explanation for the void propagation is described in Figure 64.

Once the initial void is placed, it can have three neighboring triangles that share the common edge (a), clusters attached to the vertices of the void (b), and all the neighbor triangles along with triangles in the previous clusters (c). For the sake of easy understanding, all the neighboring triangles are shaded in blue color. The neighbor triangles list will keep appending until the void is terminated. For the propagation of the void to the next triangle, all the possible neighbors will be considered as presented in Figure 65.

Termination:

The void propagation can be terminated in two conditions, either the global void volume fraction has reached the limiting void volume fraction (see Figure 66), or the void area fraction has reached the limit area fraction selected from the calculated statistical data. 

FE simulations

Numerical homogenization is carried out on the generated microstructures to calculate the effective elastic properties [START_REF] Lomov | Meso-FE modelling of textile composites: Road map, data flow and algorithms[END_REF]. The convergence and computational time of the solution depend on mesh type, finite element size, boundary conditions, and length of an RVE. It also depends on the material model. For example, the introduction of plasticity or damage will substantially increase the computational time. Hence, a study was performed to analyze the dependency of the elastic properties on the element size and it is observed that a tetrahedron element type (C3D4) size below 1µm does not affect the solution. In the literature, it is suggested that an RVE should be greater than 40 to 50 times of fiber radius to achieve the convergence, but this statement is only valid for kinematic uniform boundary conditions [START_REF] Vaughan | A combined experimental-numerical approach for generating statistically equivalent fibre distributions for high strength laminated composite materials[END_REF], [START_REF] Geers | Multi-scale computational homogenization: Trends and challenges[END_REF]. Hence, this method needs a larger RVE which leads to higher computational time. On the other hand, periodic boundary conditions (PBC) can converge even at smaller RVE's [START_REF] Omairey | Development of an ABAQUS plugin tool for periodic RVE homogenisation[END_REF]. However, the applications of PBC requires a periodic microstructure with a periodic mesh. This condition can be bypassed by utilizing approximate periodic boundary conditions (APBC) [START_REF] Garoz | Consistent application of periodic boundary conditions in implicit and explicit finite element simulations of damage in composites[END_REF]. Schneider et al. [START_REF] Schneider | Fully periodic RVEs for technological relevant composites: not worth the effort![END_REF] studied the effect of boundary conditions on the homogenized properties of periodic and non-periodic structures and found that APBC is a better choice for a non-periodic structure. The elastic properties are calculated using the Hill-Mandel theorem [START_REF] Kouznetsova | Computational homogenization for the multi-scale analysis of multiphase materials[END_REF], [START_REF] Geers | Multi-scale computational homogenization: Trends and challenges[END_REF]. which is based on volume average stress and strain and the detail of this study can be found in the literature [START_REF] Kari | Computational evaluation of effective material properties of composites reinforced by randomly distributed spherical particles[END_REF].

Mesh convergence study

The choice of mesh size and element type has a determinant effect on the homogenized properties. Hence an ideal element type and mesh size should be selected based on the convergence study [START_REF] Kim | Voxel-based meshing and unit-cell analysis of textile composites[END_REF]. The selection of element type depends on the geometrical complexity of the microstructure. For a microstructure with spherical voids, tetrahedral elements are more versatile in terms of meshing complex geometries [START_REF] Benzley | A Comparison of All-Hexahedral and All-Tetrahedral Finite Element Meshes for Elastic and Elasto-Plastic Analysis. 4th Int Meshing Roundtable[END_REF]. And for the selection of mesh element a unit cell has meshed with different mesh sizes from 0.5 to 5 microns and the evolution of the homogenized properties is observed concerning for mesh size. The result presented in Figure 67 indicates that mesh size smaller than or equal to 1 micron does not affect the homogenized properties. Hence, 1 micron is selected as the mesh size for this study. After the meshing is performed, the next step in FE-simulation is the application of boundary conditions, which is presented in the following section. 

Boundary conditions

The periodic boundary conditions are commonly used for the evaluation of the elastic properties of a microstructure. However, the enforcement of PBC needs a periodic mesh that cannot always be achieved. The non-periodic mesh can be due to the structure is non-periodic and sometimes FE-mesh techniques do not enforce periodicity. For such conditions, approximate periodic boundary conditions can be applied, and in the literature, this method was used by some researchers [START_REF] Xia | A unified periodical boundary conditions for representative volume elements of composites and applications[END_REF]. There are several methods for implementation of PBC on a non-periodic structure. Nguyen et al. [START_REF] Nguyen | Imposing periodic boundary condition on arbitrary meshes by polynomial interpolation[END_REF] developed an interpolation-based method to relate the displacement of the opposite faces. This method is difficult to implement on commercial FE-solver. Hence the dummy node method used by Garoz et al. [START_REF] Garoz | Consistent application of periodic boundary conditions in implicit and explicit finite element simulations of damage in composites[END_REF] was implemented by using an ABAQUS python interface.

Dummy node method implementation for a 2D model is explained in Figure 68. Similarly, it can be extended to a 3D model. The nodes from one of the faces are copied to the corresponding opposite face. Now a tie constraint (yellow) is applied on the copied nodes to the current face and copied nodes in x and y direction act as master nodes. PBC is applied between the copied nodes and current nodes on the opposite face. To validate that APBC does not affect the homogenization, a periodic unit-cell with glass fiber and epoxy matrix, was meshed to generate two models 1) with periodic mesh and 2) with nonperiodic mesh. The fiber volume fraction of the unit-cell is 0.6 and the properties of glass fiber and matrix are provided in Table 12. The comparative results are presented in Another significant parameter to be quantified is the dimensions of the RVE. They should be chosen concerning the type of boundary conditions applied. A boundary condition should not have any effect on the homogenized properties concerning the RVE dimensions. Hence to choose the RVE size, we performed the homogenization on RVE with the side dimension of 50, 100, 150 microns with APBC. The results of the numerical simulation are presented in Figure 69. It is observed that RVE as small as 50 microns can be representative for elastic behavior and the usage of this RVE size is also found in the literature [START_REF] Garoz | Consistent application of periodic boundary conditions in implicit and explicit finite element simulations of damage in composites[END_REF]. Hence, this RVE size of 50 microns or greater will be used in this study. Numerical homogenization is carried out by using averaging theorems following Hill-Mandel's macro homogeneity conditions. This was already presented in Chapter 1. The formulation for calculating the elastic properties is presented in Annexe 7.1.

Results and discussion

Validation of microstructure based on experimental data: A microstructure with a fiber radius of 6.6µm and fiber volume fraction of 60% with dimensions δ=40, is generated into a Finite Element (FE) model using a Python interface for ABAQUS. In ABAQUS, a 3D FE model is constructed using hexahedral elements (C3D8R). The mesh element size of 1.5µm was chosen based on a mesh convergence study. Using this 3D FE model, moduli in three directions (E11, E22, E33), shear moduli (G12, G23, G13), and Poisson's ratio (ν12, ν13) are calculated. The average material constants estimated using FE analysis are provided in Table 16 and are compared with the experimental results [START_REF] Barbero | Determination of material parameters for Abaqus progressive damage analysis of E-glass epoxy laminates[END_REF]. The numerical estimation exhibited a little variation in the elastic properties when compared to the experimental results and the error percentage is in the limit of the experimental standard deviations. Furthermore, the generated RVEs exhibited the transverse isotropy with E22/E33 =1.01 and ν23/ ν32=0.988.

Property

FEM [START_REF] Barbero | Determination of material parameters for Abaqus progressive damage analysis of E-glass epoxy laminates[END_REF] Error (%) E11 (GPa) 43. [START_REF] Dong | Effects of Process-Induced Voids on the Properties of Fibre Reinforced Composites[END_REF] Voids: Intrayarn voids in a 3D textile composites have irregular shapes based on the observations made on the micrographs and statistical data such as void size and fiber size distribution. We proposed an algorithm based on local fiber packing fraction to create realistic voids either in fiber-rich zones or in matrix rich zones. An extension for a classical NNA was developed to generate spherical voids with three different sizes (i.e. 0.2 × fiber radius (Rf), 0.25 × Rf, and 0.3 × Rf) and three different spatial distributions (i.e. homogeneous, random, and clusters) for each size.

Spherical voids:

Reduction of elastic properties for different void sizes are presented in Figure 70. 4.0-4.5% of spherical voids results in an 8-9% reduction of transverse tensile modulus and 10% of out of plane shear modulus. Observations on the global properties do not efficiently present the effect of the void spatial distribution (homogeneous, random, and void clustering). Hence a detailed analysis of the reduction of the properties with respect to different void parameters is also presented. Figure 71 a),c) indicate the reduction of mechanical properties when the void percentage is 1% and b), d) for 4% voids, respectively. The red dots represent the clustering, the blue squares for the random, and the green rhombi for the homogeneous void distribution. For 1% voids smaller voids (0.2×Rf) result in a 4% reduction in out-of-plane shear modulus, whereas the large voids (0.3×Rf) result in a 2% reduction. A similar trend is also observed for transverse Young's modulus. However, when the void content is increased to 4% out-of-plane shear modulus in both the microstructures with large and small size voids has been reduced by 11%. Hence, we can state that at lower Vv RVE with large size voids showed higher mechanical properties than the RVE's with smaller voids.

Clustering of void results in a higher reduction of elastic properties and orthotropic behavior of the microstructure. A cluster of bigger voids reduces (2.3%) the elastic modulus higher than clusters of the smaller voids. However, at a higher void volume fraction greater than 3%, void size and spatial distribution showed no effect and elastic properties monotonically decrease with an increase in void volume fraction.

Hence, It can be concluded that at lower void volume fractions (<3%) the void size and spatial distribution affect the matrix dominant properties. Whereas void content higher than 3% the effect of the void characteristics can be neglected and void volume fraction can be a good parameter to represent the effect of void on mechanical properties.

Realistic voids:

At any given Vv, an RVE with voids in fiber-rich zones (FRV) have ineffective stress transfer and results in lower elastic properties than voids in a matrix rich zone (MRV) (see Figure 74). The matrix voids are bigger and have a high aspect ratio resulting in the orthotropic behavior of the microstructure. At maximum void content of 4.5%, MRV results in 30% of elastic properties, and FRV causes a 45% reduction of elastic properties (see Comparison between analytical method and FEM: Analytical stepping scheme over predicts the elastic properties as they do not consider the parameters such as the void distribution and irregular void shapes. This phenomenon was conclusively observed in this study when the realistic void shapes are considered. This comparison of the mechanical properties to the void shape is presented in Figure 75. The blue markers represent the stepping Mori-Tanaka scheme, and the red the FEM solution considering voids homogeneously distributed and shaped like spheres. The green and magenta represent the MRV and FRV respectively. It is conclusive to state that, considering the void shapes to be spherical, the numerical simulation and analytical modeling have similar behaviors. However, in the literature, it was found that at a given void percentage of 4% the in-plane shear modulus can be reduced by 18 to 30% [START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF] which was observed in the MRV. The case of FRV was not realistic and experimentally it is observed that void does not occur in these regions. Thus, MRV is a better choice to estimate the elastic properties of the yarns or UD composites. This technique will later be used to estimate the elastic properties of the 3D yarn to perform a full-scale multiscale simulation. 

Conclusions

This chapter presented the analytical method and numerical solutions to homogenize the yarn's elastic properties. First considering that yarns have only cylindrical fiber and spherical voids, we proposed a stepping scheme for Eshelby inclusion based Mori-Tanaka approach. For the analytical method, the error in predicting the elastic properties increases with an increase in the total void volume fraction. The error was correlated to the approximation of the void morphology considered in the calculation. Hence, we proposed the numerical simulation as a better approach to predict the elastic properties of the yarns in textile composites.

Also, we proposed three novel algorithms to generate the microstructure of the yarn for numerical simulation:

1. We developed an algorithm to generate a statistically equivalent RVE for the textile composite yarns (only fibers). For this, the user must provide the measurement data of the fiber radius distribution and inter-fiber distance distribution. The maximum packing fraction of the algorithm was found to be 0.83. The proposed algorithm is one of the fastest RVE generators respecting the fiber radius and spatial distribution. 2. Double near neighbor algorithm was proposed to pack the spherical voids with different radius (0.2, 0.25, and 0.3 times of fiber radius) in the RVE. Using this approach the user can adjust the spacing between the adjacent voids. This facilitates the generation of the void clusters in the RVE. 3. An algorithm based on the local fiber packing was proposed to generate realistic voids in the RVE. Using this, the user can choose to generate the voids in the desired location, having a specific local fiber packing fraction.

We conducted a parametric study to analyze the effect of void shape, radius, and spatial distribution on the elastic properties of yarn. After a convergence study, the element size of 1𝜇m was selected for the numerical simulations. Tetrahedron elements were chosen for the RVE with spherical voids to facilitate the mesh generation. For RVEs with realistic voids, we decided to use the hexahedron mesh. After a converge study on the size of the RVE, the size of the RVE for spherical voids was 50 𝜇m and 150 𝜇m in the case of realistic voids. Approximate periodic boundary conditions were applied to the RVE for the numerical simulation. The homogenization was carried out within the framework of Hill-Mandel's theory of macro-homogeneity.

We observed that transverse properties are highly affected due to voids. On the contrary, voids have a negligible effect on Young's modulus in the fiber direction. The reduction of transverse Young's modulus was not the same for all the void shapes. In spherical voids, the elastic modulus was reduced by 11%, 17.56 % for matrix rich voids, and 33.3% for voids in fiber-rich zones. This behavior was directly related to the difference in the void shapes for the three cases.

Voids with a higher aspect ratio (for the case of FRV) resulted in a higher reduction of the elastic properties. These observations were confirmed following the studies in the literature [START_REF] Gagauz | Understanding the effect of void morphology and characteristics on laminate mechanical properties[END_REF][START_REF] Huang | Effects of void geometry on elastic properties of unidirectional fiber reinforced composites[END_REF] where they observed the decline of the elastic properties with an increase of the void aspect ratio.

The spatial distribution of spherical voids affects the elastic properties when the void volume fraction is smaller than 0.03. Clustering of bigger voids results in a faster reduction (2.3%) of the elastic properties. In contrast, the clustering of smaller voids does not have any impact on the elastic properties. And also, at lower void content, the RVE with 0.3 x Rf spherical voids 4% exhibits better elastic properties than the RVE with a void size of 0.2 x Rf.

We conclude that void aspect ratio, radius, and spatial distribution play an essential role in the yarns' elastic properties. Compared with the literature, the elastic properties predicted by the MRV showed a realistic reduction of the elastic properties. Spherical void underestimates the effect of the void, whereas the FRV overestimates. Hence, we propose the MRV based realistic voids to calculate the elastic properties of the yarn for the multi-scale simulation to be carried out in Chapter 5.

Mesoscale reconstruction and Multiscale Modeling

Introduction

We finalize this study focusing on the meso-scale simulations. In this chapter, we present the segmentation techniques to reconstruct the realistic microstructure from micro-CT data in Section 5.2. The statistics (void volume distribution) of the inter-yarn voids are presented in Section 5.3. Elastic properties of the composite are predicted by multi-scale numerical simulation and validated with experimental results in Section 5.4. At the end, the conclusions are presented in Section 5.5.

Creation of the voxel models

The advantage of realistic voxel models over the ideal models has been discussed in Section 2.6.4. Hence, here we present the methodology to perform segmentation to generate a voxel model from 𝜇CT data by using VoxTex. The distribution of the material constituents (matrix/yarns/voids) in the voxel model is the result of the segmentation of the µCT data. In the segmentation process, the total material is subdivided into sets of non-overlapping subdomains. In other words, it is the process of mapping/classification of a voxel into a particular finite set. The classification of the voxel is carried based on the feature vector which is calculated over every voxel. A feature vector for a segmentation process can be defined based on the required type of classification. For example, if the segmentation involving the separation of warp and weft yarns based on the material orientation angle can be defined in the feature vector. Otherwise, the degree of anisotropy is enough to segment reinforcement and matrix. In this work, the material consists of four different subsets (matrix, voids, warp, and weft). Hence, the feature vector consists of structural anisotropy (𝛽), average gray value (𝑔), and orientation angle(𝜑). The calculation of these key parameters is explained below.

The calculation of the feature vector utilizes the structure tensor method. This method is widely used in the field of image processing for the detection of edges [START_REF] Sertcelik | Application of edge detection to potential field data using eigenvalue analysis of structure tensor[END_REF] and image segmentation [START_REF] Ge | An improved region-based model with local statistical feature[END_REF]. For a 3D image (𝐼(𝑥 1 , 𝑥 2 , 𝑥 3 )) the structure tensor (𝑆(𝑝)) is defined as follows.

𝑆(𝑝) = ∫ 𝑠′(𝑟)𝑑𝑟 Where 𝑝 represents the current position in the integration window and 𝑟 is a vector with points (𝑥 1 , 𝑥 2 , 𝑥 3 ) in the image I, relative to the integration window. The actual size of the integration window is given by 2𝑤 𝑟 + 1 pixels (see Figure 76). can be solved by using the five points finite difference scheme as presented in Equation 5.3, with h, the discretization window, or the size of the integration window. In the equation, the summation is presented only for direction 1. However, the derivatives along the other coordinates can be calculated by changing the corresponding indices in equation.

𝜕𝐼 𝜕𝑥 1 = 𝐼(𝑥 1 -2ℎℎ𝑥 2 , 𝑥 3 ) -8𝐼(𝑥 1 -ℎ, 𝑥 2 , 𝑥 3 ) + 8𝐼(𝑥 1 + ℎ, 𝑥 2 , 𝑥 3 ) -𝐼(𝑥 1 + 2ℎ, 𝑥 2 , 𝑥 3 ) 12ℎ

(5.

3)

The structure tensor of the complete 3D image 𝐼 can now be calculated as the discrete sum of the 𝑠′(𝑥 1 , 𝑥 2 , 𝑥 3 ). Now the fiber orientation vector at every voxel can be investigated from the eigenvalue problem for structure tensor 𝑆 as presented in Equation 5.4. Let 𝜆 1 , 𝜆 2 , 𝜆 3 be the three eigenvalues corresponding to their eigenvectors 𝑣 1 , 𝑣 2 , 𝑣 3 , indicates the three principal orientations. Then, the eigenvector corresponding to the smallest eigenvalue is the fiber orientation. After the construction of the structure tensor, we can define the feature vector containing structural anisotropy (𝛽), average gray value (𝑔), and orientation angle(𝜑) at each voxel to perform the segmentation.

𝑆𝑣 𝑖 = 𝜆 𝑖 𝑣 𝑖 (5.4)

Structural anisotropy (𝜷):

It is also termed as anisotropy (𝛽). It is a scalar quantity defined as the ratio of eigenvalues of the structure tensor. If 𝜆 i for i=1, 2, 3 are eigenvalues such that 𝜆 1 ≤ 𝜆 2 ≤ 𝜆 3 , then 𝛽 can be calculated by Equation 5.5. By the definition, the value of 𝛽 approaches zero for the isotropic voxels (matrix, voids). For the anisotropic materials like fiber yarns, the 𝛽 will be smaller than one.

𝛽 = { 1 - 𝜆 1 𝜆 3 , 𝜆 3 > 0 0, 𝜆 3 = 0 (5.5)

Average gray value (𝒈(𝒑)):

It is a scalar value represented by 𝑔(𝑝) defined as the average intensity of the image 𝐼(𝑟) for window 𝑤(𝑝). It can be calculated as the discrete sum of the intensity over an integration window 𝑤(𝑝) Equation 5.6. It is also referred to as the density of the voxel. This parameter helps to segment the image into a set of matrix, void, and yarns.

𝑔(𝑝) = ∫ 𝐼(𝑟)𝑑𝑟

𝑤(𝑝)

(5.6)

Azimuthal angle: It is represented as 𝜑 (Phi), can be calculated by Equation 5.7. This variable consists of information about the local fiber orientation. 𝜑 is the angular description of the fiber orientation in the spherical coordinate system that coincides with the plane of the textile. This is an essential parameter to segment the warp and weft yarns in the material. This technique for segmentation of the yarns was also used by Yang et al [START_REF] Liu | Multi-Scale damage modelling of 3D textile reinforced composites including microstructral variability generation and meso-scale reconstruction[END_REF], to perform the segmentation on the 3D-orthogonal composite.

𝜑 = 𝑡𝑎𝑛 -1 𝑣 𝑥 𝑣 𝑦 (5.7) 
where 𝑣 𝑥 and 𝑣 𝑦 are the orientation vectors in the Cartesian coordinates.

The histogram showing the mutual distribution of anisotropy and density is presented in Figure 77 a). This statistical information would be sufficient to segment the µCT data into a set of matrix and yarns. However, to segment µCT data to the individual constituents (warp, weft, matrix, and voids) the feature vector containing the statistical data of density, anisotropy, and fiber orientation angle should be utilized. The statistical distribution of these parameters in the feature vector is presented in Figure 77 b). The result of the application of this procedure to a µCT acquired on a Twill-3D upstream is shown in Figure 78. The next step is to select the size of the integration window, such that the segmentation parameters should not have any effect on the continent volume fractions and calculated properties.

Convergence study

The choice of integration window will have a direct effect on the segmentation of the 𝜇CT data and the mechanical behavior of the composite. Hence, two convergence studies are carried out. The first one is a comparison between numerically measured fiber volume fraction after segmentation to the experimental fiber volume fraction. The second one is the convergence of the mechanical properties to the size of the integration window. Since the calculation of the elastic properties is based on the average stress, the integration window will have a significant influence on the calculated elastic properties. Five sizes for the integration window ranging from 5 to 20 are chosen for this study. The variation of the total, warp, and weft fiber volume fractions and matrix volume fraction concerning the window size for Twill-3D downstream is presented in Table 17 The results of the convergence study for the elastic properties to the window size is presented in Figure 79. The variation in the elastic property (E11 and E22) is about 2.3% from the window size of 20 to 5. However, the window smaller than 8 does not affect the elastic properties. Hence, we select the window size of 8 as an optimal voxel size for segmentation and homogenization of the elastic properties. 

Results of segmentation

The 𝜇CT observations were performed on Satin and Twill reinforced composites. The specimen extraction was described in Section3.2.3. Two tomography observations were conducted on each composite plate, the one in the upstream and the second in the downstream. Based on the convergence results from section 5.2.1 the window size of (H=8) will be utilized for future calculations. The segmentation results of satin-3D composite by Vox-Tex are presented in Figure 80, and twill-3D is presented in Figure 81. The constituent volume fractions such as warp volume fraction (𝑉 𝑤𝑎𝑟𝑝 ), weft volume fraction (𝑉 𝑤𝑒𝑓𝑡 ), and the inter-yarn volume fraction are presented in 

Characteristics of inter-yarn voids (meso-voids)

The statistics of the void volume distribution and the aspect ratio are presented in this section.

After the segmentation was performed the results were saved in an indexed text file and the voxel model was reconstructed in MATLAB. An in-house code was developed to conduct the particle analysis on inter-yarn voids. The statistical analysis was carried out using regionprops3 an inbuilt MATLAB function [START_REF] Lehmann | Efficient N-Dimensional surface estimation using Crofton formula and run-length encoding[END_REF]. For this, a binarized 3D image containing only inter-yarn voids and matrix was reconstructed from the labeled text file generated by VoxTex. The distribution of the void volume was presented in Figure 82, and the aspect ratio to describe the void shape is presented in Figure 83. The total number of inter-yarn voids in the upstream (32-Satin, 26-Twill) is smaller than that of in the downstream (154-Satin, 138-Twill). The maximum void size also increased from upstream (42992.8 𝜇𝑚 3 -Satin,15717.04 𝜇𝑚 3 -Twill) to downstream (233993.6 𝜇𝑚 3 -Satin, 259789.28 𝜇𝑚 3 -Twill). However, the minimum void size in up-stream and down-stream have very similar values blow 200 𝜇𝑚 3 .

The average aspect ratio of the inter-yarn voids in the up-stream (1.34-Satin and 1.486-Twill) is 14% smaller than the average aspect ratio of the inter-yarn voids in the downstream (1.60-Satin and 1.806-Twill). Based on the statistics of the aspect ratio, we can state that the interyarn voids have near-spherical shapes. However, the distribution of the aspect ratio changes, (see Figure 83 c), d)) the number of voids with an aspect ratio greater than two is greater in the downstream than in the upstream. It can be concluded that the voids are more elongated in the downstream and most of the void have near-spherical shapes in the upstream. A similar trend is also observed in the statistical data of inter-yarn voids for the satin reinforced composite, the statistical data on aspect ratio is presented in Figure 83 

Multiscale simulation to analyze the effect of voids on elastic properties 5.4.1 Finite element model description

A complete finite element multi-scale simulation was performed for all the four meso-scale voxel models (Satin upstream and downstream, Twill upstream and downstream) generated from the 𝜇CT data. The complete numerical simulation has three steps 1) generation of the geometry, 2) assigning material properties, and 3) application of boundary condition and FEsimulation. The window size of 8, resulted in the element size of 70.48 microns for the model reconstructed from Twill-3D and 90.68 microns for the satin-3D. For all the models a C3D8 brick element was chosen. The next step, in the numerical homogenization, is assigning material properties of the warp, weft yarns, matrix, and voids. The properties of the matrix and void are taken from Chapter-3 table-2. However, the elastic properties of the yarns are assigned either by Chamis micromechanics model or by numerical homogenization of the yarn RVE (following the process presented in chapter 3). As VoxTex can only export the voxel model to ABAQUS with the element types C3D8 and C3D20, the choice of element type is important to accelerate the computational time for FE-solution [START_REF] Smith | ABAQUS/Standard User's Manual[END_REF]. Since C3D8 have less computational time than C3D20, it is selected as the element type in this study. To conduct the numerical homogenization, periodic boundary conditions are applied with six different loading conditions the detail of the numerical homogenization are presented in Annexe 7.1.

Moreover, a parametric study was conducted to investigate the effect of the inter-yarn void, intra-yarn voids on the elastic properties of the 3D textile composites. The list of the test cases and the results of the parametric study are presented in Section 5.4.2.

Parametric study on the sensitivity of elastic properties concerning intra & inter-yarn voids

From the experimental results presented in Section 3.5 it is observed that intra-yarn voids have a higher influence than inter-yarn voids on the tensile properties of the textile reinforced composites. Hence, a parametric study was conducted with three different cases to completely understand the effect of void location on the elastic properties:

1. Voids only in the matrix. 2. Voids only in the warp yarns.

3. Void only in the weft yarns.

For all the cases the void volume fraction in the respective constituent is varied such that the total void volume fraction remains constant. A list of test cases with the constant total void volume fraction is presented in Table 19.

To conduct the parametrical study, artificial voids inter-yarn voids are generated by postprocessing the segmented image from VoxTex in MATLAB. Once the '.inp' file with the matrix, warp, and weft yarns is generated it is feed to the void generation algorithm developed in MATLAB. The algorithm is presented in Figure 84 and facilitates the generation of mesostructure with two different types of inter-yarn voids: randomly distributed and spherical. 19: Test cases for parametric study to evaluate the effect of void position on the elastic properties of the 3D reinforced textile composite.

The algorithm needs input on the void volume fraction and for the case of spherical voids, it requires an additional input on the distribution of the void radius.

Figure 84: Algorithm for generation of the inter-yarn voids in segmented µCT data.

Steps for random voids generation

Step 1: The 3D mesh of the segmented 𝜇CT data was reconstructed in Matlab based on the ".inp" generated by VoxTex. Then all the mesh elements belong to the matrix were recognized and appended to a separate list.

Step 2: Random voxel in the matrix list would be selected and the elastic properties are reduced following Table 12. Then the mesh element number is appended to an array containing the list of voids.

Step 3: After the selection of every new voxel as void, the algorithm will calculate the total current void volume fraction. If it is less than the required void volume fraction (𝑉 𝑣𝑟 ) the algorithm will continue to append the void list following step 2 or else the loop can be terminated and continued to step 4.

Step 4: All the element numbers in the list of void were identified and the new input file for FE-simulation in ABAQUS will be written.

In literature, this kind of meso-structure with voxel void was used for an FE simulation by Shigang et al, [START_REF] Shigang | Effect of manufacturing defects on mechanical properties and failure features of 3D orthogonal woven C/C composites[END_REF] and Qian et al, [START_REF] Xu | An FEM analysis with consideration of random void defects for predicting the mechanical properties of 3d braided composites[END_REF]. The microstructures with randomly distributed voxel voids are presented in Figure 85. However, the random voxel kind of voids is not observed in the reality. Hence, meso-structures with spherical shaped inter-yarn voids are also analyzed in this study. 

Steps of spherical void generation

Step 1: This step was similar to step 1 in random voids. The ".inp" file was read and all mesh elements that belong to the matrix were recognized and appended to a separate list.

Step 2: Based on the input value for the void volume distribution the minimum number of required voids (N) to be created for the required total void volume fraction (𝑉 𝑣𝑟 ) was calculated by the equation given below.

𝑁 = 𝑉 𝑣𝑟 𝑚𝑒𝑎𝑛(𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛)

(5.9)

Step 3: A random element from the matrix array was selected as the void center and the algorithm will start to increase the void radius. At every increment, the void radius will be increased by the size of the element (voxel size). For better understanding, the 2D-schematic representation of the increase in void radius at every increment is presented in Figure 86. In reality, it happens in 3D so circles are replaced with spheres. The radius increment will continue until the void volume increases to the required void volume provided by the user (~ 46 voxels in this case). During this process, the algorithm cannot always find an element for the corresponding neighbor in every direction. This can be due to two conditions.  The next neighboring element belongs to warp/ weft (see Figure 87 Then the algorithm will stop the increment of the void radius in direction of no neighbors and keeps increasing it in the other direction as shown in Figure 87, for 𝑖 𝑡ℎ and 𝑖 + 1 𝑡ℎ radius increment the elements belong to warp/weft was not selected (case 1) and as the void reaches the boundary element the void radius will start increasing only in other directions (case 2). Step 4: Once the void volume equals the input provided by the user, the algorithm will add the list of all the elements assigned as voids into a new list and removes them from the matrix array. This will ensure there will be no reselection of the element.

Step 3 and step 4 were repeated until the total number of voids (N) was placed.

Step 5: All the element numbers in the list of void were identified and the new input file for FE-simulation in ABAQUS will be written. For the parametric study, the elastic properties of the yarns were calculated by the modified Chamis micromechanical model proposed in [START_REF] Chamis | Micromechanics-based progressive failure analysis prediction for WWFE-III composite coupon test cases[END_REF] to obtain the elastic properties of UD composites with voids. The results of the FE-homogenization at meso-scale for all the test cases (see Table 19) are presented in Figure 89.

The FE-homogenization at meso-scale with random voxel voids has a high dispersion of the properties. This kind of behavior was also observed in the studies of [START_REF] Xu | An FEM analysis with consideration of random void defects for predicting the mechanical properties of 3d braided composites[END_REF], where they generated random voids in the 3D braided composite. Hence, an average of 5 simulations was presented for 𝐸 11 , 𝐸 22 , and 𝐸 33 with their dispersion in The overall observation, except 𝐸 33 , implies that the elastic properties of the textile composites are more sensitive to intra-yarn voids than to inter-yarn voids. The percentage of reduction of the elastic properties is presented in Table 20. For test case 1, the inter-yarn void volume fraction of 0.18 equivalent to 0.05 total void volume fraction resulted in the 4.3% reduction of 𝐸 11 (weft direction), 5.6% 𝐸 22 (warp direction) and 12.01% reduction of 𝐸 33 (out-of-plane). However, the intra-yarn voids in the warp resulted in the 6.1% reduction of 𝐸 11 , 7.5% reduction of 𝐸 22 and 6.9% reduction in 𝐸 33 and the intra-yarn voids in the weft resulted in the 7.2% reduction of 𝐸 11 , 5.6% reduction of 𝐸 22 and 6.49% reduction in 𝐸 33 .

Shear moduli are more sensitive to inter-yarn voids than to the intra-yarn voids. The 0.05 total void volume fraction for the case of inter-yarn void only, resulted in 9.6%, 9.8%, and 9.7% percent reduction in 𝐺 12 , 𝐺 13 and 𝐺 23 respectively. The intra-yarn voids lead to an average reduction of 6%. Hence, we can conclude that the effect of the intra-yarn void play a crucial role in determining the in-plane tensile properties. Conversely, the out-of-plane tensile modulus and shear modulus are highly influenced by inter-yarn voids.

Reduction 20: Reduction of the elastic properties with respect to inter-yarn and intra-yarn voids equivalent to the total void volume fraction of 0.05.

Validation of FE-solution with experimental results

The elastic properties were predicted by complete multi-scale numerical homogenization for Twill-3D as shown in Table 22. The properties of the warp and weft yarns were calculated by the FE-homogenization at the microscale (following the process presented in Chapter-3). The details on the geometrical properties of the yarn microstructure, intra-yarn fiber volume fraction, and intra-yarn void volume fraction are provided in Figure 90, and the calculated elastic properties are presented in Table 21. The thickness of the model after reconstruction was 2.396 mm for both upstream and downstream which deviated by 0.1% from the actual thickness of the composite and was a negligible error smaller than the standard deviation of the plate over all thickness. Both the simulations were carried on a Dell precision workstation with Intel(R) Xenon(R) CPU E5 with 16 GB RAM. For completing the numerical homogenization it took 4hr:36±20min. The time was counted from the start of the application of periodic boundary conditions to the end of numerical homogenization. 22 Elastic properties of the Twill-3D composites predicted by complete multi-scale FEsimulation.

Up-stream

The predicted Young's modulus by the FE-simulation in the upstream was 1.3% lower than the experimental average Young's modulus. For the downstream, the FE-simulation deviates only by 0.58%. The error in both cases is less than the experimental standard deviation. Based on this we can validate that the proposed FE-based multi-scale simulation can predict the elastic properties of the 3D textile composites within a range of acceptable error.

Conclusions and perspectives

At the beginning of this thesis (Chapter 1), we presented the main objective and motivation of the research. The structure of the whole thesis and the contents of the subsequent chapters were provided.

In the second chapter, the literature survey on the different types of process-induced defects and their influence on the mechanical properties of composite materials was presented. In particular, the experimental techniques for voids characterization and the analytical or numerical modelling approaches to predict the mechanical properties of composites containing void defects were presented. We discussed different process-induced defects that can occur in composites, emphasizing the void type defects and the mechanism of void formation during autoclave and RTM processes. Understanding the parameters used in the literature to describe the void characteristics such as void volume fraction, size, shape, and spatial distribution, the state of the art was presented concerning the influence of these parameters on the composite properties. Because of the dual scale porosity in textile composites, they pose a unique challenge to understand the mechanical behavior under the influence of voids. Based on the state of the art homogenization methods, remarks were noted on the used techniques (analytical and numerical) and different void characteristics studied in the literature to relate the composite behaviors with voids. A detailed study on the homogenization techniques to predict the elastic properties of the textile composites emphasized the importance of the multi-scale numerical simulation. In a numerical simulation, the accuracy of the prediction will be influenced by the geometry of the model and boundary conditions. Hence, this study provided a strong motivation to construct the complete numerical multi-scale simulation, which can replicate the realistic geometry of the composite at both micro-scale and meso-scale. To achieve this task, we chose the 3D-textile composites in this study.

In Chapter 3 we explained, the manufacturing technique to produce 3D textile composites with a controlled void volume fraction. This technique resulted in a different intra-yarn void and inter-yarn void distribution in the composite part. Tensile tests were carried out to quantify the effect of voids on Young's modulus and tensile strength. Burn-off tests were conducted to measure the distribution of the void volume fraction as a function of injection pressure. Imagebased characterization was performed to evaluate the yarn characteristics. An improved Voronoi cell method was proposed to measure the fiber radius distribution, inter-fiber distances, and local fiber area fraction. Intra-yarn void area fraction was quantified by pixel counting method, and improved VCM was applied to measure the local void area fraction. Void characteristics such as area fraction and aspect ratio distribution were analyzed in warp and weft yarns in composite plates at the upstream and downstream of the resin flow. Local fiber area fraction and void area fraction of yarns were compared to determine the correlation between void occurrence and local packing fraction of yarns. Micro-computed tomography was conducted on the samples collected from two locations to reconstruct the realistic mesostructure for numerical homogenization. In the end, Young's modulus and strength's sensitivity to the total void volume fraction, intra-yarn area fraction in warp and weft was presented.

Chapter 4 was dedicated to the study on the effect of intra-yarn void and their characteristics on the yarns' elastic properties. A stepping Mori-Tanaka method based on the Eshelby inclusion was developed to analyze the effect of spherical voids on the mechanical properties of yarns.

A numerical approach was presented to minimize the error in the prediction of the yarn's elastic properties. Three new algorithms were proposed during this study to produce a microstructure containing fibers and voids. A modified Nearest Neighbour Algorithm was proposed to generate the fibers respecting the statistical parameters measured in the yarns. It allowed us to produce the exact fiber radius distribution and inter-fiber distances, thus respecting the local fiber packing fraction. A Double Nearest Neighbour Algorithm was developed to pack the spherical voids of a different radius in between the fibers with different spatial distributions (homogeneous, random, and clusters). A new algorithm based on the local fiber packing was proposed to construct an RVE with realistic void shapes and area fractions. A parametric study was conducted to analyze the effect of void shapes, size, and distribution on the yarns' elastic response.

In the final chapter of the main manuscript (Chapter 5), a structure-tensor based segmentation method was adopted to develop a meso-structure from 𝜇CT data. A parametric study was conducted to select acceptable segmentation parameters. Particle analysis was conducted to quantify the distribution of volume and aspect ratio for the inter-yarn voids. Artificial interyarn voids were created by treating segmented images in MATLAB. This process assists in generating the meso-structure with voxel voids or spherical inter-yarn voids. A parametric study was conducted to understand the sensitivity of elastic properties to the inter-yarn void, intra-yarn voids in warp and weft. Finally, the 3D textile composite's elastic properties predicted by a multi-scale numerical scheme were validated by comparison with the experimental results for textile composites.

Perspectives

 As the elastic properties only in the weft direction were analyzed in this study, more experiments can be conducted to characterize the other elastic properties such as inplane shear modulus, tensile modulus in the direction of the warp, etc. The sensitivity of these properties can be validated with the parametric study conducted at the mesoscale which showed that the specific type of voids highly influences the particular elastic response of the 3D textile composites.  The robustness of the proposed multiscale scheme can be verified by applying this technique to the composite containing various reinforcements. For example, laminated textile composites can be an interesting choice of study because the through-thickness properties of 2D textile laminate composites are highly sensitive to the inter-yarn voids.

Similarly, this method can also be verified for cross-ply composites. Since the presented method is not dependent on the manufacturing process, its robustness can be tested for the composites manufactured by other processes such as autoclave, compression molding, infusion, etc.  We use the experimentally measured local fiber packing fraction in yarns as an effective parameter to determine the void creation's probabilistic zone. However, the input for the void generation zone can be numerically predicted with the help of the flow simulations. Thus, this method will help us to realize actual void shapes and distribution without carrying the experiments.  The present microscale void generation can be further developed to generate 3D void shapes. However, this would require statistical information with the depth of the voids. This can be achieved either by µCT or by collecting multiple micrographs of the yarn cross-section along the fiber direction.  Estimation of the yarn strengths and their sensitivity to the void characteristics can be carried out. Even though certain void characteristics do not affect the elastic properties, they can significantly affect the strengths of composites. The recent studies conducted by Alden Hyde et al. [START_REF] Hyde | Effects of microvoids on strength of unidirectional fiberreinforced composite materials[END_REF] showed that the strengths of UD composites were more sensitive to void shapes than elastic properties. The effect of void spatial distribution is still an open question. This can be effectively addressed by using the generation algorithms developed during this study. Similarly, the strength simulations can be carried out at the mesoscale to understand the non-linear behavior of composite in the presence of voids.  Conformal mesh at meso-scale can be developed by utilizing the new state-of-the-art techniques developed by Wintiba et al. [START_REF] Wintiba | An automated procedure for the generation and conformal discretization of 3D woven composites RVEs[END_REF], Anna Madra et al. [START_REF] Madra | X-ray microtomography applications for quantitative and qualitative analysis of porosity in woven glass fiber reinforced thermoplastic[END_REF].

ANNEXES

A: Numerical homogenization

In numerical homogenization, the heterogeneous microstructure was modeled as a homogeneous orthotropic medium with certain effective properties that describe the average material properties of the composite. To describe this macroscopically homogeneous medium, Hill-Mandel's macro-homogeneity condition was applied. According to this, the stress and strain in the equivalent homogeneous media can be calculated as the volumetric average stress and strains in the microstructure.

Average stress theorem: At each point on boundary surface ∂S, such that the traction vector 𝑡 𝑖 = 𝜎 𝑖𝑗 𝑛 𝑗 with a constant 𝜎 𝑖𝑗 is applied. For which, the volume average of the stresses inside the structure must be equal to the boundary stress tensor, i.e.

𝜎 𝑖𝑗 = 1 𝑉 ∫ 𝜎 𝑖𝑗 𝑑𝑉 𝑉 Average strain theorem: Consider at each point of the boundary surface ∂S, the displacement vector 𝑢 𝑖 = 𝜀 𝑖𝑗 𝑥 𝑗 with 𝜀 𝑖𝑗 constant is applied. Then, the volume average of the strains inside the structure is equal to the boundary strain tensor, i.e.

𝜀̅ 𝑖𝑗 = 1 𝑉 ∫ 𝜀 𝑖𝑗 𝑑𝑉 𝑉 Let 𝜀 𝑖𝑗 be a kinematically admissible strain and 𝜎 𝑖𝑗 be a statically admissible stress at macroscopic scale. Then they satisfy the micro-macro energy equivalence such that, the following equation is true. The elastic properties of the orthotropic material can be back-calculated if the stiffness tensor was evaluated. Hence, to calculate the stiffness tenor we need six different boundary conditions. The six boundary conditions and the calculation of the corresponding element in the stiffness tensor are presented below.

S.No

Boundary condition 1 𝑢 1 = 0.001x 𝐿 1 ; 𝑢 2 = 0; 𝑢 3 = 0 2 𝑢 2 = 0.001x 𝐿 2 ; 𝑢 1 = 0; 𝑢 3 = 0 3 𝑢 3 = 0.001x 𝐿 3 ; 𝑢 2 = 0; 𝑢 1 = 0 4 𝑢 1 = 0.005x 𝐿 1 ; 𝑢 2 = 0.005x 𝐿 2 ; 𝑢 3 = 0 5 𝑢 1 = 0.005x 𝐿 1 ; 𝑢 3 = 0.005x 𝐿 3 ; 𝑢 2 = 0 6 𝑢 2 = 0.005x 𝐿 2 ; 𝑢 3 = 0.005x 𝐿 3 ; 𝑢 1 = 0 and wait until the specimen reaches room temperature. Now measure the mass of the crucible along with the fibers.

The mass of crucible with fibers after calcination: 𝑚 3 mg Now the mass fraction of the fibers can be calculated by using the equation given below Where 𝜌 𝑚 and 𝜌 𝑓 are the density of matrix and fiber respectively.

𝑀 𝑓 =
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 1 Figure 1: Different types of manufacturing defects in composites.

Figure 2

 2 Figure 2. a) Prepreg layup sequence for Autoclave b) An industrial scale autoclave [4].

Figure 3 .

 3 Figure 3. Different steps involved in manufacturing composite by RTM.

Figure 4 .

 4 Figure 4. Through thickness void distribution of a UD laminate (0/90) [10].

Figure 5 :

 5 Figure 5: Void shapes in the composites manufactured by RTM a) In a textile composite and b) In the laminates [1].

Figure 6 b

 6 ), d). Otherwise as presented in Figure 6 a), c) high viscous flow in the inter-yarn channels would result in the creation of intra-yarn voids.

Figure 6 :

 6 Figure 6: Formation of dual scale voids in textile composites a), c) Formation of a void in yarns and b), d) Formation of a void in channels [18] (𝝁 resin viscosity, 𝑽 resin velocity, 𝜸 surface tension resin, and 𝜽 contact angle).

Figure 7 .

 7 Figure 7. Effect of void characteristics on the reduction of ILSS a) Maximum void dimension and b) Maximum void volume measured in terms of effective radius [10].

Figure 8 :

 8 Approximation of the intra-yarn voids by a)[82], b) [71], and c)Void shapes observed in yarns.

Figure 10 :

 10 Modeling of the textile architecture by a) Idealized model generated by TexGen and b) Geometry modeled in TexGen and c) Analytical geometry modeled in TexGen [115].

Figure 11 .

 11 Where the warp, weft, and matrix phases are separated by imposing (anisotropy, in-plane orientation angle, AGV) as a feature vector. a) b) Figure 11: Generation of textile geometry from micro-CT data a) Micro-CT data, b) Voxel model generated by using VoxTex [140].

Figure 13 :

 13 Segmentation of void in a meso-structure a) Image of 3D textile composite, b)

Figure 15 .

 15 Boundary conditions in computational homogenization a) Uniform Displacement boundary condition, b) Uniform Traction boundary condition c) periodic boundary condition and d) mixed boundary condition [155].

Figure 16 :

 16 Figure 16: The architecture of 3D textiles a) Satin b) Twill and c) 2 nd Twill.The yarns of each textile are spun from E-glass fibers with a density ρ f = 2.61 g/cm 3 , Young's modulus E = 72 GPa and Poisson's ratio 𝑣 = 0.22. Textiles were impregnated with a thermoset epoxy matrix. The resin was prepared by mixing the 100 grams of epoxy (prime 27) with 28 grams of harder (prime 20). This mixture results in the cured epoxy with a density 𝜌 𝑚 = 1.11 g/cm 3 , Young's modulus E = 3.3 GPa, and Poisson's ratio 𝑣 = 0.375.

Figure 17 :

 17 Figure 17: Mold design for the RTM process. Textile Satin Twill 2 nd Twill -P1 2 nd Twill -P2 2 nd Twill -P3 Injection pressure (bar) 2.0 1.5 0.5 1.0 1.5 Number of plates 1 3 3 3 3 Fill time (s) 64 220 ± 40 380 ± 34 280 ± 23 198 ± 36 Table6: Parameters for the RTM manufacturing process.

Figure 18 .

 18 Figure 18. Specimen extraction criterion for a) Satin 3D and b) Twill 3D.

Figure 19 :

 19 Figure 19: Void volume fraction measured by burn-off test on specimens manufactured at different injection pressures a) Satin layer to layer b) Twill layer to layer and c-e) 2 nd Twill layer to layer interlock manufactured by injection pressure of 0.5, 1.0, and 1.5 bar respectively.

Figure 20 :

 20 Figure 20 shows the crosssection composite specimen containing warp yarns, weft yarns, inter-yarn voids and intra-yarn voids. SEM observation for all three different architectures studied in this work a) Satin, b) Twill and c) 2 nd Twill.

Figure 21 :

 21 Algorithm to identify the fiber centers demonstrated on a single micrograph: a) SEM image with resolution 0.96 µm, b) Result of low pass FFT filter, c) Watershed to remove the fiber interconnectivity, and d) Evaluated fiber centers and Voronoi tessellation.

Figure 22 :

 22 Figure 22: Calculation of the fiber radius based on the Voronoi tessellation.

  09 µm Mean 8.25 µm Mean 8.05 µm STD 0.9 µm STD 0.84 µm STD 0.51 µm Figure 23: Comparisons of fiber detection by a) Hough circle transform, b) Particle analysis and c) Algorithm proposed in this work, d) Present algorithm, and e) HCT presented in [162].

Figure 24 :

 24 Figure 24: Formulation to calculate the inter-fiber distance (IFD) between two fibers.

Figure 25 : 9 Figure 26 :

 25926 Fiber radius distribution. a) 𝜇 = 0.56 𝜎 = 0.55 b) 𝜇 = 1.58 𝜎 = 1.7 c) 𝜇 = 3.31 𝜎 = 2.Distribution of the inter-fiber distances a) 1st b) 2nd and c) 3rd nearest neighbor.

Figure 27 :

 27 Figure 27: Histogram of the ROI from yarn to show the threshold for fiber, voids a) Crosssection of yarn from SEM image, b) Histogram of the yarn, c) Segmentation of fiber and d) Segmentation of the voids. Voronoi Cell Method [168] (VCM) is a tessellation based method which was proposed recently. The whole ROI was discretized into Voronoi cells containing only one fiber. The open Voronoi cells on the boundary of the ROI were removed from the calculation to avoid the ambiguity in the calculation of the fiber volume fraction. The overall Vfy could then be estimated as the ratio of the total area occupied by the circles to the total area of the Voronoi cells in which fibers were identified. The equation for calculation of Vfy as follows:

Figure 28 :

 28 Figure 28: Identifying the fiber radius based on the VCM.

  ± 0.052 0.61 ± 0.03 2 nd Twill, 1.5 bar 0.62 ± 0.052 0.60 ± 0.044 0.62 ± 0.05 0.60 ± 0.036 Table8: Distribution of intra-yarn fiber volume in upstream and downstream for 3 different architectures.

Figure 29 :Figure 30 :

 2930 Figure 30: Calculation of the local fiber packing and local fiber density at each fiber center a) Delaunay triangulation, b) Illustration to calculate local fiber density 𝑻 𝑳𝑭𝑫 𝒊 , c) Illustration to calculate local fiber packing 𝑭 𝑳𝑭𝑷 𝒊 , d) Example of the 𝑻 𝑳𝑭𝑫 𝒊 , 𝑭 𝑳𝑭𝑷 𝒊

Figure 31 :

 31 Figure 31: Results from modified VMC applied on entire yarn a) SEM observation of the yarn, b) Local fiber packing (𝑭 𝑳𝑭𝑷 𝒊 ) in yarn and c) Local void area fraction in the yarn.

Figure 32 :

 32 Steps to calculate void parameters a) Manual selection of the yarn cross-section, b) Threshold (max=50) to visualize the voids and c) Measurement of the void parameters (area, axis) by using "analyze particle" in FIJI, representing effective void fraction (Aeff) and the aspect ratio of the void (AR).

Figure 33 :

 33 Intra-yarn effective void area/volume fraction (𝐴 𝑒𝑓𝑓 ) distribution for warp yarns upstream a) Warp upstream, c) Warp downstream b) Weft upstream, d) Weft (for Twill-3D).

Figure 34 :

 34 Figure 34: Intra-yarn void aspect ratio (AR) distribution in Twill-3D a) Warp upstream, c) Warp downstream, b) Weft upstream, d) Weft downstream.

Figure 36 :

 36 Figure 36: Slice of micro-CT data from Satin-3D a) Cross-sectional slice of the reconstructed image of satin 3D without processing the beam hardening. (b) Cross-sectional slice of the reconstructed image of satin 3D after enhancing the local contrast.

Figure 37 :

 37 Figure 37: Experimental setup for the tensile test along with DIC a) Camera, b) Specimen mounted in the tensile testing machine, c) Instron 1185 testing machine, and d) Postprocessing of images.

Figure 38 :

 38 Figure 38: Dimensions of the tensile specimen.The Allied® CMOS (Complementary Metal-Oxide-Semiconductor) camera with 2048 × 2048 resolution was used to record the images to obtain the deformation on the surface. The images were captured at a frequency of 10 images per second. They were treated by the DIC technique implemented by commercial software Vic-2D®. Other important parameters for a DIC are speckle pattern, size, and density. They have a direct effect on the measurement of strain resolution. Carter et al.[START_REF] Carter | Impact of Speckle Pattern Parameters on DIC Strain Resolution Calculated from In-situ SEM Experiments[END_REF] presented a comprehensive study about the effect of the speckle density and pattern on the strain resolution. Any speckle density i.e. ratio of the area occupied by speckle to the total area of the observing surface should be in the range of 23 to58%. Deviation from this range will induce the noise in the computed strain resolution. They also presented that speckles should be of homogeneous size and have irregular shapes. Such a speckle pattern can be achieved by careful hand spray[START_REF]Speckle Pattern Fundamentals[END_REF]. The image of the speckle pattern on the tensile specimen is presented in Figure39. The average speckle density for the tensile specimens is 37.89%. For the post-processing of images, the users must choose a subset size and step size. Subset size is defined as the height and width of the square in the image for the analysis and step size is the distance between two subsets. A subset size of 21 with a step size of 5 was selected for this study.

Figure 39 :

 39 Figure 39: Image to show the hand-sprayed speckle pattern on the tensile specimen.

Figure 41 :Figure 42 :

 4142 a) and the tensile results twill reinforcement are presented in Figure 40 b). Tensile results for 2 nd twill reinforced composites manufactured with an injection pressure of 0.5 bar are presented in Figure 41 a), the results with 1.0 bar are shown in Figure 41 b) and 1.5 bar are presented in Figure 41 c). a) b) Figure 40: Stress-strain curve of tensile test on composites reinforced by a) Satin architecture and b) Twill architecture. Stress-strain curve of tensile test on composites reinforced by 2 nd twill architecture manufactured by injection pressure of a) 0.5 bar, b) 1.0 bar and c) 1.5 bar. Variation of tensile properties from upstream to downstream in 3D textile reinforced composites manufactured at different pressures a) 0.5 bar, b) 1.0 bar and c) 1.5 bar.

Figure 43 :Figure 44 :Figure 45 :

 434445 Figure 43: Tensile test results for satin architecture a) Modulus vs VVT, b) Strength vs VVT, c) Modulus vs warp Vvy, d) Strength vs warp Vvy, e) Modulus vs weft Vvy and f) Strength vs weft Vvy.

Figure 46 :

 46 Scales in textile composites a) Cross-section of the 3D textile composites showing warp, weft yarns, and voids at mesoscale. b) Cross-section of yarn with fiber, void, and matrix at the microscale.

Figure 47 :

 47 Schematic representation of homogenization at microscale a) Representation of the fiber (white) reinforced composite material with voids (voids) and b) Homogenized material.

Figure 48 :

 48 Figure 48: Comparison of stepping scheme with the experimental results of Haolong et al. [105].

Figure 49 :

 49 Evolution of elastic properties in glass fiber composites with void a) Longitudinal young's modulus, b) Transverse Young's modulus, c) In-plane shear, d) Out-of-plane shear, e) Out-of-plane Poisson's ratio and f) In-plane Poisson's ratio.

Figure 50 :

 50 Figure 50: Steps for numerical homogenization. a) Generation of microstructure, b) Meshing and boundary conditions and c) Calculation of elastic properties.

Figure 52 :Figure 53 :

 5253 Figure 52: Flowchart for modified NNA.

Figure 54 :

 54 Figure 54: Computational efficiency of the algorithm a) Execution time for various domain sizes Vf=65% and b) For domain size of δ =40.

(4. 6 )Figure 55 :

 655 Figure 55: Ripely's K-function and modified L-function calculated at a different radius to analyze the randomness of the microstructure.

Figure 56 :

 56 Figure 56: Pairwise correlation function calculated of CSR, Hexa, and Random packing.
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 32 The difference between 𝐹 𝐿𝐹𝑃 𝑖 and 𝑇 𝐿𝐹𝐷 𝑖 is shown in Figure 57.

Figure 57 :

 57 Figure 57: Figure to explain the local fiber packing fraction and local fiber density.This is repeated for every fiber thus providing us the information regarding the fiber clusters and resin-rich zones as shown in Figure58. In Figure59, a clear distinction between conventional hexagonal packing and random packing can be observed. The Delaunay triangles for hexagonal arrangement are almost of the same area whereas the Delaunay triangles in an RVE exhibit varied areas. In Figure60, the peaks in red represent the highest local fiber volume fraction which is around 0.69 while there are regions where 𝐹 𝐿𝐹𝑃 𝑖 is 0.39.

Figure 59 :Figure 60 :

 5960 Figure 59: Variation in local fiber volume fraction for Random fiber arrangement and Regular hexagonal arrangement.

Figure 61 :Figure 62 :

 6162 Figure 61: DNNA for voids generation inside the yarn with fixed fiber configuration.

Figure 63 :Figure 64 :Figure 65 :

 636465 Figure 63: Initiation of the void in the cluster, based on local packing of the fibers: a) Fiber fraction calculated at each fiber, b) Identification of the high packing cluster and c) Initiation of void in the cluster.

Figure 66 :

 66 Figure 66: Termination of void and initiation of the new void.

Figure 67 :

 67 Figure 67: Mesh size convergence study for elastic properties a) E11 and b) Gij.

Figure 68 :

 68 Figure 68: Schematic representation for the application of approximate periodic boundary conditions (APBC) on a 2D model [160].

Figure 69 :

 69 Dependence of elastic properties on the domain size.

Figure 70 :Figure 71 :

 7071 a) Voids in matrix rich zone b) Voids in fiber-rich zone c) The percentage of variation Figure 73). Size of void 𝑅 𝑣 = 0.2𝑅 𝑓 Size of void 𝑅 𝑣 = 0.25𝑅 𝑓 Size of void 𝑅 𝑣 = 0.3𝑅 𝑓 Reduction of elastic properties due to spherical voids of different sizes and distribution a) E11, b) E22, c) G12 (solid line), and G23 (dashed line). Variation of a) & c) G23 & E22 for Vv=0.01 b) & d) G23 & E22 for Vv=0.04. a) b) Figure 72: Variation of G23 to the spatial distribution of voids a) Smaller voids (Rv=0.2Rf) and b) Bigger voids (Rv=0.3Rf). a) Voids in matrix rich zone b) Voids in fiber-rich zone c) The percentage of variation Figure 73: Reduction of elastic properties to voids in a) MRV & b)FRV zone and c) The percentage of variation in elastic properties in FRV to MRV. a) b) Figure 74: Reduction of stress transfer in RVE with a) Voids in the fiber-rich zone when compared to b) Voids in matrix rich zone.

Figure 75 :

 75 Figure 75: Comparison of analytical and FEM results for different void shapes a) Longitudinal elastic modulus, b) Transverse modulus, c) In-plane shear modulus, and d) Outof-plane shear modulus.

2

 2 𝑤(𝑝) is the window of the integration, which is defined by the parameter 𝑤 𝑟 . Window size 𝑤(𝑝): ∀{𝑥 1 , 𝑥 2 , 𝑥 3 } (|𝑥 1 -𝑝 1 | ≤ 𝑤 𝑟, |𝑥 2 -𝑝 2 | ≤ 𝑤 𝑟, |𝑥 3 -𝑝 3 | ≤ 𝑤 𝑟 ).

Figure 76 :

 76 Figure 76: Figure to explain the window of integration 𝒘(𝒑) and window size 𝒘 𝒓 .
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 7778 Figure 77: Statistical parameters of feature vector a) Histogram of the structural anisotropy and average gray value for the µCT data acquired on Twill-3D and b) Three-dimensional histogram of structural anisotropy, average gray value, and fiber orientation angle.

Figure 79 :

 79 Convergence study on elastic properties concerning voxel size.

  a), b). a) b) Maximum volume 42992.

Figure 82 :Figure 83 :

 8283 Size distribution of the inter-yarn voids in up and down-stream in a) Satin -3D, upstream, downstream, and b) Twill-3D, up-stream, and downstream. Aspect ratio distribution of the inter-yarn voids in up and down-stream in a) Satin -3D (up-stream, down-stream) and b) Twill-3D (up-stream and down-stream).

Figure 85 :

 85 Generated meso-structures with random voxel void generated by using MATLAB script: a) 0.01, b) 0.02, c) 0.03, d) 0.04, and e) 0.05 of inter-yarn void volume fraction, f) Voxel voids for the total void volume fraction of 0.05.

  case 1)  The void has reached the boundary of the mesostructure. (see Figure 87 case 2)

Figure 86 :

 86 Figure 86: 2D schematic representation of the increase in void radius to create artificial voids in the segmented voxel model.

Figure 87 :

 87 Figure 87: Schematic representation in 2D, the two different cases that can occur during the increment of the void radius.

ForFigure 88 :

 88 the case of simplicity, all the voids in this study have the same effective radius. Hence the number of void decreases proportionally to the reduction in total void volume fraction, such that the volume of each void remains constant. The mean void volume is 46 voxels. The microstructures containing spherical voids are presented in Figure 88. Microstructures containing spherical voids generated by MATLAB from a) 0.01, b) 0.02, c) 0.03, d) 0.04, and e) 0.05 of inter-yarn void volume fraction, f) Voxel voids for void volume fraction of 0.03.

Figure 89 Figure 89 :

 8989 b), c), d). Considering the average over five simulations the random voids come closer to the behavior of meso-model with spherical voids. Variation of elastic properties of Twill -3D textile reinforced composite concerning to the voids in the channel, only in the warp, only in the weft.

  .041 𝑉 𝑓𝑦 0.60±0.050 𝑉 𝑓𝑦 0.63±0.03 𝑉 𝑓𝑦 0.61±0.03 𝑉 𝑣𝑦 0.022±0.009 𝑉 𝑣𝑦 0.058±.0016 𝑉 𝑣𝑦 0.015±.004 𝑉 𝑣𝑦 0.030±.002 Figure 90: Microstructure for FE-simulation at microscale with the intra-yarn fiber volume fraction and intra-yarn void volume fraction.The resolution of the voxel model for upstream and downstream was (139 X 123 X 34) and (140 x 126 x 34) respectively and the resolution for each voxel model was 70.48 micrometers.

  𝑖𝑗 𝜀̅ 𝑖𝑗From the generalized Hooke's law the, relationship between the 𝜎 𝑖 and 𝜖 𝑗 can be given with help of a stiffness tensor 𝐶 ̅ 𝑖𝑗 . The axis system utilized to define the orientation of the material in microscale and mesoscale is presented in the following figure.MicroscaleMesoscale

  

  

  

  

Table 3 :

 3 Comparison of the different void characterization techniques.

		Archimedes	Matrix	Pixel counting	Acoustic
		principle	dissolution	(Microscopy/Micro-CT)	
	Type	Non-	Destructive Non-destructive	Non-
		destructive			destructive
	Void (size, shape,	No	No	Yes	Yes
	and distribution)				
	Scale	Macro	Macro	Macro/Meso/Micro	Macro/Meso
	Speed of test	Quick	Quick	Slow	Slow

Table 4 :

 4 Comparative study on the different analytical methods to predict the elastic properties of the textile reinforced composites.

	Ref. Architect	Method	Material Properties in GPa							
	ure		Comparison	E 11	E 22	E 33	G 12	G 13	G 23	v 12	v 13	v 23
	[98] Knitted	Bridging	Experiment	10.28	-	-	-	-	-	-	-	-
			Bridging	13.12	-	-	-	-	-	-	-	-
	[89] Woven	3SHM	FEM	40.20	33.07	7.78 2.75	2.97 2.19 0.058	0.463 0.506
		Iso-strain	3SHM	43.94	30.47	8.19 2.913	3.14 2.26 0.063	0.519 0.524
			Iso-strain	61.22	30.30	8.19 2.92	4.63 2.27 0.031	0.693 0.529

Table 5 :

 5 The deformation field of boundary conditions is schematically represented in Figure15. In a numerical solution, the macroscopic stress 𝜎 𝑖𝑗 (see Equation 2.7) and strain 𝜖 𝑖𝑗 (see Equation 2.8) for volume V can be expressed as the average over microscopic stress 𝜎 𝑖𝑗 and strain 𝜖 𝑖𝑗 on volume dV. KUBC's can be imposed as a Dirichlet boundary condition (𝑢 𝑖 = 𝜖 𝑖𝑗 𝑋 𝑗 ) applied directly on the boundary of the volume V. SUBC's can be imposed as the Neumann boundary condition 𝑡 𝑖 = 𝜎 𝑖𝑗 𝑛 𝑗 , where 𝑡 𝑖 is the applied traction and 𝑛 𝑗 is the normal representing surface on which traction is applied. PBC's can be applied to the structures with the in-plane periodicity like 2D woven composites with a small thickness. In computational homogenization, PBC can often be termed as micro fluctuation in opposite faces[START_REF] Kouznetsova | Computational homogenization for the multi-scale analysis of multiphase materials[END_REF]. Let 𝜖 𝑖𝑗 represents the average strain in the volume of RVE, 𝑢 𝑖 + and 𝑢 𝑖 -represents the displacement field on the opposite Remarks on boundary conditions.

	𝜎 𝑖𝑗 =	1 𝑉	𝑉 ∫ 𝜎 𝑖𝑗 𝑑𝑉	(2.7)

Boundary Conditions Remark KUBC's

In structures with one-dimensional periodicity RUC (In-plane strain). SUBC's Can be used in along with other boundary condition. PBC's Periodic structures.

MBC's

Good choice for the laminates with several layers.

Table 7 :

 7 Total fiber volume fraction in composites plates used in this study.

	,	VTF		Dimensions in mm
	injection pressure	Up-stream	Down-stream	
	Satin, 2.0 bar	0.34 ± 0.021	0.35 ± 0.011 270 × 270 × 2.4±0.2
	Twill, 1.0 bar	0.35 ± 0.015	0.36 ± 0.01	270 × 270 × 2.4±0.2
	2 nd Twill 0.5 bar 0.42 ± 0.012	0.42 ± 0.007 190 × 270 × 2.2±0.09
	1.0 bar 0.42 ± 0.019	0.42 ± 0.009 190 × 270 × 2.2±0.08
	1.5 bar 0.42 ± 0.009	0.42 ± 0.007 190 × 270 × 2.2±0.06

Table 10 :

 10 Variation of Young's modulus and strength in 3D textile composites with different reinforcement with respect to global void content, intra-yarn void content in warp and weft.

			𝜎	of VVT	Vvy warp	Vvy weft
	Trend	Increase	Increase	Increase	Decrease	Decrease
	Direction	Up to down Up to down Up to down Up to down Up to down
	Reinforcement					
	Satin	12.54 %	13.5%	23.1%	20.4%	12.35%
	Twill	14.04%	12.39%	27.5%	36.83	40.75%
	2nd Twill 1.5 Bar 10.4%	9.1%	19.05%	17.53%	31.89%

Table 11 :

 11 Process Comments Input 𝐶 𝑚 , 𝐶 𝑓 , 𝐶 𝑣 & 𝑣 𝑚 , 𝑣 𝑓 , 𝑣 𝑣 & 𝑆 𝑠 , 𝑆 𝑐 𝐶 𝑉𝑀 = 𝐶 𝑉 + 𝑉 𝑣 {(𝐶 𝑉 -𝐶 𝑀 )𝑇}[𝑉 𝑀 𝐼 + 𝑉 𝑉 {𝑇}] -1 Formulation for stepping Mori-Tanka scheme for yarn with cylindrical fibers and spherical voids.

	Voids are modeled as a
	material with zero stiffness.

Table 12 :

 12 Elastic properties of each phase. 𝐸 11 (Gpa) 𝐸 22 (Gpa) 𝑣 12 , 𝑣 13 𝑣 23 𝐺 12 , 𝐺 13 (Gpa) 𝐺 23 (Gpa)

			72		0.22	
	Epoxy [189]	3.3		0.375	
	Void [69]	10 -9		10 -9	
	Abaimov [189]	41.1	9.89	0.282	0.492 3.67	3.31
	Present work	41.1	9.89	0.282	0.492 3.67	3.31
	Table					

Table 15 .

 15 It was observed that the application of APBC does not affect homogenized properties.

	Mesh type-BC Periodic mesh-PBC	Non-Periodic mesh-APBC
	E11 (GPa)	44.47	44.46
	E22 (GPa)	12.05	12.047
	E33 (GPa)	12.061	12.057
	G12 (GPa)	4.184	4.185
	G13 (GPa)	4.180	4.181
	G23 (GPa)	3.985	3.986
	𝜗12	0.271	0.271
	𝜗13	0.272	0.272
	𝜗23	0.441	0.441

Table 15 :

 15 Validation of approximate periodic boundary condition with periodic boundary condition.

Table 16 :

 16 A comparison of numerical estimation and experimental results of elastic properties.

			44.7	1.96
	E33 = E22 (GPa)	12.90 12.7	1.55
	G23 (GPa)	4.66	4.5	3.55
	G12 = G13 (GPa) 4.85	-	-
	𝑣 12	0.28	0.29	3.44
	𝑣 23	0.42	-	

Table 17 :

 17 . It was observed that the segmentation with widow size smaller than 10 has a good convergence to the experimental fiber volume fraction and total void volume fraction. Variation of constituent volume fraction concerning voxel size.

		Voxel	Weft 𝑉 𝑓 Warp 𝑉 𝑓 Total 𝑉 𝑓	Inter-yarn-	Matrix 𝑉 𝑚
		size 𝜇m				void 𝑉 𝑣𝑚	
	Size-20	176.21	0.3048	0.3289	0.3833	0.03415	0.3322
	Size-15	132.16	0.3025	0.3207	0.3769	0.03325	0.3436
	Size-10	88.11	0.2974	0.3186	0.3726	0.03321	0.3508
	Size-8	70.49	0.2961	0.3138	0.3689	0.03286	0.3683
	Size-5	44.05	0.2960	0.3031	0.3671	0.03251	0.3684
	Experimental				0.36 ± 0.015		

Table 18 .

 18 

	Volume fractions	Warp	Weft	Inter-yarn voids Matrix	Fiber
	Twill	Upstream	0.2968	0.3031	0.0109	0.3893	0.359
		Downstream 0.2898	0.3015	0.0268	0.3819	0.354
	Satin	Upstream	0.2908	0.3398	0.0168	0.3526	0.363
		Downstream 0.2960	0.3031	0.0325	0.3684	0.367

Table 18 :

 18 Constituent volume fraction after segmentation in composites made of reinforcements satin-3D and Twill-3D.After the segmentation, the voxel model can be exported from VoxTex to ABAQUS in a .inp format. To create a .inp file for ABAQUS the material properties for each constituent (warp, weft, matrix, and voids) and the element type should be provided. The segmented voxel model can also be saved as a text file where every voxel is indexed. Later the segmented model is imported to MATLAB to analyze the size and aspect ratio of the inter-yarn voids.

  8 𝜇𝑚 3 Maximum volume 233993.6 𝜇𝑚 3

	Minimum volume	140.96 𝜇𝑚 3	Minimum volume	176.2 𝜇𝑚 3
	Average volume	9221.86 𝜇𝑚 3	Average volume	6549.0016 𝜇𝑚 3
	Mode	140.96 𝜇𝑚 3	Mode	267.824 𝜇𝑚 3
	c)		d)	
	Maximum volume 15717.04 𝜇𝑚 3	Maximum volume 259789.28 𝜇𝑚 3
	Minimum volume	126.864 𝜇𝑚 3	Minimum volume	140.96 𝜇𝑚 3
	Average volume	3224.46 𝜇𝑚 3	Average volume	12221.41 𝜇𝑚 3
	Mode	140.96 𝜇𝑚 3	Mode	281.92 𝜇𝑚 3

  𝐸 11 % 𝐸 22 % 𝐸 33 % 𝐺 12 % 𝐺 13 % 𝐺 23 % 𝑣 12 % 𝑣 13 % 𝑣 23 %

	Random	2.5	2.4	8.9	6.5	5.6	6.3	1.2	4.81	5.7
	Spherical	4.3	4.6	12.01	9.6	9.8	9.7	3.16	2.31	4.7
	Warp	6.1	7.5	6.9	5.9	6.4	4.9	1.7	1.7	3.3
	Weft	7.2	5.6	6.49	5.2	6.9	5.2	3.7	2.06	6.1
	Table									

Table 21 :

 21 Input for the yarn properties predicted by FE-homogenization, for up-stream and down-stream.

	Down-stream

  Now all the nine elastic constants for the orthotropic material can be calculated from the stiffness tensor as follows

	4)					5)		
									6)
		𝐶 44 =	𝜎 ̅ 4 𝛾̅ 4			𝐶 55 =	𝜎 ̅ 5 𝛾̅ 5	𝐶 66 =	𝜎 ̅ 6 𝛾̅ 6
	𝐸 11 = 𝐶 11 -	2 2𝐶 12 𝐶 22 + 𝐶 23				
	𝐸 22 = [𝐶 11 (𝐶 22 + 𝐶 23 ) -2𝐶 12 2 ]	𝐶 22 -𝐶 23 𝐶 11 𝐶 22 -𝐶 12	
	𝐸 33 = [𝐶 11 (𝐶 33 + 𝐶 23 ) -2𝐶 13 2 ]	𝐶 11 -𝐶 23 𝐶 33 𝐶 11 -𝐶 13	
	𝑣 12 =	𝐶 12 𝐶 22 + 𝐶 23					
	1) 𝑣 13 =	𝐶 13 𝐶 33 + 𝐶 23			2)			3)
	𝐶 11 = 𝜎 ̅ 1 𝜀̅ 1 𝐶 11 𝐶 23 -𝐶 12 𝐶 21 = 𝜎 ̅ 2 𝜀̅ 1 2 𝑣 23 = 2 𝐶 11 𝐶 22 -𝐶 12 𝐺 23 = 𝐶 44	𝐶 31 = 𝜎 ̅ 3 𝜀̅ 1	𝐶 12 = 𝜎 ̅ 1 𝜀̅ 2	𝐶 22 = 𝜎 ̅ 2 𝜀̅ 1	𝐶 32 = 𝜎 ̅ 3 𝜀̅ 1	𝐶 13 = 𝜎 ̅ 1 𝜀̅ 3	𝐶 23 = 𝜎 ̅ 2 𝜀̅ 3	𝐶 66 𝜎 ̅ 6 = 𝛾̅ 6
	𝐺 12 = 𝐶 55						
	𝐺 13 = 𝐶 66						

  From the above information the global void volume fraction (𝑉 𝑣 ) in the composite can be calculated by the following equation.

	1 -	(𝑚 2 -𝑚 3 ) (𝑚 2 -𝑚 1 )	× 100
	𝑀 𝑚 = 1 -𝑀 𝑓	
	𝑉 𝑣 = 1 -𝜌 𝑐 × (	𝑀 𝑚 𝜌 𝑚	+	𝑀 𝑓 𝜌 𝑓	)
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Based on the intra-yarn fiber volume fraction in warp (𝑉 𝑦𝑓-𝑤𝑎𝑟𝑝 ) and weft (𝑉 𝑦𝑓-𝑤𝑒𝑓𝑡 ) for composites measured from micrography observation as presented in Chapter-2. Thus, the total fiber volume fraction (𝑉 𝐹𝑇 ) can be calculated based on the rule of mixtures as presented in Equation 5.8.

𝑉 𝐹𝑇 = 𝑉 𝑤𝑎𝑟𝑝 𝑉 𝑦𝑓-𝑤𝑎𝑟𝑝 + 𝑉 𝑤𝑒𝑓𝑡 𝑉 𝑦𝑓-𝑤𝑒𝑓𝑡

(5.8)

Conclusions

In this chapter, we presented the structure tensor-based image segmentation method to generate the voxel model from the micro-CT data of textile composite with voids. The segmentation was performed using the VoxTex software. The results showed that the inter-yarn void volume fraction increased from upstream to downstream in the case of both Twill-3D textile composite and Satin-3D textile composite. The statistics of the void, such as void volume distribution and aspect ratio of the inter-yarn voids were measured by using the in-house developed MATLAB code. For Satin-3D, it was observed that the average inter-yarn void volume in down-stream was 1.41 times greater than in upstream and 3.79 times for Twill-3D. In Satin-3D and Twill-3D composites, the aspect ratio of voids in the downstream is 1.19 and 1.215 times larger than the voids in the upstream respectively. This shows that the increase of total void volume fraction in composite from upstream to downstream should be the direct contribution of the inter-yarn voids.

A parametric study was carried out to investigate the effect of the intra-yarn voids and interyarn voids on the elastic properties of the 3D textile composites. The observation on the results from FE-homogenization showed that the mechanical properties of the yarns play a determining role on the in-plane tensile properties of the composite. For a test case with voids only matrix, the total void volume fraction of 0.05 resulted in a 4.3 % reduction of Young's modulus in the direction of the warp (𝐸 22 ), whereas 5% inter-yarn void in warp and weft resulted in a 7.2 % and 6.9 % reduction respectively. However, the through-thickness tensile modulus and the shear modulus are more sensitive to the intra-yarn void content.

In the last section, we presented a complete FE-based multi-scale simulation to predict the elastic properties of the 3D textile composite. The predicted Young's modulus in the weft direction (𝐸 11 ) was validated with respect to the experimental result. The error between the prediction and experimental results was smaller than the experimental standard deviation. Hence, we propose that the FE-based multi-scale simulation can be effectively utilized to predict the elastic properties of the textile composite.

B: Burn-off test

Before carrying burn-off test a density test must be performed to determine the density of the composite specimen. In the literature there are two standards available to measure the density of solid objects, 1) Water Buoyancy Test (WBT) ASTM 0792 and 2) Density Gradient Technique (DGT) ASTM 01505. We use WBT to calculate ate the density of the specimen because it is easy to conduct. Steps followed in measuring the density of the composite specimen are described below.

This technique gives the measure of density by weighing material once in the air the (𝑚 𝑐𝑎 ) and other time in liquid (𝑚 𝑐𝑙 ). Any non-reactive liquid of known density (𝜌 𝑙 g/cm 3 ) can be used in the test. A laboratory balance with a sensitivity of ±0.0001g must be used in the experiment. Now the density of the composite (𝜌 𝑐 g/cm 3 ) is given as follows.

Burn off test follows ISO 1172:1996 and ASTM D2734-09 [START_REF]Standard Test Methods for Void Content of Reinforced Plastics[END_REF] standard, popularly known as the calcination test. This test applies to prepregs, molding compounds and laminates for calculation of constituent volume fraction.

Sampling:

The determination of constituent volume fraction shall be carried out in parallel in 3 tests and the average of the value is considered only if the deviation is less than 5%.

Preparation of specimen:

The minimum mass of the specimen must be 2-20 grams, the specimen must be free from moisture and surface porosity.

Apparatus required for the test:

 Balance with a least count of 0.1mg.  An aluminum crucible of suitable size.  Muffle furnace.  Desiccator.  Ventilated drying oven.

Process: Clean and measure the crucible, now place the crucible into the oven at 450 degrees C temperature for 10 min. Weight the empty crucibles after 10 min takes the crucible out and lets them cool to room temperature.

The dry weight of crucible: 𝑚 1 mg

Place the specimen in a crucible and keep them in the oven at 105° for 5 minutes to remove any moisture from the composite specimen. And now record the mass of the specimen along with crucible

The dry weight of crucible + specimen: 𝑚 2 mg

Place the crucible and specimen in the oven at [450°-500°] C for 4 hours. The matrix must degrade at such high temperatures leaving just fibers back in the crucible. Switch off the oven

C: Eshelby tensor for cylindrical and spherical inclusions

The Eshelby tensor for a geometrical inclusion with a cylindrical shape is presented below

The Eshelby tensor for a geometrical inclusion with a spherical shape is presented below

D: Microstructures that can be generated by modified NNA

Microstructures with different fiber volume fractions (V f ) from 0.30 to 0.80

Microstructures with different spatial distribution with fiber volume fraction of 0.40.

Homogeneous Random Clusters

High variation in fiber radius 

Abstract

The influence of the void type manufacturing defects on the mechanical properties of textile composites was investigated both by experimental characterization and by multiscale modeling. In particular, voids characteristics such as not only void volume fraction but also its size, shape, and distribution have been characterized for textile composites and their effect on the mechanical properties have been analyzed. Several textile composite plates were fabricated by the resin transfer molding (RTM) process where 3D interlock glass textile reinforcement was impregnated by epoxy resin under a constant injection pressure to generate different types of voids. A series of mechanical tests were performed to examine the dependency of tensile modulus and strength of composites on the total void volume fraction, intra & inter-yarn void volume fraction, and their geometrical characteristics. Microscopy observations were performed to obtain local information about fibers (diameter and distribution) and intra-yarn voids (radius, aspect ratio, and distribution). Based on these results, a novel algorithm was proposed to generate the statistically equivalent representative volume element (RVE) containing voids. Moreover, the effect of void morphology, diameter, and spatial distribution (homogeneous, random, and clustering) on the homogenized properties of the yarns was also investigated by the finite element method. X-ray micro-computed tomography was employed to extract the real meso-scale geometry and inter-yarn voids. Subsequently, this data was utilized to create a numerical model at meso-scale RVE and used to predict the elastic properties of composites containing voids. A parametric study using a multiscale numerical method was proposed to investigate the effect of each void characteristic, i.e. volume fraction, size, shape, distribution, and location on the elastic properties of composites. Thus, the proposed multiscale method allows establishing a correlation between the void defects at different scales and the mechanical properties of textile composites. 

Résumé