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Introduction

Since weight reduction has become a major objective for industries like the aeronautics or automotive industries, composite materials have been more commonly used for structural parts [START_REF] Marthes | The composites industry: plenty of opportunities in heterogeneous market[END_REF]. Therefore, the production of high-performance composites has been widely increasing in the high technology market in recent decades. As an example, the growth of carbon reinforced plastics is forecast to continue at around 10% per year until 2020 [START_REF] Holmes | Global carbon fibre market remains on upward trend[END_REF].
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In this context, textile processes have expanded greatly, thanks to their compatibility with highperformance composite reinforcement requirements, such as drapability and permeability for resin infiltration. In particular, the weaving process is commonly employed, due to the possibility of using technical fibres and manufacturing complex shape reinforcements [START_REF] Greb | 18: Fabrics for reinforcement of engineering composites[END_REF]. The standard weaving process permits 2D fabrics to be obtained for use in stratified composites. These composites are most frequently used because they are very regular and easy to produce, but they have a major drawback, which is delamination, for high-performance applications. Delamination is a consequence of the stratified structure and leads to an abrupt breakage [START_REF] Tong | Chapter 1 Introduction. 3D Fibre reinforced composites[END_REF][START_REF] Mouritz | Review of applications for advanced three-dimensional fiber textile composites[END_REF]. This weakness is a real barrier to mechanical property improvements. So-called 3D woven fabrics have shown an important potential to overcome delamination issues, which explains their growing development in recent years [START_REF] Ladani | Delamination toughening and healing performance of woven composites with hybrid z-fibre reinforcement[END_REF][START_REF] Gerlach | In-plane and through-thickness properties failure modes, damage and delamination in 3D woven carbon fibre composites sujected to impact loading[END_REF]. In fact, they are very thick fabrics, from some millimetres to several centimetres in thickness, and can therefore replace an assembly of several plies, in addition to which the thickness can be changed within a single piece.

The general principle of 3D woven fabrics is to produce in a single piece a multilayer structure by linking during weaving all or some woven layers with tows or binders in the third direction, corresponding to the thickness of the fabric. Thereby, binders globally hold the entire structure together by linking (through-thickness interlock) or joining several layers (layer-to-layer interlock) [START_REF] Boussu | General definition of 3D warp interlock fabric architecture[END_REF].

Depending on the zones in the piece, all the layers can be bound or only some of them. After weaving, the non-bound layers are cut, varying the thickness of the whole piece. For example, 3D woven reinforcements are used for LEAP © engine fan blades. Some experimental and modelling studies have addressed the impact of the woven structure at different scales on the reinforcement and composite mechanical properties. The influence of the weaving pattern [START_REF] Boussu | Interesting mechanical properties of 3D warp interlock fabrics[END_REF][START_REF] Dai | Influence of fibre architecture on the tensile, compressive and flexural behaviour of 3D woven composites[END_REF][START_REF] Durville | Determining the initial configuration and characterizing the mechanical properties of 3D angle-interlock fabrics using finite element simulation[END_REF], the yarn density [START_REF] Dahale | Effect of weave parameters on the mechanical properties of 3D woven glass composites[END_REF], and the forming ability [START_REF] Aridhi | Textile composite structural analysis taking into account the forming process[END_REF][START_REF] Guzman-Maldonado | Experimental and numerical analysis of wrinkling during forming of multi-layered textile composites[END_REF][START_REF] Boisse | Bending and wrinkling of composite fiber preforms and prepregs. A review and new developments in the draping simulations[END_REF] are highlighted and quantified. Some studies have compared the mechanical properties of 2D and 3D reinforced composites [START_REF] Hivet | A contribution to the analysis of the intrinsic shear behaviour of fabrics[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] Willems | Optical strain fields in shear and tensile testing of textile reinforcements[END_REF].

For example, Ding et al. investigated the dynamic mechanical properties of the fatigue behaviour of carbon/epoxy composites and concluded that 3D structures performed better than 2D [START_REF] Ding | Comparison of the fatigue behavior of 2-D and 3-D woven fabric reinforced composites[END_REF]. Mouritz et al. demonstrated that 3D woven composites have better mechanical properties than 2D reinforced composites in terms of ballistic damage resistance, impact tolerance resistance, tensile strain, and interlaminar fracture toughness [START_REF] Mouritz | Review of applications for advanced three-dimensional fiber textile composites[END_REF]. However, some studies showed that 3D reinforcements degrade the in-plane mechanical properties [START_REF] Mouritz | 6: Three-dimensional (3D) fibre reinforcements for composites[END_REF]. Despite those observations, the loss of in-plane properties due to 3D reinforcements is not extremely critical compared to delamination, which is considered as the most severe danger for the structural integrity of these composites [START_REF] Pagano | 13 -Delamination of Polymer Matrix Composites: Problems and Assessment[END_REF]. Around twenty testing standards are available for delamination evaluation, such as ISO 15114 and ASTM D6671. Many solutions have been explored to improve the delamination resistance of laminated composites, such as the use of toughening particles [START_REF] Bull | The influence of toughening-particles in CFRPs on low velocity impact damage resistance performance[END_REF] and nano-particles [START_REF] Tang | Interlaminar fracture toughness and CAI strength of fibre-reinforced composites with nanoparticles -A review[END_REF], electrospun nanofibers [START_REF] Beckermann | Mode I and Mode II interlaminar fracture toughness of composite laminates interleaved with electrospun nanofibre veils[END_REF], or fibre coating [START_REF] Wu | Interlaminar fracture toughness of carbon fibre/RTM6-2 composites toughened with thermoplastic-coated fabric reinforcement[END_REF].

There are many ways to weave 3D fabrics [START_REF] Gokarneshan | Weaving of 3D fabrics: A critical appreciation of the developments[END_REF][START_REF] Khokar | 3D fabric-forming processes: Distinguishing between 2D-weaving, 3Dweaving and an unspecified non-interlacing process[END_REF], but the easiest way is the 3D interlock process, which has the advantage of being produced on a conventional weaving loom with few modifications.

In this process, some warp tows are used as binders with interlace warp and weft tows to create an interlocked structure [START_REF] Wendling | Consistent geometrical modelling of interlock fabrics[END_REF]. However, 3D interlock fabric production needs to follow the evolution of the high-performance composite market. The production speeds must be increased without degrading product quality while keeping an acceptable cost-efficiency. The damage that occurs is due to the high shedding speed and warp rubbing against loom parts, which produces more damage [START_REF] Decrette | Motorized Jacquard technology for multilayer weaving damages study and reduction: Shed profile and close shed profile[END_REF]. In order to increase the cost-efficiency, machine stops must be reduced to cut the losses of time. Intervention sequences on the loom are overly long and too frequent [START_REF] Lee | Warp breaks detection in Jacquard weaving using MEMS: System development[END_REF]. Indeed, tows can be impacted by the weaving process, leading to tow fibrillation, which is the first precursor step to tow breakages or harsh damage in the long term weaving because of progressive tow wear. Both need machine stops for repairs and can reduce the fabric quality.

Therefore, some studies have focused on the impact of the process on the mechanical properties at tow scale [START_REF] Archer | The effect of 3D weaving and consolidation on carbon fiber tows, fabrics, and composites[END_REF][START_REF] Lee | Effect of weaving on the tensile properties of carbon fibre tows and woven composites[END_REF][START_REF] Lee | Effect of weaving damage on the tensile properties of three-dimensional woven composites[END_REF][START_REF] Lefebvre | Influence of high-performance yarns degradation inside three-dimensional warp interlock fabric[END_REF][START_REF] Rudov-Clark | Fibre damage in the manufacture of advanced three-dimensional woven composites[END_REF]. L. Lee et al. worked on the effect of the weaving process on the tensile properties of Eglass tows woven reinforcement composites [START_REF] Lee | Effect of weaving damage on the tensile properties of three-dimensional woven composites[END_REF]. No significant effect was noticed on the tensile stiffness of yarns, but a 30% decrease of the tensile strength of dry woven yarns was observed. This study also showed a 20% reduction of tensile strength for single glass yarn composites due to the weaving process. B. Lee et al. undertook a similar study with carbon fibre tows; they observed progressive hairiness at warp yarn surfaces during the process, and measured a 12% decrease in the tensile strength of dry yarns [START_REF] Lee | Effect of weaving on the tensile properties of carbon fibre tows and woven composites[END_REF]. In another study, Rudov-Clark et al. showed that binder tows are the most impacted and a 50% reduction in tensile strength was measured for glass binder tows [START_REF] Rudov-Clark | Fibre damage in the manufacture of advanced three-dimensional woven composites[END_REF].

Lefebvre et al. investigated the loss of mechanical properties on para-aramid warp and weft yarns [START_REF] Lefebvre | Influence of high-performance yarns degradation inside three-dimensional warp interlock fabric[END_REF].

The study showed that warp yarns are more impacted than weft yarns, and the interlock pattern also has an influence on the loss of properties. They measured a 20% loss for Young's modulus, 12% for breaking elongation and 10% for breaking tenacity.

In most of those studies, the authors suggested reducing the abrasion of the tows against loom elements. L. Lee et al. proposed covering loom machinery surfaces with a wear-resistant coating [START_REF] Lee | Effect of weaving damage on the tensile properties of three-dimensional woven composites[END_REF].

Although yarn-to-yarn friction is mentioned in some studies [START_REF] Lee | Effect of weaving on the tensile properties of carbon fibre tows and woven composites[END_REF], no publication has focused on the topic. Nevertheless, the presented studies drew no clear conclusions about the most damaging stage of the process for the warp tows. Only a few studies have investigated process monitoring and the impact of tows damage on process execution. McHugh [START_REF] Mchugh | The use of recent developments in conventional weaving & shedding technology to create one piece woven carbon preforms[END_REF] and later Decrette et al. [START_REF] Decrette | Motorized Jacquard technology for multilayer weaving damages study and reduction: Shed profile and close shed profile[END_REF][START_REF] Decrette | Jacquard UNIVAL 100 parameters study for high-density weaving optimization[END_REF] presented an optimisation strategy based on warp tow degradation events during a weaving process and proposed to reduce tow damage by adjusting the Jacquard UNIVAL 100 parameters. UNIVAL technology allows a precise control of yarn movement and shed geometry thanks to motorized heddles. In these studies, in addition to the optimisation of the weaving process with UNIVAL technology, the main issue is to understand the damage generation mechanisms during weaving. The studies focused on the shedding stage, where hairy surfaces, called "fibrillation", are observed to occur more frequently when the tow density is high. Fibrillation increases the fibre damage and needs to be reduced for process optimisation. In two other publications, J. Lee et al. presented work on weaving monitoring using MEMS for warp break detection [START_REF] Lee | Warp breaks detection in Jacquard weaving using MEMS: System development[END_REF][START_REF] Lee | Warp breaks detection in Jacquard weaving using MEMS: Effect of weave on break signals[END_REF]. Those works aimed to automatically detect warp breakage with a MEMS accelerometer mounted on the harness cords. The other technique for process monitoring presented in the literature is to use fibrous sensors [START_REF] Koncar | 4 -Structural health monitoring of processes related to composite manufacturing[END_REF]. Boussu et al. used a glass-based yarn with piezo-resistive coating for yarn elongation measurement at different positions during the weaving cycle. Shed opening and reed beat-up are the major causes of tow wear due to high tow-totow friction [START_REF] Boussu | Fibrous sensors to help the monitoring of weaving process. Smart textiles and their applications[END_REF]. This literature review highlights the lack of information about both 3D interlock weaving monitoring and studies about tow-to-tow friction. Tow-to-tow friction is a complex phenomenon involving many parameters that are difficult to evaluate without in-situ measurements. Another difficulty is how to choose or create sensors capable of measuring those parameters and to find a place for the measurement in a reduced space. In the present study, the tension and contact force between tows were chosen to characterize friction. This parameter is quite simple to measure during the process and can be compatible with future industrialisation. Tension alone is not enough to understand tow interactions; therefore, the contact force between neighbouring tows was also measured. This value is susceptible to evolution during weaving and can be correlated with tows interactions. As warp tows are those most impacted by the process, only these tows were studied in this paper.

The aim of this study is to contribute to 3D weaving process optimisation and monitoring. The approach is then to identify and understand the reasons and the conditions that lead to a poor weaving process, and to avoid these conditions in order to increase the production. This paper constitutes the first part of this approach: identification and understanding, regarding the evolution of warp yarn tension and contact forces during the weaving process. Specific experiments were created to induce different kinds of tow-to-tow interactions during weaving cycles. Tow tension was also analysed during this process to confirm its relevance as a good indicator for damage prediction.

Material and methods

2.1

Weaving loom instrumentation

Weaving loom

A sequential weaving loom fitted with a Jacquard machine shedding device was used. The shedding system is a Stäubli UNIVAL 100, which works with several individual motors, each of which drives a Jacquard string. Therefore, each motor is linked to one tow and controls its vertical motion and position by driving the harness cord movement. The harness is classified in 32 columns of 16 cords. A clear shed was chosen for an easier weft insertion. The minimum shedding amplitude in front of the harness is 70 mm and the maximum amplitude at the back of the harness in 150 mm.

Each tow passes through an eyelet linked to the harness cord. In this harness, the density is around 80 tows per cm. Weft density is 25 weft tows/cm with a 0.4 mm take-up. A 512-bobbin creel was used to

give each yarn the possibility to move independently and to be sure that the tension variation of one tow is the result of interactions involving this particular tow. An identical basis tension is individually set to 0.5 N for each bobbin by means of a compression spring. Yarns are regularly organised according to 64 columns and 8 rows in a 200x180 cm² surface after the creel and reduced to a 20x13 cm² area after the condensing plate. Thus, the punched plate ensures the warp arrangement geometry in the harness during weaving. The reed, a comb-like device, has a rectilinear movement which can be backward or forward according to weaving stage. The reed is composed of 32 spaces, of 1.3 mm width, in which16 tows from the same harness column were drawn in. Figure 1 presents a schematic representation of the weaving loom.

Weaving is a cyclic process that is composed of a number of steps. In this particular loom, those steps are sequential sequences corresponding to a single movement of one part of the machine. A complete weaving cycle is shown in Figure 2. More precisely, weft insertion stages involve the movement of the rapier through the shed formed between warp tows to grip the weft. Then the weft is pulled back and finally cut. In those steps belonging to the weft insertion process, only weft tows interact with loom elements. The beat-up stage consists of packing the weft tows tightly to the fabric. Shedding formation is when the harness is in motion; each tow can be raised or lowered to create a shed. Some tows can also stay in the same position. Movement of tows during shedding is linear and lasts 200 ms. After the reed returns to its initial position the rapier passes through the shed for the next insertion. The fabric take-up sequence consists of pulling the fabric forward to permit the insertion of another weft tow.

Tension measurement

Warp tow tension is an easily measurable parameter on a weaving loom, and possibly useful for process management. Furthermore, in industry, it could be compatible with the process without impacting the production rate and quality of the fabric. Tow tension is measured with a standard tension meter, Schmidt Control Instruments FS1-1000 (Waldkraiburg, Germany). This device works with three hard-coated aluminium rollers for a tension measurement range of 0-10 N. The sensor is placed between the harness back and the front of a warp condensing plate, which reduces the warp arrangement creel geometry to near-harness warp geometry. The objective was to be as far as possible from the harness in order to have the lowest influence of the device on the yarn angle during shedding.

This location has been verified to obtain the tension value of a single tow without any perturbation in the weaving process. Indeed, the sensor does not create new friction surfaces with other tows and changes the original path of the studied tow as little as possible. The tension meter and its location are presented in Figure 3.

The tension is measured continuously during the weaving cycle.

Contact force measurement

Tension measurement is not enough to understand tow interactions during a weaving process well.

The contact force between tows, i.e. normal and friction forces exerted by a tow on a neighbour during shedding, is an interesting parameter because it directly influences the friction force. It is due to the high density of warp tows inside the harness. Experimental weaving simulations and measurements have been made on laboratory devices [START_REF] Tourlonias | Experimental simulation of friction and wear of carbon yarns during the weaving process[END_REF], but it has never been measured yet in the industrial process. This force evolves during the process, but no device on the market is adapted for this kind of measurement. The value of this parameter was determined by a customised sensor created and developed specifically for this research study. This device is composed of a thin and narrow steel plate, referred to as the "blade", equipped with full bridge circuit strain gauges on both ends. The strain gauges detect a force from 0-1 N. Each end of the blade is fixed on a mount; in this way the signal is protected against the weaving loom vibrations. The sensor has been previously calibrated on a specifically developed set-up equipped with a force sensor LSB 200 2.5 N (Futek, CA-USA).

The equipment is placed between the harness cords and the rest position of the reed as shown in Figure 3. In this way, the sensor is in the closest location to the harness. Force values are calculated by fitting the two simultaneous strain gauges values, as depicted in the picture of the experimental installation in Figure 4. The shape of this device leads to a partial weaving process. Indeed, a part of the harness must stay motionless during the force measurement to avoid degradation of the device.

Acquisition device

The tension meter and strain gauges were linked to Pulse, an acquisition software by Brüel & Kjaer (Mennecy, France). For all measurements, the frequency of acquisition was 250 Hz because preliminary measurement showed that there is no additional information after this frequency. The Hanning window was chosen for the Fast Fourier Transformation (FFT) frequency analysis of the tension signal.

Tow material choice

Glass or carbon fibres could be used for the purpose of the study. However, the objective is to identify the cause of defects during weaving and it is not convenient to use carbon fibres because of their electrical conductivity. In fact, the semi-conductivity property of carbon fibres is a disadvantage for weaving as carbon fibre generation and spreading may cause major damage to electronic devices of the loom and around. Heavy protection equipment needs to be set up (machine cowling, filtered suction system) to avoid the risk of electrical short-circuits. Moreover glass fibres are more sensitive to friction. Therefore, improvements achieved with glass weaving will necessarily affect carbon weaving. For all these reasons, glass fibres were chosen, specifically E-CR glass epoxy-based sized tows (SE 1500 -T 30 from Owen Corning) of 600 tex (g/km) for both warp and weft yarns.

The study is focused on the interaction of 16 tows that belong to the same harness column. Glass tows were used, although carbon tows are more commonly used for aeronautic applications. Glass and carbon tows are both brittle and stiff, and these kinds of materials lead to weaving issues and damage.

Moreover, as explained in the literature review, the decrease of composite tensile strength due to tow damage on the weaving process is around 30% for glass fibres [START_REF] Lee | Effect of weaving damage on the tensile properties of three-dimensional woven composites[END_REF] and only 12% for carbon fibres [START_REF] Lee | Effect of weaving on the tensile properties of carbon fibre tows and woven composites[END_REF], which shows that glass tows are more impacted by the weaving process. Glass weaving also required fewer modifications to our loom than carbon, because of the non-conductive properties of glass. Carbon weaving involves protecting all the electric and electronic loom parts with over-pressure and vacuum systems. Choosing glass tows is a good compromise between the analysis of technical tows weaving processes and the setting up of loom instrumentation.

Type of crossings

A set of nine precise kinds of interaction or crossing were used. Three cases were investigated during this study in order to investigate different crossings and to determine their effects on the tow tension evolution with time. For each case, interactions between tows were generated and both tension and contact forces were measured. The interactions occurred between sixteen neighbouring tows of the same harness column.

Case I: a comparison of behaviours between a motionless tow and an in-motion tow. Tension and contact force evolutions are compared between the two crossings described in Figure 5. In this figure, the studied tow is represented by the black eyelet, and a black arrow symbolises the motion of the studied tow. The other tows are depicted by grey eyelets and the grey arrow represents the motion of all the other tows. The crossings are quite similar, but the studied tow is either in motion or motionless.

Case II: a comparison of behaviours between a raised tow and a lowered tow. Tension and force evolutions are compared between the two crossings described in Figure 6.

Case III: the impact of the crossing configuration. Tension and force evolutions are compared between several crossings, four of them described in Figure 7. The same colour code is used for arrows as in the figures for Cases I and II. In this case, all the tows are in motion and two groups of tows are crossing. The number of tows in each group changes at each crossing. The group to which the studied tow belongs is the reference for the denomination of the crossing.

High-speed camera

The sequential organisation of the weaving loom implies that only one machine element is working at a time, and rest times separate each sequence. Unfortunately, these are unknown and not editable but are essential to understanding the global machine timeline. A high-speed camera was used to define precisely all the machine movement and sequence durations. The camera used was a Photron Fastcam series SA4 (West Wycombe, UK) equipped with a 24-70 mm lens (Sigma, Japan) and two continuous

Fresnel projectors Lupolux LED 90W. The acquisitions were done with 1000 frames per second. The camera was synchronised with the DAQ system.

For this study it is imperative to know which step happens at what time. This information was used for tension evolution analysis and preliminary study. As only one element is in movement at a time, the decomposition can be done by picture analysis.

Results

Preliminary study

Tension measurements were performed on the studied tow using a test pattern of nine different weaving cycles. Figure 8 illustrates the results of tension measurements for five tests during a complete weaving test pattern cycle. The different curves gave similar values, so it makes sense to plot a mean tests curve in bold. Two areas were distinguished: i) one with a huge range of tension variation, and ii) one with a low amplitude of variation. To link these variations precisely to the process steps and loom element movements, the curves were compared to the high-speed camera acquisitions.

In the same way, the contact force was measured for five tests during a complete weaving pattern cycle (Figure 9). The test results present a little bit more dispersion compared to the tension experiments. This difference arises from the blade sensor device, which is more sensitive to loom vibrations. Despite this observation, the calculation of the mean force evolution curve in bold was acceptable. As for tension evolution, the comparison with the high-speed camera pictures was needed to link the machine movements and force variation in time.

A camera setting of 1000 frames per second was chosen, and the pictures were analysed to obtain the decomposition of the different weaving steps, as shown in Table 1. Based on the images, the tows and loom parts positions, movements and movement duration were measured in connection with the corresponding tension and forces measurements. The mean time, standard deviation and variation coefficient of the different step durations were calculated based on eleven cycles. The results show good repeatability for the machine movements. This timeline is reported on the tension and force curves.

Figure 10 shows the same results presented in Figure 8 overlaid with the high-speed camera decomposition. For tension evolution analysis, the high variation range corresponds to beat-up, shedding, and back reed movements. Low variation occurs during the weft insertion steps (Figure 2).

These results are consistent with the hypothesis that less fibre degradation occurs during weft insertion, and are in accordance with results presented by Boussu et al.'s study on weaving process monitoring [START_REF] Boussu | Fibrous sensors to help the monitoring of weaving process. Smart textiles and their applications[END_REF]. In their study, an E-glass yarn sensor was designed for dynamic elongation measurements and their results showed that the shedding formation and reed beat-up steps are the most damaging stages. Moreover, by focusing on the peak area, the difference between crossings is highlighted. Some tension peaks due to specific crossings are higher than others.

Using the same method, machine steps are compared to the contact force evolution. As for tension, peak variation of contact force occurs during the beat-up, shedding and reed back movements (Figure 9).

An enlargement of the peak area of the tension curve is presented in Figure 11. The tension peak occurred for each weaving cycle at the same step, which is shedding formation. During shedding motion, the harness cords drive the movement of all the warp tows. The warp tows can be raised, lowered or kept static, depending on the weave pattern used. This explains the difference between the maximum peaks values. From 0-0.110 s a reed movement occurred, and no significant tension variation was detected. A huge peak, between 0.200 s and 0.280 s, depending on the considered crossing, was a consequence of shedding, and variations at 0.430 s were linked to reed back movement. Small peaks are also observable, at 0.130 s and 0.520 s and might result from tow vibrations. The same results are obtained for contact force analysis of the peak areas.

Influence of type of crossing

The analyses of the three following cases focus only on the force and tension variations of the studied yarn during shedding formation according to the results of the preliminary study.

Case I: Influence of tow motion

In this case, the motion of the studied tow is analysed and the tension and contact force evolutions are shown in Figure 12. Only the mean curves of five tests have been reported for the two types of crossing, i.e. the studied tow is in motion or motionless.

For the tension evolution, the two curves are quite different; a peak around 0.25 s appears on the inmotion tow results, whereas no single sharp peak is observed on the motionless tow curve (Figure 12a). The maximum tension value is 1.28 ± 0.14 N for the in-motion tow and is 0.79 ± 0.09 N for the motionless tow. The initial tension of the tows was approximately 0.5 N/tow. Both crossings generate an elevation of tension during shedding, but when the tow linked to the tension meter is in motion, a sharp increase in the tension occurs during shedding. It is interesting to notice that, even if the tow stays at the same position, its tension is not constant.

The motion of the tow seems to have a noticeable impact on the tension, and the comparison of lowered and raised motion is analysed in Case II.

The contact force has also been examined; both crossings increase this force during shedding, as

shown in Figure 12b. The shape of the two curves is quite similar, but the in-motion tow gives a higher peak value. This value is 0.255 ± 0.08 N, whereas for the motionless tow the highest value is only 0.186 ± 0.02 N. The motion of the studied tow has a noticeable impact on the force and tension evolutions, creating a perceptible increase in those parameters.

Case II: Influence of raising or lowering tows

In this section, the influence of raising or lowering tows is analysed. The type of motion is compared between two crossings, as described previously in Section §2.3. The mean tension results curves and the mean contact force results are plotted in Figure 13.

In Figure 13a, the curves of tension evolution for both raising and lowering motion for the studied tow presented a sharp peak around 0.25 s. Clearly, raising has more impact on tension than lowering. For the raised tow, the maximum value is 2.33 ± 0.2 N, and for the lowered tow, the maximum is 0.987 ± 0.1 N. The initial tension was 0.5 N, so raising the tow has multiplied the tension value by 4.6, whereas lowering the tow induces a multiplication of only 1.9.

In Figure 13b, sharp peaks of contact force are obtained with the raised tow curve at approximately 0.25 s, but scarcely any clear peaks are seen on the lowered tow curve. The maximum value on the raised tow curve is 0.345 ± 0.010 N and the maximum on the lowered tow curve is 0.095 ± 0.008 N.

The maximum value of the lowered tow is 3.6 times smaller than the maximum value of the raised tow curve. As with tension, the force value is impacted differently according to the type of crossing.

Raising drastically increases the tension and force values and lowering slightly increases those parameters.

This difference between these two types of motion for both tension and contact force evolutions can be explained by the harness cord structure. Indeed, each harness cord was held by a motor on one end which drives the raising motion, and the other end is held by a spring (Figure 14). During the lowering motion, the motor released the cord tension drastically and the spring was loosened. This behaviour may be explained by the fact that the harness cord is very tight during raising and lower at lowering.

The tow-to-tow interaction could be impacted by the difference between the rigidity of the harness in the lowering and raising step. In fact, with high rigidity the damping of tension variation is lower than with low rigidity.

Case III: Influence of number of crossing tows

For Case III, only the mean maximum value of tension and contact force are represented in Figure 15.

The number of tows in the studied group has no clear impact on the tension value. First, as shown in

Case II, a clear difference appears between the raising and lowering motions, specifically for tension evolution. While raising, the tension is higher than 2.5 N for each configuration, whereas in the lowering case the tension is never above 1.4 N. The number of tows inside the group does not impact the maximum tension value of the studied tow. The tension is more sensitive to the type of motion than the number of tows in the group. In fact, no obvious evolution can be seen with the number of tows in the group.

The force results are quite different, as presented in Figure 15b. In this case, the number of tows in the studied group does not have an impact on the contact force value during a raising motion but influences the contact force value during a lowering motion. From 2-8 tows in the group, the force value is between 0.28-0.31 N for raising motion and has no impact. However, for lowering motion the contact force decreases from 2 to 8 tows in the group. Therefore, the type of motion impacts the results. This difference can be explained by the fact that when the studied group becomes bigger (from 6 tows) the proportion of lowered tows compared to raised tows in the harness column becomes high enough to decrease the contact force.

Tension is only affected by the motion of the studied tow, whereas contact force is affected by the motion of the studied tow and also by the motion of the neighbouring tows.

Tension signal spectral analysis

The frequency analysis was only done for the tension signal. In fact, the spectral analysis results of the contact force signal are not relevant, probably due to the measurement configuration. Indeed, as mentioned in Section §2.1.3, a part of the harness must stay motionless during the force measurement, inducing only small damage to the tows.
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For this study, a spectral analysis relative to the time of the tension was chosen. For each complete weaving cycle (Figure 2), an FFT spectrum was calculated from the tension signal; therefore, an autospectrum corresponds to one weaving cycle. Each spectrum was successively plotted in a timefrequency graph to see the evolution of FFT spectra according to the weft insertion number, i.e. the weaving cycle number. An analysis of a high number of insertions in a row was done.

A time-frequency graph of FFT spectra is presented in Figure 16 for 100 successive weaving cycles.

Some crossings can be distinguished from others, and the FFT spectra seem to be sensitive to tension elevation. Indeed, some cycles induced tow vibration at 12 Hz. This frequency is not the first natural mode of the tow, for which the frequency is between 15-32 Hz for a tow tension between 0.5-2 N according to Figure 8 and to the vibrating string formula:

= • (Eq. 1)
where f is the first natural mode frequency (Hz), L is the free length of the tow between the harness eyelet and the warp condensing plate (m), T is the tow tension (N) and µ is the mass per unit length (kg/m)

A study was done to analyse the vibration of a harness cord during the same weaving pattern and this frequency of 12 Hz was measured for several crossings (Figure 17). Therefore, the 12 Hz frequency is due to the system composed of the harness cord and the corresponding spring, with its length, stiffness and initial tension on the machine influenced by the yarn tension and shed geometry. The kind of crossings does not change this frequency but does change the peak amplitude.

The most interesting point in the tension spectrum analysis is that a specific weaving crossing gives three fundamental harmonic vibrations of 12 Hz, i.e. 24 Hz, 36 Hz, and 48 Hz. This crossing pattern corresponds to the raising of the tow moving alone against the 15 other tows. This crossing was determined as a combination of the worst cases: the studied tow is moving, its movement is a raising motion and the tow is alone in its group. The considered crossing pattern leads to a significant tension that excites the cord in some of its harmonic frequencies. This representation is in accordance with the results presented above, which are that the tension is dependent on the tow motion and crossing configuration.

Moreover, the evolution of the spectral power value has been studied relative to the number of weaving cycles. For each FTT spectrum, the spectral power can be calculated using the following equation:

= ∑ ² (Eq. 2)
where f is the frequency (Hz), Δf is the frequency bandwidth used (Hz), RMS(f) is the root mean square of tow tension at frequency f (N), and C is the coefficient corresponding to the Hanning window function used, in this case 1.5.

The evolution of spectral power according to the cycle number is plotted in Figure 18. The spectral power evolution is relevant in this case because the studied tow was broken during the test. This breakage occurred around cycle 180 and corresponds to a power drop on the curve. Before the tension falls, three areas can be distinguished. From 1 to 40 weft insertions, the power increased linearly.

From 41 to 140 weaving cycles, the spectral power stabilized around 0.7 N. From the 140 th insertion to tow breakage, a sharp increase occurred and led to complete tow breakage.

From our spectral power evolution, a theoretical profile, composed of three areas, can be proposed in Figure 19. The first is an increase corresponding to an initialisation leading to stabilisation of the value. The second part is the steady-state of spectral power when tows are not too damaged. The third part consists of a huge tension increase corresponding to a critical damaging zone for tows, leading quickly to breakage.

Discussion

Previous studies reported in the literature focus on observations of damage and broken fibres in the same locations as were studied in this paper [START_REF] Lee | Effect of weaving on the tensile properties of carbon fibre tows and woven composites[END_REF][START_REF] Lee | Effect of weaving damage on the tensile properties of three-dimensional woven composites[END_REF]. In [START_REF] Lee | Effect of weaving damage on the tensile properties of three-dimensional woven composites[END_REF], instances of damage are observed and collected for SEM analysis in the reed region, where debris results from all the previous stages. In [START_REF] Lee | Effect of weaving on the tensile properties of carbon fibre tows and woven composites[END_REF], the author separates the warp into two regions, a region corresponding to the warp tensioning system and the same region as is focussed on in this paper, i.e. from harness to reed. In these studies, the description of the damage during the weaving process focuses more specifically on tows, fabric and composites tensile testing for performance loss evaluation. On the contrary, this paper establishes a novel methodology for objective measurement of the effect of damage on the weaving process.

The results obtained in this study can be used to modify the weaving process. As was shown by the spectral analysis, an increase of tow tension is correlated with tow damage. Therefore, this tension must be carefully monitored during the weaving process.

During the weaving cycle, the maximum value of warp tow tension occurs during shedding formation, so this part must be optimised. This optimisation could be done by adjusting for each tow and considering the weaving pattern and the shedding formation parameters: amplitude, velocity and acceleration of displacement. These parameters can be adjusted on the UNIVAL 100 Jacquard machine, which is not the case for standard weaving machines. The harshest crossing configuration, in terms of tow tension and contact force, is during the raising motion, so these adjustments have to be particularly implemented for raising tows.

Moreover, from a contact force point of view and for this configuration of 16 tows per reed dent and harness column, it seems better to move several tows together, at least 6. It is beneficial to move several tows in the same group at the beginning of the shedding formation and to continue the raising motion with the right number of tows, which is smaller, according to the weave pattern.

In a global consideration, these methodologies can be employed for any weave architecture, as the ambition of this research is to focus on interactions and not particular weave patterns. They may also be representative of different loom set-ups. Nevertheless, adjustments can be applied more easily on sufficiently flexible shedding systems where the parameters can be changed, i.e. UNIVAL and E-shed technologies. The proposed approach has to be coupled with optimisation of the forming process in order to be more efficient.

Conclusion

In-situ measurements of tension and contact force during the weaving process correspond to several issues, such as evaluating tow-to-tow interactions, and contribute to process monitoring and optimisation. Experiments have been performed on 600 tex E-glass sized tows, which are impacted by the weaving process according to former studies. A tow tension measurement has been implemented and a specific device has been designed for contact force measurements between tows near the harness and validated by preliminary studies. The measurements showed that tension and contact force were sensitive to tow-to-tow interactions and were severely impacted by the tows crossings during shedding formation.

The tension is higher when the tow is in motion, moving against the neighbouring tows, than when the other tows crossed a motionless tow. Furthermore, a large difference was noticed between the raising and the lowering of tows, which could be due to the harness cord motion system. Further studies need to be conducted with a focus on the harness cords to confirm this hypothesis. Unlike tension, the contact force value is also dependent on the number of raised tows in a harness column during shedding.

Moreover, a spectral analysis of the tension signal was accomplished. The spectral power of each FFT spectrum corresponding to one weaving cycle was calculated and related to tow damage evolution. A correlation between tow damage and the spectral power of the tension signal demonstrates a high potential for use in process monitoring. Tension measurement and its spectral analysis may be employed as an indicator to reduce and anticipate tow breakages. A more precise study should be performed on the spectral power analysis, to determine the impact of tow material or sizing.

These results can be considered for weaving process optimisation, by adjusting the shedding formation in terms of amplitude, velocity and acceleration of tow displacement. Thereby, the scenario of tow movement might be optimised regarding tow damage reduction according to the chosen crossing pattern.

Both tension and contact force values can be used for tribological experiments to characterise tow-totow friction and wear. For example, the influence of velocity and acceleration could be studied relatively to tow properties (yarn count, i.e. mass per unit length, material, torsion and sizing), taking into account the weaving process strategy. 
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