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Abstract

:

During the manufacturing process, the fibrous materials used in composite reinforcements are subjected to many sources of damage that must be managed if the best possible quality is to be reached for the final product. More specifically, carbon fibers are subjected, during reinforcement manufacturing, to friction with mechanical components and with other tows and to excessive tensile loads due to specific configurations required by textile devices, which results in degradation that affects their mechanical properties and those of final products. While many studies have focused on carbon tow damage during the weaving process, roving quality control during the post-braiding steps, such as the rewinding or braiding processes, is less studied in the literature. In this study, an experimental approach was developed to quantify the damage inflicted on 12 K carbon tows during the rewinding and braiding processes using image analysis software. Based on these images, a damage criterion is defined to quantify the influence of the parameters associated with rewinding and braiding processes on degradation of carbon tows. During the rewinding stage, the influence of the process parameters on the degradation by friction of the tows was significant, but the properties (linear density and tenacity) of these carbon tows were little-modified. On the other hand, the great influence of the tension applied on tows on the inflicted damage was experimentally demonstrated, during both the rewinding and braiding steps, which may have resulted in a loss of tenacity of up to 27%.
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1. Introduction


Due to the advantages of the braiding process as a time- and cost-efficient manufacturing method that reduces carbon dioxide emissions and meets the growing demand for high-performance structures such as jet engine stator blades, fan blades, and shafts [1,2], braided composites are becoming more widely used for industrial applications.



Two-dimensional biaxial braids can be obtained by interweaving yarn around a mandrel using a maypole or radial braiding machines with different braid patterns; additional axial fibers can be introduced to produce triaxial-braided structures [3,4,5,6]. Considering the description of the braiding process, numerous studies have analytically linked the process parameters to the braid characteristics, such as the braiding angle or the cover factor [7,8,9]. The influence of these characteristics, the type of braids (biaxial or triaxial), and braid patterns on the mechanical properties of braided composites has been the subject of many works [6,9,10,11,12].



At the scale of braided composites, some applications based on carbon fibers are described in the literature. Wu et al. [13] experimentally and numerically studied the low-speed impact and axial compression behavior of composite tubes made from carbon braids, as a function of the number of layers. In investigating the axial crushing behavior of composite tubes reinforced by triaxial carbon braids, Mc Gregor et al. [14] showed the influence of the shape and dimensions of the section as well as the number of layers. Czichos et al. [15] investigated the influence of the parameters of the braiding process on the variability of parameters associated with biaxial carbon braids. C. Wang et al. [16] used image analysis (SEM, micro-CT) to explore the characteristics of the microstructure of composites made from carbon braids. Chai et al. [17] studied the damage evolution, using tomography, of biaxial-braided carbon composites during torsional loadings. These studies have shown that the braiding process must be controlled to minimize defects at composite and reinforcement scales, because braiding, as well as the weaving process, induces damage on yarn, which may result in a loss of tensile properties of carbon tows of up to 12% in the 3D weaving process, as shown by several authors [18,19,20,21].



For braiding, Ebel et al. [22] proposed a classification system to assess the level of damage to yarn, such as fiber breakage, damage to the surface or inside tows, and degradation of sizing, which modifies the cohesion of fibers. These types of damage increase when carbon fibers, which are brittle and easily broken, are used [15]. In response to these studies on the kinds of damage inflicted on carbon tows, modifications of braiding parameters to minimize this damage are also described, particularly during the braiding preparation steps. Y. Kyosev [23] described the importance of transferring yarn from storage bobbins to the yarn carriers and the regulation of tension during the steps of unwinding/winding, because all bobbins have to be wound with the same tension. Additionally, during the braiding process, the tension of tows must be kept equal for all carriers; if one carrier has a different tension, a spiral effect can occur, where the tows with a lower tension wind themselves around the others [23]. S. S. Roy et al. [24] studied these aspects in different parts during the braiding, such as the evolution of the tension in carbon tows between the carrier and braid fell point, as well as the influence of braid carrier tension on braid parameters (braiding angle or cover factor) and the effect of tow tension on the nesting effect between layers during over-braiding of carbon layers. These authors have shown that increasing the tension has an influence on the width of the tows, which may result in a decreased cover factor. A braid manufactured with higher tow tension exhibited better fabric consolidation, characterized by the percentage reduction of the braid thickness in the composite material.



Considering these state-of-the-art studies, we conducted an experimental study to analyze the damage inflicted on carbon tows during the steps of rewinding and braiding. The level of damage inflicted on carbon tows as a function of the set process parameters during these steps was analyzed with a damage criterion as defined using the image analysis method, alongside the evolution of textile properties (linear density, tenacity), relative to their initial values before braiding. The objective of this study was to optimize the process parameters to reduce material damage.




2. Materials and Methods


2.1. Carbon Tows


To study the degradation that occurs during the rewinding and braiding steps, 12 K carbon tows were used. Characterization of the textile and mechanical properties of these rovings was performed as follows. The thickness was measured using a thickness test bench, following the NF EN ISO 5084 standard [25]. The linear density was identified according to the NF G07-316 standard [26]. Tenacity and strain at break were characterized using an MTS Criterion Series 45 tensile test machine on five samples with a gauge length of 250 mm and a crosshead displacement rate of 10 mm/min, following the NF EN ISO 2062 standard [27]. These characteristics are given in Table 1, and were considered the reference properties for this material, which we compared with those obtained after the rewinding and braiding steps.




2.2. Rewinding Device


The degradation of carbon tows that occurs during the rewinding step was tested on a 2PVLU\220 Ratera® winding machine [28]. Two bobbins can be rewound simultaneously on this specific device. A potentiometer allows the user to control the speed at which the bobbin is rewound by increasing or decreasing the speed of rotation of the bobbin as well as the speed of displacement in putting the carbon tow on the bobbin. C. Cherif [29] showed that a low production speed may be more appropriate for brittle and fragile carbon-based products in order to minimize friction [30]. In this study, the influence of winding machine parameters on the degradation of carbon tows was investigated. Three parameters were considered: the speed used during rewinding and orientation (or placement) of the bobbin and angle (defining the position of the delivering bobbin) at which the tow is introduced into winding machine. For the orientation of the bobbin in relation to the winding machine, two configurations were considered. The concept of a winding machine is represented in Figure 1, with the two configurations of the bobbin orientation. When this bobbin is parallel to the axis of the winding machine, only the carbon tow is in a position to be unwound (configuration denoted as Parallel). If this bobbin is placed perpendicular to the axis of the winding machine, it then turns on itself to unwind the roving fed to the winding machine (configuration denoted as Perpendicular).



For the position of the delivering bobbin, two different angles were chosen. When the delivering bobbin is placed on the highest position of the creel, carbon tows enter into the winding machine at an angle of 32°, as shown in Figure 2a. In the lowest position of the creel, the carbon tows enter the winding machine at an angle of 20°, as shown in Figure 2b. The 32° angle is the highest value possible on this winding device, and will apply the most friction to the tows. The second position, associated with a lower angle (20°), is considered a more general rewinding configuration [23]. This position parameter was studied to analyze if the angle value applied during entry to the rewinding machine has a significant influence or not on the degradation of the tows.



For the applied speed used during rewinding, two configurations were considered: a low speed (configuration denoted as Low) and a high speed (configuration denoted as High). Following these different configurations, detailed in Table 2, an experiment was designed for the production of height samples. These samples are denoted, in the results section, with values used for each parameter. For example, the sample denoted as “32°-Low-Perpendicular” was rewound with an orientation perpendicular to the bobbin, with the delivering bobbin placed at the highest position at an angle of 32° on the creel and introduced at a low speed.



For each of these samples, the influence of these rewinding parameters on the degradation of carbon tows was analyzed. To complete the analysis, the tension applied to the tows during the rewinding process was monitored with a digital tensiometer placed after the entrance of the winding machine.




2.3. Braiding Process


Once the carbon tows were rewound, the bobbins could be placed on the braiding machine. A HERZOG radial braiding machine with a capacity of 144 spools (96 and 48 for bias and axial tows, respectively) was used in the GEMTEX laboratory (Figure 3). It has been described in previous works [31,32,33,34]. As explained in the Introduction, tension plays a key role in the degradation of carbon tows and has an influence on braid parameters.



During the braiding process, the tension applied to the tows is controlled by the springs positioned inside the spools. The tension control system is driven by these springs. Therefore, the stiffer the spring, the greater the tension applied to the tows, which will result in greater friction with the braiding machine’s components, such as the eyelets. During the manufacture of the braid via the interlacing of the tows, friction occurs between them. It is essential to keep the tows stretched during the braiding process to prevent any inhomogeneity in the braiding angle or cover factor. Using he right springs, which should apply enough tension to produce a regular braid without excessive damage to the tows, is essential in the braiding process. Two types of springs were tested in this study for the production of braid samples: one that provides a tension of 115 cN, and a stiffer one that applies a tension of 200 cN. This braiding machine can fit a wide range of springs, from 30 cN to 950 cN. Due to the brittle quality of the carbon tows, these springs (115 cN and 200 cN) were chosen as they provided enough tension to keep the carbon tows stretched while being stiff enough to prevent tow breaks, which would stop the braiding process. S. S. Roy et al. [24] selected springs from the same range (150 cN and 300 cN) to braid carbon tows. The influence of these types of springs on the damage inflicted was analyzed at two scales; the purpose of this work was to compare the degradation of the tows between the output of the bobbin and the braiding point, as shown in Figure 3. In this sample zone, damage comes from the friction between the tows and braiding machine components and the friction between tows during the interlacing. In this zone, carbon tows were extracted, and their properties were compared, depending on the spring used, to their initial properties (given in Table 1). The kinds of damage inflicted were also analyzed at the scale of braids. From the carbon tows, two biaxial circular braids (denoted as Braid 1 and Braid 2) were produced with the same braiding parameters, except for the type of spring used in the bobbins. For their production, the carrier rotational speed and production speed were chosen as constants, and a braiding angle of 45° was used. Biaxial braids were manufactured with 96 carbon tows [31]. Characteristics of these braids and braiding parameters are given in Table 3. At this scale, the influence of the type of springs used on the defects in and damage inflicted on the braids produced was analyzed.




2.4. Analysis of Damages


Several methods can be used to analyze the degradation of carbon tows during the different stages of textile processes. The most frequently used methods are those based on image analysis methods to quantify carbon tow damage, from filament breaks on the edges of the carbon tows due to weak degradation to more critical breaks to the breaking of all the tows in the most severe cases [30]. To quantify the degradation and to be able to compare samples, Ebel et al. [30] proposed a classification system divided into five levels, from 0, when the tow is free of any defect, to 5, which corresponds to a complete break of the tow. Visual analysis can be performed with microscopic observations, or with scanned photos of the samples, provided that the contrast and quality of each photo are identical for all samples. However, while these methods provide an assessment of the surface condition of the tow, little information is available on the cross-section of tows or the consequence of degradation for the mechanical properties of tows. Other tests can be performed, such as mechanical characterization to follow the evolution of these properties (tensile or abrasion tests [35,36,37]) as well as local measurements to highlight material loss [22]. However, these methods require extraction and handling of the samples, which can increase degradation and therefore modify the results.



In this study, the samples were analyzed via image analysis and with tensile tests. Each tow sample was scanned at a resolution of 600 ppx. The images were then imported into the image processing software ImageJ [38]. The analysis was based on the damaged and non-damaged areas of the tow where no filament was broken or misaligned. The areas considered were highlighted in red by the software. Adjustments could be made manually to be as accurate as possible. Once the areas were selected, the software translated the selected surface into a value corresponding to the number of pixels located in the zone. The ratio of the area of damaged surface to the total surface considered allowed us to define a percentage of degradation of the tow occurring during the rewinding and braiding processes. The steps of this approach are described in Figure 4.



First, validations of the degradation criteria were performed for samples used in the rewinding step experiments (Table 2). For each configuration, five samples were considered, and degradation criteria were computed as an average over the length of each sample, and then averaged on these five samples, following the approach described in Figure 4. To study the accuracy of the method, samples with different damage levels were considered, and are presented in Table 4. For the initial tows, before rewinding, and considered without damage, the value of degradation reached 1.4%, which may indicate the accuracy of the method. For samples with increasing damage levels, the degradation criterion follows this trend with increasing values.



Following these first tests, for each configuration of carbon tows (depending on the parameters of the rewinding step or type of springs used during the braiding step), the percentage of degradation was evaluated for three samples, following the method described (Figure 4). The linear density and tenacity of tows after rewinding were measured and compared to the initial values given by the reference properties (Table 1).





3. Results and Discussion


3.1. Degradation during the Rewinding Step


Following the designed experiment, as introduced previously (Table 2), Figure 5 shows the degradation criteria values, computed with Equation, for the height configurations, denoted with values of the three rewinding parameters used in this study.



Figure 5 shows that when the delivering bobbin was placed perpendicular to the axis of the winding machine (configuration in orange on the graph), a greater degradation was seen than when it was placed parallel to this axis (configuration in blue on the graph), regardless of the configurations of the speed or position parameters. In the parallel configuration, the delivering bobbin was aligned with the production axis. Therefore, the tows were free to unwind from the bobbin with no restriction. However, in the perpendicular configuration, the delivering bobbin had to roll in order to free the tows. Because the tows need to be transferred from the delivering bobbin to the receiving one, they were the ones driving the movement of the delivering bobbin. Therefore, the tows must be stretched and under tension during the rewinding process. The heavier the delivering bobbin is, the more tension is applied to the tows, increasing the rubbing of the tows against the guiding parts of the machine. This added friction results in a higher degradation percentage, in accordance with the observations made by Czichos [15] and the findings of several studies [18,19,20,21]. The highest position of the delivering bobbin (with an angle of 32°) seemed to increase the degradation of carbon tows, especially when this parameter was associated with a perpendicular orientation. Here, again, a higher angle value can be translated to higher stress for the carbon tows, and more friction where the angle is formed. The influence of rewinding speed (configurations: Low or High) seems to be low regardless of the other parameters.



To explain this phenomenon, tension loads applied to the tows were measured using the digital tensiometer, placed after the entrance of the winding machine, as shown in Figure 6a.



Figure 6a shows that when the delivering bobbin was placed perpendicular to the axis of the winding machine, the weight of the bobbin provided additional tension for the roving, which was significant compared to the tension values measured when the delivering bobbin was placed parallel to this axis. As shown previously for the degradation criteria, an angle of 32°, associated with the highest position of the delivering bobbin, increases tension on carbon tows. Figure 6b shows carbon tows with two extreme values of the studied parameters after the rewinding step. For samples with the configuration “32°-Low-Perpendicular”, which had a higher value of the damage criterion, as shown in Figure 5, and higher tension applied on carbon tows, as shown in Figure 6a, the damage was clearly visible compared to samples with the configuration “20°-Low-Parallel”. These results show the link between the tension applied on carbon tows and the degradation occurring during this rewinding step.



At the scale of tows, the level of damage was quantified with the measurement of the linear density and the tenacity at break of samples after rewinding. Figure 7a shows the comparison of the linear density of samples relative to the initial value before rewinding, as given in Table 1. The superposition on this curve (in black in Figure 7a) of the evolution of the degradation criterion shows a clear trend in the evolution of the linear density: the more the tows were damaged, the more the linear density decreased. For the most damaged samples, we observed a relative decrease of 6.3% in the yarn count. As shown in Figure 6b, the degradation of carbon tows took the form of filament breaks as well as surface fibrils due to friction, which indicates material loss and a decrease in the linear density of the tows. Figure 7b compares the tensile characteristics of the most damaged sample with that of the initial tows. We can deduce that the level of damage does not involve, at the tow scale, a significant decrease in mechanical properties.



These results show that during the rewinding step, the tension applied on carbon tows is a main factor affecting the degradation state of these tows. The damage was quantified using the definition of a degradation criterion, and mainly took the form of fibrils, fiber misalignments and fiber breaks, which can be consistent along the entire tow, but have little influence on the main properties of these tows, including the linear density and tenacity. On the other hand, this damage can increase during the following stages, in particular the braiding step.




3.2. Degradation during the Braiding Step


As presented in Section 2.3, two types of braids (Braid 1 and Braid 2) were manufactured with the braiding parameters given in Table 3, which differed in the springs used. Figure 8 shows the products obtained as well as the state of the carbon tows in the sampling area (defined Figure 3). We can clearly note a difference between the two products. Compared to Braid 1, for Braid 2, which was manufactured with stiffest springs, the carbon tows were under a higher tension and had more fibrils or misalignments of fibers (Figure 8b). The corresponding braid (Braid 2) was hairier, with a lot of fibrils on its surface (Figure 8a).



These visual observations were confirmed by the degradation of the carbon tows extracted from the sampling area (Figure 3), and quantified thanks to the criteria defined in the image analysis method detailed in Figure 4. The degradation criteria for carbon tows used in the production of both braids are given in Figure 9. These values showed 15% degradation when the stiffest springs were used (carbon tows of Braid 2), compared to 8% degradation with the less stiff springs (carbon tows of Braid 1). Results in Figure 9 show the same tendency observed in the rewinding step: a higher tension results in a higher degradation of the carbon tows. The values of the degradation criteria were quantitatively higher than those measured during the rewinding process (Figure 5). The influence of this degradation on the mechanical behavior of carbon tows was studied via the comparison of the tensile behavior of carbon tows extracted from the sampling area during the production of Braid 2 with that of the initial tows, as shown in Figure 10. Compared to the initial properties of the carbon tows before braiding, the degradation of carbon tows during the braiding stage affected their tensile properties. From these curves, parameters associated with these mechanical behaviors are compared in Table 5. This comparison shows a loss of properties equal to 17%, 30% and 27% for the strain at break, the load at break and the tenacity, respectively. These values are in accordance with the loss reported in several studies on the degradation of tows used in the winding process [19,20,21]. Compared to the influence of degradation on the mechanical behavior during the rewinding step (Figure 7b), these results show the significant influence of the level of damage during the braiding step.



These results show that the degradation initialized during the rewinding of the tows increased during the braiding step. The braiding process produces much more friction between tows than the rewinding stage. The angles at which the tows must pass through the braider’s winding system are very high, and the tension control system pushes the tows, resulting in additional damage in the friction zones. As illustrated in Figure 11, the degradation of the tows is associated with different types of defects, such as fiber clusters that are stuck in the eyelets of the bobbins, broken filaments that interlace the tows together, and, in some cases, the break of tows during braiding. These defects lead to production stops and a lower quality of the braid obtained.





4. Conclusions


The degradation of 12 K carbon tows occurring during two specific stages associated with the braiding process was investigated in this experimental work. To produce a braid, the first step is rewinding the bobbins before placing them on the braiding machine. Carbon tows are brittle; it is therefore essential to understand the influence of the process parameters of each of these steps, rewinding and braiding, on their textile and mechanical properties. As detailed in this paper and following works published in the literature, the levels of degradation were analyzed and quantified thanks to an image analysis method applied on carbon tows extracted after the rewinding step and during the braiding stage. Results obtained in this study show that damage inside these tows starts at the rewinding step but this degradation has a low influence on their textile and mechanical properties, such as the linear density and tenacity. During this rewinding step, an experiment based on the values of three specific rewinding parameters exhibited the main influence of the tension generated by these parameters and applied on tows during this step on the level of degradation. During the braiding step, the influence of the tension of tows on their degradation has been studied considering the type of spring used in the bobbins in the braiding machine. Two springs with different stiffness values were used, and levels of degradation of carbon tows extracted from a sampling area before the braiding point were quantified. The friction between tows in this zone increased the damage inflicted on tows in this step more so than the rewinding step. Depending on the type of springs used, a loss of tenacity of up to 27% may be seen compared to the initial properties of these carbon tows before braiding. Different types of defects in tows generated during the braiding step have been identified. The objective of this study was the control and the optimization of the process parameters of these steps to minimize the degradation of the carbon tows. Future work will focus, using static approaches, on the influence of a larger range of values of parameters of these manufacturing steps on the damage quantified using the degradation criterion.
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Figure 1. Scheme of the winding machine with configurations of the bobbin orientation. 
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Figure 2. Positions of the delivering bobbin: (a) high position (32°), (b) low position (20°). 
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Figure 3. Braiding machine (left) and sampling area (right). 
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Figure 4. Image analysis of damage and definition of degradation criteria. 
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Figure 5. Evolution of degradation criteria as a function of rewinding parameters. 
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Figure 6. (a) Tension during rewinding process; (b) pictures of carbon tows after rewinding. 
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Figure 7. (a) Linear density of samples before and after rewinding; (b) tensile characteristics of samples before and after rewinding. 
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Figure 8. Braid production: (a) braid appearance; (b) carbon tows in sampling area. 
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Figure 9. Degradation of carbon tows during the braiding step. 
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Figure 10. Tensile behavior of carbon tows before and during braiding with the stiffest springs. 
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Figure 11. Different types of defects that can occur during braiding process. 
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Table 1. Properties of 12 K carbon tows.






Table 1. Properties of 12 K carbon tows.





	Thickness (mm)
	2.5 ± 0.04



	Linear density (Tex)
	452.68 ± 1.25



	Tenacity (cN/Tex)
	136.9 ± 5.9



	Strain at break (%)
	1.96± 0.04
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Table 2. Design of rewinding experiment.






Table 2. Design of rewinding experiment.





	Parameters
	Level 1
	Level 2





	Orientation of the bobbin
	Perpendicular
	Parallel



	Rewinding speed
	Low
	High



	Position of the delivering bobbin
	32°
	20°
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Table 3. Braiding parameters and properties of carbon braids.
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	Parameters
	Braid 1
	Braid 2





	Tension of springs used (cN)
	115
	200



	Number of tows
	96
	96



	Type of braids
	biaxial
	biaxial



	Braiding angle (°)
	45
	45



	Carrier rotational speed (tr/min)
	90
	90



	Production speed (m/h)
	30
	30
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Table 4. Elementary tests to validate the method.
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	Sample Name
	Pictures of Samples
	Degradation





	Initial tows
	[image: Fibers 11 00030 i001]
	1.4%



	32–High–Parallel
	[image: Fibers 11 00030 i002]
	4.7%



	32–High–Perpendicular
	[image: Fibers 11 00030 i003]
	7.6%



	32–Low–Perpendicular
	[image: Fibers 11 00030 i004]
	10.1%
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Table 5. Tensile characteristics of carbon tows before and during braiding with the stiffest springs.






Table 5. Tensile characteristics of carbon tows before and during braiding with the stiffest springs.





	Parameters
	Before Braiding
	During Braiding





	Strain at break (%)
	1.93 ± 0.04
	1.61 ± 0.03



	Load at break (N)
	584.74 ± 26.51
	409.08 ± 62.42



	Tenacity at break (cN/Tex)
	131.40 ± 5.96
	96.03 ± 14.65
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