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Abstract
The formability behavior of triaxial braids made by carbon fibers is firstly analysed in this paper. To conveniently present the characteristics, the fabrics produced by Flax/PA12 yarns are put forward as the contrast. Defects including interlayer sliding, misalignment and buckling can reprensent the formability behavior. The interlayer sliding of axial yarns and bias yarns in non-useful zone shows the two situations depended on the intial braided angle and noncentral formation for bias yarns. By contrast, the Flax/PA12 fabrics after formation displays the draw-in phenomenon in non-useful zone. Interlayer sliding of axial yarns in useful presents a relatively larger extent than bias yarns. Interlayer sliding of bias yarns is also responsible for misalignment occurred by axial yarns that drives the axial yarns along tranversal direction. Because of small friction between carbon fibers, the wrinkle is not observed and buckling is slight near shape border compared to Flax/PA12 fabrics.
1.
Introduction
In aeronautic and automobile industries, most of composites parts are produced by using resin transfer moulding (RTM) or Liquid Composites Manufacturing [1,2]. As the first step of these two principle advanced composite manufacturing processes, the preforming stage is quite important as the final shape. Braided fabrics are widely used as textile reinforcement, which includes two forms, biaxial and triaxial braids. For braided structure, the braided angle is the most important control parameter in the braiding process, as shown in Fig.1 [3]. After cutting and opening, the braids can be used as two-dimensional reinforcements. Recently, the formation of textile reinforcements plays an important role in advanced composites manufactured by LCM. The formation of continuous fiber reinforcements can be performed at room temperature. This “cool” forming stage is well controlled and more economical compared to thermoforming. However, control of the process parameters may be difficult and it can lead to forming defects such as wrinkling, bulking, misalignment and fiber fracture [4–6]. These defects developed in preforming stage cannot be removed in the following steps (consolidation and cooling steps). It will lead to a negative influence on the performance of final composite part. In order to optimize the forming conditions and improve the control of the forming defects, it is necessary to manage the formability behavior of the reinforcements. 
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Figure 1. Structure diagram of biaxial and triaxial braids
Many studies have focused on the formability behavior and discussed the defects not only on the carbon and glass fibers reinforced textile composite preforming on hemispherical shape for woven fabric, non-crimp fabrics [7–10], 3Dinterlock [11] or weft-knitted fabric[7], but also on double-dome shape [12–14], eccentric cone [15], tetrahedral shape and square box [16–20]. On the contrary, few studies are carried out about the braided fabrics formation, in particular the triaxial braids. Hence, this study focuses on the carbon fibers reinforce triaxial braided fabrics forming to explore the forming behaviors, which determine the defects during formation. To conveniently analyze the defects mechanism, the Flax/PA12 commingled yarn braided reinforcement, which is biaxial braid, is put forward as a contrast.  
2.
Material and methods 
As presented previously, the two reinforcements are made by flax and carbon fibers, respectively. The length of flax fiber is 50mm and the helicoidal yarn around the main commingled structure is made of PA12 fibers. The triaxial braided reinforcement is produced by continuous carbon fibers. The fabrics (as shown in Fig.2) are cut and opened by the braids made by overbraiding process. It must be carefull during the cutting and opening steps since the modification of braid angle is week [21]. The characteristics of Flax/PA12 braided fabrics and carbon triaxial fabrics are shown in Table 1, respectively. 
Table 1. Properties of two fabrics .

	Parameters
	Flax/PA12
	Carbon

	Yarns
	500tex
	792tex

	Area density (g/m2)
	376 ± 5
	510 ± 5

	Thickness (mm)

Braid angle (°)

Number of yarns per cm
	2.06
35

4.2
	2.37
55

3.9


The specific preforming device shown in Fig.3 permits to analyze the formability during the double-courved shape manufacturing with a given textile reinforcement in different conditions (punch shape, position and pressure of blank-holder). The tested fabric is placed between the blank-holder, apply an adjustable pressure on the four corners of the fabric. To understand the preforming behavior of biaxial and triaxial braided reinforcements during the manufacturing, a hemispherical shape is chosen to perform and analyzed. The surface dimensions of the Flax/PA12 used in these experimental analyses is 155×155 mm2 and the carbon triaxial fabrics are 280×280 mm2. The total experimental parameters are shown in Table 2. Each blank-holder pressure parameter should be performed three times in order to insure the results are reliable indeed.  
Table 2. The main parameters of the hemispherical preforming .

	Parameters
	Value

	Textile structure
	Biaxial and triaxial fabrics

	Stemping speed (mm/s)
	45

	Diameter of hemispherical punnch (mm)

Blank-holder pressure (MPa)
	50

0.05/0.1/0.2/0.3
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Figure 2. Structure diagram of triaxial (a) and biaxial braids (b)
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Figure 3. Structure diagram of biaxial and triaxial braids
3.
Results and discussion 

In general, the defects can be clearly seen at Fig.4, which are characterized by misalignment, interlayer sliding and slight buckling. The interlayer sliding in non-useful zone, which is profied by the white line, can be depicted as symmetrical pattern along both axial and transversal directions. Besides, the local fiber volume fraction of shape border has an increment along the transversal direction. By contrast, the shape border along the axial direction does not appear this phenomenon.  Comparatively, the Flax/PA12 fabrics present draw-in phenomenon rather than interlayer sliding because of higher friction between flax yarns. Be same to carbon triaxial braids, the increment of local fiber fraction also occurs along same direction. However, the buckling is more obvious at Flax/PA12 fabrics.
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                             (a) Triaxial                                                                   (b) Biaxial 
Figure 4. The deformed zones after preforming
In the useful shape (hemisphere shape), the interlayer sliding is the main defect can be observed, especially the distance between axial yarns along transversal direction is regular and small around top surface of hemisphere shape. Closing to the shape border, the distance between interlayer sliding of axial yarns becomes bigger. This is attributed to out-plane bending that generates the shear force along the tangent direction of shape surface. The shear force becomes more important to slide the axial yarns along the transversal direction as closing to shape border. Comparatively, the bias yarns do not show such extent of sliding as axial yarns in respect that they have stricter degree of freedom along axial direction. Hence, the displacement between bias yarns is relatively small within the tolerable range. Additionally, interlayer sliding is also seriously related to the blank-holder pressure that the extent of sliding becomes larger as increasing blank-holder pressure. Thus, the blank-holder pressure should be selected smaller as far as possible considering the sliding defect at useful zone.
Although the interlayer sliding phenomenon clearly seen at useless zones, which could be not necessary to considerate, it is need to know this phenomenon because it is heavily associated with quality of useful zone. Interlayer sliding shows the almost symmetrical profile along axial and transversal directions as shown in Fig. 4, but its phenomena are different along the two directions. In axial direction, only axial yarns shrink to form interlayer sliding that is not clearly observed but still can be profiled as semicircle that the maximum shrink of axial yarns traverse the center of hemisphere, and along the transversal direction, the shrink decreased gradually. The diameter of this semicircle is approximately equal to hemisphere shape. Besides, the distance between shrunk axial yarns is constant. It is mainly caused by tension along the axial direction during shape forming, which can be explained that both ends of axial yarns sustain the axial tension due to out-plane bending at useful zone, leading to axial yarns shrink. Furthermore, the carbon fiber is relatively smooth so that friction between yarns is relatively small during the yarns shrink. Particularly for axial yarns, they have more degree of freedom than biaxial yarns to move along axial direction according to braiding process. Hence, the wrinkle and buckling as previously discussed are not observed. The slight buckling, as shown in Fig. 5, only can be seen nearly at border of shape and it disappears as increasing the blank-holder pressure. 
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                              (a) Triaxial                                                                   (b) Biaxial 
Figure 5. Defects noted in useful zone and non-useful zone
At the transversal direction, the interlayer sliding is characterized by other appearance. Overall, the interlayer sliding occurred by bias yarns at the transversal direction shows the regular and symmetrical profile. However, the difference of interlayer sliding between axial and bias yarns is that the interlayer sliding by bias yarns is performed by one end of yarns, another end of yarns do not shrink. From analysis in the Fig. 4, it is seen that the maximum interlayer sliding on the left corresponds to non-shrunk zone yarns on the right in the same bias yarns. It is mainly resulted by the case that the formation does not occur at the center of the bias yarns, generating the unbalanced tension. On the other hand, interlayer sliding by bias yarns is also related to braiding angle, which determines the location of sliding zone along the transversal direction. Therefore, the influence of initial braiding angle on the interlayer sliding need to be further studied and explored in order to find out the intrinsic connection.
The misalignment of axial yarns is also observed near the shape border and symmetrical along axial direction in Fig. 5. Due to the braiding method, the axial yarns would be moved by shear force along the transversal direction because of strict degree of freedom under the bias yarns shrink, which further increase the local fiber volume fraction. Comparatively, the misalignment does not occur along the axial direction. On the one hand, the friction between yarns during the formation is little so that the bias yarns do not become closer as shown in flax fabrics. On the other hand, the axial yarns have more degree of freedom along axial direction that movement of axial yarns is relatively smooth without driving bias yarns. Hence, the misalignment does not occur along axial direction.
4.
Conclusion 

The triaxial braided reinforcements as the important prepegs are crucial to manufacture the advanced composites parts. During the preforming process, the defects determined by formability behavior strongly influence the performance of the final composites parts. Hence, this paper discusses the formability behavior of triaxial braids and investigates the defects mechanism. During the hemispherical shape forming, the defects including misalignment, interlayer sliding and slight buckling for carbon triaxial fabrics, which is a little different from the biaxial fabrics made by Flax/PA12 yarns. The draw-in phenomenon shown in Flax/PA12 fabrics cannot be seen in carbon triaxial fabrics instead of interlayer sliding at non-useful zones. This is attributed to lower friction between carbon yarns that could not drive the other yarns to develop the draw-in phenomenon. The interlayer sliding shows the symmetrical profile but the axial and bias yarns present different situations. Both ends of axial yarns shrink to develop the interlayer sliding. However, only the one end of the bias yarns shrinks. The interlayer sliding also occurs at useful zone (hemisphere shape) that axial yarns have larger extent than bias yarns. The misalignment of axial yarns can be seen at nearly shape border because of shear force which could drive axial yarns along transversal direction, leading to an increment in local fiber fraction. Nearly the same location, the buckling is observed slightly rather than heavily compared to Flax/PA12 fabrics due to lower friction between carbon yarns. Further work will focus on the influence of different initial braided angle on the defects formation behaviors. 
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