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Abstract. This work proposes to analyse the different aspects that should be taken into account from the fibre extraction
from plants to the forming process to achieve correct part forming. The study will focus in a first extent on the impact of
the textile operations leading to the yarn manufacturing. The properties of the flax fabric will then be associated to its
behaviour during experimental forming and related to the possible appearance of defects such as tow buckling and
solutions to prevent its appearance is widely discussed.

1 INTRODUCTION

Natural fibres have long been considered as potential reinforcing materials or fillers in thermoplastic or
thermoset composites. Numerous studies deal with the subject [1-6]. Natural fibres are particularly interesting
because they are renewable, have low density and exhibit high specific mechanical properties. They also show non-
abrasiveness during processing, and more importantly biodegradability. A large amount of work has been devoted to
identify the tensile behaviour of individual fibres or group of few fibres of different nature and origin [7-10].
However, few studies deal with the subject of the mechanical behaviour of fibre assemblies and particularly analyse
the deformability of these structures.

Specific high performance reinforcements are required to manufacture structural or semi-structural biocomposite
parts especially for the automotive industry. New flax and comingled flax/bioplastic reinforcements have been
elaborated in this goal. If large panels have been realised with a good success, the feasibility to manufacture
complex shapes part using a sheet forming process [11] especially with natural fibre based reinforcements without
defect is still a challenge. Previous studies [12-13] demonstrated that complex shape parts could be achieved by
using specifically prepared fabrics, with particular process parameters.

However, this requires that specific care all along the different operations leading to the part manufacture due to
the use of finite length natural fibres is taken into account. It is also necessary when using agro-based material to
reduce the impact of the part manufacturing in comparison to synthetic technology. The energy consumption for the
production of yarn should be kept low, and the possible fabric treatments should have a minimum impact on the
environment. As a consequence, the manufacturing processes need to be adapted and optimised to reach this goal.

Moreover, it is also important when considering the manufacturing processes to maximise the mechanical
potential of the vegetal fibres. This means that it is important to minimize the length reduction of fibres or the



appearance of defects such as dislocations or kink bands during the fiber extraction and the yarn preparation. To
manufacture high performance composite parts, it is necessary to organize and to align the fibers. As a consequence,
aligned fibers architectures such as unidirectional sheets, non-crimped fabrics and woven fabrics (bidirectional) are
usually used as reinforcement.

In the Liquid Composite Molding (LCM) family, the Resin Transfer Moulding, (RTM) process has received a
large attention in the literature [14] and particularly the second stage of the process dealing with the injection of
resin in preformed dry shapes and the permeability of the reinforcements [15-16]. The first stage of this process
consists in forming dry reinforcements. In case of specific double curved shapes, woven fabrics are generally used to
allow in plane strain necessary for forming without dissociation of the tows.

The modification of the tow orientation and local variations of fibre volume fraction have a significant impact on
the resin impregnation step as the local permeabilities (in-plane and transverse) of the reinforcement may be affected
[17-18]. In the most severe cases, the ply of fabric can wrinkle or lose contact with the mould, hence severely
reducing the quality of the finished product [19]. Another defect called tow buckling has also been reported for flax
woven fabrics [20-21]. As the quality of the preform is of vital importance for the final properties of the composite
parts, it is important when forming of complex shape is considered to prevent the appearance of such defects.

Several experimental devices have been set up to investigate the deformation modes and the possible occurrence
of defects during forming of textile reinforcements. Hemispherical punch and die systems were particularly studied
because the shape is rather simple, it is doubled curved and because it leads to large shear angles between the tows
[23-25]. In this paper, an experimental device is presented to form severe shapes. As an example, tetrahedron
geometry is considered as it is much more difficult to form than hemispherical shapes especially if the radiuses of
curvature are small.

This paper therefore proposes to analyze the feasibility of forming the mentioned complex shape with natural
fibers based woven fabric reinforcements. A special attention is given on the defects that may appear during the
different steps leading to the formation of textile structures and then during the complex forming of woven fabrics.
The tow buckling defect is particularly discussed and a discussion upon the way to prevent their appearance is
presented.

2 EXPERIMENTAL PROCEDURES

A Laroche (France) Cadette 1000 “All Fibre” extraction equipment located in the AGROMAT plateform
(Tarbes, France), the technological transfer hall of Laboratoire de Chimie Agro-industrielle, was used to separate the
different vegetal fractions from all the oleaginous flax straw batches considered in this work. The device was used to
investigate the effect of the fibre extraction step on the morphological and mechanical properties of the fibres.

The different steps leading to the production of a yarn were also investigated. This involves different textile
operations such as carding, drawing and yarn manufacturing such as spinning for example.

A device specifically designed to analyze the local strains during the forming of reinforcement fabrics [26] is
presented on Figure 1.a.
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FIGURE 1: (a) Description of the device. (b) Tetrahedron punch. (c) Flax fabric (d) Flax tow.

The mechanical part consists of a punch/open die couple and a classical blank holder system. The die is open to
allow the measurement of the local strains during the process with the cameras associated to marks tracking
technique. The motion of the punch is given by a piloted electric jack. Nine independent blank holders associated to
pneumatic jacks can be activated under the woven flat fabric. Dimensions, positions, and specifically variable
pressure on each of these blank holders can be easily changed to investigate their influence on the quality of the final
preform. This device has been developed to preform different shapes. Severe double curved shapes containing faces,
edges and triple points at the intersection of the edge are considered. The tetrahedron punch used in this work is
presented on figurel.b.3

RESULTS

3.1 Fiber Extraction and Yarn Manufacturing

During a study conducted on flax stems, it was showed that different process parameters can be of importance
when considering the fiber extraction. Particularly, it was showed that it is important to avoid the multiplication of
extraction operations and that the level of moisture of the straw was a key parameter to extract the fibers with a
minimum amount of defects and also to keep the fiber bundle length as long as possible.

On the same study, it was also investigated if the textile operations leading to the yarn manufacturing could
affect the properties of the individual flax fibers. Carding is a relatively aggressive process that may affect if the
process parameters are not well set up the fiber properties. By using a good set of process parameters in a good
environment (temperature and humidity), one can globally avoid the loss of physical and mechanical properties. The
effect of the drawing operation as well as the yarn manufacturing was also investigated and it was showed that in the
conditions of our study that the properties of the individual fibers as well as the fiber bundles were not globally
affected by these textile operations.

Even if yarn defects such as losses of fiber density [27] may take place during the textile manufacturing or textile
forming, this defect can globally be in a large manner prevented by using yarns which possess sufficiently high
enough mechanical properties. As a consequence, the rest of the study will more concentrate on the defects that may
take place during the complex forming of fabrics manufactured from selected flat yarns.

3.2 Materials Properties and Global Preform Analysis

The flax fabric (Figure 1.c) used in this study is a plain weave fabric which areal weight is of about 260 g/m?
manufactured by the Groupe Depestele (France). The fabric is not balanced. This fabric is constituted of continuous



tows (figure 1.d). Generally, when natural fibres are considered, twisted yarns are elaborated to increase its tensile
properties. Indeed, as discussed by Goutianos et al. [28] sufficient tensile properties of the yarns are necessary for
these ones to be considered for textile manufacturing or for processes such as pultrusion or filament windi ng. In this
study, the flax tows used to elaborate the plain weave fabric are un-twisted and exhibit a rectangular shape. The
fibers or groups of fibers are slightly entangled to provide a minimum rigidity to the tows. This geometry has been
chosen as it generates low bending stiffness tows, therefore limiting the crimp effect in the fabric and therefore
limiting empty zones between tows. It has also been chosen because fabric manufactured from highly twisted yarns
exhibit low permeability preventing or partially preventing the use of processes from the LCM (Liquid Composite
Moulding) family. Un-twisted tows have also been chosen because manufactured composites display better
mechanical properties than composites made with twisted yarns [29].

At the local scale, an analysis of the shear angles [20] of the studied face shows that the values are relatively
homogeneous and below the locking angle. It has also been shown that buckles defects may take place during the
process [21].

An initial square specimen of the flax fabric is positioned with six blank holders placed on specific places around
the tetrahedron punch. On each of them a pressure of two bar is applied. The maximum depth of the punch is 160
mm. At the end of the forming process, an epoxy resin spray is applied to the preform so that the sha pe is fixed in
its deformed state.

An initial square specimen of the flax fabric is positioned with six blank holders placed on specific places around
the tetrahedron punch. On each of them a pressure of one bar is applied. The maximum depth of the punch is 150
mm. At the end of the forming process, an epoxy resin spray is applied to the preform so that the shape is fixed in its
deformed state. The preform in its final state is presented in Figure 2.a. At the scale of the preform the obtained
shape is in good agreement with the expected tetrahedron punch. The fabric is not un-weaved on faces or edges.
Some wrinkles appear (Fig.2.a) at the surrounding of the useful part of the preform.
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FIGURE 2: (a) Preform and Wrinkles. (b) Zoom on buckles. (c¢) Position of buckles. (d) tow orientation

The position and the size of these wrinkles depend on the blank holder position and on the pressure they apply on
the fabric. The process parameters (number and position of blank holders, choice of the punch, etc...) and the initial
positioning of the fabric have a significant influence on the final shape. These aspects will be presented in future
works. At the local scale, it is possible to analyze during the process the evolution of the shear angle between tows



and the longitudinal strain along the tows. During the forming stage, the woven textile is submitted to biaxial tensile
deformation, in plane shear deformation, transverse compaction and out-of-plane bending deformations. If all these
components can be significant, the feasibility to obtain the expected shape is largely dependent on the in-plane shear
behavior. On the formed tetrahedron faces, values of the measured shear angle are relatively homogeneous [20].
These values do not reach the locking angle above which defects such as wrinkles appear.

3.3 Buckles Defect

At the preform scale, buckles or tow buckling (Figure 2.b) appears on faces and on one edge of the formed
tetrahedron shape. These buckles zones converge to the triple point (top of the tetrahedron) from the bottom of the
shape (Figure 2.c) depending on the initial orientation of the fabric. Due to this defect the thickness of the preform is
not homogeneous. The height of some of the buckles can reach 3 mm near the triple point. Due to this thickness in-
homogeneity generated by these buckles, the preform could not be accepted for composite part manufacturing.

At the fabric scale, the buckles are the consequence of out of plane bending of the tows perpendicular to those
passing by the triple point. The tows passing by the triple point (vertical ones) are relatively tight. On the contrary,
the tows perpendicular to the one passing by the triple point are not tight, and the size of the buckles depends on
those tows tension. In this zone, there is no homogeneity of the tensile deformation. This is illustrated by the
orientation of the tows perpendicular to the one passing by the triple point on both sides of the buckle zone (drawn
figure 2.d). These

tows are curved instead of being straight, and this phenomenon is probably at the origin of the buckles.

To investigate the appearance of the defects, two initial positioning of the fabric have been tested. These
positions are shown in Figures 3 and 4.

Figure 3 shows that in the case of the orientation 0°, buckles only appear on edge 1 and on the middle of face 3.
No buckles are observed on faces 1 and 2.
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FIGURE 3: Localization of the buckle zone for initial fabric orientation of 0°

As the bending of the tows perpendicular to the ones passing by the triple point is the mechanisms supposed to
be at the origin of the buckling defect, measurements of the bending angles on each faces has been carried out.
Results are presented in Table 1:

TABLE 1: Bending angle of the horizontal tows measured on the buckle zone orientation 0°

Face number 1 2 3

Bending angle 138+5 136+4 146+4
©)




Table 1 shows that the bending angles are globally situated in the same range of values. The bending angles on
faces 1 and 2 are slightly more pronounced than the one measured on Face 3. Similar investigations were carried out
for orientation 90°. Figure 4 shows that in this case of study that the buckles can be observed in faces 1 and 2 only.
For the orientation 90°, no buckles are observed on face 3 and on edge 1 as it was the case for orientation 0°.

Caméca D
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FIGURE 4: Localisation of the buckle zone for initial fabric orientation of 90°

The bending angles of the tows exhibiting buckling on the 3 faces of the shape were also measured. The
values are reported in Table 2:

TABLE 2: Bending angle of the horizontal tows measured on the buckle zone orientation 90°

Face number 1 2 3
Bending angle 138 141 143
)

For orientation 90° the measured bending angles are situated in the same range of values as the ones
measured for the 3 face for orientation 0°. As a consequence, the bending of the tows (Figure 1d) is not responsible
for the changes of the buckle zone location for the 2 tested orientations. The initial reinforcement orientation seems
to be crucial. As a consequence, bending is not a sufficient criterion to predict the appearance of the buckles.

3.4 Solutions to Prevent Defects

3.4.1 Solutions based on the design of specific fabrics

The reinforcement considered in this study is not balanced. The tows, used in the warp and the weft directions
are similar. However, a space between the weft tows (about the width of a tow) is observed on the fabric whereas
this space is not present between the warp tows. As buckles only appear on bending zones where the weft tows are
vertical, (face 3 and edge 1 orientation 0° and face 1 and face 2 orientation 90°) one can conclude that the
architecture of the reinforcement is a key parameter conditioning the appearance of the buckles. When the warp
tows are vertical (without any space between them) the buckles do not appear even though the horizontal tows
exhibit the same amount of bending. This suggests that the presence of the space between the weft tows is one of the
parameter that controls the appearance of the buckles. As a consequence one can expect that a balanced woven
fabric with no space between the warp and the weft tows should not show the appearance of buckles. This



hypothesis was tested on a new reinforcement especially manufactured by Groupe Depestele to prevent the
appearance of the buckles. This reinforcement is a balanced plain weave fabric also manufactured from flat
untwisted tows. Figure 5 show that the hypothesis is verified as no buckles are observed when the tetrahedron shape
is formed with the same processing conditions.

FIGURE 5: (a ) Forming of a balanced plain weave fabric. (b) plain weave architecture

3.4.2 Solutions based on the processing parameters

Solutions to prevent the appearance of tow buckles by using a specifically designed fabric such as the one
presented in Figure 5 may not be convenient for forming every geometries, as other defects such as membrane
wrinkling may happen. As a consequence, it would be very much interesting to investigate solutions based on the
optimization of the forming process parameters. In a previous work [12] it was shown that the size of the tow buckle
may be reduced by choosing the right blank holder pressure, without getting rid of them. In the same work it was
argued that the design of the blank holders was not completely suitable for buckle suppression.

In this work, specially designed blank holders were designed to apply specific pressure to the fabric at the right
position. Both the tow buckles and the excessive tensile strain in tows are localized in zones close to the tows
passing by the top of the tetrahedron. In this zone, the vertical tows passing by the triple point are too tight in the
three faces and on the edge opposed to Face 3. The perpendicular tows may show the presence of tow buckles partly
resulting of the bending in their plane of tows and also probably because of a too low tension of these tows. The
basis of the new blank holder generation therefore consists in reducing pressure in the vertical tows and to increase
the tension of the horizontal ones. A schematic diagram of the blank holder is presented in Figure 6. Instead of the 6
initial blank holders (Figure 2.a), the new blank holder generation consist of 4 blank holders with specific
geometries. The blank holders impose tensions to the membrane and particularly to the bent tows exhibiting tow
buckles. Between the 4 blank holders, empty zones have been left to release the tension of the tows showing too
high tensile strains. It can be noted that small blank holders could be used to fill up the spaces and impose a local
pressure to this zone if necessary.



FIGURE 6: Blank holders’ designs.

A twill weave fabric exhibiting large tow buckles when using the first set of blank holders Figure 7a was used.
The same twill weave fabric was used to investigate the possible suppression of the tow buckles by using the ne w
designed blank holders.

Figure 7 shows the difference between forming with the first set of blank holders and forming with the specially
designed blank holders.

a: Non optimised ' ||b: optimised process
process parameters parameters

FIGURE 7: Influence of processing parameters on tow buckling

Figure 7 shows that the tow buckles can be suppressed by designing specific blank holder with optimized applied
pressures for the twill weave fabric. A similar statement can also be made for the non-balanced plain weave fabric
studied in this work. This is shown on Figure 8.



FIGURE 8 : Un-balanced plain weave fabric without tow buckles
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4 CONCLUSIONS

This work demonstrates that it is now possible to prevent the appearance of defects at the fibre level during the
preliminary preparation steps (from the fibre extraction to the yarn manufacturing) as well as during the forming of
natural fibre based fabrics. Defects such as tow buckles can be prevented by optimizing the process parameters. It is
therefore not necessary to specially optimize the fabric to prevent this defect. As a consequence, a wide range of
reinforcements with different architectures can be considered when forming complex shapes such as a tetrahedron.
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