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Abstract.

Forming complex shape composite parts with a good production rate/cost ratio is of particular
importance for the automotive industry. The sheet forming of woven reinforcements is a promising
technique especially if complex shapes with singularities such as case corners can be obtained. Due
to the more and more important recycling needs, the use of flax fibre based reinforcements may be
considered for structural or semi-structural parts. During the sheet forming of a tetrahedron shape,
the tows constituting the architecture of the reinforcement material are submitted to tensile strains.
When using glass or carbon fibre tows, strains to failure are generally not reached. When flax based
fabrics are considered, the failure/degradation strength of the tows constituting the fabric may be
reached. Even if no apparent failure is visible when observing the tows during forming, the strains
measured by a mark tracking method indicate that the degradation limit of particular tows of the
preform has been reached. This could lead to local lack of fibre density and to possible zones of
weakness for the composite part. As a consequence, it is essential to improve the tensile
performances of the tows constituting the fabric without losing their good impregnation

characteristics and good ability to reach high mechanical properties for the composite part.
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1 Introduction

Plant fibres, extensively explored as an environmentally friendly alternative to traditional glass fibre
reinforcement, are characterised by lower density (1.5 g/cm?® [1] for flax fibres) than glass fibres
(2.6 g/cm®). Moreover, they may be low cost and intrinsically biodegradable. Additional advantages
of the use of natural fibres in composites are their renewability, biodegradability, non-toxicity, good
insulation properties, low machine wear, etc [2-3]. Of course, the use of such fibres for the
production of composite materials should be considered so that a constant quality of fibres is
reached and in such a way that food production is not affected by their growth.

For the above positive reasons, a very large amount of work [1,4-7] has been devoted to analyze the
tensile behaviour of individual fibres or group of few fibres of different nature and origin and has
shown that the specific mechanical properties of natural fibres would be very comparable to those
of glass fibres. This is particularly the case for the specific tensile modulus and strength of flax
fibres. All these potentialities make natural fibres particularly suitable as glass fibre substitutes for
applications in the automotive industry and this could lead, for the same part performance to an
overall weight reduction of the composite [8].

All these studies, at the fibre scale, are justified by the fact that the natural fibres may show
important variability in their mechanical properties. This is particularly the case when tensile
strength and modulus are considered, because an apparent diameter is generally considered instead
of a true cross-sectional area in the calculation of mechanical properties [9]. The mechanical
properties of the fibres may also depend on the age of the plant, the geographical and climatic
growth conditions, the harvesting method, the retting and the combing technique etc....[8], on the
contrary of synthetic fibres. The variability of these mechanical properties, the compatibility
between matrix and natural fibre and the moisture absorption [10] are the principal disadvantages
which may prevent natural fibre composites from large-scale production [11]. As a consequence,
review articles synthesise at the fibre scale the properties of the most widely considered natural

fibres such as flax, hemp, jute, sisal, kenaf etc...[3, 12-14]. These review articles are particularly



important as they enable to compare the properties of different fibres while considering the
variability parameter.

An alternative way to avoid the consideration of the fibre properties variability is to characterise the
material at the scale of the composite part made from natural fibres and polymeric resin [15-19].
The fibres generally in the form of reinforcement semi products (randomly arranged fibre mats,
woven fabrics, non-crimped fabric, etc...) are mixed with polymeric resin during an impregnation
process and composite samples may be extracted to perform mechanical tests. At this scale, a
homogenised behaviour, depending on the used process and the used process parameters can be
identified. Studies at the composite scale also enable to focus on the life cycle assessment of the
part and on the complete energetic record linked to the use of the natural fibres [20-21].
Dissanayake et al. [22-23] analysed the energy used in the production of flax fibres for the
reinforcement of composites. They showed, in the case of traditional production of flax mats, with
the use of synthetic fertilizers and pesticides associated to traditional fibre extraction such as dew
retting and hackling, that the energy consumption linked to the production of a flax mat is
comparable to the energy consumed during the production of a glass mat. They also concluded that
the spinning of fibres for the production of yarns typically used for the production of woven fabrics
is an energy intensive operation. In that case, the glass woven fabric may appear superior to a flax
woven fabric if one consider an environmental energy viewpoint. They also recommended
designing new architectures of woven fabrics from aligned fibres tows, as it is the case for the
reinforcement studied in this work, instead of spun yarn.

Between the two scales, (individual fibre, composite) few studies, according to our knowledge, deal
with the mechanical behaviour of natural fibre assemblies such as strands, tows and dry
reinforcement fabrics on the contrary to the numerous studies dealing with the subject for synthetic
materials. Indeed, for structural application in the automotive or aeronautical industries numerous

publications [24-27] study the mechanical characteristics and the deformability of carbon or glass



reinforcements in conjunction to the manufacturing process. These studies concern the scale of
tows, (fibre assemblies) and the scale of reinforcements (tow assemblies).

It has to be noticed that in the case of natural fibres, the fibre alignment technologies to elaborate
tows from fibres, as well as the weaving technologies used to manufacture fabrics from tows are not
described in the literature because each manufacturer uses its own parameters.

From aeronautical applications studies, generally for carbon/glass reinforcements, several
publications [24, 25, 28] show that during the manufacturing process the dry reinforcements may be
subjected to complex deformation. This is particularly the case when complex forming is
considered. As an example, the first step of the Resin Transfer Moulding (RTM) process [29]
consists in forming dry reinforcements. During forming, tension, compression, shear, bending,
....deformations take place in the fabric. Deformations can also be coupled (tension and shear for
example [25]).

These studies are carried out to anticipate the appearance of defects during the forming stage and to
investigate the processability limits of a fabric especially when complex shapes linked to high
mechanical resistance requirements are considered. It has to be noted that the preforming defects,
as any modification of the deformation state, may modify the fabric permeability and as a
consequence influence the impregnation stage [29-34] if one consider Liquid Composite Moulding
(LCM) processes and particularly the RTM process. The preforming defect may also affect the
quality of the final composite part [35-37]. Some of the preforming defects such as wrinkling, may
be the result of limit behaviour in a given deformation mode. The limit behaviour for each
considered deformation mode can be identified for a given reinforcement independently of the
process by in plane tests such as uniaxial and biaxial tension, in plane shear test [24-26] and by out
of plane tests such as flexure [27] or compaction [38-40]. As an example, the wrinkle defects are
generally associated to an in-plane shear limit angle above which they appear. The shear behaviour

can be determined using specific shear tests such as the bias or the picture frame tests [25, 26, 41].



Analysis of the strains taking place during the process may be evaluated in situ [41]. Up to now, the
mechanical behaviours of the tows and fabrics have been mostly conducted on glass or carbon
assemblies [24, 25, 27]. In this study, it is proposed to analyse the forming potentialities of a flax
fibre based fabric, in the case of the sheet forming process associated to deformability studies at the
scale of the tows and the fabric. This study particularly focuses on tension measurements taking
place during the forming process on the contrary of the majority of the previous work that mostly
deal with shear deformation. Indeed, the tows constituting the woven studied fabric are elaborated
using fibres of limited length and therefore may be subject to partial failure at the origin of possible
weaknesses in the composite part.

In this experimental study a sheet forming device associated to in situ stereo optical deformation
measurement system is firstly briefly presented. This device originally developed in collaboration
with EADS Company is particularly interesting because it enables for a given shape to determine
and quantify the mechanical deformations taking place during the sheet forming process.
Associated to the in situ measured strains, a specific device to analyse the tow or fabric behaviour in
uni and bi-axial tension is presented. The results focussing on the tensile behaviour of tows during
the forming process are then presented and put into relation to individual tension characterisation of

tows in the fabric.

2 Experimental procedures

2.1 Preforming device for dry reinforcement
When using fabrics manufactured from untwisted tows to preform complex shapes, it is essential to
investigate the presence of defects of any kind (fibre or tow damage, wrinkles, buckles, un-weaving
...etc) which may lead to a significant decrease of the composite performance, the good

homogeneity of local fibre density and the state of deformation of the woven reinforcement because



it modifies the permeability of the fabric and consequently the resin flow during the injection step
[29-32].

A specific device was developed in collaboration with EADS Company (Figure 1.a) to investigate
the sheet forming of textile reinforcements. It is composed of a punch/open-die couple which
enables to obtain different double curvature shapes. The device is built so that any pair of punch/die
can be adapted. The die is fixed and opened in order to measure and analyse the behaviour of the
preform during the preforming stage [43]. The movement of the punch is conferred by an electric

jack. In this study, a tetrahedron punch (Figure 1.b) was used.

To avoid wrinkling defects during the preforming tests it is possible to introduce tension in the tows
by a classical multi-part blank holder. It is composed of independent blank holders actuated by
pneumatic jacks that enable to impose and sensor independently a variable pressure. At the end of
the preforming test, global analysis (dimensions, defects etc..) can be performed on the final state of
the perform before removing it from the tool. The preform can be fixed by applying a spray of resin
on its surface so that the preform can be removed from the tools and kept in its final state.

On complement and associated to these global information at the scale of the preform, it is
important to measure local quantities such as the membranous positions, the orientations of the tows
but also the 3D strains of the fabric. In this intention, the device is equipped by 3D Digital Image
Correlation system which is a noncontact measurement method [44-46]. Two numerical cameras
are located at the top of the device. They can be positioned as a function of the specific zone of the
fabric that has to be analyzed. For the computation of the displacement field, marks tracking
technique is used [47]. A speckle pattern needs to be applied on the fabric surface before the test by
using white painting for dark fabrics and black painting for clear fabrics. A special care is given to
this preparation because markers must be as circular as possible and their diameter lower than the
width of the tows in order to avoid their deterioration during the test and thus disturb measurement
[47]. The three space co-ordinates and thus the displacement field of these markers can be

computed, using the marker tracking software Deftac 3D [48], from each digital image taken during



the process and from the image captured at the reference state. With this 3D displacement field the

membranous strains can be easily computed.

2.2 Biaxial tension device
A biaxial tension device associated to specific test samples (Figure 2) has also been used to
characterise the tensile behaviour of the considered flax fabric. Particularly, non-linearity of the
load deformation curve due to 2D assembly of the woven reinforcement should be investigated as
well as the tensile limit behaviour of the fabric using this device. The tensile strains for each
considered tows are measured using a 2D version of the mark tracking device described in the
previous section. It has to be noted that this device can also be used to perform uniaxial test as well
as mechanical tests on individual tows. The detailed description of the device as well as the

procedure of the test may be found in [49].

2.3 Tested material

The flax fabric (Figure 3.a) used in this study, is a plain weave fabric with an areal weight of
280419 g/m?, manufactured by Groupe Depestele (France). The fabric is not balanced, as the space
between the weft tows (1.59+ 0.09 mm) is different to the one between the warp tows (0.26+ 0.03
mm). The width of the warp and the weft tows are respectively 2.53+0.12 mm and 3.25+0.04 mm.
As a consequence, there are 360 warp tows and 206 weft tows per metre of fabric. The linear mass
of the warp and the weft tows is the same and is equal to 494+17 g/km. The tows are constituted by
globally aligned groups of fibres. The length of these groups of fibres varies between 40 to 600 mm
with a maximum occurrence taking place at 80 mm.

This fabric is constituted of continuous rectangular untwisted tows (Figure 3.b) to avoid the
presence of vacancies close to the crimp areas and to favour its impregnability. This reinforcement
was originally developed to manufacture large panels with low curvature and was therefore not

optimised for complex shape forming.



3 Results

3.1 Global preform analysis

In previous studies dealing with the subject of fabric forming, spherical and hemispherical preforms
were particularly studied because the shape is rather simple, it is doubled curved and because it
leads to large shear angles between the tows [50-52]. To analyse the feasibility and the
deformability in severe cases such as the ones taking place in real semi structural automotive parts,
a tetrahedron punch with very small radiuses of curvature is chosen to investigate the possibility of
using sheet forming to generate geometries possessing for examples triple curvature points. The
maximum depth of the punch is 160 mm. For the test, an initial square specimen of the flax fabric is
positioned with six blank holders placed specifically around the tetrahedron punch. On each of them
a pressure of two bars (200 kPa) is applied.

A first global analysis at the preform scale can be conducted. It shows that the global tetrahedron
shape is obtained. It also shows that wrinkle, vacancy or torn fabric defects are not observed in the
useful zone. Out of the useful zone, some wrinkles can be observed (Figure 4.a) around the preform,
and around the blank holders.

More locally, some material over-thickness zones take place in the middle of certain faces (Figure
4.b) and on some edges of the formed tetrahedron shape. Those over-thicknesses are the
consequence of buckles generated by some tows perpendicular to the one passing by the top of the
tetrahedron shape. This buckling phenomenon cannot be acceptable in terms of preform quality as
the homogeneity of the thickness preform is not controlled. This specific defect is not observed for
all shapes but has already been encountered [53, 54]. It depends on the shape of the required
preform and on the constitution of the tows and the architecture of the fabric. This specific subject

will be treated in another study.

3.2 Tensile strain measurements during forming of the tetrahedron shape
Visually, some tows on the preform seem to be very tight. This is particularly the case of the

vertical tows passing by the triple point (top of the tetrahedron). A local analysis of the tensile



strains using a mark tracking method is carried out on those tows to quantify the values of
deformation reached. Results are extracted from measurements carried out on Face C (Figure 5).
Figure 6 shows the position of the tested tows and the place between which the strain was measured
(between the round dots on the coloured lines). Figure 7 shows the values of the strains measured
on the four considered tows for one face of the tetrahedron shape in the case of weft vertical tows
(denoted orientation 0°). The results show that the strain rises in a non uniform way during the sheet
forming process. At the beginning of the test, no strain is observed as the punch is not in contact
with the fabric. Once in contact, the strain in the different tows rises in a regular manner up to
values above which the strain increases with a lower slope. At the end of the higher slope, the tows
are submitted to strong tension loads and it is expected that this activates the movement of the ply
between the blank holders. From that time, the rise of the punch and therefore of the reinforcement
is accommodated by the deformation of the tows (increasing distance between marks), but also by a
global movement of the fabric between the blank holders. If a second mechanism takes place to
enable the fabric to follow the punch displacement, it seems normal that the tensile strain slope
decreases. In the case of Figure 7, it is expected that the movement of the fabric between the blank
holder starts for a punch displacement of about 35 mm.

Figure 7 also shows that the strains measured on the tows passing by or close to the triple point (top
of the tetrahedron) are higher than the other ones. The tensile strain decreases as a function of the
increasing distance from the triple point.

As the fabric used in this study is not balanced, local strain measurements have also been carried
out in the case of 90° orientation (with the warp tows being vertical on the face) with the same
process parameters (similar punch displacement and blank holder pressure). Figure 8 shows the
evolution of the tensile strains of the tow passing by the triple point as well as the one of the sixth
tow on the right of the face for the two orientations. For the tow passing by the triple point and for
the sixth tow on the right, the tensile strains are much lower for the 90° orientation than for the 0°

one and this for the same process conditions. This is probably due to the fact that the fabric is



unbalanced. The warp tows are placed very close to each other whereas a space can be observed
between the weft tows. As a consequence, the warp tows encounter less perpendicular tows in a
given distance (the one of a test sample for example) than the weft tows for the same distance. The
warp tows in this woven fabric are therefore stiffer than the weft ones. This is due to the crimp
effect which is more important for the weft tows. These tests show that the behaviour of the
considered woven fabric during the preforming process is a biaxial phenomenon.

Figure 7 shows that the strain measured on vertical tows passing close to the triple point are higher
than for the strain measured on the other ones. The triple point tow is therefore tighter than the
neighbouring ones. Because the flax tow is constituted from finite length fibre assemblies (as
discussed in section 2.3), the local tow resistance may not be uniform as in the case of carbon or
glass tows. As a consequence, it may be of interest to investigate locally (between chosen mark
points) the tensile strain along a single tow (Figure 9). Figure 10 shows that the strain is not uniform
along the length of the investigated tow. For measurements carried out close to the top of the
preform, a higher strain is recorded. The tensile strain then decreases when the measurement is
carried out on lower parts of the tow. This confirms that the tensile strain is not uniform even for a
given tow along its length, suggesting that internal fibre movement and frictions between the weft
and the warp tows may take place differentially along the tow length.

The influence of the blank holder pressure has also been investigated. Figure 11 shows that the
tensile strain increases as a function of the blank holder pressure suggesting that more movement
between the fibres takes place within the tows when the blank holder pressure increases. If one
supposes that the large deformation recorded on the tows especially for the ones close to the triple
point is associated to movements of fibres within the tows, this could lead locally to a lack of fibre
density and to zones of weakness for the composite part even if no failure has been observed
macroscopically.

All the previous observations (Figures 8,10,11) show that tensile strain raises in tows when

measurements are carried out closer and closer to the triple point and when the blank holder



pressure increases. The observations also indicate that the tensile strains depend on the orientation
of the fabric as this one is unbalanced. The high recorded strains may indicate that movement of
fibres and possibly inhomogeneous fibre density within the tow takes place during the biaxial
loading of the fabric. It would therefore be interesting to characterise the biaxial behaviour of the
fabric independently of the process to determine for example the strain at which the fibre

movements and the possible loss of fibre density are expected to take place.

3.3 Characterisation of the Fabric tensile behaviour
3.3.1 Uniaxial tests

It is proposed in this part to study the behaviour of warp and weft tows through uniaxial and biaxial
tensile test of the fabric. The crimp effect due to the interlacing of the tows is taken into account.
Moreover, the tensile state of the tows perpendicular to the ones to characterise is of importance as
these ones influence their behaviour by pinching effect at the interlacing places. As biaxial
deformations of the fabric is supposed to take place during the sheet forming of the tetrahedron
shape, a single uniaxial test is not sufficient to characterise the tensile behaviour of the fabric, and a
set of biaxial test, by varying the deformation rate in the perpendicular direction, needs to be carried
out in both directions as the fabric is not balanced.

Figure 12 shows uniaxial tensile test specimen. In this case, a tensile load is applied on the weft
tows as labelled in Figure 12. Figure 13 presents the uniaxial tension behaviour of the individual
weft tows of the tested piece of fabric. At low strain, a non linearity zone is observed. Then, the
load rises quickly in a linear way up to the maximum load the tow can sustain. For higher
deformation, the load decreases. It can be noted that the dispersion of the results is low as the curves
in Figures 13 are almost superimposed. Figure 13 also illustrates the fact that the tows perpendicular
to the investigated ones are submitted to compression loads because of the weaving effect.

The strain values corresponding to the loss of tow stiffness are presented in Table 1 For the weft
tows this value is 4.5£0.2 %. Table 1 indicates that the value at which the load decreases does not

show an important dispersion (4.2%).



Table 1 and Figure 14 show the result of uniaxial tension test performed in the warp direction. The
results indicate that the strain at the maximum load is much lower than in the case of the weft tows.
This value for the warp tow is 1.4+0.2 %. This is due to the crimp effect already mentioned when
measuring the tensile strain during the process. This one is more important for the weft tows than

for the warp tows.

3.3.2. Biaxial tests

Biaxial tests were carried out to study the tensile behaviour of the flax fabric. The results showing
the biaxial behaviour of the fabric in the weft direction are presented in Figure 15 for different
values of the parameter kt. The parameter kt = &ye/&va IS defined as the ratio between the strain in the
weft direction (&) over the one in the warp direction (sya). The results show that an increasing
value of kt leads to higher “failure/limiting” strain in the weft tows. This means that the crimp effect
decreases in this case. The crimp effect is the lowest when the warp direction is not loaded and
therefore left free. As the warp tows are left free, these ones are not tight and therefore the crimp
effect and the associated non linearity zone is more pronounced.

Figure 16 shows the influence of the weft tow deformation upon the warp tow behaviour. When the
strain in the weft direction increases, the tension in the warp direction also increases for a same
warp strain. As a consequence, when Kkt rises the tension in the warp tows increases more quickly.
As mentioned in Section 3.3.1 for the uniaxial tests, the strains at the maximum loads are also
higher for the weft tows than for the warp tows. The same crimp effect is responsible for this
observation.

The strain values observed at the maximum load point during a biaxial test are lower than in the
case of the uniaxial test performed with same dimension samples and this for the two directions. As
a consequence, the strains at which the load is maximum are lower than 4.5% in the weft direction
and 1.4% in the warp direction during the uniaxial test. As already mentioned, these strain values

represent the limit from which a loss of fibre density takes place in the tows and this phenomenon



should probably be avoided by keeping the tensile strain in the tetrahedron preform lower than these

values.

4 Discussions

The studied woven flax fabric is composed of untwisted tows as this favours its impregnation and
the mechanical properties of the final composite [55]. However, the tensile resistance of the tow
elaborated from finite length fibres depends on the degree of entanglement of the fibres. The failure
resistance of the tows constituting the studied flax fabric has been evaluated through a series of
uniaxial and biaxial tests of the fabric in the direction of the warp and the weft tows. No brutal and
visible failure of the tow is observed during the mechanical tensile tests. However, above a defined
strain, the tows lose their stiffness and local fibre density losses could take place. As the load
necessary to reach this point is relatively low, in-situ investigations of the tensile strains have been
carried out. It was showed that the tensile strains are not uniform on the face of the fabric and also
along the tow itself. The in-situ tensile measurements on the face of the tetrahedron shape showed
that the tows submitted to the higher loads (the ones passing by the triple point of the shape) exhibit
strains (~ 9.5%) higher than the point at which the tows lose a part of their stiffness (= 4%) for
orientation 0° weft tows. In this case, it is probable that local failure, characterised by movement of
fibres or groups of fibres, are at the origin of local losses of fibre density. Even if it would probably
be better to avoid such fibre density losses, it would be interesting to quantify it and to evaluate its
impact on the mechanical property of the final composite part.

In any case, it would be interesting to manufacture tows with higher tensile resistance in order to
avoid local lack of fibre density without using twisted yarns. It may be interesting for example to
design tows with slightly entangled fibres to provide them enough resistance to sustain the loads

involved during complex shape forming.



Uniaxial and biaxial tensile behaviours of the studied flax-based woven fabric can also be used as
input data for the sheet forming simulation codes [56-58] which could be used in an iterative loop to
design and optimise the architecture of new reinforcement material that could be used to form

complex shape without defects.

5 Conclusions

The methodology to identify, characterize and model the mechanical behaviour of synthetic glass or
carbon fibre reinforcements has been the subject of numerous studies at the different scales of
interest (fibre, tow, fabric). For natural fibre based reinforcements, most of the studies are limited
to the scale of the fibre. This study shows that the global behaviour of the flax fibre based woven
fabric is related to the multi-scale nature of the reinforcement. The work presented in this study
investigates the scale of the tow and the scale of the fabric associated to the complex sheet forming
of a flax plain weave fabric. The architecture of the woven fabric (the way the tows are arranged in
the fabric structure) provides the ability of the reinforcement to be deformed by the in-plane shear
mechanism. The global tetrahedron shape has been obtained without any wrinkles at the membrane
scale. During the sheet forming of the fabric into a complex tetrahedron shape, the tows (an
assembly of aligned fibres of limited length) are submitted to tensile loads. Even if no apparent
failure is visible when observing the tows, the strain of the tightest tows of the preform has been
measured and compared to the uniaxial and biaxial strains of the fabric determined independently of
the process by specific tests. The results show that the strains in the tows close to the triple point of
the shape (top of the tetrahedron) are higher than the strain above which local failure, determined by
uniaxial and biaxial tension tests, is expected to take place. This could lead to local lack of fibre
density and to possible zones of weakness for the composite part. It would therefore be interesting
to improve the tensile performances of the tows constituting the fabric without losing their good

impregnation characteristics and good ability to reach high mechanical properties for the composite



part. Improving the tensile performances of the tows constituting the flax based woven fabrics

should be conducted in the scope of wider studies consisting in optimising (using both experimental

and simulation tools) the constitution and the architecture of the reinforcement at the scale of the

tow and the fabric.
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Standard Standard
Mean value
deviation deviation/mean value %
Strain in weft
direction at 0.045 0.002 4.2
maximum load
Strain in warp
direction at 0.014 0.002 6.1

maximum load

Table 1: Average maximum strain, uniaxial tension.
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Figure 1: (a) Description of the device. (b) Tetrahedron punch.
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Figure 2: (a) The biaxial tension device. (b) Biaxial tension test sample
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Figure 4: (a) Wrinkles outside of the useful zone; (b) Position of the buckles ;
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Figure 5: Orientation of the fabric on the forming device

Figure 6: Position of the tows and position of the marks used for strain measurement
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Figure 7: Strain evolution in vertical tows during the sheet forming process. Orientation 0°
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Figure 8: Influence of the fabric orientation on the tensile strain of two selected tows
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Figure 10: Influence of the measurement position on the tensile strain of one single selected tow
with orientation 0°
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Figure 12: Uniaxial tensile test sample. Weft direction.
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Figure 13: Uniaxial tensile behaviour of the weft tows. Load applied in the weft direction of the

woven fabric
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Figure 14: Uniaxial tensile behaviour of the warp tows. Load applied in the warp direction of the

woven fabric
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Figure 16: Tensile behaviour of the warp tows during a biaxial test




