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a b s t r a c t

With the view to minimise the impact on the environment and to produce structural parts with a good

production-rate/cost-ratio, the sheet forming of woven flax based fabric was investigated in this study. A

flax fibre plain-weave fabric has been used to form a complex tetrahedron shape. This shape is of partic-

ular interest as it contains several geometric singularities required by many automotive parts such as

double or triple curvature and low-curvature edges. Globally, the complex tetrahedron shape was

obtained, but tow buckling (out of plane bending of tows) was observed in specific zones of the shape.

The main mechanism at the origin of this defect has been defined. A reduction of the tow buckle size

was obtained by increasing the membrane tension. The influence of fabric architecture at the mesoscopic

and macroscopic scales on the appearance of the tow buckles was demonstrated and discussed. Solutions

to prevent the appearance of this defect based on the design of the fabric architecture at the tow or fabric

scales were successfully proposed. As a consequence, when sheet forming of complex shapes is consid-

ered, specific fabric architectures should be chosen to prevent the appearance of the buckling defect.

1. Introduction

During the manufacturing of composite parts, defects may be

introduced in their structure. Potter et al. [1] has presented a tax-

onomy of defect states which may have adverse impacts on the

performance of composite parts. This work concentrates specifi-

cally on the first step of the RTM process, the preforming stage of

the dry reinforcements. In the Potter presentation [1], several de-

fects can qualify this step as successful or unsuccessful drape. At

the scale of the preform, denoted macroscale, it is possible to

investigate if the preform shape is well obtained (if the preform fits

to the tool in the case of sheet forming process), if wrinkles appear

[2–6], if there is non-homogeneity of the fibre density in tows, or if

a discontinuity of the preform due to sliding of tows takes place. It

is also possible to study the mechanical state of the preform by

quantifying the strain levels in different deformation modes (ten-

sion, in-plane shear). At the scale of the tows, meso-scale, other de-

fects may appear. Tow misalignment in the plane of the fabric, [1]

or out-of-plane misalignment also called tow buckles [4,7] when

some tows are not in contact anymore with the tool, can be inves-

tigated. All these defects have a strong influence on the resin flow

impregnation because they modify the pore space and geometry

within the fabric and therefore the in-plane and through-the-

thickness permeability components [8–12]. They consequently im-

pact the performance of the composite part [13,14].

The draping behaviour of woven fabrics in the textile industry

[15,16] is usually characterised by a drapmeter [17,18]. It is only

associated with the bending behaviour of the fabric. However, in

the case of shapes with double or triple curvatures, coupled defor-

mation in the woven structures during the process takes place and

cannot be analysed by the single bending indicator. This is even

more the case if specific architectures such as non-crimped fabrics

NCF [3,19] or 3D-Interlock for examples [20,21] are used. Conse-

quently several numerical approaches, using the finite element

method, have been extensively used to investigate the draping

behaviour of fabric on specific tools [22–29]. These mechanical ap-

proaches, based on the finite element method, take into account

the complex mechanical behaviour of dry fabrics. They are de-

signed to analyse the effect of the process parameters on the feasi-

bility to preform woven fabrics without defects. In the case of the

sheet forming process, sliding conditions within the tool and the

pressure of the blank-holders are generally considered. In these ap-

proaches several criteria are used to detect, control or prevent the

wrinkling phenomenon. The most widely used is the detection by

the locking shear angle [25,30]. Other approaches can also be con-

sidered. One of them is based on the deactivation of elements in

compression [31]. Another one is based on the wrinkling energy
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[32,33] and takes into account shear, tension and bending defor-

mations. If wrinkles, at the macroscale, can be detected by these

criteria, defects at the micro and meso-scales are more difficult

to study and quantify, especially on complex shapes (with dou-

ble-curved shapes and triple-point curvature for example). Recent

experimental works [6,34–36] have shown the apparition of some

tow buckles in the preform. This defect is also called tow distortion

by Potter et al. [1]. These tow buckles are the consequence of a spe-

cific in-plane bending behaviour of tows subjected to biaxial-ten-

sion deformations during the preforming process. Few studies

have investigated the effect of the architecture of the woven fabrics

on the tow buckling. It is therefore proposed in this paper to inves-

tigate, using an experimental approach, the influence of the woven

flax fabric architecture on the preforming quality of a complex

shape. Natural fibres have long been considered as potential rein-

forcing materials or fillers in thermoplastic or thermoset compos-

ites. Numerous studies deal with the subject [37–42]. 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 impor-

tantly biodegradability. Studies at the composite scale also enable

focussing on the life-cycle assessment of the part and on the com-

plete energetic record linked to the use of the natural fibres. Dis-

sanayake et al. [43,44] 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 with tradi-

tional fibre extraction such as dew retting and hackling, that the

energy consumption linked to the production of a flax mat is com-

parable to the energy consumed during the production of a glass

mat. They also concluded that the spinning of fibres for the produc-

tion 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 considers an

environmental energy viewpoint. They also recommended design-

ing new architectures of woven fabrics from aligned fibres tows, as

it is the case for the reinforcement studied in this work, instead of

spun yarns. A large amount of work has been devoted to identify

the tensile behaviour of individual fibres or a group of a few fibres

of different nature and origin [45–48]. However, few studies deal

with the subject of the mechanical behaviour of fibre assemblies

and particularly analyse the deformability of these structures.

This paper therefore proposes to analyse the feasibility of form-

ing the mentioned complex shape with flax-fibre woven-fabric

reinforcements. A special attention is given on the defects that

may appear during forming. The tow buckling defect is particularly

discussed and solutions on ways to prevent their appearance in

relation to the fabric architecture at the macro and meso-scale

are presented.

2. Experimental procedures

2.1. Tested materials

Generally, when natural fibres are considered, twisted yarns are

used to increase the tensile properties. Indeed, as discussed by

Goutianos and Peijs [49] sufficient tensile properties of the yarns

are necessary for these materials to be considered for textile man-

ufacturing or for processes such as pultrusion or filament winding.

However, spinning, as mentioned previously consumes large

amounts of energy [43] and this cannot be beneficial for natural fi-

bre based reinforcement. Moreover, Goutianos et al. [50] also

showed that the mechanical properties of composites manufac-

tured from spun yarns exhibit lower mechanical properties than

the ones manufactured from flat tows. As a consequence, three

reinforcements made from untwisted tows with different architec-

tures at the macro and microscopic scales were selected for the

current research.

The first flax fabric (Fig. 1) used in this study, is a plain-weave

fabric with an areal weight of 280 ± 19 g/m2, manufactured by

Groupe Depestele (France) from untwisted tows. In this fabric,

the fibres or groups of fibres 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 be-

tween tows. It has also been chosen because the tow permeability

is higher than the highly twisted yarn permeability making them

more suitable for the LCM (Liquid Composite Moulding) process.

The fabric is not balanced, as the space between the weft tows

(1.59 ± 0.09 mm) is different from 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 conse-

quence, there are 360 warp tows and 206 weft tows per metre of

fabric. The lineal masses of the warp and the weft tows are the

same and are 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 and 600 mmwith a maximum occurrence

at 80 mm. This reinforcement was originally developed to manu-

facture large panels with low curvature and was therefore not de-

signed for complex shape forming.

A second reinforcement was tested in this work. It is a plain-

weave fabric with an areal weight of 458 ± 9 g/m2, also manufac-

tured by Groupe Depestele (France). The fabric is also made of rect-

angular flat tows (Fig. 2). No space is visible between the weft tows

whereas the space between the warp tows is 0.43 ± 0.09 mm. The

width of the warp and the weft tows are respectively

2.0 ± 0.2 mm and 2.7 ± 0.3 mm. As a consequence, there are 403

warp tows and 370 weft tows per metre of fabric. The linear mass

Fig. 1. Architecture of reinforcement 1 at the scales of the fabric and the tow. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)



of the warp and the weft tows are respectively for the warp and

weft tows: 551 ± 8 and 624 ± 10 g/km.

The third reinforcement (Fig. 3) is a hopsack with an areal

weight of 508 ± 11 g/m2 manufactured by Composites Evolution

Company [51]. This fabric is comprised of tows woven according

to a plain-weave style. The tows are themselves constituted of four

parallel untwisted yarns placed close together as shown in Fig. 3.

The round yarns are manufactured from aligned fibres held to-

gether by a polyester yarn going in a spiral manner along the flax

yarn. The space between the weft tows (1.53 ± 0.08 mm) is differ-

ent from the one between the warp tows (0.59 ± 0.04 mm). The

width of the warp and the weft tows are respectively

3.14 ± 0.08 mm and 3.08 ± 0.08 mm. As a consequence, there are

268 warp tows and 216 weft tows per metre of fabric.

2.2. Experimental setup

A device specifically designed to analyse the local strains during

the forming of reinforcement fabrics [34,52] is presented in Fig. 4a.

The mechanical part consists of a punch/open die couple and a

classical blank-holder system. The punch used in this study

(Fig. 4b) is a tetrahedron form with 265 mm sides. Its total height

is 128 mm and the base height is 20 mm. The edges and vertices

possess 10 mm radius for the punch and 20 mm for the die. Due

to the low value of the edges radius, the expected shapes should

be highly double curved and large strains are expected to take

place along the edges. The die used with this punch is a triangular

open die (314 � 314 � 314 mm3). The die is open to allow for the

measurement of the local strains during the process with video

cameras associated to a marks tracking technique [53]. The motion

of the punch is given by a piloted electric jack. The punch velocity

is 30 mm/min and its stroke 160 mm. The maximum depth of the

punch is 160 mm. To avoid wrinkling defects during the preform-

ing tests, it is possible to introduce tension on the fabric by a clas-

sical multi-part blank-holder. It is composed of independent blank-

holders actuated by pneumatic jacks that are able to impose and

sense independently a variable pressure. 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 [32,52]. An initial square specimen of the flax

fabric is positioned between the die and the six blank-holders

placed on specific locations around the tetrahedron punch. The ini-

tial positioning of the fabric is of importance. This partly conditions

the final yarns orientation within the part and as a consequence its

mechanical stiffness. Due to the tetrahedral geometry of the punch,

it is not possible to place the fabric in order to foresee a specific ori-

entation of the tows in the final shape. For the tests presented in

this paper, it was chosen to align the warp or the weft tows with

an edge of the tetrahedron (Fig. 5). Before applying the blank

holder pressure, and before starting the movement of the punch,

the fabric can bend under its own weight. It is therefore necessary

to apply some tensions at the tow extremities using a drawbead

system. At the end of the preforming test, global analysis (dimen-

sions, defects, etc.) can be performed on the final state of the pre-

form 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.

Using this device, an experimental study to analyse with this

precise shape, the generation of defects and specifically the buckles

of tows and their location (on faces, edges and around the triple

point) is carried out. The influence of process parameters such as

the initial orientation of the fabric (Fig. 5), the applied blank-holder

pressure (between 1 and 5 bar) are also considered and analysed.

The justification of the applied blank-holder pressures are indi-

cated in the Result part of this document.

3. Results

3.1. Description of defects

The first tests were conducted on reinforcement 1. The initial

position of the reinforcement is 0° (Fig. 5a) and a uniform 1 bar

pressure was applied to the fabric by each blank-holder to avoid

exposing the tows to large tensile strains [35]. The global preform

shape was obtained without the presence of defects such as wrin-

kles or discontinuities (sliding of tows in the useful zone). Out of

the useful zone, some wrinkles can be observed (Fig. 6a) around

the preform and around the blank-holders.

More locally, on faces and edges, two types of defects can be no-

ticed. The first one is characterised by some material over-thick-

ness zones which are the consequence of buckles generated by

some tows perpendicular to the one passing by the top of the tet-

rahedron shape. These buckle zones converge to the triple point

(top of the tetrahedron) from the bottom of the shape depending

on the initial orientation of the fabric. This buckling phenomenon

cannot be acceptable in terms of preform quality for composite

part manufacturing as the homogeneity of the thickness preform

is not controlled. For this first test, buckles or tow buckling

(Fig. 6b and c) appear on the middle of the face 3 and on one edge

Fig. 2. Architecture of reinforcement 2 at the scales of the fabric and the tow. (For

interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Fig. 3. Architecture of reinforcement 3 at the scales of the fabric, the tow and the

yarn. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)



(denoted edge 1 between faces 1 and 2) of the formed tetrahedron

shape (Fig. 7). No buckles are observed on faces 1 and 2.

The second type of defect, localised on faces of the tetrahedron,

concerns the alignment of tows. The trajectories of tows perpen-

dicular to the one passing by the top of shape show a specific cur-

vature due to a bending deformation state. This misalignment

could be considered as a defect because this final tow orientation

is not controlled on these faces. This misalignment appears on

the three faces of the tetrahedron shape.

An experimental approach was also used to investigate a possi-

ble link between the two defects (tow buckles and tow misalign-

ment). For example, the specific curvature of the bent tows could

be considered as a criterion to predict the appearance of the buck-

ling defect. Measurements of these two types of defects are con-

ducted on preforms, shaped using the experimental device with

controlled parameters. For the buckles it consists of measuring

the height of the over-thickness. These measurements are con-

ducted manually on preforms. The bending angles associated with

the curvature of the tows (Fig. 6b) were measured on the same

tows from pictures of the faces taken on three different shapes. Im-

age analysis using the software GIMP was used to perform the

measurements that were validated by local manual measurements.

All the reported data are the mean values of the measured

parameters.

3.2. Influence of process parameter on the defects for reinforcement 1

To investigate the influence of the process parameters on the

generation of defects during the sheet forming process, other tests

on the first reinforcement were conducted. The variations of the

initial fabric orientation as well as the blank holder pressure are

considered.

For the test conducted with the orientation 90° (Fig. 5b) and for

a uniform blank-holder pressure of 1 bar, buckles appear on faces 1

and 2 (Fig. 8), and not on face 3 and edge 1 as was the case for ori-

entation 0°. Curvature of tows, as was the case for orientation 0°,

can be observed on the three faces. Values of bending angle for

these two tests under the same blank-holder pressure are reported

in Fig. 9, with a precision of ±4°. If one considers the measurement

errors, the measured bending angles are situated in the same range

of values for the three faces. No real tendency can be extracted

from these measurements as the bending angles are similar in

(a)

(b)

Pressure

regulation 

blank holder

Punch

Jack of the punch 
Jack for blank holder

Open die
Woven 

fabric

Cameras

Fig. 4. (a) The sheet forming device and (b) the tetrahedron punch. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Fig. 5. Initial positioning of the woven fabric. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



faces where the buckles occur and in the faces where buckles do

not appear. The magnitude of the bending angle within our testing

conditions (1 bar blank-holder pressure) is therefore not responsi-

ble for the changes of the buckle zone location for the two tested

orientations whereas the initial reinforcement orientation seems

to be crucial. As a consequence, bending of the tow in its plane

does not appear to be a sufficient criterion to predict the appear-

ance of the buckles.

At the fabric scale, the appearance of these defects is probably

due to a combination of parameters: in-plane bending of the tows

perpendicular to those passing by the triple point, the architecture

of the woven fabric, but also the process parameter which may also

play a role in the occurrence of these defects. Indeed for the tetra-

hedron shape, the tows passing by the triple point are tighter than

the perpendicular ones, and an investigation upon the effect of the

increasing tension by the evolution of the blank-holder pressure on

the occurrence of the buckles has been carried out. For the 0° ori-

entation, the evolution of the bending angles on the three faces of

the tetrahedron shape as a function of the increasing blank-holder

pressure is reported in Fig. 10. It shows that the bending angle

measured on face 3 decreases as a function of the increasing

blank-holder pressure. This decrease in the bending angle is prob-

ably due to the increasing tensile deformation of the tows passing

by the triple point [35,36]. In this case, the perpendicular tows are

dragged by the tows passing by the triple point in the direction of

the top of the preform. The lower variations observed on faces 1

and 2 are probably more due to measurement dispersion and to

their relative inaccuracy. As a consequence, it can be concluded

that the control of the tows orientation by only varying the

blank-holder pressure is not possible on this complex shape.

Associated with the tow orientation tests, the heights of the

buckles, measured on edge 1 and face 3 for the 0° orientation

(a) (b)

(c) (d)

Bent tows

Fig. 6. Forming of reinforcement 1: (a) wrinkles outside of the useful zone; (b) position of the buckles and bending of the tows; (c) focus on the buckles; and (d) measurement

of the bending angle on face 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(a) Initial orientation of the fabric 0° (b) Localisation of the buckles

Fig. 7. Localisation of the buckle zone for initial fabric orientation of 0°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)



and on faces 1 and 2 for the 90° orientation, are reported as a func-

tion of the increasing uniform blank-holder pressure in Fig. 11. The

precision of these measurements is about ±0.1 mm. A reduction of

the buckle size on the edge 1 as a function of the increasing global

blank-holder pressure is observed. This reduction is due to the

higher tension of the tows exhibiting buckles. In the other zones,

the influence of the blank-holder on this defect is not significant.

Differential blank-holder pressures were also applied for the 0°

orientation to locally increase the tension on the tows exhibiting

the buckles. In a first series of tests, the pressure of blank-holders

1 and 6 (large ones Fig. 7b) was increased, and the pressures of the

other blank-holders remained at 1 bar. In a second series of tests,

the pressure of blank-holders 2, 4 and 5 (small ones) was raised

(a) Initial orientation of the fabric 90° (b) Localisation of the buckles

Fig. 8. Localisation of the buckle zone for initial fabric orientation of 90°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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and the other pressures were maintained to 1 bar. Fig. 12 summa-

rises the results obtained for the height of buckles on face 3 and

edge 1 for the first test (denoted by BH-1-6) and the second test

(denoted by BH-2-4-5). When the pressure of blank-holders 1

and 6 was raised, and the pressures of the others were maintained

at 1 bar, the sizes of the buckles decreased on edge 1 and remained

constant on face 3. Once again, one may suppose that the decrease

of the buckle size on edge 1 is due to the rise of the tension in the

tows forming the buckles. When the pressure of blank-holders 2, 4

and 5 (small ones) was increased and the pressure of the large ones

was maintained to 1 bar, the size of the buckles remained constant

on edge 1 but decreased on face 3. The decrease in face 3 is prob-

ably due to the fact that the tension is raised in the tows perpen-

dicular to the ones passing by the triple point forming the

buckles. It can be concluded that the tension of these tows is

widely controlled by the small blank-holders whereas the blank-

holders 1 and 6 control the tension of the tows perpendicular to

the edge 1.

Fig. 13. Sliding of tows for reinforcement 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Global analysis of the tetrahedron shape using reinforcement 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)



The results presented in the previous paragraphs with the goal

to reduce the occurrence or the size of the buckles show that the

rise of the small blank-holder pressure, corresponding to a reduc-

tion of the fabric movement in the corner and to an increase of

the tension in the tows passing by these blank-holders, slightly re-

duces the buckle size on face 3. In this case, the size of the buckle

does not change on edge 1. If one increases the pressure of blank-

holders 1 and 6, the size of the buckles decreases on edge1,

whereas it is not affected on face 3. It seems therefore difficult to

simultaneously decrease the buckles size on face 3 and on edge

1. It is also interesting to note that a global blank-holder pressure

increase has the same effect on the buckle size on edge 1 and face 3

as an increase of pressures of blank-holders 1 and 6 only. As a con-

sequence of the previous observations, it seems to be difficult to

decrease the size of the buckles on face 3 and on edge 1, and by

extension to stop the occurrence of the buckling phenomenon, by

only working with the blank-holder pressure using reinforcement

1 for both orientations 0° and 90° in our test configuration.

It has to be noticed that the blank-holder pressure was not

raised above values of 2.5 bar as another defect (sliding of tows

within the membrane) appears in this case as illustrated by Fig. 13.

3.3. Global preform analysis: reinforcement 2

When reinforcement 2 is used, the global shape is also obtained

(Fig. 14). No apparent defect such as wrinkles and sliding of tows

within the structure can be observed. Small buckles may appear

on edge 1 if very low blank-holder pressure is applied (Fig. 14).

However, this phenomenon can be prevented by applying enough

blank-holder pressure. In our case, a global blank-holder pressure

of 1.5 bar was sufficient. Tow misalignment can also be observed

on the three faces of the shape. The bending angles are situated

in a similar range of values as for reinforcement 1 (142° ± 2,

142° ± 1, 138° ± 2 for faces 1, 2, 3 respectively). It is also interesting

to notice that the sliding of a tow within the woven structure did

not appear up to a global blank-holder pressure of 5 bar.

The experimental conditions used to test reinforcement 2 were

similar to the ones used for reinforcement 1. As a consequence, the

structure of the reinforcement at the scale of the tows and at the

scale of the fabric (architecture of the fabric) is responsible for

the different behaviours and particularly by the fact that no buck-

les appear on faces or on edges if enough blank-holder pressure is

applied.

3.4. Global preform analysis: reinforcement 3

Fig. 15 shows that the global tetrahedron shape is achieved

using reinforcement 3. As for reinforcement 2, no apparent defect

such as wrinkles and sliding of tows takes place (Fig. 15). Very

small buckles can be observed on edge 1 at low blank-holder pres-

sure, but this defect can be prevented by applying a global blank-

holder pressure higher than 2 bar. Tow misalignment also takes

place in the three faces. The values of the bending angles are situ-

ated in the same range of values as for reinforcements 1 and 2

(141° ± 1, 142° ± 2, 146° ± 1 for faces 1, 2, 3, respectively).

4. Discussion

4.1. Solutions to prevent the appearance of buckles

The main mechanism controlling the appearance of the buck-

ling phenomenon is the bending of flat tows in their own plane.

This mechanism is difficult to accommodate. So buckling of the

tow takes place. The tows exhibiting buckles are not tight. Increas-

ing the global blank-holder pressure to tighten the whole mem-

brane or increasing selected blank-holder pressures to tighten

the tow exhibiting buckles showed that the size of the buckles de-

creased in localised zones but not in the whole buckled areas.

Moreover, the buckles did not disappear even though their size

was locally reduced. This therefore means that it has not been pos-

sible to prevent the appearance of buckles using reinforcement 1

by just varying the process conditions with our set of blank-

holders.

The localisation of the buckles was shown to be different

depending on the initial orientation of the fabric on the preforming

device. This dependence on initial orientation suggests that the

occurrence of the buckles depends on the macroscopic architecture

of the fabric. Reinforcement 1, considered in this study, is an unbal-

anced plain-weave fabric. The tows, used in the warp and the weft

directions are similar, but 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

when the warp tows bend in their plane in 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 for conditioning the

appearance of the buckles. When the warp tows are vertical (with-

out any space between them) the buckles do not appear even

though the horizontal tows exhibit the same amount of bending.

This phenomenon suggests that the presence of the space between

the weft tows is one of the parameters that control the appearance

of the buckles. Indeed, if the vertical tows are placed close together

without any space between them, the buckles do not have any

space to appear. 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 with success on reinforcement 2, which was specially man-

ufactured by Groupe Depestele to prevent the appearance of the

buckles. This reinforcement is a balanced plain-weave fabric also

manufactured from flat untwisted tows. This result suggests that

it is possible to preform the tetrahedron shape without any buck-

Fig. 15. Global analysis of the tetrahedron shape using reinforcement 3. (For

interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)



ling defect if an optimised architecture, without any space between

the warp and the weft tows, is considered.

The occurrence of buckles therefore depends on the shape to be

formed because the shape may induce bending of the tows not

only in their own plane but also on the architecture at the macro-

scopic scale of the fabric. At the mesoscopic scale, the architecture

of the tows is also a parameter to take into account. Indeed the

tows of reinforcement 3 submitted to similar bending angles than

the tows of reinforcement 1 do not exhibit buckles even though the

fabric is unbalanced with some spaces observed between the tows.

The hypothesis of tows placed closed together like for reinforce-

ment 2 cannot be considered. However, the tows of reinforcement

3 are not constituted by aligned tows. The rectangular tow is com-

prised of four ‘‘cylindrical’’ yarns aligned close together. Due to the

composition of the tows, themselves made of cylindrical yarns, the

bending deformation of the tow in its plane can be accommodated

without the formation of buckles. This therefore means that it is

possible to preform a complex shape such as the tetrahedron by

using an appropriate design of the architecture of the fabric at

the mesoscopic scale (scale of the tow).

If it has been possible to prevent the occurrence of buckles by

adapting the architecture of the reinforcement either at the macro-

scopic scale (reinforcement 2) or at the mesoscopic scale (rein-

forcement 3), it is important to bear in mind that the energy

required to produce the reinforcement should be kept to a mini-

mum, at least lower to the energy necessary to produce equivalent

glass reinforcements to minimise the impact on the environment.

Woven fabrics with aligned fibre tows such as reinforcement 1

and 2 are recommended [43,44]. The case of reinforcement 3 is

more questionable as an extra yarn production step is necessary

to produce it. However, it is difficult to conclude on that issue

without performing a global life-cycle assessment on the 3

reinforcements.

For the considered tetrahedron shape, tow misalignment takes

place on the three faces of the three considered woven reinforce-

ments. The in-plane bending observed in faces is the consequence

of the complex punch geometry, and it is interesting to notice that

the in-plane bending angles are situated in the same range of val-

ues for the three reinforcements despite the fact that their archi-

tectures are different at the macro and mesoscopic scales.

This study was of a preliminary nature on the subject, as the

blank-holder pressures and geometries were not optimised. It

would therefore be very interesting to investigate the effect of

the blank-holders shape and pressures with specifically designed

tools on the appearance of the buckling defect. A whole series of

complex shapes should also be preformed to investigate the pres-

ence of defects such as buckles and misalignment and the mecha-

nisms associated to their appearance.

5. Conclusions

To increase the possible development of the natural fibre com-

posites to complex shape parts, this study investigated the possi-

bility to preform, using the sheet-forming process, a highly

complex shape with a triple curvature without defect from the se-

lected reinforcements. An unbalanced plain-weave fabric (rein-

forcement 1) was first studied. The global tetrahedron shape was

obtained, but this study showed that defects such as buckles are

present and that it is not possible to predict the final tow orienta-

tion due to misalignments. This experimental study showed that

the control of these defects by non-optimised blank-holder pres-

sure is difficult due to the complexity of the coupled strains taking

place during the preforming step, especially on a highly complex

shape. By testing several architectures of fabric, experimental

observations demonstrated that it was possible to prevent the

occurrence of buckles by designing or selecting specific reinforce-

ment architectures. Another plain-weave fabric, (reinforcement

2) was designed for this goal. The warp tows, as well as the weft

tows are respectively aligned close together (without any space be-

tween two consecutive tows). By specifically working on the rein-

forcement architecture at the macroscopic scale, the expected

shape was obtained without any defect.

It has also been demonstrated that it was possible to obtain the

tetrahedron shape without any buckling defect with an unbalanced

hopsack made from highly deformable tows that can accommodate

bending in their own plane.

It is, however, important to notice that a reinforcement de-

signed for a specific application may not be applicable for forming

another shape. Consequently this experimental study has shown

the influence of the choice of the reinforcement architecture on

the deformation limits during the preforming step. The manufac-

turers need to offer large ranges of reinforcements, designed to

accommodate the specific deformation modes and amplitudes im-

posed by the shape to form.
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