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Abstract :

This experimental work concerns the study of the preforming gpecific highly
double curved geometry with a triple point (case cornerhbysheet forming process
using powdered interlock reinforcement (G1%pThree different punches (square box,
prism, tetrahedron) were used in this study, each of gessenting highly double
curved geometry with a case corner. A specific sheetirfigratevice specially designed
for the preforming of textile reinforcement was used. €Rpected shapes with the
three punches have been obtained with an optimized blank-poé&s=ure. No classical
defaults such as wrinkling or yarn damage are presenhenuseful zone of the
preforms. However, a new default, not observed for spherichemispherical shape
has been identified. It concerns the out of plane lnglkdf yarns. This phenomenon
not observed on the square box is visible on some tawkedges of the prismatic and
tetrahedron shapes. For the square box, it is easigiy@$o control the orientation of

the yarn within the preform in the faces, whereas thi®igpossible for triangular faces



of the prismatic and tetrahedron shapes. The squarepimoch is therefore more
adapted to preform the highly doubled curved shape with the caser.c
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1. Introduction and context of the study

Transportation industries are willing to replace metallicemals by composites
materials on structural parts subjected to severe medahasudicitations with equal
mechanical performances. Composite materials are pedpbecause they are able to
provide credible answers to the optimization of large and thtizictural parts Their
good strength/weight ratio and especially their anisotropywbtén be adapted to the
mechanical solicitation of the structure are partidulanteresting Resin Transfer
Molding (RTM) is one of the most important processinghods in the LCM processes
family [1, 2]. It is adequate for mass production of compqgsitces with moderate cost
compared to the traditional hand-layup or autoclaving and fitigh volume fractions
up to 60%, are possible. Besides, the closed mould techniquentrevazardous
styrene emission [3, 4]. During the forming step of veoynplex shapes significant
deformations may occur resulting in local variation bé ttextile reinforcement
geometry. These modifications of the reinforcementmigeneity, fiber volume
fraction, deformation state, ..) strongly influenite resin flow impregnation by the
modification of the permeability components (longitudinal armhsverse]5-7]. They
also influence the mechanical properties of the finadmmsite part [3, 8, 9Numerical
simulations have already been extensively used to investiha viability of fabric
forming by optimization of process control parameters,enst selection and tool

design to avoid production of costly prototypes. Someeaddlsimulations describe the



evolution of the dry reinforcement behavidoy mechanical approach [10{13 hese
numerical works must be validatedompared and complemented by experimental
results. Existing experimental fabrigeforming studies are limited to low severity
shapes such as hemispherical [9, 14-17] spherical $I8Jdeep drawing with conical
tools [19] or a double dome preforming [11, 20-22]. From these estudi is not
possible to deduce the behaviour evolution of a fabric wimmplex shape forming
with small curvature radius and a triple point is congderin this paperan
experimental analysis investigating the feasibitifyobtaining very complex double

curved dry peform is proposed.

A structural case corner part (Fijy inanufactured up to now in aluminuis,at
the basis of this study. This part is used to supportath@anes central box in
aeronautical construction. It’s a thick (about 16mm) part which has a very complex
three-dimensional double-curved shape composed by threar ffitaaes bound by a
triple point (corner) and edges between each twoapldaces. Sixteen plies are
considered for the manufacture of the part by the RTMcgss, but this study
concentrates on the feasibility to obtain a compleklgidouble curved shape with one
ply. To manufacture such a part, by sheet forming, saéyemch geometries can be

designed. Three of them are presented in figure 2

During the forming process it is particularly essentiahtestigate:
» The presence of defects of any kind concerning the fabric in the useful par
(fiber or yarn damage, wrinkles...etc) which may lead to a significant decrease

of the composite performance.



* The good homogeneity of local fiber density and the state of deformation of the
woven reinforcement because it modifies the permeabifityhe fabric and
consequently the resin flow during the injection step [5-7].

» The membranous orientation and position of the yarns within the layer with
respect to the final shape because this givesorientation of the stiffest

direction of the obtained anisotropic layer.

A specific device presented into details in Section 2 has beveloped at the
lab in collaboration with EADS Company to reach this g@al R4]. This device is also
particularly interesting because the link between thehar@cal behavior of the studied

reinforcement and its formability can be carried out.

2. Experimental procedures

2.1 Description of the forming device

A specific device was developed in collaboration with EADS @gamy (Fig 3)
to investigate the sheet forming of textile reinforcementsis composed of a
punch/open die couple which permits to obtain different doulnleature shapes. The
device is build so that any pair of punch/die can be adapheddi€ is fixed and opex
in order to measure and analyse the behaviour of the preforimg the preforming
stage [18, 24]. The movement of the punch is conferrednbglectric jack equipped
with sensors in order to control and measure its posénd speed but also to measure

the force appliedo the fabric.



To avoid wrinkling defects during thegforming tests it is possible to introduce tension
in the yarns. For that purpose the devgequipped by two systems. The first one is a
classical multi-part blank-holder. It is composed of indeeen blank-holders actuated
by pneumatic jacks that enable to impose and sensor indeplyraleariable pressure.
The system has been designed so that the number asithiye of the blank-holders can
be easily changed to investigate the influence of the posind the pressure values on
the preform properties. The second system used to ap@ipoeto the fabric (not
visible on Fig 3) is based on the drawbead principle. vA tension is applied on the
yarn extremities so that the fabric does not show angkies and any shear before

applying the blank-holder pressure and before actuating tledpun

At the end of the preforming test, the realized dry prafoan be fixed by applying a
spray of resin on its surface so that the preform careb®ved from the tools and
stocked in the state corresponding to the end of the @stbal aspect (wrinkle, global

dimensions ...) can be analyzed.

On complement and associated to these global informatithe scale of the preform, it
is important to measure local quantities such as the membragmogisons, the

orientations of the yarns but also the 3D strainshef fabric. In this intention, the
device is equipped by 3D Digital Image Correlation system hwigca noncontact
measurement method [25, 26]. Two numerical camerasoeated at the top of the
device. They can be positioned as a function of the fapeone of the fabric that has to
be analyzed. For the computation of the displacement fiedaks tracking technique is

used [8, 27]. A speckle pattern needs to be applied ol surface, (Fig 4) before



the test. They are carried out using white painting for &kics and black painting for
clear fabrics. A special care is given to this prepanatbecause markers must be as
circular as possible and their diameter lower thanwidth of the yarns in order to
avoid their deterioration during the test and thus distoesurement [29]. The three
space co-ordinates and thus the displacement fieldesétmarkers can be computed,
using the marker tracking software Deftac 3D [28], from edigjital image taken
during the process and from the image captured at the redestate. With this 3D
displacement field the membranous strains can be easipwed. Post processing
treatments can be used to evaluate the mesasdmiaviour of the fabric by
considering only local markg Yarn strains, yarn positions, shear angles ...atdea
computed. The evolution of the macroscopic behayiBDrgeometry, appearance of
defects ...efccan also be investigated [24]. Whole of these measursnoamt be
obtained for the final shape but their evolution duringfdinening process stepsmnalso

be measured.

2.2 presentation of the fabric used

The fabric used in this study i@ powdered woven reinforcement used in
aeronautics. It is denoted G1f54nd constituted by an interlock weaving of 6K carbon
yarns (630g/m2, 7.5 yarns/cm) (Fig 5). The fabric is manufadt by the Hexcel
Company and its mechanical characteristics (tensile pestire frame tests, bending

tests, friction,...etc) have been studied [30-35].



2.3 Test conditions

As indicated previously, this study concerns the feasibilftyooming a case
corner part by using three different punches (Fig 2).fifeepunch is a Prism with 280
mm length and 280 mm width. His total height is 175 mm. Bdse height is 40 mm.
The dimensions of the square box punch are 280x280x280 Famthese two punches,
an open square die (300x300mm) is used. The third punch isabetton form with
280 mm sides. His total height is 128 mm and the basethsi@®mm. The die used
with this punch is a triangular open die (314x314x314mifhe edges and vertices
possess 10 mm radius for the three punches and 20 mmefalieth Due to the low
value of the edges radius, the expected shapes shoulghbe double curved and large
strains are expected to take place along the edges. Faprefmriming test, one layer of
G115F dry fabric £0.9 m?) is cut out. Markers are then positioned on therdage
indicated previously (Fig 4). The initial positioning of tfabric is of importance. This
partly conditions the final yarns orientation within tpart and as a consequence its
mechanical stiffness. In the cases of the prismaticthe square box punches, the ply
has been positioned with the weft and warp network paraltbetedges of the punches
faces (detailed on Fig 6 and Fig 7). In the case of thahedral punch, due to the
geometry, it’s more complex to place the fabric in order to foresee a specific orientation
of the yarns in the final shape. For the tests preddntthis paper, it was chosen (Fig 8
to align the warp and weft yarns with a symmetry planeheftétrahedron. To ensure
proper positioning of the fabric, one side of the outezdlsides is taken as reference.
The considered side is one that is parallel to the sifitise fabric ply (at left on the

figure). When positioning the fabric, the weft yarns dignad on this side with respect



to the open die, when the warp yarns are perpendicular @sé gaough the opposite
corner. A set-square is used to ensure this position.

However for all the tests realized with different pueshthe angle between the weft and
warp yarns are controlled using set-square and the opteakurement in order to
ensure that the fabric handling do not generates shearfmg berming. The measured

initial angles are around 9¢%°.

Before applying the blank-holder pressure, and beforargdtte movement of
the punch, the fabric can bend under its own weights therefore necessary to apply
some tensions at the yarn extremities using the drasvBystem. Rectangular or square
blank-holder can be placed along each edges and cornetise opunch. Height
rectangular blank-holders were used for the prismatic and shoarpunches whereas
only six of them were used for the tetrahedron (Fig 63)7,The pressure was then
applied on each of them. For these tests the punch tyeis @0 mm/min and its stroke
160 mm. For each punch, at least of three tests weredcayut. The results and

discussions obtained on the different shapes are expodatisaussed below.

3. Resultsand discussion

3.1 Optimization of the blank-holder pressure on tigtopming step
First, tests at different blank-holder pressures wemgedaout in order to determine the
optimized pressure to use for the interlock fabric formikiggure 9 presents the
different shapes obtained with the prismatic punch haighly non-expandable with
small curvature radii (®m). The global shape (Fig 9. a, b,lcoks globally correct. In

the useful zone, with a low blank-holder pressure (0.2 lmemnesfew wrinkles (Fig 9.d)



appear. However, these ones disappear once the presscines a value of 1 bar (Fig
9.e). Wrinkles are visible around the useful zones and espgciadr the position of the
blank-holders These non-useful zones are cut after the process.eQaastly, these
wrinkles have no consequences on the quality of the pesfdout, these results confirm
first the influence of the tension in yarns, due to threnklholder pressure, on the
presence of wrinkle and second the necessity to apply k@deto obtain a preform

without default [13].

For a constant blank-holder pressofel bar, Figure 10 shows the comparisdrthe
macroscopic shapes obtained with the three different psndihe global three shapes
obtained do not show any obvious default such as wrinklingrardeamage as long as a
minimum blank-holder pressure is applied.

To form complex shapes such as the one presented in Fi§uréhe fabric may
accommodate large in-plane shear deformation. It wasrskiwat the G115 fabric is
particularly adapted to this deformation mode, with a highevalf the locking angle
(~55-60°) [31, 32]. However, the only notion of locking angdenot sufficient to
anticipate the presence of wrinkles. Indeed, a risé@btank-holder pressure has the
tendency to delay the appearing of wrinkles. This meangt tisgpossible to obtain high
shear deformation where the shear angle is higherttigmiocking angle if tension is
applied to the fabric. This confirms the importancehef toupling between shear and

tensionasalready discussed in [32, 36]

In the global analysis of the realized preforms, no uefssuch as broken yarhsve

been noticed even for the highest blank-holder pregssts. From a uniform pressure



P applied on a number of yarn by unit length, denoted dtigueesil on a width |, it can
be deduced, in first approximation, the tension loaifittie friction coefficient between

the tool/fabric,u is known by Equation 1:

f=t (1)

In the case of an interlock which has 7.5 yarns per cos ¢¥0.75yarns/mm. The
tool/fabric Coulomb friction factor has been determined usingpecific device [35]
according to the protocol defined in [37]. Its value js= 0.17 With P<6 bar (device
limit) applied on I=100 mm (dimension of the blank-ho)dée maximum force applied

to each yarn is given by Equation 2:

_0.173%0.6%100
- 0.75

f = 13.6N/yarn (2)

In comparison to the mechanical behavior of the fabriension, this value is very far
from the tensile limit of the carbon yarns. To confitrat fact, tensile tests were carried
out on yarns extracted from the dry fabric before amner afhaping. Yarns extracted
after forming were pull out from those passing by the shbpeause they are subjected
to highest mechanical strespecimen’s length is 250mm and the cross head speed is
20mm/min. Figure 11 shows that the yarns behaviour and tkemoma strength were
not affected. Before yarns breaking, we notice a loapggdtieat are probably due to the
damage occurs by weaving process since that take place twiotlggoups of yarns. It

can be concluded that for this carbon fabrics, theafisbe blank-holder pressure does

10



not lead to yarn damage. However, for others nature of yglass, natural fibers,

comingled yarns,...) this type of default may occur.

Figure 12 details the preforms obtained from the tetralhepwoch with a high
blank-holder pressure equal to 4 bé&de defaults such as wrinkles or yarns damage are
observedHowever, increasing the blank-holder pressure leads totkigsions in the
fabric, and“weave pattern heterogeneity of the reinforcement, near the base of the
shape can be visibl@his local “weave pattern heterogenéitis caused by a relative
slip of the weft and warp yarns and leads to a very tmallyarn densityit’s obviously
an unacceptable defect for the preform and its homogeiaie to the high pressure of
the blank-holder the reinforcement is subjected to d@ffetensions in the two yarns
direction probably at the origin of the default. The iem&xerted by the blank-holder,
through the friction, on one yarn network is greatenttiat exerted by the transverse
yarns network, through the yarn/yarn pressure via frictidmnich ensures the cohesion
of the architecture. This type of default depends mainlyhercomplexity of the shape,
the boundary condition as well as the cohesion of abeid weaving. Moreover, this
phenomenon was observed in the lab for a glass plain wahvie on the prismatic
punch for only 1 bar of blank-holder pressure (Fig 13). Tésslt shows the importance
to control the blank-holder pressure for complex prefordmme wrinkles can occur
with too weak pressure or disappear with an adequate, \ali@n excessive pressure
can lead to another default such“asave pattern heterogenéityfo understand this

phenomenon it’s necessary to develop a specific test independently of the process.
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3.2 Position of the yarn after forming

In this work, three punches are used to study the feasibflityrming a double
curved part with a triple point. It is expected that thdomeation modes and
magnitudes are different according to the punch used. $rSguation, it is proposed to
investigate the orientation of the yarns after formingabee this parameter controls the
mechanical aptitudes of the final part as well as the pvitity of the preform.

Figure 10 shows results obtained from the experimentadifigr of the interlock weave
with the three punches under 1 ldrblank-holder pressurén Figure 14, schematic
diagrams describe the final yarn orientations forthinee performs at several locations.

First, an analysis of yarn positions on the two rectamdgatzes for the prismatic
punch and the five rectangular faces, for the squaresboconiducted. The fabric yarns,
on all these faces, keep good orientation homogeneityyahes network is parallel to
all the shape edges as expected with the choice ohitied position of the fabric.
These results are confirmed with the measurementedttear angle obtained with the
mark tracking software Deftac 3D (Fig 15 for the square bax1B for the prismatic
punch). Since the weaving network remains parahel shear angle remains low with a
maximum of 5.3° for the square box and 2.6° for the prisnpaticch. Controlling the
homogeneity of the yarns position and of the shear oefbon state allow, in these
zones, to predict a good homogeneity of the fiber volfraetion and consequently of
the mechanical properties. On the lateral edge, forqhare box, or at the base corners
for the three shapes, the shear deformations are coomplex. Due to the little edges
radius valudor the square punch and the very deep shaping (Fidhih) shear angles

have been reached (~50-60°) and are close to the lockitgyafitge G115% identified

12



during a shear test [31,32]igh levels of shear deformation were also measuredéor t
prismatic shape 40° to 50° and 50° to 60° for the tetraheminenat the basis of each
corner (Fig 17)In these small zones the fabric must accommodate thal bhange of
the punch geometry and is submitted to the pressure of the tddater. For the fabric
tested, this high shear deformed state does not conduciatdtdef theses location, but

will affect the injection step.

The last zones to analyze concern the triangulasfad the prismatic shape
(two lateral faces) and the three tetrahedron facks.ylrns networks do not remain
parallel to the edges of the punches (Fig 16, 17). Fgoribmatic shape the weft yarns
network initially parallel to the edges (Fig 14.b) becomeredr and for the tetrahedron
the phenomenon is the same but concerns the weft evatpgeyarns depending on the
observed faces. These specific obtained oriengtimpend on the geometry of the
shape, the initial positioning of the fabric, but alse plosition of the blank-holder. The
measurement of the shear angle on these triangulas, flmrethe two shapes (Fig ,16
17) confirm that the shear deformation in the fabrim@e important comparatively to
others faces, due to the curved yarns. On both side® ofatims passing by the top of
this shape, two symmetrical zones can be visible wherstibar angle is relatively the
same (respectively ~24.5° for the tetrahedron shape and ~fét.@fe prismatic one).
For the tetrahedron puncthe evolution of the fabric shear angle on a triangfdee
during the process is presented in figure 18. It can be waegtithat the maximum
angle is reached and remains constant quite before dhaf &éime process.

Controlling the final yarns orientation is easily possitrerectangular or square

faces with the prismatic or square box punches. Foritrgtlar faces of the prismatic

13



shape as well as for the face of the tetrahedron fdwesyientation of the yarns is more
difficult to control with regard to the desired final shagoed which should meet the

specifications in terms of mechanical solicitation.

3.3 Out of plane buckles
When using the tetrahedron and the prismatic puncheshearntype of defect denoted
by out of plane buckles appears on faces and on some etltjee preforms (Fig 19)
Locally these buckles constitute a consequent over trsskmehich can reach 3 mm of
height near the triple point.o@sequently the homogeneity of the thickness’s preform is
not controlled. As described on figures 19.a, b theseddsiake localized on zones of
about 15 to 35 mm width. On the tetrahedron, these buckles znagresent, at least,
on each triangular faces and edges which convertfee triple point (top of the shape
from the bottom of the shape. On the prismatic shdygebtickles are localized on the
triangular faces, at the middle of the face but alstherdiagonal edges, separating the
triangular to the rectangular faces. At the reinforagnievel, buckles are one out-of
plane default. It can be compared to the wrinkling phearon but this one takes place
at the scale of the fabric, whereas buckling takespd@d¢he scale of yarns. It could be
assimilated to the buckling of yarns and is not the samehitehas been described for
NCF reinforcement like an in-plane buckling [17].
The experimental observations show that yarns passing lsigleepoint are subjected
to consequent tensile deformation. The yarns perpendicilahese ones are not so
much tightened. On both side$the buckles zones, especially on triangular faces, the
yarns perpendicular to the one passing by the triple pomtcarved as already

mentioned in Section 3.Zhese yarns try to accommodate bending in their pldne.
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seems that this is not possible and out of plane bendkes tplace. The buckles
localization and size depends on the tension of the gpampendicular to the one passing
by the triple point and therefore on the blank-holdessuee. The influence of each
process parameters used during the forming of the considergdrcement on the
apparition and the quantification of these buckles wilth® subject of futures works.
The architecture of the reinforcements should probablynmstigated with the goal to

optimize the constitution of the fabric to avoid theeyation of buckles.

3 Conclusion :
This experimental work concerns the study of the prefornoih@ specific, highly
double curved geometry with a triple point (case corbgrihe sheet forming process.
The criteria necessary for obtaining a preform withbefaults from specific interlock
reinforcement (G11%Y) have been investigated. Three different punches (square box,
prism, tetrahedron) were used in this study, each of gmwesenting highly double
curved geometry with a case corner. A specific sheetirfigrahevice specially designed
for the preforming of textile reinforcement was used. Tegice can be used of course
to preform reinforcements, but also to analyze defaultheatlevel of the preform
(wrinkles, yarn damage....) as well as at the local scale (yarn position after forming,
shear angles...). The preforming criteria investigated in this work concemn type of
the punch but also all the involved process parameters stich bBnk-holder pressure
for example. At the scale of the preform the influen€¢he pressure applied by the
blank-holder has been analyzed. These loads are necésgagvent default, such as
wrinkles, but too high values can conduct to others defaultb as‘“weave pattern

heterogeneity due to yarn slipping This phenomenon should be identified from
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specific tests, independently of the preforming processhab the influence of the
constitution of the reinforcement in the apparitionhef defaultss taken into account.
The expected shapes with the three punches have besnedbbn the condition an
optimized blank-holder pressure is appliélb classical defaults such as wrinkling or
yarn damage are present in the useful zone of therprefThis is particularly the case
for the square box preform. Even if high shear anglewealthe locking angle are
observed in the corners (~50-60°) no wrinkle appear. Thansithat the knowledge of
the only shear behavior is not sufficient to predict the appg of wrinkles because
this defects is the consequence of combined phenomenavimydll strains and
rigidities taking place within the fabric (tension;pfane shear, bending)

A new default, not observed for spherical or hemisphesicape has been identified as
out of plane buckling of yarns. This phenomenon not rebseon the square box is
visible on some faces and edges of the prismatic andhéen@n shapes. The
mechanisms at the origin of buckling are not fully unaerdtand should be identified
from specific tests, independently of the preforming pre@desstudy the influence of
the reinforcement architecture in relation to this defaul

The homogeneity and the orientation of the yarn giieforming have also been
investigated. For the square box, it is easily possibleotdrol the orientation of the
yarn within the preform in the faces, whereas this tspassible for triangular faces of
the prismatic and tetrahedron shapes.

From the previous paragraph, it therefore seems thadqunmgre box punch is the most
adapted to realize the highly double curved preform with a casercfrom the G1151

interlock reinforcement even if high shear take placéh@corner therefore reducing

16



locally the permeability of the preform. For the twoesthpunches another architecture
of fabric should be envisaged.

From the reinforcement point of view, this work has shown tifka orientation of the
yarn as well as buckling 0weave pattern heterogenéityyarn slipping) are essential
parameters to take into account as much as the shearveimgle remains the most
studied in the literature as mechanism inducing defaults. ddmrol and the
optimization of the process parameters are also &@isén realize complex shape
preforms In this work, experimental approaches are used to first ifgeall the
phenomena taking place during preforming before eventually tisengesults for the
numerical approaches. In future works a parametric stutly ame and several plies
will be conducted to take into account the variation ottadl parameters relatively to
each other.
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Fig 1. Case corner part used for aeronautical application

a) Square box

b) Prism

c) Tetrahedron

Fig 2: Punches
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Fig 4. Carbon reinforcement with markers at the initiates
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Fig 5: Woven interlock carbon reinforcement (G1%51
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Fig 6: Initial positioning of the interlock fabric for tisguare box punch.
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Fig 7: Initial positioning of the interlock fabric forelprismatic punch.
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Fig 8: Initial positioning of the interlock fabric for thetrahedron punch.
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;

d) Zoom on the useful zone at 0.2 bar

e) Zoom on the useful zone at 1 bar

Fig 9 : external view of the prismatic shape of a caibtarlock weave.

a) Tetrahedron punch

b) Prismatic punch

c) Square box punch

Fig 10: Drawing of a carbon interlock weave with three differentghes (1 bar

pressure)
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Fig 11 : Tensile behaviour of yarns extracted from the albyi¢ before and after
shaping

Fig 12 : Tetrahedron drawing of the interlock weave witladidressure
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Fig 13: The“weave pattern heterogeneipho on the prismatic shape of a
glass plain weave fabric under 1 bar pressure.
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Fig 14: Yarns orientation after forming for the threesidered shapes.
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' 50°-60°

Fig 15: Shear angles after a square box forming of thelock weave. Red: weft yarns;
Blue: warp yarns; yellow: shear zones.

£
Curved yarn |

Fig 16: Shear angles after a prismatic forming of therimck weave. Red: weft yarns;
Blue: warp yarns; yellow: shear zones.
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Curved yarn

50°-60°

Fig 17: Shear angles after a tetrahedron forming of teelack weave. Red: weft
yarns; Blue: warp yarns; yellow: shear zones.
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Fig 18 Shear angle evolution during the tetrahedron forming oftieglock weave.
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a) Buckles zone on tetrahedron shape b) Buckles zone on prismatic shape

c) Zoom of the buckles

Fig 19: The out of plane buckling default at the end of traltetiron and prismatic
forming of G115% layer.
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