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Abstract

This paper describes a method to characterise the influence of in-plane shear on the
permeability of fibrous preforms used in Liquid Composite Moulding (LCM) processes. An
optical method for measuring the local shear variation of the woven textile is presented and
used in conjunction with an in-plane permeability measurement system. The aim is to define
the material parameters such as the orientation of the in-plane permeability depending on the
shear applied to the reinforcement. The system presented here can either be used as a
validation tool for permeability prediction models, or to compile semi-empirical permeability
models for LCM process simulation tools.

1. Introduction

Weight reduction is a main target for energy savmthe transportation industry products. A
significant number of manufacturers in areas iniclgcheronautic, railroad or automotive are
using an ever increasing amount of composite nad$ein their products because of their low
weight compared to their mechanical performance.

In order to reduce the amount of fossil carbortincsural composites while maintaining their
mechanical performances and the ability to usectipeocesses to manufacture large and
complex shaped parts, the use of bio-based resmsenforcements are currently studied.
Through a less regular geometry (as observableigaré& 1) and shorter length of the
individual fibres, using such materials tends taaxbate the scientific bottle necks met in
composites manufacturing by Liquid Composite Mouddi(LCM) processes. At last,
dispersion in bio-based reinforcements propertsesal$so an issue and a lot of studies are
currently ongoing on this specific topic.

Roving and textile methods applied to flax fibremlele the production of preforms that are
suitable for manufacturing bio-based compositesphyt LCM processes. The properties of
these bio-based reinforcements are a-priori diffefeom those of similar reinforcements

specifically developed for composite processingthar complexities are also introduced by
the fact that the fabrics used for complex shamedposite parts manufacturing are deformed
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before being impregnated by resin in the casesjetiion in moulds with double curvature
[1-4]. These deformations can have an effect onrntipgegnation as, for example, preferential
direction of flow or lower local permeability. Th®snoulds can also have an effect on the
residuals stresses [5] that can induce prematuceordamages in the part but this aspect will
be the focus of further studies [6-8].

The present study focuses on the measurementp&ime permeability [9-17] on a flax twill
weave. More precisely, in order to gather information the behaviour of such
reinforcements during manufacturing by LCM procegsithe permeability of the fabrics
under in-plane shear has to be estimated [18-18].f@brics have thus been sheared prior to
permeability testing in order to simulate preforgim a complex shaped mould [20-23].
These deformations have an effect on the manufagtyarameters such as compaction
behaviour and permeability [9-10;24-27]. Effectsseferal shearing levels measured locally
by optical method have been studied at strictlytrodied fibre volume fraction. It is
important to note that the previous studies havenbealised at constant thickness, thus
coupling the change in shear angle with changébie fvolume fraction. The measurements
presented in this paper are made at constantvditene fraction.

The textiles permeability properties have thus b®grerimentally characterised, highlighting
the effects of shear on the behaviour of bio-basetles at different fibre volume fractions.

2. Materials and method

The method used in this study is here describetlagntwill weave with an areal weight of
525 gsm (grams per square meter). It can be seéthihtows are made up of several circular
pack of twisted flax fibers (Figure 1). This has effect on the crimp of the fabric and its
ability to be sheared without damaging the fibres.

Figure 1. Flax twill weave ; reinforcement from above (l&dt)d section of a composite (right)



ECCM16 - 16™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014

The set up developed in this study is relativeinme, although it results from several
iterations. The sample corners were cut prior teashg, as illustrated in figure 2. This
prevented out of plane wrinkling of the woven fabwwhich is normally present in the regions
of sharp angle changes [10]. Willems et al. [28}iseld to maximise the ratioplamdLrol
(Lror is characteristic of the region of interests ascdbed in figure 2). For this study
however, this had to be balanced with the needite la sufficiently large area (so largel)

on which to perform the permeability measuremergvidus studies [10] have recommended
removing the loose yarns, i.e. no longer maintaibgdceighbouring yarns, parallel to the
frame on the edges of the preform. This operati@s wot performed in this study to
minimize handling and deformation of the fabrido®characterized.

Figure 2. Coarse twill in shear rig initial state (left) asldeared at 15° (right); LROI=250mm

While the rig described above governs the overadhs of the reinforcement, it was deemed
necessary to control the actual shear angle imposdhe fabric [11]. Shear variations within
the material were present due to shear inducedhdygutting and placement of the textile in
the rig, as well as sample sliding in the gripgslascribed above. Photographs of the samples
were therefore taken just before and after defdomah order to evaluate the local variations
due to the rig loading. The pictures of the reioémnent were converted to greyscale, cropped
to eliminate the rig, and then divided into squama-pictures to analyse the spatial
dispersion. The pictures were usually defined b§04%3000 pixels with a spatial resolution of
approximately 0.01mm? by pixel to be analysed. @ahgle between weft and warp directions
of the fabric can thus be measured independenthjifiarent areas of the sheared preform
(figure 3).

3. Resaults and discussion

The effect of fabric shear on the permeability vatar is presented and discussed on the
basis of figure 4 presenting a schematic descriptioan elliptic flow front on a fabric. The
components on the in-plane permeability tensordafened as the principal directions of the
ellipse extracted from the flow front with a metheaty similar to Comas-Cardona et al. [29].
Those principal directions are different from thargrand weft directions (represented as a
grid in figure 4) and this is distinguished by #egled that describes the angle between the
weft direction and the direction along the largesincipal component of the in-plane
permeability tensor.
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Figure 3. Example of measurement of the local shear on sseduaill sample with an overall shear of 20°
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Figure 4. Presentation of the variab®e angle between K11 and the weft direction.

Figure 5 shows the influence of the applied shaaicgnstant fibre volume fractions ¢(¥
54%) on the K11 and K22 permeability values of ii@forcement. As shown in this figure,
K11 is significantly affected by shearing wherdas ¢thanges in K22 are not relevant.

The angle between the weaving direction decreakglgw 90°, it seems normal that the
permeability along K11 becomes higher (an@leweft/K11; figure 4). However, when
comparing the permeability at constant thicknelss, dffect of increased:Wvill result in a
slight decrease of K11 and a steep drop in K22 witheasing shear. That is why those tests
have been performed at constanpgWd not constant thickness.
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Figure5. K11 and K22 at constant Vf (Vf=54%) at differentasered in-plane shear.

The ratio between the K11 and K22 components dependhe fabric shearing. The angle
between the weft direction and the principal die@tof the permeability tensor K11 (andle
weft/K11; figure 4) is also significantly influendéy the shear angle applied. The evolution
of the angle with the measured shear of the raiefoent is presented on figure 6. An
example of the effect of the shear on the anglet/li&t is presented in figure 7. This
highlights the importance of accurately characiegishe influence that these parameters have
on the material permeability behaviour in ordeirtcrease the accuracy of the LCM process
models.
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Figure 6. Angle K11/weft depending on the nominal shear aagleonstant fibre volume fraction (Vf=54%)
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a)

Figure7. Ellipse of saturated fabric during in plane perniliglzharacterization at constant fibre volume

fraction (Vf=54%). a) non-sheared fabric; b) nonhisiaear angle 20°.

4. Conclusion

While it is well known that in-plane shear affetk®e permeability values and anisotropy
behaviour of a fabric, it was also demonstratec lleat it also affects the orientation of the
permeability tensor relative to the fabric orieitat(weft and warp). With the refinement of
the liquid composite moulding process simulatiopatalities, it has become important to be
able to provide more accurate and detailed matdatd to the model. While there is a drive
to try and predict the compaction and permeabliighaviour of reinforcement materials
through simulation, the large number of paramedeis the variability generated through the
weaving process does make it difficult and expensosrely solely on prediction to obtain
material data. Semi-empirical models based on @xeetal material characterisation provide
economic benefits.

References

[1] Mohammed U., Lekakou C., Bader M. G., "Experimergialdies and analysis of the
draping of woven fabrics,” Compos. Part A 31 (20D0009-1420

[2] Ouagne P., Soulat D., Moothoo J., Capelle E., Guere'Complex shape forming of a
flax woven fabric; analysis of the tow buckling amisalignment defect,” Compos. Part
A 51 (2013) 1-10

[3] Sharma S. B., Sutcliffe M. P. F., Chang S. H., "‘@hterisation of material properties for
draping of dry woven composite material,” Compaat A 34 (2003) 1167-1175

[4] Wang J., Paton R., Page J. R., "The draping of wdabric preforms and prepregs for
production of polymer composite components,” Compast A 30 (1999) 757-765

[5] Waris M., Liotier P.J., Drapier S., Effect of theolth on the residual strain field
monitored with optical fibers sensors in resin sfen molding processes. Journal of
Composite Materials, IN PRESS, 2013

[6] Liotier P.J., Vautrin A., Henrat P.. Microcrackimmg composites reinforced by multiply
stitched preform subjected to cyclic hygrothermahdings. 2011, Compos. Part A,
42:425-437.



ECCM16 - 16™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014

[7] Liotier P.J., Vautrin A., Delisée C.. 3D morphologii characterization and microcracks
detection in composites reinforced by multiaxial ltpply stitched preform. 2010,
Compos. Part A, 41 :653-662.

[8] Wisnom M. R., Chang F.-K.. Modelling of splittingné delamination in notched cross-
ply laminates. Compos Sci Technol, 60(15), 20002&40—-2856.

[9] Heardman E., Lekakou C., Bader M. G., "In-planemg=ability of sheared fabrics,"
Compos. Part A 32 (2001) 933-940

[10] Verleye B., Croce R., Griebel M., Klitz M., Lomov\&, Morren G., Sol H., Verpoest I.,
Roose D., « Permeability of textile reinforcemer@snulation, influence of shear and
validation». Compos Sci Technol 68 (2008) 2804-2810

[11]Louis M., Huber U, "Investigation of shearing etfeon the permeability of woven
fabrics and implementation into LCM simulation,"@Gpos Sci Technol 63 (2003) 2081-
2088

[12] Drapier, S; Monatte, J; Elbouazzaoui, O, HenraClraracterization of transient through-
thickness permeabilities of Non Crimp New Conc@p€2) multiaxial fabrics. Compos.
Part A. 36 (7) 877-892

[13] Hou Y., Comas-Cardona S., Binetruy C., DrapierGas transport in fibrous media:
Application to in-plane permeability measurementngstransient flow. Journal of
Composite Materials, 2012

[14]Ouagne P., Bréard J. , Continuous transverse peéititgaf fiborous media. Compos.
Part A, 41 (2010), pp. 22-28

[15]Arbter R., Beraud J.M., Binetruy C., Bizef Bréard J., Comas-Cardona S.,
Demaria C., Endruweit A., Ermanni P., Gommer Fas&hovic S., Henrat P., Klunker
F., Laine B., Lavanchy S., Lomov S.V., Long A.,ddaud V., Morren G., Ruiz E., Sol
H., Trochu F., Verleye B., Wietgrefe M., Wu W., gmann G.. Experimental
determination of the permeability of textiles: Ansbmark exercise. . Compos. Part A.
42(9), 2011, pp 1157-1168

[16]Sim&ek P., Advani S. G. , Permeability model for a wovabric. Polymer Composites
17(6), 1996, pp 887-899.

[17]Parnas R. S. , Howard J. G., Luce T. L., AdvartS Permeability characterization. Part
1: A proposed standard reference fabric for permiigabPolymer Composites 16(6)
1995, pp 429-445.

[18]Sharma S. B., Sutcliffe M. P. F., "A simplified ifi@ element model for draping of woven
material," Compos. Part A 35 (2004) 637-643

[19]Hamila, N., Boisse, P., Chatel, S., "Semi-discrsetell finite elements for textile
composite forming simulation,” International JodraMaterial Forming 2 (2009) 169-
172

[20]Govignon Q., Bickerton S., Kelly PA., Simulation thie reinforcement compaction and
resin flow during the complete resin infusion pregeCompos. Part A, 41(1) :45-57

[21]Celle P., Drapier S., Bergheau J.-M., Numerical etloth of liquid infusion into fibrous
media undergoing compaction. European Journal afhidieics-A/Solids 27(4) pp 647-
661 .

[22]Moulin N., Abouorm L., Bruchon J., Drapier S., Mditltic Approach of Stokes-Darcy
Coupling for LCM Process Modelling. Key Engineeridgterials 554, 2013. pp447-455

[23]Pacquaut G., Bruchon J., Moulin N., Drapier S., Gonmg a level-set method and a
mixed stabilized P1/P1 formulation for coupling I8&te—Darcy flows. International
Journal for Numerical Methods in Fluids 69[2) 20Pp. 459-480

[24]Loix F., Badel P., Orgéas L., Geindreau C., BoiBse« Woven fabric permeability:
From textile deformation to fluid flow meso-scalenglations». Compos Sci Technol 68
(2008) 1624-1630



ECCM16 - 16™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014

[25]Bickerton S., Simacek P., Guglielmi S.E., AdvartS$.« Investigation of draping and its
effects on the mold filling process during manufiaicty of a compound curved
composite part». Compos. Part A 28A (1997) 801-816

[26]Lai C.-L., Young W.-B., "Model resin permeation fiber reinforcements after shear
deformation,” Polymer Composites 18 (1997) 642-648

[27]Walther J., Simacek P., Advani S.G., The effectatiric and fiber tow shear on dual
scale flow and fiber bundle saturation during lajonolding of textile composites. Int J
Mater Form, 5 (2012), pp. 83-97

[28]Willems A., Lomov S.V., Verpoest I., Vandepitte [&. Optical strain fields in shear and
tensile testing of textile reinforcements». ComBasTechnol 68 (2008) 807-819

[29] Comas-Cardona, S; Cosson, B; Bickerton, S; Biyet€, An optically-based inverse
method to measure in-plane permeability fieldslarfolus reinforcements Compos. Part A
57 (2014) 41-48 .



