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Abstract

Numerical analysis of interlock composite preforgniallows to determine conditions for
feasibility of the process and above all to knoe plosition of fibres in the final composite
part. For this forming simulation, specific hexahadinite elements made of segment yarns
are proposed. Position of each yarn segment withenelement is taken into account. This
avoids determination of a homogenized equivalentigcoous law that would be very difficult
considering the complexity of the weaving. Transygoroperties of fabric are taken into
account within a hypoelastic constitutive law. A&e3D interlock fabric forming simulations
shows the efficiency of the proposed approach.

1 Introduction

Laminated composites with 2D layered reinforcememdse been used with outstanding
success for several decades in aircraft and otbpnsainking applications. Nevertheless, when
the thickness of a composite part is large, theafighese laminated composites is restricted
by manufacturing problems and their low resistatacdelamination cracking. To overcome
these difficulties composites with 3D fibre arcbitee called ply to ply interlock fabric have
been proposed [1-3]. This material is not fully 3Mdce there is no third yarn set in the
transverse direction but the properties throughttitkness are much improved. Above all,
the possible delaminations of the 2D laminated ausiips are overcome. Recent advances in
the field of computer controlled Jacquard loom®&wallobtaining much more complicated
interlock weavings. The sections of yarns can b#ergint in various places of the
reinforcement. Finally the number of weft yarns ocaary along the part. The resulting
preform is a complex 3D assembly of yarns FigureThese complex architectures of
interlock fabrics have great benefits. First thiegs of the preform can be large. Above all,
design of the weaving can be optimized in ordeplttain optimal mechanical properties.
These advantages added to the fact that interlabkick are damage tolerant due to the
resistance offered by interlacing tows to crackppgation, lead to use this technology for
some aeronautical applications such as motor blades
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From the interlock fabric preform, composite paate obtained by R.T.M. process (Resin
Transfer Moulding) [4]. This process is composedvwed main stages. First, the interlock
fabric is formed in order to obtain the geometrytloé final part that can be complex. In
particular when this geometry is double curvedaslisérains are necessary to reach the shape.
Analysis and simulation of this preforming stagease of the interlock 3D reinforcements is
the purpose of this present paper. Subsequendin (asually thermoset) is injected within
porous fibrous reinforcement. The composite stmgciobtained in this way can be thick,
without layer stacking and with complex shapes.yThave improved mechanical properties
especially resistance to crack propagation. Fumbeg the finishing is good.

O weft T warp

Figure. 1. Interlock used in thick preforms

2 3D Interlock fabrics preforming simulation

The preforming stage has important consequenceshenfollowing. First it conditions
injection stage. Strains change the permeabilitthefinterlock fabric. Shear strains tend to
“close” channels of the flow and compression ofréieaforcement in the mould are necessary
to avoid flows between the fabric and the tools smdet prescribed thickness of the part.
Above all, preforming stage determines the positbgarns in the final composite part. This
position and especially direction of fibers playspeedominant role in the mechanical
properties of the composite structure. It must akem very accurately into account in
structural analyses (rigidity, damage, fracturéyraiions....) that must be performed on the
composite part especially if it is a critical stwre. Thus simulation of the preforming stage
has two main goals. First it aims to determin&é preforming process is possible or what are
the manufacturing conditions that make it possibiigoarticular, strains of the reinforcement
must not exceed some limits. Angle variations betwa&arp and weft yarns are limited (30 to
50° depending on the reinforcement). Tensile stddityarns must remain very small. All
strains and especially compressive strain musténthat there is no local or global buckling.
Secondly it is necessary to provide fiber directiamd densities after the preforming in order
to be able to simulate resin injection and struadtbhehavior of the final composite part.

Within the virtual work principle, the internal wral work of tension and the other internal
virtual works are distinguished:

W, (n)+ W (n) - Wae (n) = -W,(n) (1)

N is avirtual displacement field. &y and W are the virtual works due to exterior loads

and acceleration quantities. Because the formimgamly led by yarns in tension accounting
for their rigidities that are much larger than atiehe modelling effort will mainly concern

the tension part . In this term the complete gdoye each yarn will be taken into account.
The second order term may be described in a maongesway. In the present work, a simple
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form will be considered for this part in order ender identifications of material data simpler
and because complexity of the interlock prefornmetuded in the tension term.

Although most forming process are quasi-static,omitgj of codes (and especially commercial
ones) for material forming simulations are basederplicit dynamic approaches [5,6] that
have proved to be numerically more efficient thawplicit ones. It will be checked that
dynamic effects are small enough not to modify ltesaf simulation.

Within a finite element approximation, the dynarmaguation (1) written in the set of degrees
of freedom leads to:

M l:"In = Fext - I:im (2)
with Wacc(n) = nTnM U n Wext (n) = nEFext (3)
Wi, (ﬂ) +Wp, (ﬂ) =N,F =M, (Fi:n + Fi?ﬂ) (4)

u, and n, are single column matrix of nodal displacement amtual displacement
componentsM is the mass matrixex andFin; are single column matrix of components of
the exterior and interior nodal loadsy; is given by the exterior loads on the structure.aD
time stepAt, from tto t*!, the central difference scheme gets the solutifhfrom u'
[5,6]. The definition of the specific finite elenteior interlock fabric forming will consist in
giving expression of the interior loads vectors dogension stiffnesse&;, and to other
rigidities F., in order to apply the explicit scheme.

The 3D interlock woven preform is meshed in a $&8M finite elements such as the one
shown in Figure 2. Yarn segments are crossing thatredral element. The interpolation
functions of the element are the classical tridinfunctions of the height node hexahedral
finite element. In order to be consistent with timerpolation, the yarn segments are straight.
The finite element is Lagrangian (as it is standarsolid mechanics). Material in an element
is constant during the deformation and positiongash in the reference frame of the element
(i.e. in the material frame) are constant. Knowked§ these positions is an important data of
the problem and influence stiffness and damagegpties. After the weaving, the position of
each yarn in the preform is known and consequel@tgrmines the position of yarn segments
in the element when the preform is meshed in 3Defielements.

h? is the unit vector in the direction of the numpeyarn. The tension vector in the yarn p
is defined as follows:

1" = [ofdsK (5)

where ¢}, =b‘f.(c__5'°.bf) is the axial component of the Cauchy stress irditextion of the yarn

p and $ is the section of the yarn p. The virtual intermairk due to tension of the yarn
segment p is:

we (Q)=ITPsp(Q)dL (6)
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Figure 2: Undeformed and deformed 3D finite element comtagjrfibrous yarns.

LP is the length of the yarn segment number p a’r@) :bf.(gs(g) .h?)is the component of
the symmetrical gradient of the virtual displacetmgnin the direction of the yarn. For the
numbere element:
t > P T t
Wi (n) =3 [T7e(n)dL=n;F (7)
p=1.p
where nye is the number of yarn segments in the elemernnd F¢is the single column

int
matrix of elementary tensile nodal loads.
The global tensile nodal loadg, of equation (4) is the assembly BF on all elements.

The virtual straine” (Q) can be expressed as a function of nodal virtuglatements in order

to determineFS . For the yarn segment number p, the virtual sirathe yarn directiorh! is:

e (n)=h?(0°(n)-bf) =& (n)( o xt) ( 9 2H) 8)

e”(n) =a’a/Bn’ ©)
The elementary tensile nodal load is given by :

Fe =Y [Tho/oB, dL (10)

p=1p
The detail of the calculations can be found in [7]. _
The above explicit scheme gives nodal displaceraadtvelocity fields at time*t. The

value of the tension in the yarf " at time t™* must be computed, in particular in order to
preform the next time step. In each yarn segmetiteoélement e:

TP = TPi 4 ATP (11
with
B iL[C)i+1 _Lpi
ATP =CP D (12)
CP is the tensile stiffness of the yarn. it i constant during the preforming, then:
pitl _ ~p ti+1%_ o Lpi+l
T _Cjo —=CLog 5 (13)

In this case, the tensile law relates tensionédalgarithmic strain in the yarn direction.

Main part of mechanical behavior of the interlockfprm during the forming process is due
to tensile stiffness of yarns. Nevertheless othgpeats such as transverse compression
rigidity of yarns, friction between yarns and fisradd some stiffness to the preform. These
rigidities are second-order in comparison with dendgidities of yarns; still, they can be
important, especially in the directions in whicimgie stiffness of yarns does not generate a

4
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rigidity of the preform. In particular, that is tlvase for global transverse compression of the
preform and some shear strains. Geometrical andigdlydescriptions of yarns, fibres,
interfaces concerned in these rigidities are vesynmex. Since it is about second-order
rigidities, their modelling has to be simple. Coety of the preform has been taken into
account in the principal part of rigidity due tosde stiffness of yarns. Consequently it is
assumed that second rate rigidities can be modélethose of an isotropic hypoelastic
material. These constitutive models (also called canstitutive equations) are widely used in
F.E. codes to model isotropic mechanical behavafucontinuous material at large strain
[8,9].

3 Bias extension test
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Figure 3: Bias test — 3(a).Computed deformed shape —Bifs) test experiments — 3(c).Computed load versus
displacement — 3(d).Measured load versus displaceme

The bias extension test is a traction test on apkamriented at 45°. It is much used and
analyzed for the determination of composite reicdonent mechanical behavior [10,11].
Numerical simulation of a 3D woven specimen givesetormation very close from the real
test, and simulated behavior compared with the oredsone shows a good accuracy of the
hypoelastic model especially knowing that it représ second-order terms (figure 3). This
test allows validating the shearing contributioroaf model.
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4 Forming simulations

Deep drawing simulations for 3D interlock fabriesvk been performed. Fibre orientations
clearly drive deformation as shown in Figure 4, tiwo different orientations of yarns. This
test have been intensively studied in the casehiof fabric reinforcements [12,13]. The
simulation gives after forming the position of ea@rn in the preform (Figure 4b). This is
important for further resin flow simulation and ifen element analysis of the final composite
part.

(a)

TENSION
190.

(b)

TENSION
190.

Figure 4: Hemispherical deep drawing of a thick interlockfprm
(a).Fibers orientation : +0° +90° (b).Fibers ot#&ion : +45° -45° —

A twisted plate forming simulation is performedst®wn in Figure 5. The simulation gives
the conditions for the feasibility of the formingogess and above all, the position of fibers in
the final part. These positions are essentialdaher structural computation.

5 Conclusions

A hexahedral finite element made of yarn segmeasstieen proposed for the simulation
of 3D interlock fabric forming. The position of dagarn within the finite element is taken
into account. The rigidities due to transverse proes of the yarns are secondary. They are
taken into account within a rate constitutive etprat
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Figure5: Forming of a twisted plate
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