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Abstract: Continuous fibre reinforced composites are now firmly established engineering
materials for the manufacture of components in the automotive and aerospace industries. In
this respect, composite fabrics provide flexibility in the design manufacture. The ability to
define the ply shapes and material orientation has allowed engineers to optimize the
composite properties of the parts. The formulation of new numerical models for the
simulation of the composite forming processes must allow for reduction in the delay in
manufacturing and an optimization of costs in an integrated design approach. We propose
two approaches to simulate the deformation of woven fabrics: geometrical and mechanical
approaches.
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1. Introduction

Composite materials with glass, carbon or aramid fibres and polymeric matrices are known to have
high specific stiffness and, in combination with automatic manufacturing processes, make it possible
to fabricate complex composite structures with high levels of weight and cost efficiency. As known,
the substitution of metal alloys by composite materials, in general, reduces structure mass by 20—30%.
This increase is also due to the wide variety of semi-products (roving, fabrics, knitted fabrics, braids
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pre-impregnated or not) available permitting the elaboration of new structures. Fabrication processes,
also, have undergone substantial evolution in recent years. Although the traditional lay-up process will
remain the process of choice for some applications, new developments in resin transfer moulding,
sheet moulding compound, low temperature curing prepregs and low pressure moulding compounds
are reached new heights of sophistication, and are now being exploited in high technology areas such
as the aerospace industry [1-5].

The simulation of the manufacturing of a textile reinforced composite part with a Liquid Composite
Moulding-like process, which involves draping (or deep-drawing) and impregnation of the preform,
includes several stages. First, a mould is designed with CAD software, and the CAD model is meshed.
Then, a draping (or deep-drawing) simulation tool is used to compute the deformations of the textile
layers inside the mould. As a result, for every element of the mesh, textile parameters like the shear
angle and the thickness of the layer are available. With these parameters given, the local (meso-scale)
properties for every element is determined (pre-processing), and given as input for the macroscopic
structure after resin polymerization simulation. The result of the macro-simulation is then post-
processed to optimize the mechanical properties of composite structure. The numerical simulation of
composite forming is an efficient means of evaluating factors related to manufacturing processes and
an efficient help to design pre-forming sequence for the manufacturing of fabric reinforced
composites. It is thus possible to detect the main problems occurring during the shaping deformation
and to obtain good quantitative information on the forming process [4—10].

The choice of manufacturing process depends on the type of non-polymerized matrix (or resin) and
fibres, the temperature required to form the part and the cost effectiveness of the process. Often, the
manufacturing process to be used is the initial consideration in the design of composite parts. Each
manufacturing process imposes particular limitations on the structural design. It is necessary to
develop specific algorithms taking into account not only the appropriated mechanics of the semi-
products but also the associated process. Different levels of modelling intervene in the design process
(see Figure 1): architecture design level, pre-dimensioning level, mechanical level by computational
software and optimisation level [11-19].

Laying-up or draping is the most common method of producing thin composite parts
[14,20-22]. The primary methods of automation in hand lay-up relate to computer software. Software
is used to generate flat patterns from the layer surface and the ply boundary and to find the most
efficient nest of cut plies to minimize the scrap. The formulation of the more efficient numerical
models for the simulation of the forming composite processes must delays in manufacturing of
complex parts and an optimisation of costs in an integrated design approach. The composite
manufacturing process involves large displacements and rotations and large shears of weft and warp
fibres, which can have a significant effect on the processing and structural properties of the finished
product. The formulation of new and more efficient numerical models for the simulation of the shaping
composite processes must allow for reduction in the delay in manufacturing of complex parts and an
optimization of costs in an integrated design approach [3,23-25].

In this study, we propose two numerical approaches to simulate the forming of composite fabrics:
geometrical and mechanical approaches. The geometrical approach is well adapted to pre-
dimensioning level. It is based on geometrical aspects of the warping. Our method is based on a
modified "MOSAIC" algorithm, which is suitable to generate a regular quad mesh representing the
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lay-up of the curved surfaces (giving the exact fibre orientations). The method is implemented in the
GeomDrap software [26] which is now integrated in the ESI-Pam software. This software provides a
fibre quality chart (showing the fibre distortions, the rate of falling and the rate of draped surface) to
predict difficult impregnated regions. It can be used to optimise the draping process (with respect to
the above quality measure) by improving the lay-up directions or the marker data location. The lay-up
of complex curved surfaces can be made in a few seconds [12,16,27-29]

The mechanical approach is described on a meso-structural approach for finite deformations and
geometrical non-linearity. The not polymerized resin has a viscous behavior and the reinforced fibers
are treated as either unidirectional non linear elastic behavior. The bi-component finite elements for
modeling composite fabric behavior are based on an association of 3D membrane finite elements
representative of resin behavior and truss finite elements representative of warp and weft fibers
behavior. The efficiency of the proposed model resides in the simplicity of its finite element
discretization and the performance of its mechanical background [10,12,30-38].

However, due to the imposition of large displacements, the bi-component finite element mesh
representing the workpiece undergoes severe shear of fibres hence, necessitates remeshing or the
generation of a new mesh for the deformed/evolved geometric representation of the computational
domain [39—44]. It is therefore necessary to update the mesh in such a way that it conforms to the new
deformed geometry and becomes dense enough in the critical region while remaining reasonably
coarse in the rest of the domain. In this paper we give the necessary steps to remeshing a mechanical
composite structure subjected to large displacement. An important part is constituted by geometric and
physical error estimates.

2. Results and Discussion
2.1. Geometrical approach

In this section, we present the mathematical formulation of the geometrical draping of composite
fabric and then we propose a new algorithm scheme to solve the numerical draping problem. Let us
denote by X the non developable tool surface of the part to drape and we assume that a geometrical
mesh T of this surface is known. Let ® be the woven composite fabric modelled by two orthogonal
and inextensible fibre families (warp and weft) described by the local coordinates x =(&,n). These
families constitute regular quadrilateral fabric mesh called T, of the fabric @ (Figure 1). The problem
of geometrical draping of @ onto the non developable surface £ consists of calculating displacement
of each connecting point of warp and weft with a point of the tool surface mesh T, such that the
lengths of the edge of the corresponding mesh T on the surface are preserved (no extensible of fibre).
This problem is nonlinear and presents infinity of solutions depending on two parameters:

e Starting point associated with a node of fabric T .

e Initial warp and weft orientation o .

To ensure a unique solution, we suppose that the starting points (corresponding to the point of
impact of the machine to drape) x on the tool surface as well as the fibre orientation o are given.

The draping algorithm scheme is given by the following steps [27]:
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e Associate the starting point on geometrical part mesh of the mould x; = (éo,no) .

e Compute numerically step by step the warp nodes of the corresponding fabric mesh T, along
the geodesic line defined by orientation o, classified as o -nodes, from the starting point,
associated with nodes (&,n,) of quadrilateral fabric mesh T, .

e Compute numerically step by step the weft nodes of the corresponding fabric mesh T;, along
the geodesic line defined by orientation (oc + 90°) , classified also as a -nodes, from the starting
point, associated with nodes (,,mn) of quadrilateral fabric mesh T, .

e Compute numerically cell by cell all the other nodes of T; , classified as -nodes, from x, and

the nodes associated with nodes (&,n,) and (§,,n) of quadrilateral fabric mesh T, .

The nodes of T; associated with nodes (€,m,) and (§,,m) of quadrilateral fabric mesh T, (the a.-
nodes) are put on the tool surface along the geodesic lines emanating from the starting point.
Regarding the [ -nodes, various algorithms are proposed [29,45—48]. Most of them use an analytical
expression of the surface and formulate the draping problem in terms of non-linear partial differential
equations. Other algorithms are also proposed to simplify these equations by using a discrete
approximation of the surface by flat triangular face (i.e., a mesh of the surface). Based on this latter
approach, we propose a new algorithm in which the geodesic lines on the surface are approximated by
the polylines plotted on the surface using linear orthogonal transformation in R* to setting flat the
surface locally (these polylines become a straight line segment after these transformations). This
allows us to determine the o -nodes. The B -nodes are computed by solving an optimization problem
corresponding to determine a vertex of an equilateral quad plotted on the surface from the data of the
three other vertices. This optimization problem formulates the direction of the geodesic lines
emanating from the searched vertex [2,19,27,32,45,47].

Figure 1. Geometrical draping of composite fabric.
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2.2. Mechanical approach

The deformation modes of composites fabrics during the forming process are different than those of
sheet metal [10,17,49-54,59]. A number of deformation mechanisms are available, including shear
deformation between warp and weft fibres, fibre straightening, relative fibres slip and yarn buckling.
In the deep-drawing or the draping processes of composite fabrics, the evolution of a two straight line
grille drawn alternatively on warp and weft fibre directions, shows that the lines become curved but
remain continuous (see Figure 2). The absence of inter-yarn sliding (ensured by the weaving fabric,
viscoelastic behavior of non-polymerized matrix, friction fiber/fiber and fiber/matrix) can be observed
over the main areas of the fabric (i.e., far enough from the free edges of the fabric). Also, for the
composite fabrics based on high modulus, the compressive as well as bending stiffness are negligible
compared to the in-plane membrane stiffness. The assumption is that each cross connexion of straight
warp and weft fibre before deformation remains cross connected during the transformation. The basic
assumptions for the mechanical forming are that the woven fabric is considered as a continuous 3D
surface. The warp and weft fibres are assimilated as a truss which connecting points are hinged and the
membrane resin is coupled kinematically to the fabric at these connecting points.

Figure 2. Finite deformations of composite fabric.
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Each fibre (warp and weft) point X" in the reference configuration coincides to resin point X" (see

Figure 3). At the connecting points we have X" =X" =X before deformation. The current position of
these points is obtained by:

dx’ = F' (X,t)di{‘ fibres
. _ 1
dx" =F“‘(X,t)dX“‘ resin D

where F' and F™ are the deformation gradient tensor of fibre and resin respectively. The relationship
of the no sliding inter-fibre can write at each connecting point as X =X(X,t) with X' =x" =x . For
these points we have F' =F™ but for all other point F* #F™ . It is possible to decompose the
deformation gradient tensor in terms of the rigid rotation tensor followed by a stretch. By the spectral
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theorem, the stretch component (longitudinal elongation of fiber 1| and tensor strain of resin U™) is

defined in the reference configuration Cy as :

A= NTFTF'N'  fibres
; (2)
U™ =+F" F" resin

Using the above assumptions, the mechanical behaviour of composite fabric depends on the relative
movement of fibres and the deformation of resin. The problem of the integration of strain rate tensors
is a central one in large deformations. The rate equations for finite strains use objective derivatives

[55]. The frame associated with Green-Naghdi’s derivative is defined, at the material point considered,
by the rigid body rotation of the triplet orthogonal material directions ((Ni‘ ®Ni‘) for the fibre and

(e, ®e,;) for the not polymerized resin). The stretching tensors are written in the material frames:

Y f
A= @—}j(NfL ®N ) fibres
L 3)

D" =U"U" (e, ®e¢,) resin

The longitudinal fibres stress G, , depending on the fibre stretching elongation 1_)£ , and the not
polymerized resin stress tensor G can be written at each time as:
Gy =Ej (A )D] fibres
" =C"(t):U™ resin (4)
The behaviour in tension of the fibres is supposed elastic non-linear (due to the fabric weaving) and
is related to the elastic modulus E, and fibres undulation factor ¢, . The isotropic viscoelastic
behaviour of resin is formulates in the time domain by the hereditary integral and using the relaxation
time t, and the fourth order relaxation tensor, which are material parameters Cg‘k :

y f

- i
E; (ka ) =E, [1+6Xp(k' L

Lgsh

)J fibres

(5)
cr(t)=cy +ZC 7 resin

Each material point is moving as in a continuum, ensured by the non-sliding of fibers due to fabric
weaving and resin behavior (see Figure 2). Therefore, a nodal approximation for the displacement can
be used. The deformation of composite fabric is described within the frame of membrane assumptions.
The energy of deformation is obtained by a summation of membrane strain energy of not polymerized
resin and elastic tensile strain energy of fibers as:

—m , symR f —f o = e -

:horj;c : 5D dF+SOr;SJ:0L .SDLds—rJ; t.sudr—itc.sudr ©)
where S{ and h, denote respectively, the initial cross section of the fibre and the thickness of the
membrane resin, t is the external load applied on the composite fabric surface ', and t, is the contact
force between the mould tool and the fabricon T, .

The effect of spatial equilibrium of composite material on the actual configuration is established in
terms of nonlinear equations: kinematic non-linearity, material non-linearity and contact with friction



Materials 2009, 2 1841

non-linearity. It is linearized for each load increment by an iterative Newton-Raphson method.
According to the different modes of deformation occurring in the composite fabric during the shaping
process, bi-component finite elements are used to characterize the mechanical behavior of thin
composite fabric before non-polymerized matrix. The bi-component element is based on an association
of linear membrane finite element (Triangular and Quadrilateral) combined with a complementary
truss linear finite element. The global stiffness of composite fabric is obtained by discreet summation
of fibres (warp and weft) and not polymerized matrix stiffness. The governing equilibrium nonlinear
equations (6) are solved using dynamic explicit integration. This approach has proven to be, in
particular, suitable to highly non-linear geometric and material problems and where a large amount of
contact between different structural parts occurs [12,19,56]. The Dynamic Explicit DE algorithm
available in Abaqus/Explicit for solving the algebraic system works by using the lumped form of the
mass matrix [57].

Figure 3. Mechanical deformation of composite fabric.
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2.3. Remeshing scheme for composite forming

Let us recall that the adaptive remeshing of fabrics during draping of deep-drawing is never
approached in the literature. In this work, we propose specific algorithm based on an iterative step to
simulate numerically the forming process of composite fabric using commercial software ABAQUS.
At first, a coarse initial mesh of the fabric is generated with bi-component finite elements (linear
quadrilateral element representing the non-polymerized resin and linear truss elements representing the
warps and the weft fibers). Then, remeshing procedure is applied after each displacement according to
the following scheme:

e Definition of a physical size map based on the adaptation of the mesh element size with respect
to one of the mechanical fields.

e Definition of a geometrical size map based on the geometric curvature of the boundary.

e Threshold refinement: numerical values of the estimated local error are used both to select the
elements to be refined and to decide into how each new elements may be subdivided.
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e Refinement with solution estimation: a solution approximation and its local error on a mesh are
estimated from a previous approximation solution.

2.3.1. Definition of a physical size map

A physical size map is defined by calculating a physical size for each element of the part. This
physical size is defined with respect of one of the mechanical field. In this paper, the shear stress of the
not polymerized resin has been chosen. Minimal element size is associated to maximal shear stress
(given by the user from experimental tests) and a maximal element size for minimal shear stress and
for the other elements, a linear size variation can be used. For a given element, if the ratio between the
average size of its edges and its physical size is greater than a given threshold, the element must be
refined.

2.3.2. Definition of a geometrical size map

The geometrical size map indicates if a boundary element must be refined or not. The geometric
curvature is estimated at each boundary vertex of the domain. If this curvature has been modified
during the deformation of the computational domain and exceed a value limits given by the user (two
degrees in our case), all elements sharing this boundary vertex must be refined.

The adaptive remeshing technique consists in improving the mesh by coarsening and refinement
methods in order to conform to the geometry of membrane and truss elements during deformation.
Four consecutive steps are executed:

e Coarsening step during which the mesh is coarsened with respect to the physical size map,

e Refinement step during which the mesh is refined according to the geometrical size map and
then to the physical size map

e Define the deformed truss finite elements representing the fixed warp and weft fibres
discretization.

e Transfer the mechanical field of non-polymerized resin (stress) and fibres (tensile force) from
the old mesh to the new mesh.

There is only one element subdivision which allows preserving the element shape quality: the
uniform subdivision into four new elements. For this subdivision, a node is added is the middle of each
edge of the element. Boundary elements which belong to the geometrical size map are first refined.
The refinement is then applied according to the physical size map. In this case, the refinement
procedure is repeated as long as the physical size map is not reached. After each refinement procedure
(geometrical criterion or physical criterion), an iterative refinement to restore mesh conformity is
necessary. Indeed, after applying the subdivision according to the geometrical or physical criteria,
adjacent elements to subdivided elements must be modified (see Figure 4). A procedure of subdivision
has been proposed for the adjacent elements in order to stop the propagation of the homothetic
subdivision (see [43-44] for more information). Specific procedure is developed in order to conserve
the initial fibre density during the coarsening and refinement steps.
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Figure 4. Different levels of fabric remeshing procedure.
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3. Experimental
3.1. Uniaxial test

Due to the importance of the composite fabric behaviour on material formability, tensile test of pre-
impregnated fabric is proposed in order to study the influence of fibre orientation, fibre undulations
due to fabric weaving and resin behaviour. At processing, the impregnated fabric is idealised as a
viscous material subject to the kinematic constraints of incompressibility and inextensibility in the
fibre direction. The pre-impregnated fabric tested in this study was a satin 5 with aramid woven fabric.
The fabric was impregnated with epoxy resin using a hot-melt pre-pregging process. A lower loading
velocity will generate lower viscous forces at the intra-ply shearing of fabric. In this experiment, a
displacement in the vertical direction is imposed at the moving extremity of the rectangular composite
specimen with three layers of fibres (length = 150 mm, width = 30 mm and thickness = 2 mm). The
mechanical properties of the pre-impregnated fabric have been experimentally determined by [62]. The
mechanical properties of the not polymerized resin are: elastic modulus = 45 MPa, Poisson’s
coefficient = 0.45 and the time relaxation is t, =15.50s (see Table 1).

In the numerical modelling, the behaviour of the resin is assumed to be isotropic viscoelastic and
that of the fibre, be elastic linear or elastic non-linear. Exponential law is used to describe the
geometrical undulation of fibres and Dirichlet Prony series is used to approximate the creep functions
relaxation of the not polymerized resin (Equation 5) [57].
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Table 1. Mechanical properties of the pre-impregnated composite fabric [62].

E,(MPa) €h p (g/cm’)

130,000 0.005 1,45

time (s) 0.01 0.1 1 10 100 1000
Shear C;,™ 0.02332| 0.023332 0.083509 0.11723 0.14423 0.178

The uniaxial tensile tests (Figure 5) are carried out for different orientations of fibres with the
loading direction (0°, 15°, 30° and 45°). Four transformation phases are identified in the global
response of the pre-impregnated woven fabric: viscoelastic phase resulting from not polymerized resin
shearing behaviour (relaxation modulus), a pseudo-kinematic phase resulting from geometrical
rotation of fibre and geometrical undulation of yarns, a hardening phase resulting from locking fibre,
frictional resistance and from increasing density of fibres and linear phase resulting from fibre tensile

behaviour. The experimental effort imposed by the tensile machine is compared to the numerical

values for different fibre orientations in Figure 6.

Figure 5. Tensile apparatus of pre-impregnated composite fabric specimen.

Figure 6. Load force- displacement of the fabric specimen for different fibre orientations.
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The effect of the imposed load velocities (20, 40 and 80 mm/mn) on the composite fabric for 45° of
fibre direction is given in Figure 7. It should be noted that the load velocity influences considerably the
first phase of the global response of pre-impregnated woven fabric (shearing behavior of the not
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polymerized resin). The behaviour of the not polymerized resin and the initial fibre orientation
influenced largely the global response of the fabric during tensile loading. In this figure we can show
the good correlation between the model and the experimental results [12]. Notice that the woven fabric
material is highly anisotropic and the shrinkage factor of the woven fabric influences the total force
and approaches better the experimental results. The numerical simulation agrees with the experimental
results and proves the validity of the proposed model.

Figure 8 reports the experimental effort imposed by the tensile machine with respect to 45° fibre
orientations and undulation variations &g, = 0 (the undulation effect is negligible) and &g, = 0.005. This
figure describes, at the beginning of the curves, the viscoelastic phase followed by a kinematic stage
which increases with the angle of loading. The end part of these curves represents the hardening phase
with a very high stiffness due to fibre elongation. Notice that the woven fabric material is highly
anisotropic and the initial directions of the fibre influence the final results.

Figure 7. Effect of the load velocity of the global response for 45° of fibre orientations.
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Figure 8. Effect of the fibre undulation of the force versus displacement response.
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The agreement between predicted and experimental values is good and proves the validity of the
proposed model of pre-impregnated woven fabric behaviour. The numerical model described above



Materials 2009, 2 1846

clearly shows the strong non linearity of this behaviour law. It takes into account the mechanical
characteristics of a viscoelastic resin, the anisotropic behaviour of fabric and the geometrical non
linearities due to the high deformability of fibres (straightening and relative rotation).

3.2. Biaxial test

In order to determine and analyse the undulation and interaction effects, a biaxial tensile apparatus
(Figure 9) has been built in order to test woven materials in both the warp and weft directions [33,60].
For the realization of the biaxial tensile tests, we have used a triaxial dynamometer with five axis
sensors of 20 kN capacities with a high frequency of recording (two along the X axis, two along the Y
axis and one along the axis Z). Each half shaft can move in a range from 0 to 350 mm with a speed of
up to 40 mm/s with the exception of half the Z axis is limited to a displacement of 200 mm. The loads
are measured using load cells located very close to the specimen in order to avoid the influence of
friction within the device. The shape of the specimen is square of dimension 250 x 250mm. To avoid
stress concentration, rounding the specimen at the four corners with a radius of 50 mm is used. The
effective length subjected to tension after the location of the specimen on the clamps is 200 mm in
both directions X and Y. To determine the deformation in the central region of the specimen, it is a
mark of nine points to identify the deformable zone. The camera can track the deformation of the
specimen and the acquisition system can record the values of displacements in two directions in real-
time [64]. The used balanced textile fabric (jersey) consisted of 77% polyamide fibres and 26%
membrane elastane. The biaxial test is performed with a loading rate equal to 240mm/mn. To
characterize the behavior of the used material from the overall response, we apply the inverse
approach coupled with the optimization algorithm of Levenberg-Marquardt. The mechanical
parameters of the polyamide fibres and the elastane membrane are given in [63].

Figure 9. Device for a biaxial tensile test on cross fabric specimen.

Fabric
specimen

Biaxial
frame

For a given fabric, the response is strongly influenced by the strain ratio in warp and weft directions
due to large fibre undulations. Especially, the non-linearity in warp and weft direction is increasing.
The tendency of the fibre to straighten is more impeded when the strain in the perpendicular direction
is large (see Table 2). The biaxial specimen, as shown in Figure 9, was modelled in 2D with 400 four
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nodes membrane elements (representative of elastic behaviour of elastane) and 1600 two nodes truss
elements (representative of elastic non linear behaviour of polyamide fibres) of ABAQUS element
library. The load was applied at the same time on each strip. The overall agreement of the proposed
non-linear numerical model is very good in comparison with the experimental results (see Figure 10).
The contour of the predicted stress in warp and weft fibre directions is illustrated in Figure 11. The

maximum value of the stress in weft fibres is twice as large as in the warp direction.

Table 2. Mechanical parameters of the textile fabric.

Warp direction Weft direction
Mass/mm? (g) 230 230
Thickness (mm) 0.744 0.744
Number of fibre/cm 64 64
Section (cm?) 0.16 0.16
Maxi displacement (mm) 140 140
Maxi force (N) 620 1180
Macxi stress (MPa) 0.45 2.65
Maxi strain 0.40 0.40

Figure 10. Tensile force versus displacement obtained from bias-extension tests.
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Figure 11. Contour of tensile force (a) warp direction and (b) weft direction.
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3.3. Deep drawing of woven composite reinforcements with conical tool

The numerical analysis of composite fabric deformation by deep-drawing process is performed
using the ABAQUS/EXPLICIT FEM-package [19,58]. The non-polymerized matrix is modelled by
1,600 linear membrane elements (M3D3) and the warp and weft fibres are modelled by 3,200 linear
truss elements (T3D2). The mould tool is modelled by 1,600 linear rigid element (R3D3 or R3D4).
The behaviour of the resin is assumed to be isotropic viscoelastic and the behaviour of the fibre is
supposed as elastic (see Table 1). The example concerns the 3D deep-drawing of aramid pre-
impregnated fabric with conical tools (see Figure 12). Figures 13 reports the experimental obtained
shapes with respect to 0/90° and +45° fibre orientation for different punch displacements (initial, u =
20, 60 and 100 mm). Experimental shapes and the corresponding final predicted shapes with and
without remeshing procedure are shown in Figures 13 and 14, respectively. The contour of the final
shape after deformation is in good agreement with the experimental drawing. We can see that the
initial thin fabric is computed using an initial coarse mesh, the mesh is again refined uniformly and the
adaptive mesh refinement procedure is activated where elements are created automatically in regions
of large curvature to even more accurately represent the complex material flow (large stretching)
around the die radius.
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Figure 12. Geometry of deep-drawing tools.
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Figure 13. Experimental results (a) (0°/90°) and (b) (-45°/45°).
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Figure 14. Numerical results with and without remeshing procedure.

<)

4

<]

<)

RN

ST

2 55

<]
oS

X2

&
oo
oTete%e

o

5
"
$0%s
<5
K
5

o
5
00

1

[
XREA
ese
055
TS
L5
554
oo
S
s
gt

zs
s
<
s
55
el
e
55
e
"

.’.‘
00:’:
’0’0’:::
",:
ot

(2
<
5
%
i
X
o

25058585

S
eestes
X
0
i
o
%
<
%

X%

35
0o
<

0’:‘"00
0L

SISO

2500
00,.0.

X
55
(>

<

5
"
%
% :::
05

g
s
<

X

<>

v

s

o

1%
o
SESSS
oS 55

C

<5
0%
so’.
5o

!
EL oL
:;0” LR
5
"
2
bl
5
S
S5
5%
Y
Py 4

X
X
5

5L
2%
2505
<

N
o
5
050
!
K,
X
5
X
§3§
e

e
(55
“
‘0

QO

S
5
XX
o

%
L
5
5%

<

"
%3
%%
A

5
%
5
5
0

Qo

SRR
<

<335

5

=

50

Itetes
s

05

55

o5

"

%
%
oatogs

&2
’:‘ S
9%
Py

oo
5
5
205%
5%
=
"
%
&
o
e

e
o
&
&
85
W
>

i
o
6

v

0

X

¥

&
L

<

X
355
%
o2
e
o
::‘ aSoseiels
btoss 2ot
biSelels;

(>
o

:5:,’ 5
o.:
o
e

4
>

{
"
X

%

=223
’0
5
R0
S5
v
2505
95
95
355
IS
955
3525
52
5
0
5
W
.A’

.V
¥
%
0

7
L
2
e
5
4B
aare:
5%
505
55
%5
%
5%

25
0
5%
R
5

o
v,
|
!

7,
.:
0
4
%
£
G
5
5%
o
009,
150%
X
2
5
e
355
ot
=2
"

2
5
5
5
.:.0
:2:
z'O
b
"
%

9
S5
5%
5
pSos
5
R
$
X
0%

o'

%
55
£
oY%

%%
s
et

o
%
X

ORI
O I O R R ST eEos e
S
RS S ) %
B RO
efelete ot RISttt

ot
%

sooteseses
o
0

2

%
<

%
3%
2

%
o0
B

i
i
".
X
5
&
e

pFetete’

<
o
0‘0
0.0
0’0
55
“
355
0
%5

Q2

S

‘-“9/7;%3, 5
e 2% INNAE
= S8R
% 8N
i
o i

Bose AN
R Soss
<>

The evolution of the predicted shear angle variations with and without remeshing procedure is
compared in Figure 15 with the experimental values. We notice that these shear angle values are very
large >38° along the median line for +45° fabric and along the diagonal line for 0°/90° fabric. But
along the median lines of 0°/90° and along the diagonal lines of +45° the angular distorsions are very
small <6°. Noting that, the remeshing procedure improves the predicted results in comparison with the
experimental values. This result is confirmed by the iso-values result of shear angles between the warp
and the weft fibres shown in Figure 16. On these figures, we notice the influence of the viscous effects
of the resin behaviour on the final relative rotation of the warp and the weft fibre. A lower loading
velocity will generate lower viscous forces at the intra-ply shearing. This will minimise the difficulty
for a ply to conform to a given shape and should lead to less wrinkling.

3.4. Geometrical draping of complex CAD surface

We consider the geometrical draping of the surface corresponding to a complex CAD. The centroid
of this piece is chosen as the starting point for which two different fibre orientations: (0°/90°) and
(-45°/45°) are specified. Figures 17a and 17b show the draping as well as the fibre distortion of this
surface. The corresponding 2D flat pattern (Figures 17c and 17d) associated with the fibre distortion
map allows us to predict the location where the fabric must be eventually darted. One can notice that,
in the considered cases, the surface of the piece is draped globally. However, in the second case, a
smaller area of the flat fabric is used. This result shows the importance of the fabric orientation in the
draping process.
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3.5. Geometrical draping of hood car part

The second example concerns the geometrical draping of a car hood. The centroid of the part is
chosen as the starting point which the (0°/90°) and (-45°/45°) fibre orientations are specified. Figures
18a and 18b show the resulting 3D draping for the two orientations. We can note that all part surface is
completely draped. Figures 18c and 18d present shaded contours interpolated from the map of the fiber
distorsions of (0°/90°) and (—45°/45°) fiber orientations. The fiber distorsions for both (0°/90°) and
(-45°/45°) draping are very small but the maximum shear angle localization are different (maximum
shear angle is about 30° for (0°/90°) and 50° for (-45°/45°)).

Figure 15. Shear variations along fabric lines with and without remeshing.
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Figure 17. Draping of the CAD surface and corresponding 2D flat pattern.

(0°/90°) (-45°/45°)

Figure 18. Geometrical draping of a car hood part and iso-values of shear angles.

(0°/90°) (-45°/45°
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3.6. 3D draping of textile fabric

In this example, the draping of an initially plane square textile fabric (500 x 500 mm) over a
circular or square table is considered. Figures 19 shows the three-dimensional experimental drape
shapes of the fabric and the predicted shape using or no the remeshing method. The proposed approach
gives a satisfactory shape after draping that involves large warp weft angles variations and wrinkles. It
can be seen that these wrinkling are well described by the 3D membrane model. If some bending
stiffness would be added, the wrinkling would be globally similar but they would be less numerous
and larger as the bending stiffness increases (see [61] for more information). The draping is due to the
weak shear stiffness and possible large warp weft angles variations. This again demonstrates the good
drapability of the composite fabric studied here. Although qualitative comparison of experimental
results, the present results give realistic shapes. The present method thus has potential for use in the
development of powerful clothing CAD systems [19].

Figure 19. Experimental and numerical laying-up results of 3D textile fabric.

4. Conclusions

An efficient numerical approach (geometrical and mechanical with remeshing procedure) has been
presented to simulate accurately the draping or deep-drawing of composite fabric. This numerical
methodology is shown to be very helpful for composite forming process. An adaptive remeshing
technique for composite fabric forming process with refinement and coarsening procedures has been
proposed. The implementation with continuum triangular and quadrilateral elements and truss element
in the ABAQUS code allows us to validate the proposed approach for several types of problems.



Materials 2009, 2 1854

References

10.

1.

12.

13.

14.

15.

16.

Billoét, J.L. Introduction aux matériaux composites a hautes performances. Teknea: Paris,
France, 1993.

Long, A.C.; Rudd, C.D.; Blagdon, M.; Smith, P. Characterising the processing and performance
of aligned reinforcements during preform manufacture. Compos. Part A: Appl. Sci. Manuf. 1996,
27,247-253.

Rudd, C.D.; Long, A.C.; McGeehin, P.; Cucinella, F.; Bulmer, L.J. Processing and mechanical
properties of bi-directional preforms for liquid composite moulding. Compos. Manuf. 1995, 6,
211-219.

Trochu, F.; Ruiz E.; Achim, V.; Soukane, S. Advanced numerical simulation of liquid composite
molding for process analysis and optimization. Compos. Part A: Appl. Sci. Manuf. 2006, 37,
890-902.

Yu, X.; Cartwright, B.; McGuckin, D.; Ye, L.; Mai, Y.W. Intra-ply shear locking in finite element
analyses of woven fabric forming processes. Compos. Part A: Appl. Sci. Manuf. 2006, 37,
790-803.

Lin, H.; Wang, J.; Long, A.C.; Clifford, M.J.; Harrison, P. Predictive modelling for optimization
of textile composite forming. Compos. Sci. Technol. 2007, 67, 3242-3252.

Takano, N.; Zako, M.; Fujitsu, R.; Nishiyabu, K. Study on large deformation characteristics of
knitted fabric reinforced thermoplastic composites at forming temperature by digital image-based
strain measurement technique. Compos. Sci. Technol. 2004, 64, 2153-2163.

Vanclooster, K.; Lomov, S.V.; Verpoest, I. Experimental validation of forming simulations of
fabric reinforced polymers using an unsymmetrical mould configuration. Compos. Part A: Appl.
Sci. Manuf. 2009, 40, 530-539.

Mouton, S.; Teissandier, D.P.; Sébastian, J.P. Nadeau, Manufacturing requirements in design: The
RTM process in aeronautics. Compos. Part A: Appl. Sci. Manuf. 2009, in press.

Cherouat, A; Billoét, J.L.. Finite element model for the simulation of pre-impregnated woven
fabric by deep-drawing and laying-up processes. J. Adv. Mater. 2000, 32, 42-53.

Kawabata, S.; Niwa, M.; Kawai, H. The Finite deformation theory of plain-weave fabrics. J. Text.
Inst. 1973, 64, 21-83.

Cherouat, A.; Billoét, J.L. Mechanical and numerical modelling of composite manufacturing
processes deep-drawing and laying-up of thin pre-impregnated woven fabrics. J. Mat. Proc.
Technol. 2001, 118,460-471.

Lim, T.C.; Ramakrishna, S.; Shang, H.M. Optimization of the formability of knitted fabric
composite sheet by means of combined deep drawing and stretch forming. J. Mat. Proc. Technol.
1999, 89, 99—-103.

Rozant, O.; Bourban, P.E.; Manson, J.A.E. Drapability of dry textile fabrics for stampable
thermoplastic performs. Compos. Part A: Appl. Sci. Manuf. 2000, 31, 1167-1177.

Potluri, P.; Parlak, I.; Ramgulam, R.; Sagar, T.V. Analysis of tow deformations in textile preforms
subjected to forming forces. Compos. Sci. Technol. 2006, 66, 297-305.

Boisse, P.; Buet, K.; Gasser, A.; Launay, J. Meso/macro-mechanical behaviour of textile
reinforcements for thin composites. Compos. Sci. Technol. 2001, 61, 395-401.



Materials 2009, 2 1855

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Liu, L.; Chen, J.; Li, X.; Sherwood, J. Two-dimensional macro-mechanics shear models of woven
fabrics. Compos. Part A: Appl. Sci. Manuf. 2005, 36, 105-114.

Hivet, G.; Boisse, P. Consistent mesoscopic mechanical behaviour model for woven composite
reinforcements in biaxial tension. Compos. Part B: Eng. 2008, 39, 345-361.

Cherouat, A.; Radi, B.; El Hami, A. The study of the composites fabric's shaping using an
augmented lagrangian approach. Multidis. Mod. Mater. Struc. 2009, 5, 185-198.

Bickerton, S.; Simacek, P.; Guglielmi, S.E.; Advani, S.G. Investigation of draping and its effects
on the mould filling process during manufacturing of a compound curved composite part.
Compos. Part A: Appl. Sci. Manuf1997, 28, 801-816.

Hamila, N.; Boisse, P. Simulations of textile composite reinforcement draping using a new semi-
discrete three node finite element. Compos. Part B: Eng. 2008, 39, 999-1010.

ElHami, A.; Radi, B.; Cherouat, A. Treatment of the composite fabric’s shaping using a
lagrangian formulation. Math. Comput. Model. Dynam. Syst. 2009, 49, 1337—-1349.

Nocent, O. Animation dynamique de corps déformables continues: Application a la simulation de
textiles tricotés. Thése de doctorat. Université de Reims Champagne-Ardenne: Reims, France,
2001.

Lim, T.C. Ramakrishna, S. Modelling of composite sheet forming: A review. Compos. Part A:
Appl. Sci. Manuf. 2002, 33, 515-537.

Warby, M.K.; Whiteman, J.R.; Jiang, W.G.; Warwick, P.; Wright, T. Finite element simulation of
thermoforming processes for polymer sheets. Math. Comput. Simulat. 2003, 61, 209-218.
Borouchaki, H.; Cherouat, A.; Billoét, J.L. GeomDrap, New Computer Aided Design and
Manufacturing for Advanced Textile Composites, Version 1; UTT Press: Troyes, France, 1999.
Borouchaki, H.; Cherouat, A. Geometrical draping of composite fabrics. C.R. Mec. 2003, 331,
437-442.

Harrison, P.; Clifford, M.J.; Long, A.C.; Rudd C.D. A constituent-based predictive approach to
modelling the rheology of viscous textile. Compos. Part A: Appl. Sci. Manuf-, 2004, 35, 915-931.
Sharma, S.B.; Sutcliffe M.P.F. Draping of woven composites: A progressive drape model. Plast.
Rubb. Compos. 2003, 32, 57-64.

Mohammed, U.; Lekakou, C.; Bader, M.G. Experimental studies and analysis of the draping of
woven fabrics. Compos. Part A: Appl. Sci. Manuf- 2000, 31, 1409-1420.

Long, A.C. Process modelling for liquid moulding of braided performs. Compos. Part A: Appl.
Sci. Manuf. 2001, 32, 941-953.

Hofstee J.; van Keulen, F. 3-D geometric modeling of a draped woven fabric. Compos. Part B:
Eng. 2001, 54, 179-195.

BenNaceur, [.; Cherouat, A.; Borouchaki, H.; Bachmann, J.M. Mod¢lisation mécanique et
numérique de la mise en forme de structures souples avec remaillage adaptatif. Meécanique
Industries 2005, 6, 321-329.

Zako, M.; Uetsuji, Y.; Kurashiki, T. Finite element analysis of damaged woven fabric composite
materials. Composites Sci. Technol. 2003, 63, 7-16.

Zhou, G.; Sun, X.; Wang, Y. Multi-chain digital element analysis in textile mechanics. Compos.
Sci. Technol. 2004, 64, 239-244.



Materials 2009, 2 1856

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Fan, J.P.; Tang, C.Y.; Tsui, C.P.; Chan, L.C.; Lee, T.C. 3D finite element simulation of deep
drawing with damage development. /nt. J. Mach. Tool. Manuf. 2006, 46, 1035—-1044.

Frishfelds, V.; Lundstrom, T.S.; Jakovics, A. Bubble motion through non-crimp fabrics during
composites manufacturing. Compos. Part A: Appl. Sci. Manuf. 2008, 39, 243-225.

Umer, R.; Bickerton, S.; Fernyhough, A. Modelling the application of wood fibre reinforcements
within liquid composite moulding processes. Compos. Part A: Appl. Sci. Manuf. 2008, 39,
624-639.

Fourment, L.; Chenot, J.L. Adaptive remeshing and error control for forming processes. Euro. J.
Computation. Mech. 1994, 3, 247-279.

Borouchaki, H.; Cherouat, A.; Laug, P.; Saanouni, K. Adaptative meshing for ductile fracture
prediction in metal forming. C.R. Mec. 2002, 330, 709-716.

Cho, J.W.; Yang, D.Y. A mesh refinement scheme for sheet metal forming analysis. In
Proceedings of the 5th International Conference NUMISHEET 02, Jeju Island, Korea, 21-25
October 2002; pp. 307-312.

Mediavilla, J.; Peerlings, R.H.J.; Geers, M.G.D. A robust and consistent remeshing-transfer
operator for ductile fracture simulations. Comput. Struct. 2006, §4, 604—623.

Giraud-Moreau, L.; Borouchaki, H.; Cherouat, A. Remaillage adaptatif pour la mise en forme des
toles minces. C.R. Mec. 2005, 333, 371-378.

Giraud-Moreau, L.; Borouchaki, H.; Cherouat, A. Adaptive remeshing for sheet metal forming in
large plastic deformations with damage. Int. J. Mater. Form. 2008, 1, 129—132.

Bergsma, O.K.; Huisman, J. Deep drawing of fabric reinforced thermoplastic. In Proceedings of
2nd Inter. Conf. Comp. Aided Design in Composite Material Technology; Southampton, 13-15
April 1988; pp. 323-333.

van West, B.P.; Pipes, R.B.; Keefe, M. A simulation of the draping of bidirectional fabrics over
arbitrary surfaces. J. Text. Inst. 1990, 81, 448—460.

van der Ween, F. Algorithms for draping fabrics on doubly curved surfaces. Int. J. Num. Meth.
Eng. 1999, 31, 1415-1426.

Sherburn, M. Geometric and Mechanical Modelling of Textiles. PhD thesis. University of
Nottingham: Nottingham, UK, 2007.

Altan, T.; Vazquez, V. Numerical process simulation for tool and process design in bulk metal
forming. CIRP. Ann — Manuf. Technol. 1996, 45, 599—-615.

Gommers, B.; Verpoest, I.; van Houtte P. Modelling the elastic properties of knitted fabric-
reinforced composites. Comp. Sci. Technol. 1996, 56, 685—694.

Tekkaya, A.E. State-of-the-art of simulation of sheet metal forming. J. Mater. Process. Technol.
2000, 703, 14-22.

Peng, X.; Cao, J. A dual homogenization and finite element approach for material characterization
of textile composites. Compos. Part B: Eng. 2002, 33, 45-56.

Luo, Y.; Verpoest, I. Biaxial tension and ultimate deformation of knitted fabric reinforcements.
Compos. Part A: Appl. Sci. Manuf. 2002, 33, 197-203.

Padmanabhan, K.A. Metal forming at very low strain rates. In Encyclopedia of Materials: Science
and Technology; Elsevier: Amsterdam, The Netherlands, 2008; pp. 5384—5389.



Materials 2009, 2 1857

55.

56.

57.
58.

59.

60.

61

62.

63.

64.

Gilormini, P.; Roudier, P. ABAQUS and Finite Strain. Internal Report, Cachan, France, n°140,
1993.

Djaja, R.G.; Moss, P.J.; Carr, A.J. Finite element modeling of an oriented assembly of continuous
fibers. Text. Res. J. 1992, 62, 445-457.

Abaqus Theory, User’s Manual; HKS, Inc., Pawtucket, USA, 2006.

Xu, K.; Xu, X.W. Finite element analysis of mechanical properties of 3D five-directional braided
composites. Mater. Sci. Eng. A 2008, 487, 499-509.

De Luycker, E.; F. Morestin F.; Boisse, P. ; D. Marsal D. Simulation of 3D interlock composite
preforming. Compos. Struct. 2009, 88, 615-623.

Buet-Gautier, K.; Boisse, P. Experimental analysis and modeling of biaxial mechanical behavior
of woven composite reinforcements. Exp. Mech. 2001, 41, 260-2609.

Hamila, N.; Boisse, P.; Sabourin, F.; Brunet, M. A semi-discrete shell finite element for textile
composite reinforcement forming simulation. Int. J. Numer. Method. Eng. 2009, 79, 1443—1466.
Blanlot, R.; Billoét, J.L. Loi de comportement orthotrope évolutive pour la simulation de la mise
en forme des tissus composites. Journées nationales sur les composites 1996, 761-772.
BenNaceur, 1. Caractérisation et modélisation mécanique de la capacite a la déformation
tridimensionnelle des structures souples. PhD Thesis. University of Technology of Troyes: Troyes,
France, 2005.

Lomov, S.V.; Boisse P., Deluycker, E.; Morestin, F.; Vanclooster, K.; Vandepitte, D.; Verpoest,
I.; Willems, A. Full-field strain measurements in textile deformability studies. Compos. Part A:
Appl. Sci. Manuf. 2008, 39, 1232—1244.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



