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Abstract. The work presented here is part of the “FORBANS” project about the Hot Drape Forming (HDF) process
consisting of unidirectional prepregs laminates. To ensure a fine comprehension of this process a combination strategy
between experiment and numerical analysis is adopted. This paper is focused on the numerical analysis using the finite
element method (FEM) with a hyperelastic constitutive law. Each prepreg layer is modelled by shell elements. These
elements consider the tension, in-plane shear and bending behaviour of the ply at different temperatures. The
contact/friction during the forming process is taken into account using forward increment Lagrange multipliers.

INTRODUCTION

To unsure the reducing of the aircraft weight in the aeronautic industry, the composite components are used due
to their light weight, high stiffness and high strength and have seen increased use in the couple of decades. The pr-
impregnated carbon fibre (prepreg) is the dominating material used in the manufacturing process of aircraft
components.

The fact that the use of prepreg increases by growing interest leads to increasing the drive to automate the
manufacturing processes. Among the automated processes for lay-up and forming prepreg, we can list Automatic
Tape Laying (ATL), Advanced Fiber Placement (AFP) and Hot Drape Forming (HDF). The last one is the process
which studied in this paper and is classified as a thermoset prepreg forming process with the characteristic of long
time polymerization after forming. The forming process must be performed at a temperature close to or higher than
the melt temperature of the resin renders the unidirectional reinforcement deformation possible.

The quality of the shape manufacturing using inflatable bladder depends to the geometric of the final composite
parts, on the reinforcement type and orientation (UD, properties of fibre and resin...) and on manufacturing
parameters (tool and inflatable bladder loads, temperature...). Several software tools for composites forming have
been developed to study the process feasibility and optimize the main forming parameters [1,2]. The present paper
presents an extension of the software that has been developed for the simulations of the forming of dry textile
reinforcements that are used in LCM processes [3]. It presents numerical simulation analysis of continuous fibre
reinforcements with thermoplastic resin composites forming taken into account thermal and viscous effects.

These software packages need the mechanical behaviours of the composite ply during forming. As this ply is
generally modelled by shell finite elements (or membrane elements if the bending stiffness is neglected), the
mechanical behaviour of the prepreg ply during forming is given by the biaxial tensile properties [4,5], the in-plane
shear properties [6-9] and the bending properties [10]. The simple axial tensile test gives the mechanical parameters
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of fibre and the bending stiffness is very low because of the possible motion between the fibres. In-plane shear is the
most important deformation mode [11].

NUMERICAL MODELLING

Modelling and numerical simulation of these processes is an important step in order to predict the final structure
geometry and its mechanical properties which are mainly due to the position of the fibre reinforcements in the final
configuration. Forming simulation allows to determine the feasibility conditions of the structure and optimize the
process.

The numerical modelling of unidirectional composites forming can be realized at different scales as textile
composites, which are specific and complex due to the interactions and the possible motions between fibres [12] or
yarns [13] or lay-up [2,14]. A large number of continuous mechanical models have been proposed for the simulation
of prepregs composite forming [15-20]. However, (here is no widely accepted model that accurately describes all
aspects of the mechanical behaviour of fabrics.

In this paper a nonlinear visco-hyperelastic model is used for the simulation of thermoforming UD prepreg
composites. This model is based on a recent proposed model developed for the simulation of prepreg thermoplastic
woven composites [20,21]. The hyperelastic behaviour is associated to the dry reinforcement and it assumes that the
viscoelastic behaviour is mainly associated with the in-plane shear deformation.

Anisotropic visco-hyperelastic constitutive model

The composite reinforcement is considered to be an orthotropic material in the initial configuration. Three
privileged directions can be defined: L, oriented in fibre directions, L, perpendicular toL,, and L, orthogonal to
the plane defined by L, and L, . This allows to define the structural tensors to characterise the physical symmetry
group of the material [22]:

L,=L®L, ij=123 1)

The internal potential energy of the material in the initial configuration is given by the addition of the membrane
and bending energy contributions.

WUD — Wmem + Wben (2)

The representation theorems [23], show that, for an orthotropic material, the strain energy density function of a
hyperelastic law is of the form:

w =y (11,12,13,141,142,1412,1423,151,152,153) 3
Where 1,,1,,1; are the classic invariants of the right Cauchy-green tensor C defined by:
1
ok} 122 e} -olc?) wa 1-aeld) @
And the mixed invariants:
I,=C:L, 1,=C:L and I;=C":L 5

=ii
The specific nature of composite reinforcements leads to the assumption that the membrane contribution of each
deformation mode is independent from the others [24,25]. The membrane strain energy potential is written as a
function of three physical invariants associated with three principal deformation modes: extensions in the L, and
L, directions and the in-plane shear deformation mode (fig. 1). Each physical invariant is a combination of the

classical invariants (Eq.4 and Eq.5) and are based on physical observations of the UD prepreg.
As aresult the strain energy density is the sum of each specific strain energy:

WUD=Wmemb (I )+ When — We[(mgl (I )+ W@l(mgz (I

Where I, and 7, denote the invariants associated with the bending deformation in the fibres directions (L, )
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FIGURE 1. Deformation modes of UD reinforcement: (a) Initial configuration (b) Extension in fibres direction (c) Transverse
extension (d) In-plane shear
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The viscoelastic behaviour is introduced in the model introduced based on the generalization of the rheological
Maxwell model and applying the concept of internal variables. It is assume that viscoelastic behaviour is mainly
observed in-plane shear deformation. The second Piola-Kirchhoff stress tensor S is given by the following

expression:
mem N elongl 61 elong2 aI shear I N
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Where § 8! and S <12 are the purely hyperelastic contributions associated with the elongations in the L, and

L, directions:
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And § e is the in-plane shear visco-hyperelastic contribution which involves a set of internal variables Q none
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directly measurable.
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The evolution of the internal variables is given by:
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T involves the definition of material parameters y, € [0,1[ associated with the relaxation timesz,. All the

shear

parameters of the present stress contribution depend on the temperature ( w™“”,y, and 7, ). They are assumed to be

piecewise linearly dependent on the temperature.
Finally, the bending moments are given by:
~1ow™
g,
J being the radio between the current and the initial surfaces.
The identification of viscoelastic parameters is performed using the Levenberg—Marquardt algorithm [26] for

fitting experimental results using the Picture Frame Test [7] at different temperatures. Bending parameters are
identified using a cantilever test performed in an environmental chamber [27].

i=12 (12)



Surface contact management

In addition to the mechanical constitutive model, the contact phenomena between layers and with tools drive the
thermo-mechanical behaviour of the U-D prepreg during the forming process. Four types of contact surface can be
listed: point/point, point/surface, point/edge and edge/edge (fig. 2).

(a) node/node (b) node/edge ¢) node/surface (d) edge/edge
FIGURE 2. Different types of contact considered in the numerical model [28§]

The numerical modelling of contact/friction behaviour during the forming process is accomplished using the
algorithm of the forward increment Lagrange multipliers proposed by Carpenter et al. [29]. This method could be
introduced into the dynamical expression (Eq. 14) as contact occurs.

.. int T __ oext
ggn +En +gn+1 &n - Fn

G (un +XO)=O

=n+l *—

13)

Where u is the vector of displacement degrees of freedom, X, is the material co-ordinate vector, M is the mass

int ext

matrix, F and F are internal and external loads vectors of the system, A is Lagrange multiplier vector and its
components are slave nodal contact forces, n is an index of calculation step, G is a surface contact displacement

constraint matrix.
The Lagrange multiplier A_at each node can be calculated according to Eq.14 by a predictor g*m determined at
the time n+1 from Eq.13 without contact conditions.
1 -1 TY! *
- _F C—}n+I¥ (=}n+1 C=}n+1(g“+‘ +)—(0) (14)

The total displacement u ., at the time n+1 is now given by the addition of this predictor displacement and a

n+l

corrector vector displacement u; .

w, =aM7G Th, (15)
U = l_l:+1 + I_JZH (16)

Finite element discretization

This continuous model has been implemented in PlasFib®, an explicit finite element code developed by INSA
Lyon [3,30], using a three node shell element without rotational degrees of freedom [31]. The curvatures of the
element are computed from the position of the neighbour elements [3,31].

The numerical integration of Eq. 11 can be achieved through a recursive relation (two-step recursive formula)
established by Simo an Hughes [32]. The update formula for the algorithmic internal variables Ei at each integration

point is given by:
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Where At, =t,,, —1, is the corresponding time increment.
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