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Abstract

Thermoforming CFRTP prepreg is a fast manufactupngcess compared to LCM process
or thermoset prepreg forming. The duration of therinoplastic forming process can be in
the range of one minute. In addition the compositigls thermoplastic matrix are more easily
recyclable than thermoset materials. A simulatigpraach for thermoforming of multilayer
thermoplastic is presented. Each prepreg layer asleted by semi-discrete shell elements. A
lubricated friction model is implemented betweenldyers and for ply/tool friction. Thermal
and forming simulations are presented and compaoeelxperimental results. The computed
shear angles after forming and wrinkles are in gagteement with the thermoforming
experiment. It will be shown by the comparisormad simulations that the temperature field
play an important role in the process quality..

1 Introduction

The forming processes of composite materials byngitag thin structures are complex
operations involving many parameters. Geometrieshef tools and of the blank-holder,
loading on the tools, as well as the lubricatiamd(anany other parameters) must be optimized
in order to guarantee the success of the procedhel case of composites with continuous
fibers and thermoplastic matrix (CFRTP), other paeters such as the temperature, the
applied pressure as well as the stacking sequercsugplementary parameters that have a
main importance in the process result quality. @egelopment of a numerical simulation
software in order to determine the feasibility ofg@en geometry associated to a set of
satisfactory parameters proves to be essentiatdardo reduce the development costs of a
new process. This numerical simulation software aflo allow the knowledge of the state of
material in the final part. Since thirty years, theite element method appears to be an
effective framework for the simulation of the fomgiprocesses and in particular sheet metal
forming [1]. In the case of the composites a nuoarsimulation software for the forming
simulation of the thin parts will have to be abdepredict the final orientation of fibers that
will determine the mechanical properties of theafipart. It will also have to predict
wrinkling, the final thickness and the final quglibf the product (presence of porosities,
possible rupture of fibers). The manufacturing psscof a thermoplastic composite is made
at hot temperature and requires a stage of heéifgved by a punch and die stamping
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operation. Then a phase of reconsolidation of tlaeksof plies consists in a transverse
compression of the composite.

The present paper presents an approach for theadf@mming of thermoplastic prepregs [2].
For the single ply deformation, it is based on tiethods that have been developed for the
simulations of the forming of dry textile reinforoents in LCM processes [3, 4]. This
approach was extended to the forming simulations nafltilayer continuous fibre
reinforcements with thermoplastic resin composigsng into account thermal and viscous
effects and contact/friction between the plies.nkiog simulations need a description of the
mechanical behaviour of the composite ply duringriag. As this ply is generally modeled
by shell finite elements, the mechanical behavafithe prepreg ply during forming is given
by biaxial tensile properties [5,6], in-plane shpesperties [7-9] and bending properties [10].
The bending stiffness is low because of the possibbtions between the fibers, but it is
important in the determination of the size of wtes [11]. In-plane shear is the most
important deformation mode to obtain double cunstthpes. In thermoplastic prepreg
forming simulations, the in-plane shear properiésthe ply must be measured at high
temperatures because the forming is performed athevmelt temperature of the matrix.

2. Semi-discrete shell finite dements

This approach takes into account the difficulties describe the textile material as a
continuum in one hand (continuous approach) andliffieulties to model all the yarns and
their contacts in the other hand (discrete apprpdchthis approach that is more or less
intermediate, the textile composite reinforcemergaen as a set of a discrete number of unit
woven cells submitted to membrane loadings (i.exial tension and in-plane shear) and
bending (Fig. 1) [3].

Figure 1. Semi-discrete triangular element

In any virtual displacement fielg such ag) = 0, the internal virtual work is assumed in the
form:
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W, (n) = Wi, () + Wy, () + W, (n) (1)

W, (n) . Wi, () WP (n) are the internal virtual works of biaxial tensiamplane shear and
bending respectively. For a reinforcement or prgpnade of ncell woven cells:

ncell

Wi (n) = Pe,, (n) T, + % ,(n) T 2L, 2)
p=1
Wi, (n) =3 *y(n) m 3)
p=1
W, (n) =S5 o, (n) ML+ 3 0(n) M 2 @)
p=1

&, (n) and e, (n) are the virtual axial strains in the warp and wefections.y(n) is the
virtual angle between warp and weft directiogg.(n) andx,, (n) are the virtual curvatures

of warp and weft yarns.iLand L are the length of unit woven cell in warp and weft
directions. Experimental tests specific to textienposite reinforcements are used to obtain
these mechanical properties. Biaxial tensile tgists the tensions *f and 72 in function of
the axial strairg11 andezy, the picture frame or the bias extension testggitie shear moment
M? in function of the angle changebetween warp and weft yarns and the bending ¢pets
the bending moments ¥and M in function respectively of11 andyzz.

The three node triangle shown Fig.1l. is composedcadlle woven cells. The virtual
generalized straing,, (n), €, (n), y(n), X, (n) and x,, (n)can be related to the virtual
nodal displacements of the nodes of the elemeindakto account the interpolation of the
geometric and kinematic conditions within the elame

3. Contact and viscous friction modeling

The numerical modeling of contact/friction behavioduring the forming process is
accomplished using the forward increment Lagrangdtipiers algorithm proposed by
Carpenteet al.[12]. This approach is introduced into the dynasdcation as contact occurs.

M{u} 4F F f6 1.0 3, (F 1
(5)
[G n+1]({u n+} -I{X }a #)}

wherglu} is the vector of displacement degrees of freedptn} is the initial co-ordinate

vector of the nodes, [M] is the mass mat{x™} and{F®%} are internal and external loads
vectors,{A} is the vector of Lagrange multipliers. Its compuaiseare slave nodal contact

forces,n is the index of the time step, [G] is a surfacetaot displacement constraint matrix.
In the case of "semi-implicit" integration, thadl displacement of each node is calculated

by a predictofu’} determined from Eq. (5) and a correciof} .
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whereAt is a time step increment. Egs. (5) and (6), lead kioear solution of contact forces
(Eq. (7)). Subsequently, the calculations of canfacces and the corrector of the total
displacement are performed using the Gauss-Sé@tation algorithm.

AP[G MG 1T AL 6 Jdu 3. X D), (7)
{A)\‘*”l} :{Fg}+F§{n} —{)\i} (8)

where FCN is the normal contact force, {n} is the normal direction of contact surface and {FCT} is the

tangential contact force vector on the slave node.

Using the variation of contact forces between tters i and i+1 (AN '), the total
displacement at increment n+1 can be obtained by®n

{Au°} =-A’[M] G ,.] T{N\ - M}
(v}, =(u} +{a], ®
{upd ={u g +{ )

Taking into account the viscous friction betweeroltoply) and (ply / ply) interfaces is very
important in the numerical modelling of thermopiasiomposite forming. Some experiments
have shown that the thermoplastic composite formign the hydrodynamic lubrication
range described on the generalised Stribeck cd®elld]. Thus a lubricated friction model is
implemented between two solid surfaces. In thige ctee effective friction coefficient on tool
/ ply and ply / ply interfaces can be described by

ueff = ClHe + CZ
_nv (10)
e FN

whereH, is the Hersey number, which depends on the resioosity n, the velocity

between two contact surfacéé and the normal load applied,. C, and C, are two

constants determined by a pull-out experiment.
The relative velocity between the two contact ates is known from the total
displacement of the slave node contacting with a&temasurface. The vector of tangential

contact force[ R } on a pair of slave / master surface can be moda#ed

v

{R}=-c.mijyv|+c,r” )ﬁﬁ (11)

<l
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where V is the relative velocity. The viscosity of the mpatis assumed to be linear in
function of the temperature in the temperature eawsfghe process.

4. Thermoforming simulation

The following thermoforming simulations are perf@tn on 5-harness satin / PEEK
(polyetheretherketone) prepregs. The in-plane ghefaaviour at different temperatures for 5-
harness satin/PEEK prepregs has been charactéyzads-extension tests [9].
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Figure 2. Temperature distribution in each ply at the begigrof the forming stage.

The geometry of the tools is shown in Fig. 2. Tieisning is performed for 7 carbon/PEEK
prepreg plies by a punch with a bowl shape. Thagatng simulation of the prepreg stack is
performed taking into account conduction and cotivaceffects. Fig. 2 presents the
temperature distribution in the prepreg stack ola@i by numerical simulation. This
temperature is not uniform (between 320 and 375 T@g computed values are in good
agreement with the experiment [2]. A temperatusglgnt is present through the thickness of
the prepreg stack and between the central regiohtla® edges of ply. This is in good
correlation with the experimental measurements. [bbal temperature at each point of the
prepreg will be taken into account in the formingation.

The agreement between the final shape of the cadteppsrt obtained by numerical
simulation with the experiments is good. Furthermar correct correlation is obtained for the
maximum shear angle between the numerical simulgi8°) and experiments (42°) (Fig. 3).
Wrinkling is one of the most common flaws that accduring textile composite forming
processes [11]. The numerical and experimentalyaaalof wrinkling during this industrial
thermoforming benchmark are presented in Fig. 4.
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Figure 3. Comparison of the maximum shear angle

Figure 4. Numerical / experiment comparison of wrinkling pbenena at the end of forming.

Wrinkles can be observed in both numerical and ex@antal analyses at the beginning of the
forming process as well as in the final composéd.prhe correlation between the numerical
simulation and experiments concerning the wrinkéesorrect. Numerical simulations can
highlight the wrinkle onsets and developments dyrim thermoforming process and
consequently permit to optimize the process pararsdd avoid these defects at least in the

useful zone. Some more details on the simulatiod emmparison with thermoforming
process can be found in [2].
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Conclusion

It is important to predict the feasibility conditi® of the prepreg composite forming through
numerical simulation analysis. The numerical siiafacan improve the understanding of

the forming process. On the other hand it givesesessential forming information, such as
temperature, final shape of the laminate, direcbbithe fibres at all points of the different

layers and possible wrinkling phenomena. The fogmsmmulations have pointed out the

significant importance of thermal conditions duritige forming process. The temperature
field must be taken into account in a very accunaéaner in this simulation. In the presented
approach, it is assumed that the forming procedasisenough to consider the temperature
field constant in a given point during forming. #&dlg the thermal and mechanical analyses
should be fully coupled.
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