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Abstract

Thermoforming plays an increasingly important role in manufacturing of structural composite vehicle
components. Nevertheless, a macroscopic buckling and a subsequent wrinkling of the blank is often
observed during forming. Additionally, a fiber reorientation is inevitable. Both of these mechanisms
emerge in dependence on material properties of the main deformation mechanisms, which namely are
shearing and bending of the single ply, as well as friction between the single plies of the stacked
laminate. To predict forming behavior by means of Finite Element forming simulation, these
mechanisms are modeled via constitutive laws, which facilitates the prediction of the stress and strain
distribution during forming, as well as the shape of the formed product. To investigate the influence of
the material properties of the above mentioned deformation mechanisms on wrinkling behavior and
fiber reorientation, a sensitivity study based on the Design of Experiments (DOE) methodology is
conducted. The influence is examined quantitatively by means of Response Surface Methodology on
basis of quantitative measures for the examined mechanisms. It could be shown, that for the examined
biaxial layup shearing and bending properties have a significant influence and friction between the
plies plays a minor role.

1. Introduction

Forming of thermoplastic, multilayered uni-directional (UD) Tape laminates, using high-volume
thermoforming processes plays an increasingly important role in manufacturing of structural vehicle
components. During forming, fiber reorientation is inevitable and has a large impact on the structural
behavior of the finished product. Moreover, the process is often accompanied by a macroscopic
buckling and a subsequent wrinkling of the formed blank, which can disqualify the finished product.
By means of Finite Element forming simulation, wrinkling and fiber reorientation are predictable,
which facilitates to use the simulation for process design. Moreover, forming simulation can be used to
improve structural analyses by mapping the predicted fiber orientation to the models used for
structural analyses.

The above mentioned mechanisms of wrinkling and fiber reorientation emerge in dependence on
material properties of the formed pre-product. More precisely, wrinkling depends on a balance
between shear and bending stiffness of the laminate and occurs in regions where the forming tools are
not fully closed. To enforce the laminate in the final (double-curved) shape, shear strains are induced
in the laminate by closing the forming tools. If shear behavior is too stiff compared to bending
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behavior, the blank will buckle and subsequently develop wrinkles. On the other hand, in-plane fiber
reorientation is induced by shear deformation. As these coherences are only qualitative estimates of
deformation behavior during forming, a sensitivity study on wrinkling behavior and fiber reorientation
is presented for a biaxial layup and a box-shaped generic geometry, similar to the sensitivity study
presented by Haanappel [9] for uniaxial layup. The sensitivity study is based on a systematic variation
of material properties of the relevant forming mechanisms. For this purpose, Finite Element forming
simulation is highly suitable, as deformation mechanisms are reliably modeled via constitutive laws,
which are presented in chapter 2. The sensitivity study is conducted based on a FE model setup for
which a good coincidence between forming simulation and experimental test has been validated, as
presented in chapter 3. To enable a quantitative analysis of the sensitivity study, suitable measures are
introduced and the results of the sensitivity study are presented in chapter 4.

2. Finite Element forming simulation

As mentioned before, Finite Element forming simulation offers the possibility of a detailed analysis of
the deformation behavior of multilayered thermoplastic blanks during forming, considering material
behavior and process conditions. The final shape of the blank, as well as the stress and strain
distribution can be predicted due to the modelling of relevant deformation mechanisms (cf. Figure 1)
via constitutive laws.

Interface Mechanisms Intra-Ply Mechanisms
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E Adhesion/ Membrane Bending

Delamination i ;
Ply-Ply-Slip deformation deformation

FIGURE 1. Schematic illustration of deformation mechanisms during forming of thermoplastic UD-Tapes.

Besides the deformation behavior of the individual plies of the stacked laminate (intra-ply
mechanisms), interface mechanisms between the plies and between the tool and the laminate are
modelled via constitutive models. The modelling approaches of these mechanisms are described in the
following.

2.1. Interface mechanisms

Interface mechanisms include besides the slip and adhesion between the plies, the interaction between
the tool and the formed laminate through normal pressure and surface traction. Prior to the application
of the consolidation pressure, the occurring normal pressure and traction at the tool-ply-interface are
expected to be low during forming. Hence, the deformation of the tools is also expected to be low,
which justifies the modelling of tools as rigid surfaces.

For the implementation of the interface constitutive laws, the Penalty-method [1] is applied to
regularize normal and tangential behavior. Moreover, to model normal adhesion and delamination
between the individual plies, the Penalty-stiffness is enhanced, as long as a user-defined distance
between the plies is not exceeded. For tangential behavior, frictional behavior is modeled in
dependence on normal pressure and slip-rate, as these dependencies of frictional behavior could be
shown for thermoplastic pre-preg material at process conditions by several authors [2-5]. Therefore,
critical stress of a conventional Coulomb frictional law up [1] is enhanced by a slip-rate-dependent
term nv, as well as by a constant term zo, to account for tangential adhesion. This results in the
following critical stress for the tangential constitutive law:

Terit="To + 1V + up. @
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2.2.  Intra-ply mechanisms

For the constitutive modelling of the intra-ply mechanisms, a continuous approach is applied, which
uses 2.5D-elements to describe the deformation behavior of single plies. As presented by several
authors [6-9], a basic requirement on constitutive laws for intra-ply mechanisms in composite forming
is the decoupling of membrane and bending behavior. This is a consequence of the possible relative
motion between the fibers at process conditions. Therefore, the thickness-based relation between
membrane and bending stiffness given by conventional plate theories is no longer valid. Instead,
tensile rigidity in fiber direction is very large in comparison to bending rigidity. To facilitate this
decoupling of membrane and bending behavior, separate material models are assigned to membrane
and bending behavior. The membrane elements are overlaid with shell elements, where for the shell
elements a user-defined integration scheme is applied to include only the plate part of the shell
element. The applied constitutive laws for membrane and bending deformation are described in the
following.

2.2.1. Membrane deformation

By virtue of large shear deformations during forming and the high anisotropy of the UD-Tapes, the
usually applied Green-Naghdi-frame [10], which is based on a polar decomposition of the deformation
gradient, is non-applicable for composite forming simulation, as the average rigid body rotation tensor
is not unambiguously related to the fiber rotation, as presented by several authors [11, 12]. To
overcome this issue, the IFRM (“Ideal Fiber Reinforced Model”) presented by Spencer [13, 14] and
successfully applied by Haanappel et al. [15] is applied to model membrane deformation. The
constitutive law of IFRM is given by

oy =—pS; +Taa; +1;, (@)

where ojj is the Cauchy-stress, p an arbitrary hydrostatic pressure inducing an incompressibility
condition, T the stress in fiber direction and zj; an extra stress tensor to model viscoelastic material
behavior. For the modelling of the stress in fiber direction, the approach presented by Thije et al. [16]
is used, which results in modelling a uniaxial hyperelastic St. Venant-Kirchhoff [10] material in fiber
direction.

2.2.2. Bending deformation
Bending behavior of the single ply is modelled using conventional shell elements with a user-defined
integration scheme in thickness direction. Following Koiter-Sanders shell theory, the incremental
strain tensor at the integration points of the section behavior is given by
_ mid bend 3

Ag,;=Asyy +Ag)y", ©)
which is based on a superposition of the membrane and bending strain increment. The bending strain
increment is given by

Ae)i? = FizAx,, (4)

where Fs3 is the component of the deformation gradient in thickness direction, z the distance to the
midface and Ax,s the curvature tensor of the midface. The prediction of the deformation in thickness
direction is based on the in-plane deformation and an incompressibility condition of the structural
element. The constitutive law is implemented in an orthogonal and fiber parallel frame as presented by
several authors [11, 12]. This fiber parallel frame is calculated from fiber rotation in the midface,
which can be determined from the deformation gradient in the midface by

ail _ Fijmid a?, %)
where a%i and &% are the fiber orientation vectors in actual and initial configuration, respectively. To
model bending behavior, a VVoigt-Kelvin approach is chosen, for which an orthotropic elastic stiffness
and an isotropic viscous behavior is assumed.
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3. Validation of Finite Element forming simulation

The previously described methods for Finite Element forming simulation are applied to a box-shaped
generic geometry and a biaxial layup. Apparent from figure 2 is a good coincidence between forming
simulation and an experimental test with PPS-CF, which is evident from wrinkling and unfolding
outside of the mold, as well as of the outer contour of the formed parts.
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FIGURE 2. Deformed shape predicted by Finite Element forming simulation (a), experimental test for a biaxial PPS-CF
layup (b) and comparison of the outer contour of simulation and experimental test (c).

4. Sensitivity study

On basis of the models presented in Chapter 2 and validated in Chapter 3, a sensitivity study on
wrinkling behavior and fiber reorientation is conducted, in which the material parameters for
membrane, bending and frictional behavior are varied systematically by means of the Design of
Experiments (DOE) methodology [18]. For membrane behavior, only in-plane shearing and tension as
well as compression perpendicular to fiber direction are affected by the variation of material
parameters. Therefore, the fiber modulus is kept constant in this study, as the fiber stiffness is orders
of magnitudes higher compared to the other deformation modes and thus will not strongly influence
deformational behavior.

For the variation of the material parameters, a face centered composite design [18] is chosen, resulting
in 15 investigated configurations (cf. figure 3). For the step width between adjacent configurations,
factor 2 is chosen, which means that for configurations of type “+1”, for instance shearing is twice as
stiff as the configuration of type “0”.
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FIGURE 3. Schematic illustration of face centered composite design.

Beyond a qualitative assessment of the sensitivity study, a quantitative evaluation is reasonable.
Therefore, the Response Surface Methodology (RSM) [18] is applied, which facilitates to describe the
influence of the examined parameters on a target value by a model function, which is chosen to be

D =y + Xy + Xy + U Xy + 0Ky Xy + OlygXo Xy + 03X X (6)

This model function includes linear parameters i, which are related to the mean effects shearing,
bending and friction, as well as interacting terms «;;, which are related to the coupling between the
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mean effects. These parameters are determined by a least square fit, based on the values determined
for the configurations of the DOE. However, to investigate on wrinkling behavior and fiber
orientation, a scalar valued measure is required to describe these effects. Therefore, suitable measures
are introduced in chapter 4.1. The results of the fitting to the model function of equation 6, as well as
selected simulation results are presented in chapter 4.2.

4.1 Quantification measures

Wrinkling: Wrinkling can be regarded as a local curvature of the surface. Therefore, it is reasonable
to find a quantitative measure to describe surface curvature on basis of the nodal coordinates, which
are a result of Finite Element forming simulation. To do so, a method has been described by Dorr et al.
[17], which enables to calculate surface curvature at the nodes of the Finite Element grid.

Fiber reorientation: Fiber reorientation can be predicted by means of the deformation gradient (cf.
eg. 5). As 2.5D-elements are used for forming simulation, only the in-plane part of the deformation
gradient is supplied by the solver. Hence, only in-plane fiber reorientation and no spatial fiber
reorientation due to bending deformation of the laminate can be investigated. As solely in-plane fiber
reorientation can be inconclusive, the influence on fiber orientation due to shear deformation is
investigated. Therefor shear angle is used as quantitative measure, which can be expressed by

arctan [QJ + arctan(ij .
Fll FZZ

Both of the above mentioned measures are determined by a Matlab Postprocessing as a value field on
the deformed geometry, as depicted in figure 4 for several steps during forming simulation.
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FIGURE 4. Deformed geometry, curvature and shear angle for three different steps during forming simulation.
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To provide a scalar valued measure for the sensitivity study, the mean values of the absolute nodal
curvature and of the absolute elemental shear angle of the outer ply are determined. The history of
these target values are depicted in figure 5 for the central configuration of the sensitivity study.
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FIGURE 5. Mean value of curvature (black) and of shear angle (red) during forming for the
central configuration of the sensitivity study.

Evident from the history of curvature is, that curvature evolves during forming until a maximum,
where beyond this maximum wrinkles are reduced by the tooling. Nevertheless, the shear angle is
increasing beyond this point, as bending deformation of the wrinkles is transformed into in-plane shear
deformation, inducing fiber reorientation.

4.2. Results of the sensitivity study

As result of the sensitivity study, the history of the least square fitted and normalized parameters of the
model function (eq. 6) are depicted in figure 6a for surface curvature and in figure 6b for shear angle
as target value for several tool stroke positions.
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FIGURE 6. Influence factors on wrinkling (a) and shear angle (b).

It turns out, that shear and bending properties have a significant influence on wrinkling and shearing
behavior, where a higher shear stiffness and a lower bending stiffness lead to an increase in wrinkling
and a decrease of shearing. This contrary relationship can be attributed to that either in-plane shear
deformation is feasible to conform to a double-curved geometry or wrinkling occurs if in-plane shear
is too stiff. Apparent from the interaction coefficient for shear and bending, this relationship is
intensified if properties for shear and bending are changed to opposite directions.

Friction plays a minor role for the evolution of wrinkling and shear deformation, as no distinct
influence on the target values is observed for the mean parameter friction and the interaction
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parameters including friction. This circumstance is reducible to the biaxial layup examined in the
sensitivity study, as no distinct slipping between the plies is observed and shear deformation of the
laminate as more or less as a single ply is facilitated. A much more pronounced inter-ply slip is to be
expected, if a third fiber direction is present, as outlined by Haanappel [9].

In figure 7, the extremal configurations for wrinkling behavior are depicted, which are the
configurations with maximum shear, minimum bending and maximum friction for maximum
wrinkling and vice versa.

(c) shear: +1 ; bending: -1 ; friction +1

FIGURE 7. Comparison of central configuration (b) and the configurations with extremal influence (a, ¢) on wrinkling
behavior for three different steps during forming simulation.

5. Summary and Conclusion

A model for Finite Element forming simulation, which is implemented in the commercial multi-
purpose Finite Element solver Abaqus, is presented and applied to a box-shaped generic geometry. A
good coincidence between forming simulation and an experimental test is observed. The set of
material parameters for which the forming simulation result is compared to the experimental test is
used for a sensitivity study based on Design of Experiments methodology, for which material
properties are varied systematically to investigate the influence of shearing, bending and friction on
wrinkling and fiber reorientation. By means of Response Surface Methodology it is shown
quantitatively, that shearing and bending properties, as well as the interaction between shearing and
bending, have a significant influence on wrinkling and shearing behavior, whereas friction plays a
minor role, which is reducible to the examined biaxial layup.
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