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Abstract. In this study, a hexahedral solid-shell element is employed for the simulation of the
thermoforming processes for unidirectionally reinforced thermoplastic tapes. This allows for the
direct application of a fully three-dimensional material behavior, in contrast to conventional two-
dimensional approaches that neglect thickness deformations. However, the additional material
parameters increase the computational effort during characterization. It is therefore crucial to
distinguish the material parameters that have a significant influence on the final forming result
from those that have a negligible impact. The results reveal that rate-dependent material modelling
has the most significant influence on the final forming results. Therefore, it is crucial to accurately
model the viscoelastic behavior to simulate thermoforming appropriately. Furthermore, the
material parameters that describe the in-plane tension behavior are relevant for accurately
predicting the material draw-in. The transverse shear stiffnesses for both the membrane and the
bending behavior show low significance due to the low laminate thicknesses. Similarly, low
bending stiffnesses, e.g., the elastic bending perpendicular to the fiber direction, are also of
negligible significance compared to the high rate-dependency in those deformation modes.

Introduction

In the context of thermoforming process simulation for FRPs, the majority of macroscopic
simulation approaches are based on two-dimensional shell elements [1]. Thermoplastic
unidirectionally reinforced tapes typically have a high surface area relative to their thickness.
Therefore, simulation approaches that employ conventional two-dimensional shell elements in a
layered configuration are highly effective to accurately account for the membrane and bending
deformation effects that occur during thermoforming as well as inter-ply interactions. A crucial
aspect of thermoforming simulation is the decoupling of membrane and bending behavior within
the intra-ply material behavior [2—4]. This is due to the high tensile stiffness in the fiber direction,
while the stiffnesses perpendicular to the fiber direction, for shear deformation and bending
deformation, are typically very small and are subject to a rate- and temperature-dependency [5,6].

The model developed by Schifer et al. [7,8] employs a hexahedron solid-shell element which
only has translational degrees of freedom. It is initially based on the work of Schwarze and Reese
[9,10]. The model is suitable for anisotropic elastic materials and incorporates a membrane-
bending decoupling into the formulation, thereby enabling an accurate prediction of the forming
behavior of, e.g., non-crimp fabrics. In our previous study [11], we introduced a rate-dependent
approach to enable modeling of viscoelastic material behaviors within the proposed solid-shell
element.

In the current work, the solid-shell element proposed by Schifer et al. [7,8] and Mitsch et al.
[11] is employed for forming simulations. Compared to a two-dimensional approach, the
hexahedral solid-shell approach requires higher computational costs due to the additional degree
of freedom in thickness direction, the use of high-cost stabilization methods and the necessity for
smaller time-step sizes. Consequently, characterization and parameterization routines that employ
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the considered solid-shell approach are inherently time-consuming. It is therefore essential to
identify the most impactful parameters for the forming simulation results, as only these parameters
require characterization to accurately describe the in-plane and out-of-plane behavior within the
solid-shell element. The remaining parameters can be approximated within their order of
magnitude. Consequently, the sensitivity of the various material parameters regarding their
influence on the final forming results within the thermoforming process are investigated.

Solid-Shell Element

Element formulation. In this study, a three-dimensional hexahedral solid-shell element is the focus
of the analysis. This work is based on the research conducted by Schéfer et al. [11,12] and Mitsch
et al. [13]. The element has eight nodes with only translational degrees of freedom. The
implementation is realized as a user-element (VUEL) for ABAQUS/EXPLICIT. A reduced integration
scheme 1is utilized for the in-plane deformations. Consequently, a single integration point is
positioned at the center of the shell plane. Furthermore, the element incorporates multiple
integration points distributed along its thickness, which facilitate the representation of the material
behavior in the out-of-plane direction.

To prevent numerical locking, a variety of techniques are employed within the context of the
solid-shell element. To prevent volumetric and Poisson thickness locking, the enhanced assumed
strain (EAS) concept is employed [12—14]. It introduces an enhanced strain, E ., which is added to
the total compatible strain, E.(u;), which is solely dependent on the node displacements, u;.
Furthermore, the assumed natural strain (ANS) concept is employed to prevent transverse shear
and curvature thickness locking. This concept was introduced by Hughes and Tezduya [15].
Additional details on the implementation of the ANS and EAS concepts within the hexahedral
solid-shell element are provided in [9,10,16].

Another essential aspect of the solid-shell user element is the separation of the membrane and
the bending behavior. To this end, Taylor expansions of both the total strain E [9,10] and the
resulting stress S [7] are employed. This allows for an independent description of the material
behaviors associated with the membrane and the bending of the solid-shell element. As the
methodology utilized within the solid-shell element was initially proposed for engineering textiles
[11,12], the material behavior under consideration was constrained to elastic characteristics.
Therefore, Mitsch et al. [11] enhanced the approach to a viscoelastic one, enabling the application
of the proposed solid-shell element to pre-impregnated thermoplastic composites. A more
comprehensive overview of the membrane-bending decoupling and the considered material
behavior can be found in [7,11,17].

Viscoelastic material law. In this work, the behavior of a single layer of unidirectional
reinforced tape is described through the utilization of a rate-dependent material law, the Voigt-
Kelvin approach. The model represents the parallel connection of an elastic spring element with a
viscous damper element. Consequently, the stresses S associated with the Voigt-Kelvin approach
can be calculated additively [18]

S = Selast T Sviscs (1)
where the elastic part S5t 1S described by the St. Venant-Kirchhoff model [19]
Selast = C[E] (2)

with the stiffness tensor C and the Green-Lagrange strain tensor E. The viscous stresses Sy;sc from
Eq. 1 are modelled using the isotropic Newton model. Using the Newton model, the viscous
Cauchy stress tensor gy 1s calculated by [20]

Oyisc = 21D, 3)
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where 7 is the scalar viscosity and D is the deformation rate tensor. Since the considered solid-
shell element uses modifications of the total strain E based on the EAS and ANS concept, the
deformation rate tensor D is not immediately available and has to be approximated. A routine to
obtain an approximation for the deformation rate tensor D is given by Mitsch et al. [11].

The viscoelastic material behavior described by Eqs. 1-3 is applied separately to the membrane
and bending behavior. To achieve this, a Taylor expansion is carried out for the resulting stresses
and strain. This approach enables Eqs. 1-3 to independently characterize the membrane and
bending behavior, with distinct material parameters for each. In particular, Cy; and ny; are used to
characterize the membrane behavior, while Cgz and ng are used to characterize the bending
behavior. For a more detailed explanation of the derivation and calculation of the Taylor
expansions mentioned, the reader is directed to references [7] and [11].

In the present study, Poisson ratios are not considered. This is due to the ratios of the selected
membrane stiffness values (cf. Eq. 5), which yield negligible strains resulting from Poisson ratios.
The Poisson ratios for the bending behavior lack physical meaning and can thus be omitted. As a
result, the stiffness tensors describing the elastic membrane and bending behavior are diagonal
when displayed in the fiber-oriented coordinate system and in Voigt notation

[Cyt 1 [Cat
CH CE?
e R c3?
G 1%/1 ) and Cg = G 1%2
G G353
Gid i G2

o
=<
1)

(4)

The elastic properties of the membrane are defined by Cy. The properties Cyft, C&Z and Gy
describe the in-plane deformation behavior of the solid-shell element. In this context, the parameter
Cyt represents the stiffness of the solid-shell element, or alternatively the tape, in its fiber direction.
In an analogous manner, CZ* describes the stiffness perpendicular to the fiber direction. The
parameter Gy describes the in-plane shear stiffness. The parameters C3, G& and Gy describe the
out-of-plane stiffnesses of the membrane. In this context, C3® describes the compaction stiffness,
while GZ® and Gj® describes the out-of-plane (transverse) shear stiffnesses of the membrane.

In the context of unidirectionally reinforced tapes, Cyf is typically several orders of magnitude
higher than the other stiffnesses components in Cy. However, selecting a physically accurate value
for Ci;, based on the stiffness of carbon or glass fibers, can lead to extremely small timesteps in explicit
solvers. To balance accuracy and computational efficiency, Ci! is often chosen lower than its
physically measured value while remaining sufficiently high to approximate the fibers' inextensibility.
This approach ensures that macroscopic forming simulations remain accurate while maintaining
acceptable timesteps.

The elastic bending behavior is defined by Cg. The properties Ca® and C3? describe the elastic
bending behavior of the element in the direction of its element edges. Therefore C3* and C3? are
bending stiffnesses in the fiber direction and perpendicular to it. The parameter C3> describes the
correlation between compaction strains, which vary in thickness, and the corresponding stresses.
The parameter G3? characterizes the elastic bending behavior in a direction diagonal to the element
edges. The parameters G2 and Ga> describe the stiffness corresponding to varying transverse shear
strains over the thickness. Since no significant impact of the individual transverse shear stiffness
(GE, G2, GE3 and G3*) was determined in extensive parameter studies due to the small laminate
thickness, these are summarized and referred to as Gy for both the membrane and the bending
stiffnesses in the following.
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Numerical Study

Numerical test setup. To ascertain the significance of a material parameter within the solid-shell
element for the purposes of modelling and characterization, forming simulations are conducted
with varying material parameters. The simulation setup is implemented in the commercially
available finite element solver ABAQUS/EXPLICIT and is presented in Fig. 1. A hemispherical
geometry (white) with diameter dp = 150 mm is employed for the punch. The die (red) is plane
with a hole of diameter dp = 160 mm through which the blank (green) is formed. No blankholders
are utilized to facilitate the evolution of wrinkles. The tools are modeled as discrete rigid surfaces.
The forming process is implemented displacement-controlled by a Dirichlet boundary condition
(uz = 60 mm) on the punch geometry, applied over one second. The die remains rigid in its initial
position.

Figure 1 — Forming simulation setup for the hemisphere in ABAQUS/EXPLICIT adopted from [17]

The ply (green) is represented as a single layer of solid-shell elements, situated initially between
the punch and the die (cf. Fig. 1). The ply itself represents a single layer of unidirectionally
reinforced thermoplastic tape. The specimen's in-plane dimensions are 300 mm in length and 300
mm in width. The material exhibits a thickness of 0.3 mm. The length of the edges of the elements
is 6 mm. As a result of the implementation of the problem's symmetry axes, only one quarter of
the original problem needs to be simulated (blue lines), thereby reducing the overall simulation
time. Consequently, the ply contains 625 hexahedral solid-shell elements. The contact between the
tools and the ply is described using the General Contact definition from ABAQUS/EXPLICIT. The
contact in the normal direction is described by a linear pressure-overclosure algorithm with a
penalty stiffness and by Coulomb's friction law in the tangential direction with the coefficient of
friction within the order of magnitude of values from literature [21], u = 0.0644.

The intra-ply material behavior of the ply is described using Eqs. 1-4. The elastic behavior is
described using stiffness tensors Cy and Cg for the membrane and the bending behavior,
respectively (cf. Eq. 4). Similarly, the rate-dependent behavior is described by isotropic viscosities,
denoted as 1y and ng. To facilitate the comparison of the relative significance of the different
material parameters, a reference configuration of the material parameters is selected.
Subsequently, the influence of the material parameters on the forming result is investigated by
varying them. The parameter set for the membrane behavior in the reference configuration is
selected as

11000.0
0.01

1.0 ref

cref = 0.0035 MPa and ni¢f = 0.1 MPa - s. (5)

1.0

1.0-

The parameter set for the bending behavior in the reference configuration is selected as
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[75.0
0.75
cref = 0.01 MPa and 75 = 10 MPa - s. 6
B 0.375 B (6)
1.0
L 1.0-

The reference parameters were determined based on characterization experiments of glass-fiber
reinforced polypropylene, with the same experimental setups as Dorr et al. [21]. However, constant

viscosities are used to facilitate the parametric study, rather than the shear thinning that is typically

observed for thermoplastic tapes. It should be noted that, with the exception of &, which was

found to be smaller in the present study compared to the experimental values reported in [21,22]
for carbon fiber reinforced polyamide 6, all material parameters are in the same order of magnitude
as those found in the referenced studies.

To examine the impact of the different material parameters on the final forming result, five sets
of parameters were varied, according to Table 1. Thereby, the transverse shear as well as
perpendicular and shear bending stiffness were varied simultaneously due to their individually
negligible influence on the forming behavior, which will be discussed in the next Section.

Table 1 — Parameter variations to investigate significance during forming

Increase Decrease
Membrane viscosity Ny = 2 nkef Ny = 0.1 ket
Bending viscosity ng = 10 nief ng = 0.1 ngef
Transverse shear GF =10 Gt Gt = 0.1G!
Bending (fiber direction) citt =10 et citm =o0a1citef
22,4 _ 22,ref 22— _ 22,ref
Bending (shear & perp. dir.) 2212, . ; 18 gzz,ref 2212,_ ; 81 gzz‘ref

It should be noted that a few material parameters have been held constant throughout the course
of this study. The membrane stiffness C is not varied within this study since it represents the
stiffness of the nearly strain-free fibers and is therefore selected to be comparatively high. The
compaction stiffness C5° maintained at a constant value since it only affects the final thickness of
the tape within the stamp-forming simulation and does not influence the formation of wrinkles
during the forming process. The parameter C3° describes the correlation between compaction
strains, which vary in thickness, and the corresponding stresses. Since these compaction strains
lack physical significance and are solely a consequence of numerical considerations, the stiffness
C33 is set to a value close to zero to prevent the induction of stresses or forces due to this
deformation mode (cf. Eq. 6).

Results and discussion. The results of the forming process simulations are presented in Fig. 2.
The displacements in the positive punch direction u; are represented using the red color bar, as
these displacements correlate with the developed wrinkles within the laminate. In contrast, the
displacement in the negative punch direction, us;, is depicted as a uniformly blue, as these
displacements are solely induced by the punch and are therefore not pertinent to this analysis. The
forming result of the reference configuration is consistently displayed in the upper half of the
visualizations. The forming results obtained using the varied parameter sets are illustrated in the
lower half of the visualizations.
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Fig. 2a shows the result of the forming simulation in the reference configuration. The outer
contour demonstrates a considerably greater amount of material drawn in the 1-direction than in
the 2-direction. This can be attributed to the fiber alignment in the 1-direction, which results in a
significantly higher stiffness in this direction than in the 2-direction. Additionally, a total of twelve
wrinkles were observed in the ply. The wrinkles situated at the ply edge in the 2-direction were
observed to be deeper than those located at the edge in the 1-direction. This phenomenon can be
attributed to more material draw-in in the 1-direction which geometrically increases the resistance
against bending deformation. It can be concluded that the forming simulation for the reference
configuration demonstrated the general expected result for the thermoforming process of a single
ply.

Fig. 2b shows the influence of varied membrane viscosities. In comparison to the reference
configuration, the introduction of a higher membrane viscosity (17y;) results in the formation of a
greater number and depth of wrinkles. Similarly, when the membrane viscosity is decreased (17y)
the resulting deformed geometry was nearly flat, exhibiting minimal wrinkles. The observed
behavior can be attributed to the fact that thermoplastic tapes exhibit two major deformation
modes: in-plane shearing and out-of-plane bending. When shear deformation is prevented, for
instance due to the laminate stack order or due to higher shear stiffness, bending deformation
becomes more probable, leading to the formation of wrinkles. For 17y, = 1y, shear deformation is
prevented due to the higher viscous membrane stresses, which results in the formation of more and
deeper wrinkles. Furthermore, Fig. 2b illustrates that an increased amount of material is drawn in
the 2-direction in case of ny; compared to 1y. This is due to the deformation rates in the 2-
direction, which induce higher viscous stresses with rising membrane viscosities. In the 1-
direction, no such high deformation rates are observed due to the significantly higher elastic
stiffness in fiber direction compared to the 2-direction.

Fig. 2c shows the impact of varied bending viscosities (cf. Table 1). In comparison to the
reference configuration the increased bending viscosity (7 ) results in a reduction in the formation
of wrinkles, whereas a decreased bending viscosity (n7g) results in an increase of wrinkles. Higher
bending viscosities result in greater resistance to wrinkling, leading to increased shear
deformation. This behavior is consistent with the results observed in Fig. 2b, as it represents the
same effect in an inverse manner.
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Figure 2 — Simulation results for the forming problem
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In Fig. 2d, the comparison between the reference configuration and the configuration utilizing
varied transverse shear stiffnesses Gt for both the membrane- and the bending-behavior is shown
(cf. Table 1). In contrast to Figs. 2b and 2c, neither significant variation in the formation of
wrinkles nor notable discrepancies in the material draw-in are evident. This is due to the low
laminate thickness (0.3 mm) and to the prevalence of rate-dependent material behavior. It can
therefore be concluded that the elastic transverse shear stiffnesses for both the membrane- and the
bending-behavior have an almost negligible influence on the forming results for similar parameter
sets and equally small laminate thicknesses.

Fig. 2e shows the influence of varying bending stiffnesses in fiber direction C3* for the utilized
elastic bending behavior (cf. Table 1). In the case of lower bending stiffnesses, the forming result
exhibits only minor and insignificant differences. Conversely, in the case of higher bending
stiffnesses, the maxima in u; were observed to shift to different locations. This is due to the higher
ratio of resistance to bending deformation relative to the resistance to shear deformation, which is
analogous to the results obtained in Fig. 2c. However, the small differences of the forming results
in case of lower bending stiffnesses Ca* cannot solely be explained with the ratio of bending and
shear resistances. The minor discrepancies observed in the forming results for lower bending
stiffnesses are expected to be attributed to the presence of considerable viscous stresses and forces,
in comparison to the elastic stresses induced by the associated bending modes. Given that the
deformation within this parameter range is predominantly governed by rate-dependent material
behavior, a reduction in bending stiffness does not result in a significant alteration in the forming
outcome.

This interpretation is corroborated by the findings presented in Fig. 2f, which shows the
influence varying bending stiffnesses C4% and Ga%. The forming results demonstrate that no
notable discrepancies are evident in the presence of both increased and decreased bending
stiffnesses. This can also be attributed to the markedly elevated viscous stresses and forces in this
deformation mode relative to the elastic stresses induced by C5* and G32. This finding aligns with
the observations presented in Fig. 2e.

Conclusion and outlook

In this study, forming simulations of a single ply of thermoplastic tape are conducted. The material
parameters that describe the rate-dependent material behavior and the transverse shear behavior
are varied to ascertain their significance to the final forming result. Qualitative analyses based on
the formation of wrinkles are performed to facilitate a comparison of the results.

The presented parameter study revealed that not all considered material parameters exert a
significant influence on the final forming result. The transverse shear stiffnesses for both the elastic
membrane and bending behavior have a negligible influence on the final forming result, which is
due to the low ply thickness. Furthermore, the low bending stiffnesses also have a negligible
influence on the final forming results, as the deformation is highly dominated by rate-dependent
effects. It can be concluded that the modeling of these material parameters is not a crucial factor
for the accurate prediction of wrinkles within thermoforming simulation utilizing the considered
solid-shell element. However, these material parameters can contribute to the overall numerical
stability of the model. Consequently, an appropriate selection of the transverse shear stiffnesses
by means of numerical stability is valid within the solid-shell element.

The findings of this study indicate that an accurate modeling of the significant material
properties of both the membrane and its bending behaviors is essential for an accurate prediction
of wrinkles in thermoforming simulation. Moreover, the resulting negligible influence of the
transverse shear stiffness and transverse bending stiffness are likely not limited to the specific case
studied here as only a single ply of tape with comparably high thickness was considered. In
multilayer composites, the influence of low stiffness values in the bending behavior would be
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further diminished, as higher stiffness contributions from differently oriented layers would further
reduce the effect of comparatively small stiffnesses.

Future studies will focus on enhanced modeling of the membrane and the bending behavior of
thermoplastic tapes, e.g., by considering a deformation rate dependent viscosity model and
considering temperature within the viscoelastic Voigt-Kelvin approach. Furthermore,
thermoplastic composites usually consist of several layers with different orientations. Therefore,
the goal of future work will also include the applicability of the solid-shell approach within a
multilayer composite.
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