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ABSTRACT 

Thermoforming of thermoplastic tapes is currently of great interest for the automotive industry, 
due to low cycle times, material efficiency and recyclability. Depending on material parameters 
and process conditions, however, manufacturing defects may occur. Finite Element (FE) forming 
simulation offers the possibility of a detailed a priori analysis of the deformation behavior of 
multilayered thermoplastic blanks during forming, considering material behavior and process 
conditions by means of constitutive equations and boundary conditions, respectively. Usually, 
thermoforming simulation is assumed to be iso-thermal, which is a reasonable assumption for 
temperatures above the onset of crystallization for semi-crystalline thermoplastics. Especially in a 
process design phase, however, the onset of crystallization cannot be excluded in general. This 
study presents a fully coupled thermomechanical approach for finite element forming simulation 
of thermoforming processes, predicting the evolution of temperature and crystallization of semi-
crystalline thermoplastics. The approach is successfully validated for a generic geometry with a 
high agreement to experimental thermoforming tests. Finally, the relevance of including 
thermomechanics and crystallization kinetics is analyzed by means of a virtual sensitivity study. 
The study reveals that only by including those effects, the influence of all process parameters on 
formability can be predicted. 
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1. INTRODUCTION 
Composite materials reveal a particularly high lightweight potential, due to their excellent weight-
specific material properties and their capability to be tailored to specific applications [1]. While 
the automotive industry still mostly uses commodity materials such as steel and short glass fiber-
reinforced composites [2], the aerospace industry is using high-performance materials since 
decades. This is attributable to automotive mass production, where the material dominates the 
overall costs. Hence, automotive industry requires highly automated and robust production 
technologies, which make a high investment affordable as long as material costs are sufficiently 
low.  



In general, it is necessary that system-efficient composite solutions are developed, which consider 
besides technical and technological targets also economical boundary conditions. For this reason, 
the increasing demand for the reduction of green house gas emissions can be an enabler for 
composites in automotive industry. However, too high production costs and a limited 
understanding of automotive-specific processes still hinder high-performance composites to enter 
the automotive mass-production market. 

Continuously fiber-reinforced plastics (CoFRP), however, reveal an exceptional lightweight 
potential and are particularly suited for structural components, due to their excellent weight-
specific properties [3]. Nevertheless, manufacturing of CoFRP for both automotive and aerospace 
applications involves different challenges. First, materials are mostly expensive. Therefore, 
material consumption needs to be optimized. Second, forming of two-dimensional blanks into a 
three-dimensional geometries substantially influences the fiber structure, which in turn influences 
dimensional stability in terms of spring-in and warpage, and structural performance. For these 
reasons, a reliable virtual prediction of forming behavior by means of forming simulation is of 
utmost importance to enable time- and cost-effective process and product design. Beyond that, 
prediction accuracy of subsequent simulation steps is in conjunction with a virtual process chain 
significantly increased [4]. Within a virtual process chain (cf. Figure 1), relevant information is 
virtually predicted, retained and passed on successively to subsequent simulation steps. 

 

Figure 1: Schematic illustration of the sub-steps of a virtual process chain for the reliable virtual analysis  
of manufacturing and structural behavior of fiber-reinforced plastics. 

 
Finally, achieving low cycle times is a challenge, which becomes increasingly important also for 
aerospace industry. Therefore, thermoforming of continuously fiber-reinforced thermoplastics 
(CoFRTP), also referred to as thermoplastic tapes, play an increasingly important role, due to low 
cycle times, material efficiency and recyclability [5,6]. 

Thermoforming processes are influenced by several parameters, like layup sequence, tool and 
laminate temperature, forming velocity or laminate gripping, as shown in experimental 
thermoforming studies by several authors [7,8,9]. Depending on these parameters and the formed 
geometry, manufacturing defects such as wrinkling are possible. These defects, as well as the 
modification of the fiber structure due to forming, are predictable by means of Finite Element (FE) 
thermoforming simulation. For this purpose, material behavior and process conditions are taken 
into account based on constitutive equations and boundary conditions, respectively.  



In relation to the current interest in forming of CoFRP, commercial codes for macroscopic FE 
forming simulation have been developed. These are in particular the PAM-FORM [8] and the 
ANIFORM code [10]. Moreover, several codes for FE forming simulation have been presented in 
literature [11-14]. Thereby, recent approaches for thermoforming simulation of CoFRTP mostly 
assume thermoforming processes to be isothermal. Only few approaches consider yet the thermal 
behavior as well as the temperature-dependent forming behavior in terms of a thermomechanical 
coupling [15,16]. Both studies are restricted to temperatures well above the onset of crystallization 
of the investigated semi-crystalline thermoplastics. The onset of crystallization, however, induces 
a significant increase of mechanical properties [17,18]. Thus, it is to be expected that 
crystallization distinctively influences forming behavior. Since the onset of crystallization during 
forming cannot be excluded in general and especially prior to process optimization, a 
thermomechanical approach for thermoforming simulation considering also the crystallization 
kinetics of semi-crystalline thermoplastics is desirable for the virtual process design. 

This paper presents the application of a coupled 
thermomechanical approach for thermoforming 
simulation considering besides temperature evolution 
also crystallization kinetics and developed by the 
authors [19,20]. Based on this, the phase transition 
from the molten to the solid material state is predicted 
and is taken into account for modeling of temperature- 
and rate-dependent thermoforming behavior.  

The approach was originally developed at the 
Karlsruhe Institute of Technology (KIT) in Karlsruhe 
Germany [19,20] and is now being industrialized by 
the spin-off company SIMUTENCE. The software 
package called SIMUDRAPE comes as add-on for the 
commercially available Finite Element software 
ABAQUS/EXPLICIT and includes a fully automatized 
pre- and postprocessing as well as the above outlined 
methods for advanced contact and material modeling.  

In the following, the coupled thermomechanical approach for thermoforming simulation is 
outlined in Section 2. Subsequently, Section 3 presents simulation results for a generic geometry 
for the isothermal and the thermomechanical case, including the comparison to experimental tests. 
Based on this, the necessity to account for thermal effects and crystallization kinetics is 
investigated. 

2. SIMULATION APPROACH 
FE forming simulation is based on constitutive modeling of so-called intra- and inter-ply 
deformation mechanisms (cf. Figure 3). Intra-ply mechanisms include membrane and bending 
behavior of the single ply and are usually modeled layer-by-layer by conventional shell elements, 
due to the high slenderness ratio of the single plies. Inter-ply mechanisms include the frictional 
behavior between the tool and the laminate, as well as frictional behavior and tacking between the 
single plies of the stacked laminate and are modeled by means of contact constitutive equations.  

Figure 2: Schematic illustration of the working 
principle of SimuDrape add-ons for ABAQUS. 



 

Figure 3: Schematic illustration of the deformation mechanisms during composite forming  
categorized into intra- and inter-ply mechanisms. 

 

For the approach applied for thermoforming simulation in this study, the commercial FE solver 
ABAQUS/EXPLICIT in combination with several user-subroutines is applied. In the following, the 
governing equations for thermal and mechanical modeling, as well as for thermomechanical 
coupling are outlined. 

2.1 Modeling of thermal behavior 
The governing equation for modeling of thermal behavior is the heat balance equation, in 
combination with the generalized Fourier’s law for heat conductivity: 
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where 𝑇𝑇 is the temperature, 𝜌𝜌 the material density, 𝑐𝑐𝑝𝑝 the heat capacity, 𝝀𝝀 the orthotropic heat 
conductivity tensor, 𝑠𝑠 a surface flux on the boundary and 𝑟𝑟 a volumetric heat flux. To predict 
thermal behavior in thermoforming simulation, the capacity term 𝛿𝛿𝑊𝑊cap, the conductivity term 
𝛿𝛿𝑊𝑊cond, and the source term 𝛿𝛿𝑊𝑊source are used to model intra-ply heat capacity, conductivity and 
latent crystallization heat, respectively. In contrast, the surface flux term 𝛿𝛿𝑊𝑊surf is adopted to 
account for the inter-ply heat conductivity as well as for convection and radiation at the free 
surfaces, due to the exposure of the hot laminate to a cooler environment. Thereby, inter-ply heat 
conductivity includes the heat exchange between the single plies of the laminate as well as between 
the tool and the laminate. The latter is also referred to as tool-ply gap conductance. 

During cooling of a semi-crystalline thermoplastic from a temperature well above the melting 
temperature, the thermoplastic undergoes a partial alignment of the molecular chains during 
solidification, which is called crystallization, and which defines the transition from the molten 
material state to the solid material state. In order to predict the relative crystallinity 𝛼𝛼 throughout 
thermoforming, a wide range of cooling rates has to be captured. A suitable approach under this 



requirement is the approach originally presented by Ziabicki [21] and the enhancement to several 
cooling rates by Sierra et al. [22], as shown in our previous work by Kugele et al. [23]. This 
approach combines Nakamura’s equation [24] 
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based on the Avrami index 𝑛𝑛 and the crystallization rate constant 𝐾𝐾, with an empirical description 
of the crystallization rate constant given by [21] 

𝐾𝐾(𝑇𝑇) = 𝐾𝐾max exp�
−4 ln(2) (𝑇𝑇 − 𝑇𝑇max)
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Here, 𝐾𝐾max, 𝑇𝑇max and 𝐷𝐷 are material parameters for one specific cooling rate. By means of the 
determination of these parameters for various cooling rates, crystallization is predictable over a 
wide range of cooling rates [23]. 

2.2 Modeling of mechanical behavior 
The coupled thermomechanical approach includes besides modeling of thermal behavior also 
temperature- and crystallization-dependent mechanical behavior, as outlined in the following.  

2.2.1 Intra-ply deformation behavior 
Mechanical modeling of intra-ply deformation is based on a conventional shell approach, which is 
implemented in the commercial FE solver ABAQUS in combination with several user-subroutines. 
The related mechanical virtual internal energy is given by 
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where 𝑬𝑬 is the Green–Lagrange strain, 𝒓𝒓𝑖𝑖 the nodal displacements, 𝒅𝒅𝑖𝑖 the nodal unit director base, 
and 𝑺𝑺mem and 𝑺𝑺ben the second Piola–Kirchhoff (PK2) stress for membrane and bending behavior, 
respectively. Different constitutive equations are evaluated for membrane and bending behavior, 
resulting in a physical decoupling of membrane and bending behavior. This decoupling is essential 
for intra-ply modeling in thermoforming above the recrystallization temperature (molten material 
state), due to the high stiffness in fiber direction and the comparably low bending stiffness, which 
is induced by the possible relative motion between the fibers at processing conditions, implying 
that conventional plate theories are not applicable. In contrast, conventional plate theory is applied 
below the crystallization temperature. 

For material modeling, it is distinguished between the molten and the solid material state. In each 
case, the same constitutive equations are applied for both membrane and bending behavior but 
with different material parameters. For the molten material state, hyperviscoelastic constitutive 
equations are applied, to account for the rate- and temperature-dependent intra-ply deformation 
behavior. In contrast, hyperelastic constitutive equations are applied for the solid material state, 



since rate-dependency is expected to be negligible compared to the molten material state. 
Moreover, it is assumed that the free energy stored in the molten material state fully dissipates 
with the onset of crystallization. Based on this, the total deformation gradient 𝑭𝑭 is multiplicatively 
decomposed into a solid part 𝑭𝑭solid and a molten 𝑭𝑭molten part by 

𝑭𝑭 = 𝑭𝑭solid ⋅ 𝑭𝑭molten, (5) 

where the molten part is defined by the onset of crystallization. Based on this, the deformation 
state at the onset of crystallization 𝑭𝑭molten is introduced as new reference configuration for the 
evaluation of the solid constitutive equations. 

2.2.2 Inter-ply deformation behavior 
Inter-ply deformation behavior, including the tacking in normal direction and friction in tangential 
direction, is modeled by means of contact constitutive equations implemented in user-subroutines. 
This is necessary, since based on ABAQUS built-in methods, the simultaneous tacking in normal 
direction and sliding in tangential direction at the tool-ply interfaces cannot be accounted for.  

The related contact constitutive equations are regularized by means of the Penalty method in both 
normal and tangential direction. The tacking in normal direction is modeled by means of an 
additional stiffness, if the contact is under tension and as long as a maximum admissible distance 
between the interacting surfaces is not exceeded. In tangential direction, pressure- and rate-
dependent friction is modeled for the molten material state by 𝝉𝝉molten, whereas purely elastic 
tacking is modeled for the solid material state by 𝝉𝝉solid: 

𝝉𝝉molten = �𝜇𝜇𝜇𝜇 + 𝜂𝜂�𝝃̇𝝃� + 𝜏𝜏0�
𝝃̇𝝃

|𝝃𝝃|̇
  ,       𝝉𝝉solid = 𝜖𝜖𝝃𝝃, (6) 

where 𝝃𝝃 is the tangential displacement vector, 𝝉𝝉 the tangential stress, 𝑝𝑝 the transversal pressure, 𝜇𝜇, 
𝜂𝜂 and 𝜏𝜏0, material parameters, respectively, and 𝜖𝜖 the tangential solid stiffness. 

2.3 Thermomechanical coupling 
To account for temperature-dependent thermoforming behavior, related constitutive equations are 
evaluated as a function of temperature in the molten material state. To account additionally for a 
possible phase transition during forming, constitutive equations are evaluated for the solid and the 
molten material state simultaneously. For intra-ply modeling, the resulting stress tensors for the 
molten material state 𝑺𝑺molten and the solid material state 𝑺𝑺solid are superimposed based on the 
relative crystallinity 𝛼𝛼 by 

𝑺𝑺 = (1 − 𝛼𝛼)𝑺𝑺molten + 𝛼𝛼𝑺𝑺solid, (7) 

which guarantees a smooth transition between the molten and the solid material state. A similar 
approach is applied for inter-ply behavior for the constitutive equations given in Equation 6. 

  



3. VALIDATION 
The above outlined coupled thermomechanical approach is finally applied to thermoforming 
simulation of a generic geometry for an orthotropic and a quasi-isotropic layup. Each of the 8 
single plies is modeled by means of separate element layers with 42,672 elements per layer. The 
tools are modeled as discrete rigid surfaces with a constant temperature, since their deformation 
and heating during forming is expected to be negligible. The tool kinematics is modeled by a 
displacement boundary condition in real-time, to accurately account for rate-dependency and 
thermal behavior of the laminate. Laminate gripping is modeled following the approach proposed 
by Poppe et al. [28] based on so-called connector elements, which is necessary to accurately 
account for the kinematics of the pneumatic needle grippers, since these can rotate and elongate 
during forming. For modeling of thermal and mechanical behavior, the approach outlined in 
Section 2 is adopted and parameterized for a PA6-CF tape. Details on the parameterization can be 
found in our previous studies [19,20]. For validation of the above outlined thermoforming 
simulation approach, the simulation results are compared to surface measurements of experimental 
tests. Thereby, the results of the thermomechanical approach as well as the results of an isothermal 
approach, which is achieved by assuming a constant laminate temperature of 270 °C, are 
considered. Based on this, the necessity to account for thermal effects and crystallization kinetics 
in thermoforming simulation is investigated. 

3.1 Orthotropic layup 
Figure 4 shows the comparison of thermoforming simulation results to surface measurements of 
the according experimental results under application of the thermomechanical and related 
isothermal approaches at several remaining tool travels Δ𝑧𝑧 and for the orthotropic layup. A good 
agreement of the obtained overall shape and outer contour is observed for both layups. However, 
in a more detailed comparison it is observed that some local defects are predicted only by the 
thermomechanical approach, in particular for the large evolving fold above the bigger corner 
bending. This forming defect is clearly predicted by the thermomechanical approach, especially in 
Stage 2. Moreover, local wrinkling around the beads is predicted more pronounced by the 
thermomechanical approach. This is in good agreement with the experimental tests and the 
difference can be reduced to local cooling and crystallization of the laminate, as shown for several 
remaining tool travels Δ𝑧𝑧 in Figure 5 for the lowest ply. Here, comparably low cooling due to free 
convection and radiation is observed for the free surfaces. In contrast, distinct local cooling due to 
tool-ply contact (gap conductance) is observed. Thereby, local crystallization is observed in these 
areas already during forming. Besides this, local wrinkling is directly reflected in the temperature 
distribution, due to the local tool-ply contact.  

Stage 1: Δ𝑧𝑧 = 17.5 mm 

   

  



Stage 2: Δ𝑧𝑧 = 5.0 mm 

   

Stage 3: Δ𝑧𝑧 = 0.0 mm 

   

Thermomechanical Isothermal 
(𝑇𝑇 = 270 °C) 

Experimental 

Figure 4: Comparison of thermoforming simulation, under application of the thermomechanical and the 
isothermal (𝑇𝑇 = 270 °C) approach to 3D measurements of experimental tests at several remaining tool travels  Δ𝑧𝑧, 

for the orthotropic layup ([0;90]2s), and for a tool temperature of 110 °C [20]. 
. 

 

 

    

    

Stage 1 Stage 2 Stage 3  

Figure 5: Temperature 𝑇𝑇 (top row) and relative crystallinity 𝛼𝛼 (bottom row) for the orthotropic layup ([0;90]2s) at 
several remaining tool travels Δ𝑧𝑧, obtained from the thermomechanical approach [19].  

  



3.2 Quasi-isotropic layup 
Figure 6 shows the comparison of thermoforming simulation results under application of the 
thermomechanical and the isothermal approach to surface measurements of the according 
experimental results for the quasi-isotropic layup at several remaining tool travels Δ𝑧𝑧. Distinctive 
wrinkling behavior is observed throughout forming in the experimental test, which is captured 
clearly by both simulation approaches. Increased wrinkling behavior, however, is predicted by the 
thermomechanical approach. Here, a high degree of agreement to the experimental tests for the 
amount, direction and location of wrinkles is observed. In contrast, less pronounced wrinkling is 
predicted under application of the isothermal approach. Additionally, slight deviations are 
observed for the unfolding and sag of the laminate in the outer areas, especially for Stage 3. 

Stage 1: Δ𝑧𝑧 = 17.5 mm 

   

Stage 2: Δ𝑧𝑧 = 5.0 mm 

   

Stage 3: Δ𝑧𝑧 = 0.0 mm 

   

Thermomechanical Isothermal 
(𝑇𝑇 = 270 °C) 

Experimental 

Figure 6: Comparison of thermoforming simulation, under application of the thermomechanical and the 
isothermal (𝑇𝑇 = 270 °C) approach, to 3D measurements of experimental tests at several remaining tool travels Δ𝑧𝑧, 

for the quasi-isotropic layup ([0; 45;90;45]s), and for a tool temperature of 110 °C [20]. 



4. CONCLUSIONS 
A coupled thermomechanical approach for thermoforming simulation of continuously fibre-
reinforced thermoplastics implemented in the commercial FE solver ABAQUS in combination with 
several user-subroutines is presented. This approach is now being industrialized under the product 
name SIMUDRAPE by the KIT spin-opff company SIMUTENCE. Following this approach, 
mechanical behavior is modeled by means of hyperelastic and hyperviscoelastic constitutive 
equations. Modeling of thermal behavior takes heat loss due to radiation, convection and heat 
conduction as well as the prediction of crystallization kinetics during forming into account. The 
phase transition is predicted by the relative crytallinity and is taken into account for mechanical 
modeling by means of temperature- and crystallinity-dependent material properties.  

The application of the coupled thermomechanical approach to a generic geometry shows an 
improved agreement to the according experimental forming tests compared to the related 
isothermal approach. For the orthotropic layup, it is observed that some forming defects are 
captured by the thermomechanical approach only. In contrast, distinct wrinkling behavior of the 
quasi-isotropic layup observed in the experimental tests is captured basically by both approaches. 
Wrinkling behavior, however, is predicted too less pronounced for the isothermal approach. This 
results from distinct local cooling of the laminate, obviously not captured by the isothermal 
approach, but observed for the thermomechanical approach locally at the tool-ply contact areas. 
Besides this, local recrystallization is observed already during forming. In this study, recrystallized 
areas result mainly from the initial positioning of the laminate onto the lower (female) tool at the 
part flanges. This could possibly be prevented by an adapted process strategy. Nevertheless, the 
simulation results reveal that recrystallization already during forming cannot be excluded in 
general, especially prior to process optimization, which is expected to be an important finding for 
the virtual process design.  

With an eye towards industry 4.0, the presented approach is considered as a next step in direction 
of a holistic thermoforming simulation approach, by taking into account temperature- and rate-
dependency of the formed material, as well as the phase transition from the molten to the solid 
state. These material characteristics are usually not yet taken into account for thermoforming 
simulation. However, the validation of the presented approach has proven to improve the 
prediction accuracy. Therefore, the capability of thermoforming simulation to be applied to an a 
priori virtual process design is improved. Nonetheless, the proposed model has some limitations. 
First, only adapted heat loss in the vicinity of the tools, but no radiative heat transfer between the 
tool and the laminate is accounted for in thermal modeling. Taking into account this effect might 
improve thermal modeling, but would require further advanced modeling techniques and a 
distinctively higher computational effort. Second, no thermal expansion and shrinkage due to 
crystallization is taken into account so far. These effects are expected to not significantly influence 
forming behavior itself. However, consideration of these effects would enable the prediction of 
residual stresses and shape distortions, if recrystallization is occuring already during forming. 
Third, it is assumed in the presented approach that the free energy of the molten phase fully 
dissipates during solidification. This approach is expected to be reasonable for formability 
prediction, since local solidification represents the loss of formability. The free energy of the 
fibers, however, would most likely influence the prediction of residual stresses and shape 
distortion. Finally, the solid phase is assumed to behave purely. The consideration of plasticity and 
damage could be interesting to be investigated for locally solidified areas. 
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