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Abstract. Hybrid parts are strongly moving into the focus for lightweight applications. Unfor-

tunately, the accurate, simulative design, which comprises the accurate prediction of final part 

geometry, is still a challenging task. In the scope of this paper, an approach to improve the ac-

curacy of appropriate finite element simulations is presented. To this end, the manufacturing 

history of the hybrid part is considered within the simulation of the part behavior. To create a 

finite element model of the considered hybrid composite, the intrinsic manufacturing process is 

modelled first. This includes the modelling of the thermoforming process of a fiber reinforced 

polymer as well as the sheet metal forming process for the fabrication of form fit elements. 

Then, the geometry of the hybrid part is deduced from the geometries of the single compo-

nents. Afterwards, the material properties, including the local fiber volume content as well as 

the local fiber orientation, are mapped to the finite elements. Consequently, a workflow to cre-

ate a finite element model which considers manufacturing history is developed and successful-

ly tested. 

1.  Introduction 

Hybrid parts, which combine the advantages of different material classes, are more and more utilized 

for lightweight applications [1]. These materials are made of different material classes to combine the 

advantages of the applied materials [2]. In the field of crash relevant structures, the combination of 

fiber reinforced plastics (FRP) with highly ductile metals seems to be advantageous. FRPs with their 

excellent strength-to-weight ratio carry operating loads. The ductile metal prevents brittle material 

failure behavior under crash loading. The design of hybrid parts offers a lot of freedom regarding, for 

example, the layer structure, the metallic material or the kind of reinforcement. Many variants of the 

part are feasible. Consequently, an accurate numerical prediction of the mechanical behavior is essen-

tial for an efficient product development process. However, the simulative design of hybrid parts is 

still a challenging task. One way to improve the accuracy of simulations is to account for the effects of 

the manufacturing process, since the manufacturing operations highly affect the performance of the 

produced part. This is a common approach in the field of metal forming [3, 4]. In this field, the effec-

tive plastic strain, the thickness distribution and the local damage variable are mapped from forming 

simulations to the crash model. Thus, these influences are considered in the crash analysis. With re-
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spect to hybrid parts under high dynamic loads, some simulative investigations are presented by [5, 6]. 

Nevertheless, the forming history is not considered. 

This contribution describes how simulations of the manufacturing and mechanical simulations of the 

resulting part can be connected for the case of hybrid parts. To create an appropriate finite element 

model of the considered hybrid composite, the hybrid manufacturing process is modelled first. Herein, 

the forming simulation of the FRP component and the forming simulation of the metallic part are sepa-

rately realized. Then, the geometry of the hybrid part is estimated from the geometries of the single 

components. Afterwards the material properties, including the local fiber volume ratio or the local 

fiber orientation among others, are mapped to the integration points of the finite elements. Thus, a 

highly complex finite element model of a hybrid composite is developed. This model enables the eval-

uation of the influence of the manufacturing history on the mechanical behavior of the considered 

composite. 

2.  Intrinsic manufacturing of a hybrid composite 

The investigated hybrid part consists of a continuous FRP, in which a metallic reinforcement structure 

is integrated. The FRP is a unidirectional carbon fiber sheet (thickness of 1.3 mm) composed of a 

thermoplastic PA 6 (BASF Ultramid B40) and Toray T700S (50-K) carbon fibers. The metallic layer 

is made up of AA 5182 and has a thickness of 0.2 mm. The hybrid part is manufactured in a so called 

‘intrinsic process’. The intrinsic approach combines the shaping of the part as well as the joining of the 

metallic insert and the FRP in a single process step [7]. The performance of a hybrid part strongly 

depends on the interface between the different materials. To improve interface strength, a combination 

of adhesive bonding and mechanical form fit is utilized. In contrast to state of the art processes, the 

form fit elements are generated within the intrinsic manufacturing process. To this end, a special me-

tallic insert is developed and the manufacturing is simultaneously performed on two geometric scales 

(see, for details, [8]). On the macro scale, a conventional thermoforming process for shaping the part 

geometry is applied. On the mesoscopic level, the mechanical form fit elements are formed by apply-

ing a tension load on the metallic insert (cf. Figure 1). The local forming process can be classified as a 

sheet metal forming process. During the further global forming, the form fit elements are pressed in 

the molten matrix of the FRP and realize the mechanical interlocking. For the combination of the dif-

ferent sub-processes in a single step process, a variothermal forming tool is used [9]. The raw material 

is directly heated up in a pre-heated forming tool until the forming temperature of the thermoplastic 

matrix is reached. During the global and local forming process the tool temperature is constant. The 

consolidation phase is started by cooling the tool when the global forming process is finished. 

 

 
Figure 1. Substeps of the investigated intrinsic process chain [9]. 

 

Keuthage et al. [10] show that the mechanical properties of a hybrid part depend on the fiber volume 

content, the fiber orientation, the local thickness of the FRP and the geometry as well as the effective 

plastic strain of the metallic insert. Within this contribution, manufacturing history variables are iden-

tified within separate simulations of the forming processes. In the following section, these simulations 

of the local and the global forming process are presented.   
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3.  FE modelling of the intrinsic manufacturing process 

3.1.  FE simulation of the deformation of the metallic insert 

Within the manufacturing process, the metallic insert is plastically deformed to generate the form fit 

elements. To estimate the resulting geometry, a FE simulation of this forming process is carried out. 

Due to the characteristic of the forming, a post buckling analysis has to be performed. Generally, a 

post buckling analysis consists of three steps. At the beginning, the first eigenmode is identified with 

respect to the boundary conditions (see Figure 2). Afterwards, the resulting displacements, given in 

Figure 3, are scaled by a factor δ and mapped to the geometry to induce imperfections. 

 

𝑢𝑧 in mm 

 
 

Figure 3. First eigenmode of the 

metallic insert (deformation scale 

factor: 10). 

 

Finally, the forming of the metallic insert can be simulated. The according mesh consists of about 

340000 fully integrated, quadratic elements. Note, that this high number of elements is required to 

prevent imperfections resulting from the discretization of the geometry. The viscoplastic material be-

havior of the applied aluminum AA 5182 is simulated by a nonlinear material model at large strains. 

This material model is formulated based on directly connected rheological elements (see, for details, 

[12]). With the help of the user subroutine UMAT, this material model is implemented in 

Abaqus/Standard. The required material parameters are identified from uniaxial tension tests with 

different time series [11]. Several FE simulations with varied factors δ are performed. The results are 

compared to the result of an experimental investigation of this forming process. According to the 

force-displacement curves given in Figure 4, a good accordance between experimental data and simu-

lation data, obtained for 𝛿 = 2.0, can be observed.  

 

 

 Figure 4. Force-displacement curve resulting from experiment and from simulations 

with different δ. 

 

 

Figure 2. Geometry of 

the metallic insert and 

the applied boundary 

conditions [11]. 
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The force-displacement curve strongly depends on the intensity of the imperfections. Consequently, 

this dependence will have to be in mind if the forming process of the metallic insert is configured. 

However, the finite element simulations aim for the identification of the geometry of the metallic in-

sert, especially the out-of-plane deformation of the form fit elements. In Figure 5, the out-of-plane 

displacement fields resulting from the FE simulation with 𝛿 = 2.0 and resulting from analyzing the 

forming process using the optical measuring system GOM ARAMIS are presented. 

(a) 

 

 

 (b) 

 

𝑢𝑧 in mm 

  

 

Figure 5. Displacement 

fields resulting from exper-

iment (a) and from simula-

tion with 𝛿 = 2.0 (b) for 

𝑢𝑥 = 9.5 mm. 

 

The resulting displacement fields are in good accordance keeping in mind that the initial imperfections 

of the FE model and the investigated metallic insert are not fully coincident. Thus, the developed FE 

model is suitable to estimate the geometry of the metallic insert. Hence, the influence of the imperfec-

tions on the resulting geometry can be simulatively analyzed. Figure 6 shows the comparison of the 

averaged out-of-plane displacements of the peaks of the form fit elements. It can be stated that the 

final geometry of the metallic insert is not strongly influenced by the intensity of the imperfections 

having the difference of the initial position of the peaks in mind. Due to this finding, the geometry 

resulting from a finite element simulation with 𝛿 = 2.0 will be applied in the further course. 

 

 

 

 Figure 6. Averaged out-of-plane displacements of the peaks of the form fit elements 

resulting from experiment and simulations. 

3.2.  Simulation of the thermoforming 

The aim of simulating the global forming process is the prediction of the geometry, the thickness dis-

tribution as well as the local fiber volume content and direction of the FRP component. In general, 

there are different approaches for simulating thermoforming processes [13]. Here, the explicit FE code 

LS-Dyna is used to model the global forming process. LS-Dyna provides the material model 

*MAT_249UD for the forming simulation of thermoplastic unidirectional FRPs [14]. According to 

this model, the material behavior is described by an anisotropic hyperplastic material law [15]. In the 

scope of this work the material parameters for a unidirectional carbon fiber sheet with PA6 matrix 

material are taken from the literature [16, 17, 18]. Because the metallic insert is neglected in this simu-

lation, a simple layout of two UD-layers in 0°-direction is only simulated. Figure 7 shows the geome-

try of the part in detail as well as the resulting model. The tool parts are represented as rigid bodies.  
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(a) 

 

(b) 

 

Figure 7. 
Geometry of 

the thermo-

formed part (a) 

and the simu-

lation model 

of the thermo-

forming pro-

cess (b). 

 

The blank is square shaped and is 200 mm x 200 mm in size. Under-integrated shell elements with a 

length of 1 mm are used for the blank. The edges of the blank are free and clamped by the blank hold-

er. The process is modelled isothermal and a forming temperature of 225 °C is assumed.  

To investigate the impact of the process parameters on the part performance, the blank holder force is 

varied. Figure 8 shows different part properties of the thermoformed part. It is shown, that the blank 

holder force has a considerable impact on the thinning as well as the fiber volume content. The fiber 

orientation is not significantly affected.  

 

 

Figure 8. 

Results of 

thermoforming 

simulations 

with different 

blank holder 

forces. 

4.  Development of a suitable simulation model of the hybrid composite 

To analyze the mechanical behavior of the hybrid composite with respect to the manufacturing history, 

a FE model is required and has to be developed. The mechanical behavior of the applied components 

is represented by appropriate, nonlinear material models at large strains. In addition to the material 

model utilized for the simulation of the deformation of the metallic insert (see section 3.1), an elastic-

plastic damage material model and a transversely isotropic viscoplastic material model are employed 

for the interface and the FRP, respectively (see, for details, [8], [20]). The FE model has to include the 

simulation results of the thermoforming as well as of the generation of the form fit elements. Due to 

this, the creation of an appropriate FE model is a challenging task. Aiming for a well-shaped mesh, 

this is realized by using the preprocessor Altair HyperMesh and the finite element code Abaqus. At 

first, the geometry of the surrounding FRP is generated. Therefore, the deformed mesh resulting from 

the thermoforming simulation is imported in Abaqus. Note that this deformed mesh consists of shell 

elements. To engender a three-dimensional model, the shell elements are extruded to the calculated 

thicknesses and exported as a Nastran file. Afterwards, this orphan mesh as well as the orphan mesh of 

the deformed insert are separately imported in HyperMesh. Hence, outer surfaces can be deduced from 

these meshes. These outer surfaces are the basis for the further development of the FE model of the 

hybrid composite. The geometries of the interfaces are constructed by extruding the top and bottom 

outer surface of the deformed insert. The same applies for the cover plate. Here, sections of the sur-

rounding FRP have to be extruded. Consequently, the geometries of the components are defined by 

surfaces. To deduce a regular mesh, the top surface of the surrounding FRP is meshed. Then, fractions 
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of this mesh are copied and projected to other surfaces. The resulting three dimensional elements are 

generated by extruding the two dimensional elements discretizing the outer surfaces. Due to this mesh-

ing strategy, the different mesh components are combined by shared nodes. Consequently, no addi-

tional tie constraints has to be considered, which results in a lower computational effort. Next, the 

three dimensional mesh is imported in Abaqus by an input file. Within the following assembly, the 

meshed demonstrator is integrated for example in the simulation of a three point bending test. This 

comprises the definition of contact properties, among other things. Finally, the fiber data, resulting 

from the simulation of the thermoforming, are mapped as initial conditions of the state variables to the 

integration points of the finite elements of the surrounding FRP. To this end, the user subroutine 

SDVINI is applied. Consequently, a workflow to generate a nonlinear FE model of the hybrid compo-

site is developed. The according steps are summarized and illustrated in Figure 9.  

 

Figure 9. Generation of the FE model of the hybrid composite considering the manufacturing histo-

ry. 

 

Due to the utilization of the simulation results of the thermoforming as well as of the deformation of 

the metallic insert, the resulting FE model is able to estimate the mechanical behavior of the hybrid 

composite with respect to the manufacturing history. Furthermore, the effect of the mechanical inter-

locking is accurately modeled due the consideration of the geometry of the deformed form fit ele-

ments. Exemplarily, the results of a FE simulation of a three point bending test of the demonstrator 

fabricated with a blank holder force of 5kN is given in Figure 10. According to presented von Mises 

stress distribution, it can be observed, that the force of the loading pin is locally induced. However, the 

load is spread over a wider range, due to metallic insert. This can be stated from Figure 11, where the 

von Mises stress distribution of the metallic insert is only shown. With respect to the application of the 

hybrid composite for crash-relevant structural parts, this load spreading is very beneficial.  
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(a) 

 

 

(b) 

 

𝜎𝑣  in MPa 

  
Figure 10. Result of FE simulation of a three point bending test of the demonstrator fabricated with a 

blank holder force of 5kN: force-displacement curve (a) and von Mises stress distribution for a dis-

placement of 𝑢 = 1.5 mm (b), cutting plane at the middle of the demonstrator. 

 

 

In the future, finite element models with varied process parameters will be generated and finite ele-

ment simulations will be performed. Based on the results, the influence of the manufacturing history 

on the mechanical behavior can be virtually estimated. 

5.  Conclusion 

Within this contribution, a concept for considering the manufacturing history in a FE model of a com-

plex hybrid part is presented. After explaining the manufacturing concept of the investigated hybrid 

part, the modelling of the manufacturing process is presented. The intrinsic manufacturing process is 

divided into the forming process of the metallic insert and the thermoforming process of the FRP. 

Each of these sub-processes is individually modelled. The output of the manufacturing simulations are 

the geometry of the metallic insert as well as the geometry, the local fiber volume content and the lo-

cal fiber orientation of the thermoformed FRP component. Subsequently, these data has to be trans-

ferred to the simulation model of the hybrid part. Therefore, a workflow for generating a complex FE 

model of the hybrid part considering the geometry and the state variables from the manufacturing sim-

ulations is developed and validated. However, the regular meshing of the complex geometry is quiet a 

challenging and time consuming process. In the future, some steps will be automatized by the authors. 

Moreover, appropriate simulations will be carried out to investigate the influence of process parame-

ters on the mechanical behavior of the hybrid part. 
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𝜎𝑣  in MPa 

 

Figure 11. Von 

Mises stress 

distribution at 

the metallic 

insert of the 

demonstrator  

for a displace-

ment of 𝑢 =
1.5 mm. 
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