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Abstract 

The crushing performance of aluminum-CFRP (Carbon Fiber-Reinforced Plastics) hybrid generic crash 
components under axial compression load is experimentally investigated. Aluminum crash components, 
having similar geometry, are also crushed and compared with the hybrid components. The performance 
of the hybrid components is found to be twice as much as that of the aluminum components in terms of 
peak force and specific energy absorption (SEA). Finite element simulations of the crush tests are 
carried out in LS-DYNA®. The extended 3-parameter Barlat model (MAT36E) is used to characterize 
the anisotropic elasto-plastic behavior of aluminum sheet. The CFRP laminate is characterized by an 
orthotropic linear elastic material model (MAT54) with a progressive failure criterion (Chang and Chang). 
The aluminum-CFRP interface is modeled using tied contact with cohesive mixed mode failure criterion 
to capture the delamination behavior. Good agreement is found between experiment and simulation in 
terms of Specific Energy Absorption (SEA) as well as deformation pattern. 

1 Introduction 

To reduce CO2 emissions in the automotive and aerospace sector, lightweight optimal design of 
structures is inevitable. Hence, CFRP is a very interesting material of choice, since it shows high specific 
stiffness, specific strength and specific energy absorption (SEA) compared to metals [1-2]. However, 
pure CFRP components have several disadvantages, e.g. catastrophic failure and high production costs 
[3]. While CFRP absorbs energy mainly by fragmentation and destruction, metallic materials usually 
absorb energy through plastic deformation [4-6]. Also, metallic materials are more economical than 
CFRP materials. Hence, a hybrid metal-CFRP component is a potential solution where ductility of metal 
is combined with high specific stiffness and strength of CFRP.  
 
Research activities on metals combined with CFRPs have been carried out by many researchers in the 
past [7-10]. However, reliable and predictive numerical simulation of a metal-CFRP hybrid component 
has always been a challenging task. While various modeling and simulation strategies have been 
proposed for an accurate crashworthiness simulation of pure CFRP components [11-19], very few 
literatures can be found on modeling and simulation strategies in metal-CFRP hybrid components [3, 
20, 21]. The complexity in modeling and simulation of a metal-CFRP hybrid component can be divided 
in to three parts: (i) modeling metallic material, (ii) modeling CFRP, (iii) modeling metal-CFRP interface.  
 
LS-DYNA® material model library has an extensive collection of material models for anisotropic sheet 
metals. In this work, the metallic material (Al-6061T4) of the aluminum-CFRP hybrid component is 
modeled by MAT36E, an extended version of the Barlat89 model [22]. Several other Barlat and Hill 
material models (e.g. MAT37, MAT122 and MAT133) are also investigated but not presented in this 
paper, since they are not capable of describing the material behavior accurately. Barlat_YLD2000 
(MAT133) is specifically developed for aluminum sheet. However, the reason behind this model not 
being able to capture the material behavior accurately could be the lack of available constitutive 
parameters (e.g. equi-biaxial yield stress, equi-biaxial Lankford co-efficient). 
 
The composite material models in LS-DYNA® can be divided in to two categories: progressive failure 
models (e.g. MAT22, MAT54/55) and continuum damage mechanics models (e.g. MAT58, MAT158, 
MAT162) [23]. In this work, the CFRP laminate of the aluminum-CFRP hybrid component is modeled by 
MAT54. This material model is specifically designed for orthotropic materials such as unidirectional 
laminates (not fabric). MAT54 is chosen due to two reasons: (i) it is relatively simple and computationally 
efficient, (ii) it requires minimal input parameters, which means, less coupon tests. However, the model 
has several non-physical parameters which need to be calibrated by trial and error. In this work, special 
focus is paid to eliminate these parameters from the material card to reduce the calibration effort. 
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There are two common approaches for modelling the metal-CFRP interface: cohesive elements, and 
contact formulations with failure criteria (e.g. tiebreak contacts). The cohesive layer in metal-CFRP 
hybrid structures is usually very thin. This makes the use of cohesive elements computationally very 
expensive in explicit FE-simulation. In this work, the aluminum-CFRP interface is modeled by tie-break 
contact with cohesive mixed mode failure criterion, since it is computationally more efficient. However, 
the constitutive parameters for cohesive mixed mode failure criterion require additional experiments [24-
25] and simulations which is out of the scope of this project. Hence, they are taken from literature [26]. 

2 Experimental Work 

2.1 Material and component 

Aluminum sheet EN AW-6061 T4 with 1.0 mm thickness and pre-impregnated UD lamina SIGRAPREG® 
C U300-0/NF-E420/35% with a nominal cured thickness of 0.28 mm are used for the aluminum-CFRP 
hybrid generic crash components. Three UD layups at 0°/90°/0° orientation are used. The hybrid 
components are produced in a subsequent forming (+ curing), cutting and mechanical joining process 
(Fig.1:). The forming and curing are done at 150°C with a curing duration of 3 minutes. The clamping 
force is set to 20 kN during forming while the punch velocity is set to 10 mm/s. Seven equidistant M6 
screws are used in each side for the mechanical joining. The final geometry had a length of 250 mm 
and a cross section of approximately 102 mm x 95 mm (without the flange).  
 

 

Fig.1: Manufacturing steps (from left to right) of the hybrid generic crash element. 

Following the same procedure, except without the CFRP layers, aluminum crash components were 
manufactured (Fig.2:). The aluminum sheet is formed at 150°C temperature at a constant velocity of 10 
mm/s while being clamped with a constant force of 20 kN. The formed sheet is kept in the hot forming 
press for 3 minutes. Finally, seven equidistant M6 screws are used in each side for the mechanical 
joining.   
 

 

Fig.2: Generic crash element: (left) aluminum-CFRP hybrid component, (right) aluminum component. 

2.2 Crush test 

Quasi-static axial crush tests are performed in a vertical configuration at a crosshead velocity of 100 
mm/min up to a crushing length of 75 mm. In both types of components, energy absorption by aluminum 
is done through plastic folding, no significant fracture is observed. In the aluminum-CFRP hybrid 
component, energy absorption by CFRP layers is done through a complex failure mode (e.g., 
interlaminar failure, fiber-matrix debonding, fiber pullout, matrix deformation/cracking, fiber breakage), 
hence, catastrophic failure is observed (Fig.3:).  
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Fig.3: After crush test: (left & middle) aluminum-CFRP hybrid component, (right) aluminum component. 

Five aluminum components and two hybrid components are crushed. The experiments are found to be 
reproducible in both cases (Fig.4:)(Table 1:).  
 

 

Fig.4: Crush test data: (left) aluminum-CFRP hybrid component; (right) aluminum component. 

 Peak Force 
[kN] 

Average Peak Force 
[kN] 

EA  
[kJ] 

Average EA 
[kJ] 

Average SEA 
[kJ/kg] 

Aluminum_1 52.54  
 

52.76 

0.76  
 

0.85 

 
 

2.73 
Aluminum_2 54.19 0.90 

Aluminum_3 54.56 0.83 

Aluminum_4 50.13 0.82 

Aluminum_5 52.40 0.93 

Alu-CFRP_1 106.80 104.28 2.45 2.49 5.93 

Alu-CFRP_2 101.76 2.53 

Table 1: Crush test data. 

The hybrid profiles show significantly higher performance in terms of (average) peak force and (average) 
specific energy absorption (SEA) (Fig.5:). The average peak force and SEA of the hybrid profiles are at 
least twice as much as that of the aluminum profiles.  
 

 

Fig.5: Crush test data (average): aluminum-CFRP hybrid component vs. aluminum component. 

3 FE-modeling and simulation 

3.1 Material Characterization 

The extended 3-parameter Barlat model (MAT36E) is used to characterize the anisotropic elasto-plastic 
behavior of the aluminum sheet. The hardening curves and the Lankford coefficients in three different 
directions (at an angle of 0°, 45° and 90° to the rolling direction) of the sheet material are obtained 
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through standard uniaxial tension experiments. A mild variation of the hardening curves (UT00, UT45, 
UT90) and the Lankford coefficients (r00, r45, r90) with the angle to the rolling direction is observed 
(Fig.6:). 
 

 

Fig.6: Uniaxial tension test data: hardening up to diffuse necking (left); Lankford parameter (right). 

The hardening curves are fitted and extrapolated by mixed Swift and Hockett-Sherby hardening law. An 
iterative inverse method [27] is followed for calibration. 
 

 

Fig.7: Extrapolated and calibrated hardening curves. 

The CFRP laminate is characterized by an orthotropic linear elastic material model (MAT54) with a 
progressive failure criterion (Chang and Chang). The material parameters are obtained from coupon 
tests carried out by the material supplier (Table 2:).  
 

Tensile testing Values Compression test Values Shear test Values 
E-modulus 0° 127 GPa E-modulus 0° 118.2 GPa E-modulus 3.4 GPa 

Strength 0° 1.97 GPa Strength 0° 1.43 GPa Strength 0.055 GPa 

Elongation at break 0° 1.5% Elongation at break 0° 1.4%   

E-modulus 90° 7.8 GPa E-modulus 90° 7.8 GPa   

Strength 90° 0.048 GPa Strength 90° 0.17 GPa   

Elongation at break 90° 0.6% Elongation at break 90° 4.1%   

Poison’s ratio 90° 0.03     

Table 2: Coupon test data for SIGRAPREG. 

As mentioned earlier, MAT54 has several numerical parameters which cannot be measured 
experimentally but need to be calibrated by trial and error. In this work, based on an extensive material 
parameter sensitivity study, only one numerical parameter (SOFT=0.8) is used in addition to the 
experimentally determined material parameters. 

3.2 FE-model 

A multi-layer shell approach is followed to model the hybrid crash components where the aluminum 
sheet and the CFRP laminate are modeled with individual layer of shell elements (Fig.8: left). Each ply 
within the CFRP laminate is defined by a through thickness integration point. The geometry is meshed 
using fully integrated quadrilateral shell elements (ELFORM16) of 3 mm x 3 mm size. The component 
is kept at rest on a rigid plate (Fig.8: right). The plate is constrained in every direction. The loading plate 
is also modeled as a rigid body (Fig.8: right). Both rigid plates have material parameters (MAT_RIGID) 
of steel which are used for contact stiffness calculation.  
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Fig.8: FE-model of the hybrid crash element: (left) top view; (right) isometric view. 

Automatic surface to surface contact is defined between the rigid plates and the crash component. The 
interface between the aluminum and the CFRP layer is modeled using tiebreak contact with a cohesive 
mixed mode failure criterion. A static coefficient of friction of 0.1 is used based on [21]. A global automatic 
single surface contact is defined for self-contact mainly for aluminum with a static co-efficient of friction 
of 1.2 [28]. The bolted joints are modeled using tied contact with no failure. A displacement controlled 
prescribed motion (rigid) is defined for the loading plate. For computational efficiency, the 75 mm motion 
was applied in 0.01 second which is 4500 times faster than the real crush test velocity (100 mm/s). This 
artificial crushing velocity should not have any influence in the simulation result since, no strain rate 
dependency is calibrated for the material models. Additionally, the kinetic energy due to this artificial 
velocity is found to be still negligible compared to the internal energy in the model. However, based on 
simulations using different crushing velocities, the model is found to be sensitive to the crushing velocity, 
which might be a robustness issue arising from shell element formulation and contact definitions.  
 
The aluminum crash components are modeled following the similar approach in terms of element 
formulation, mesh size, contact definition. However, a different friction co-efficient (0.61) is used 
between the rigid plate (loading plate and resting plate both) and the crash component according to [28]. 
This model is also found to be sensitive to the crushing velocity. The motion of 75 mm for the loading 
plate is applied in 0.45 s.  

4 Results  

The simulation results are evaluated in terms of peak force, energy absorption and deformation 
behavior. With the chosen velocity of the loading plate mentioned in the previous section, the 
deformation pattern is captured reasonably (Fig.9:). 
 

    

Fig.9: Deformed shape (simulation and experiment) after crushing: (left) aluminum profile; (right) 
aluminum-CFRP hybrid profile. 

The force-displacement curves match very well for aluminum profile (Fig.10: left). The difference 
between experiment and simulation in terms of peak force and energy absorption are below 4% (Table 
3:). 
 

  Experiment Simulation Deviation  

Aluminum Peak force [kN] 52.76 54.61 3.5% 

EA [kJ] 0.85 0.82 -3.5% 

Hybrid Peak force [kN] 104.28 132.44 27% 

EA [kJ] 2.49 2.1 -15.7% 

Table 3: Simulation vs. Experiment. 

CFRP   

Aluminum Loading Plate 

Resting Plate 
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The difference between simulation and experiment for hybrid profiles are relatively higher. The peak 
force in simulation is overestimated by 27% and the total energy absorption is underestimated by 16%. 
This significant difference in peak force could be partially coming from the geometrical as well as 
material imperfection which can not captured in the FE-model. The constitutive parameters for 
aluminum-CFRP interface failure are taken from literature. This could also be a contributing factor in the 
difference between experiment and simulation for energy absorption.  
 

 

Fig.10: Simulation vs. experiment: (left) aluminum profile; (right) aluminum-CFRP hybrid profile. 

5 Summary 

First, manufacturing of an aluminum-CFRP hybrid crash component and an aluminum crash component 
with similar geometry is briefly described. The crush test procedure as well as the results are presented 
and discussed. The hybrid components are found to be better performing in terms of peak force and 
energy absorption. Material characterization and the FE-modelling approach are also presented. Finally, 
the simulation and experimental results are compared and discussed. The simulation results of the 
aluminum profile are found to be in very good agreement with the experimental results. However, the 
deviation in simulation from experiment of the hybrid components are relatively higher which clearly 
indicates the necessity of a more sophisticated material model and detailed modeling approach for such 
components. 
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