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1. Introduction 

Today, traffic accidents are among the leading causes of human 

death. Deaths and injuries caused by traffic accidents can be 

brought under control if adequate attention is paid to accident and 

injury prevention strategies. For this reason, automobile manufac-

turers have created components that increase safety in the event of 

a collision, such as airbags, energy-absorbing steering columns, 

side door impact beams. Side collisions as a secondary critical 

crash zone after frontal collisions in vehicles are seen as the main 

cause of death and injuries in traffic accidents [1]. For this reason, 

developments in the automotive industry are mainly focused on 

vehicles with high crash resistance and light weight [2]. Studies 

carried out in the 1960s showed that side collisions are more vul-

nerable in traffic accidents due to the shorter distance between the 

door and the passenger compared to a frontal collision in the com-

partment area on the driver's side [3]. For this reason, General Mo-

tors first added a support beam to the side doors of its cars in order 

to reduce the severity of the impact to the passenger compartment 

and passengers [4]. The materials of these support beams are ex-

pected to have high crash resistance and high toughness. The auto-

motive industry has been in search of materials that can meet these 

needs. 

When the steel material group is evaluated together with the 

weight / strength ratios, it stands out from the non-ferrous materials 

in terms of critical collisions. In the steel industry, especially after 

the production of advanced high strength steels (AHSS), these 

steels have started to take their place in the automotive sector. 

Among the advanced high strength steels, the steel group named 

as dual phase (DP) steel has started to be preferred more than other 

AHSS steels due to their weight / strength ratio and good welda-

bility in assembly [5]. Dual phase (DP) steels are a group of steels 

that contain ferrite and martensite phases, and the hard martensite 

phase in its internal structure is found in the form of islands in a 

soft ferrite matrix in areas close to the grain boundaries. In this way, 

a steel group with high strength and improved deformation capa-

bility was obtained. Compared to the high strength low alloy 

(HSLA) steel group, which has been used before in DP steels, dual 

phase steels show more deformation ability at the same strength 

values [6]. 

With the use of compliance standards such as Euro NCAP and 

FMVSS (Federal Motor Vehicle Safety Standard-214), it has been 
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inevitable for vehicle manufacturers to take precautions in this re-

gard, with the use of compliance standards in automobiles, based 

on certain standards by taking the initiative of the manufacturer 

and performing side crash tests under these standards. In side crash 

tests, an element that can be considered as rigid body collides with 

the side area of the vehicle at certain speeds [7]. As a result of this 

collision effect, the side door reinforcement beams inside the door 

are exposed to bending force [4]. According to the loading condi-

tions, the bending of the beams can be basically classified into two 

groups as simple bending and three-point bending. In real crash 

cases, simple bending behavior is not common. In this case, using 

the three-point bending test to examine the bending behavior pro-

vides a closer simulation in terms of the representation of the struc-

ture under loading [8]. It is seen in the literature that products with 

tube profile sections are generally used as door impact beams [9-

11]. On the other hand, when examining the three-point bending 

behavior of developed high strength steels, it is seen that the stud-

ies on hollow profiles (tubes, etc.) are only evaluated in terms of 

hydroforming [5, 12]. 
 

 

 
 

Fig. 1. Experimental setup and schematically view of three-point 

bending system 

 

In this study, the behavior of the tubular DP500 and DP600 

quality materials used as door impact beams under three-point 

bending was experimentally and numerically investigated. In this 

sense, displacement-dependent variations of forming forces, 

springback behavior and product forms after three-point bending 

were evaluated.  

2. Experimental Studies 

In this study, three-point bending tests have been applied to dual 

phase tubes with DP500 and DP600 qualities. In experiments, 

forming speed was applied as 10 mm / min constant. The distance 

between the supports (spans) was used as 200 mm. The outer di-

ameter of the tubes was 12.6 mm for DP500 and 25 mm for DP600 

and the wall thickness of both materials was 1.5 mm. Three-point 

bending tests were carried out in a Shimadzu AG-X tensile test 

machine. Experimental setup and schematically view of three-

point bending system are given in Figure 1. After the experiments, 

the variation of the forming force depending on the stroke was ob-

tained and the forming force-stroke curves of both materials are 

shown in Figure 2. Within the scope of the experimental study, as 

the last parameter, after the three-point bending deformation, the 

springback values of both materials were determined using a pro-

tractor and these values were obtained as 5o for DP500 and 20o for 

DP600. The schematic of springback measurements is shown in 

Figure 3. 
 

 

 
Fig. 2. Comparison of experimental forming force-stroke curves 

 

 
Fig. 3. The schematic of springback measurements 
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3. Finite Element Analyses 

In the next stage of the study, the three-point bending process is 

analyzed numerically in terms of both materials. In this context, 

finite element analysis (FEA) was used, and the simulations of the 

study were carried out in Ls-Dyna / Dynaform commercial soft-

ware. In this sense, the process is considered as a plane strain prob-

lem and the span and punch parts are modeled as rigid body, and 

the tube geometry is modeled using shell elements. Finite element 

model of the process is given in Figure 4. In this context, 504 shell 

elements were used in each of the span parts, and 392 shell ele-

ments are used in the punch geometry. In tube parts, 8500 shell 

elements were used for DP500 and 18500 shell elements were used 

for DP600 steel. 

Fig. 4. Finite element model of three-point bending process 
 

In finite element analysis, a yield criterion, a hardening rule, and 

a flow rule are composed to model the plastic behavior of materials, 

and these plasticity models are very effective on finite element pre-

diction results [13]. In this respect, Hill (1948) model, which is one 

of the most frequently used plasticity models, was used for both 

materials. The Hill-48 model is a criterion that considers material 

anisotropy based on the von Mises yield criterion [14]. In the most 

general form, Hill-48 criterion can be written as in Equation (1). 
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The plane stress form of the Hill-48 model can be written as in 

Equation (2). F, G, H and N parameters in this equation are coeffi-

cients depending on Lankford parameters and these coefficients 

can be calculated as in Equations (3)-(5). 
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 In this sense, the mechanical properties used in the Hill-48 model 

for the DP500 and DP600 materials used in the study are given in 

Table 1.  

 
Table 1. Material properties of materials [15, 16]. 

Mechanical Property DP500 DP600 

Young’s modulus [GPa] 207 207 

Poisson’s ratio 0.28 0.28 

Yield Strength [MPa] 351 439 

Strength Coefficient (K) [MPa] 731.10 1037 

Hardening Exponent (n) 0.14 0.15 

r0 0.95 1.16 

r45 0.81 0.67 

r90 1.10 1.02 

 

Within the scope of finite element analysis, Belytschko-Tsay el-

ement formulation and 7 integration points in thickness direction 

were used as calculation parameters, and the punch velocity was 

2000 mm/s. In order to perform the experimental verification of 

the simulations, firstly, the forming force-stroke curves were ob-

tained, and the comparison results are given in Figure 5. The sec-

ond comparison is made in terms of springback values, and the 

comparison of springback angle values of experimental and finite 

element analysis results is given in Table 2. Finally, the product 

forms were compared with the forms obtained from finite element 

analysis, and the results of this comparison are shown in Figure 6 

and Figure 7 for both materials, respectively. 

 
Fig. 5. Comparison of forming force – stroke curves 
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Table 2. Comparison of springback angles after three-point bending 

process 

 

Material 
Springback Angle (o) 

Experiment FEA 

DP500 5 11 

DP600 20 28 

 

DP500 

Experiment FEA 

  

  

  

Fig. 6. Comparison of experimental and finite element analyses prod-

uct forms for DP500 tube 

 

   DP600 

Experiment FEA 

 
 

  

  

Fig. 7. Comparison of experimental and finite element analyses product 

forms for DP600 tube 

 

3. Conclusions 

In this study, three-point bending tests of DP500 and DP600 

tube materials were carried out and their behavior under bending 

was investigated experimentally and numerically. When the results 

are evaluated, it was experimentally seen by force-stroke curves 

that the DP600 material should be formed with more force than 

DP500 in the same forming stroke. Considering the results of the 

finite element analysis, it was determined that the force-stroke 

curves were compatible with the experimental tendency for both 

materials, but the force estimation was lower in the finite element 

analysis in terms of maximum force compared to the experiments. 

It is thought that this situation is caused by the plasticity model that 

defines the material plastic behavior and the element formulation, 

which is one of the finite element calculation parameters. 

Considering the product forms, it was seen that finite element 

analysis for both materials was quite successful. For both materials, 

the product form was obtained in accordance with the experi-

mental results in terms of wrinkle zones and section constriction. 

When the spring-back angle values are examined as the last pa-

rameter, it was seen that the springback results in finite element 

analysis are higher than the experimental data, this situation is 

caused by the plasticity model used in finite element analyses. 
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Nomenclature 

AHSS : Advanced High Strength Steel 

K : Strength coefficient 

n : Hardening exponent  

r0, r45, r90 : Lankford parameters 

F, G, H, N
 

: Hill-48 coefficients 
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