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Abstract: Nowadays, a lot of emphasis is placed on the car safety. It's very difficult to ensure the highest possible body strength using 

conventional tests. The correct testing method is the basis for the safety of the car bodies. It is less expensive and time-consuming to apply 

deformation characteristics testing to selected types of steel than to produce a complete body and then test its deformation properties. The 

three-point bending test makes it possible to determine the absorption potential of the selected sheet metal. The purpose of this article is to 

evaluate innovation potential of the multiphase Trip steel, which is used in the automotive industry for the body-in-white structural 

components, and deformation elements mainly. 
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1. Introduction 

In car safety, many passive elements have supplemented and 

even replaced by active safety elements. The brake systems were 

supplemented with electronic control units that ensure better brake 

operation and vehicle controllability in skidding [1]. However, even 

active members in combination with passive ones will not ensure 

the complete safety of the vehicle crew. Therefore, scientists and 

car developers had to focus on the materials used for the 

construction of the car [2-5]. 

It was necessary to focus on the deformation zones, their 

construction, and the material from which they are made. The 

deformation zone is not responsible only for the safety of 

passengers but also pedestrians. An intersection between the 

strength of the material and the ability to absorb energy on the 

deformation path had to be found. In modern cars a "controlled" 

course of deformation needs to be ensured (Fig. 1). The deformation 

of the front part of the vehicle should have a graded course 

consisting of 5 stages: [6] 

1. protection at low speeds - parking maneuvers,  

2. compatibility - protection of a co-participant in a traffic 

accident,  

3. self-protection - the necessity to comply with biomechanical 

criteria,  

4. space for crew survival,  

5. pedestrian protection. 

 

 

 

Fig. 1 Progressive course of deformation [6]. 

 

 

Fig. 2 Distribution of deformation forces in frontal and side impact [8]. 

In modern cars, deformation zones are distributed around the 

entire cabin of the vehicle. That means the space for the crew is 

sufficiently protected. While at a frontal impact of a vehicle there is 

enough space for deformation, the side of the car must be 

sufficiently rigid to withstand the side impact (Fig. 2). [6,9]  

Compared to the front or rear of the vehicle, where there is 

sufficient length to create deformation zones, the side parts of the 

vehicle have minimal space to absorb deformation energy. A 

collision with a vehicle from the side is the most dangerous for the 

crew, as most vehicles are very vulnerable from the side. Therefore, 

the greatest number of high-strength materials are used for these 

areas, which are able to absorb a significant amount of energy in a 

side impact. [7-9] 

A novelty on the market in the area of safety elements of 

deformation zones is the Pre-Safe structure - Fig. 3. They are 

actually special metal profiles, stored in the reinforcements of the 

body. In the event that the sensors of the vehicle's control unit 

detect an impact, the charge is activated and the struts are inflated. 

The duration of inflation is a few milliseconds. The pressure in 

these reinforcements reaches 1-2 MPa. The braces can hold a load 

of 100 kg, i.e. 1 kN. Their function is similar to the function of an 

airbag, but with the difference that they are made of metal material 

and the reinforcements do not inflate, which can also appear as a 

disadvantage. [7-9] 

 

 

Fig. 3 Pre-Safe structure and side reinforcements of the car. [9] 

The stress of the beams, bumper, roof reinforcement and doors 

can be tested with a three-point bending test, where can be 

measured the bending strength (material resistance) and 

deformation work. [10] Three-point bending testing is a process in 

which a sample is plastically deformed (usually to the point of 

failure) in order to obtain the desired outputs. From these tests, we 

can determine values such as: 

• the magnitude of the resistance force required to deform the 

sample on a predetermined path,  

• springback of the sample on a predetermined path,  

• absorption potential of the material,  

• the size of the path required to break the sample. 
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2. Materials and methodology of experiment 

2.1 Three-point bending test 

The experimental test was performed at predetermined strain 

rate, using a combination of three-point bending and stretching. The 

absorption potential of the material was determined from the force 

required to deform a sample with a width of 26 mm and a length 

before deformation L0 = 300 mm (length of the loaded part of the 

sample L0 = 2.X0 = 2x110 mm) and the thickness of the sample a0 = 

0.75 mm (Fig. 4). 

 

 

Fig. 4 Dimensions of the tested sample. 

 

The three-point bending test was performed on a TiraTEST 

2300 testing machine, equipped with the necessary preparations for 

holding the sample and also with a sensor measuring the magnitude 

of the load force. The tested samples were fixed with jaws into the 

machine in such a way that there was no movement of the sample 

during the test. The sample was loaded by force through the roller 

mounted on the end of the strain gauge sensor. With such a 

combination of clamping the sample and its bending, a combined 

bending and tension stress occurs. TiraTEST 2300 allows you to 

record the measured force and traversed path of the crossbar to the 

computer. The support rollers on which the sample was positioned 

were at a distance of 110 mm from each other and their diameter 

was d = 30 mm. The samples were stressed until failure (Fig. 5). 

 

 

Fig. 5 Three-point bending test [10]. 

 

2.2 Materials and their properties 

Sheets of high-strength low-alloyed steel H220 PD+Z1 (HSLA) 

and multiphase steel RAK 40/70 (TRIP) were used for the 

experiment, the chemical composition of which is shown in Tab. 1. 

Table 2 shows the material properties of the investigated 

materials. Cold-rolled steel sheets are characterized by their 

anisotropy, therefore the properties were evaluated in the 0°; 45°; 

90° directions. The mechanical properties were determined by a 

tensile test according to STN EN ISO 6892-1. The normal 

anisotropy coefficients (Lankford coefficients) were determined 

according to STN EN ISO 10 113. The strain hardening exponent 

and the material constant were determined according to STN EN 

ISO 10 275. 

 

Table 1: Chemical composition of the experimental materials. 

 

Table 2: Mechanical properties of the experimental materials. 

 

 

2.3 Experiment evaluation methodology 

The evaluation of elongation, deflection and suspension of the 

samples was carried out according to the diagram in fig. 6, when the 

path of the bender is 25 mm, where the individual quantities are: 

- bend path -h 

- path of the bender after unloading force - h´ 

- angle after unloading force - α' 

- angle under load - α'' 

- length of half of the examined part of the sample in the 

unloaded state -X0´ 

- length of half of the examined part of the sample under load - 

X0'' 

 

 

Fig. 6 Scheme of the three-point bending test with fixed ends. 

 

The deformation of the examined part of the sample was 

calculated based on relations (1) and (2). The assumption was that 

the free part of the sample is deformed uniformly depending on the 
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path of the bender h until the moment when a narrowing (neck) 

occurs. In the initial position of the bender h=0, the length of the 

sample was 110 mm. The size of the angle α can be expressed as: 

 𝛼 𝑕 = −2. 𝑡𝑎𝑛𝑔−1  
𝑥0− 𝑕

2−4.𝑟 .𝑕+𝑥0
2

𝑕−4.𝑟
        (1) 

 

After the sum of the lengths of the arcs AB and CD and the addition 

of the section EC, we express the half length of the sample x after 

deformations as: 

𝛼 𝑕 = −2. 𝑡𝑎𝑛𝑔−1  
𝑥0− 𝑕

2−4.𝑟.𝑕+𝑥0
2

𝑕−4.𝑟
        (2) 

The total length of the sample is twice the x obtained from equation 

(2). 

The magnitude of the deformation work was evaluated from the 

maximum force and path of the bender when the sample broke 

according to the relationship: 

𝑊𝑑𝑒𝑓 =
𝐹𝑚𝑎𝑥  .  𝑋𝑚𝑎𝑥

2
              (3) 

The stiffness constant c can be determined from the record of 

the bending force Fmax depending on the path of the bender xmax. 

With the assumed linear course of the dependence, the stiffness 

constant c will represent the direction of the straight line indicated 

in the dependence (Fig. 7,8). 

 

3. Reached results and their evaluation 

Based on the bending test scheme shown in Fig. 6 and relations 

(1) and (2) the angles during loading and unloading and the total 

length of the sample were calculated, the values of which are given 

in Tab. 3. 

Table 3: Extensions of the tested samples – path of the bender 25 mm. 

Material  H220PD RAK 40/70 

Force [kN] 9.10 12.88 

Path of the bender in the loaded 

state h [mm] 

25 25 

The path of the bender in the 

unloaded state h´ [mm] 

22.32 21.49 

Angle α'' in the loaded state [°] 27.71 27.71 

Angle α' in the unloaded state [°] 24.75 23.82 

The length of the free part of the 

sample in the loaded state 

2.X0´´[mm] 

121.75 121.75 

The length of the free part of the 
sample in the unloaded state 

2.X0´[mm] 

119.38 118.7 

The difference in the length of the 
samples after unloading – after 

springback X0´´- X0´ [mm] 

2.37 3.05 

 

The length of the free part of the sample in the loaded state, 

with the traveled path of the bender of 25 mm in H220PD steel, was 

121.75 mm, after the sample was unloaded, the material contracted 

by 2.37 mm, which was 0.68 mm less than in RAK 40/70 steel. On 

the contrary, the force required to deform the sample by 25 mm was 

12.88 kN for RAK 40/70 steel, which was 3.78 kN more than for 

H220PD steel. The differences in values were calculated based on 

the data presented in Tab. 3. 

 

 

 

Table 4: Stiffness constant and measured deformation work. 

Material H220PD (ref) RAK 40/70 

Deformation work 

Wdef [J] 

230.8 322.2 

Stiffness constant 

c [N.m-1] 

0.348 0.567 

Wdef/ Wdef ref - 1.39 

c / cref = a / aref - 1.63 

 

The deformation work Wdef required to deform the sample until 

the moment of its failure reached the value of 322.2 J for 

RAK40/70 steel, which is 91.4 J more than for the reference steel 

H220PD. The stiffness constant c increased in comparison to the 

reference material by 1.63x. 

 

 

Fig. 7 Record of the dependence of the bending force on the path traveled 

by the bender for RAK 40/70 steel. 

 

 

 

Fig.8 Record of the dependence of the bending force on the path traveled 

by the bender for H220PD steel. 

 

From the point of view of the protection of the vehicle crew, it 

is very important to take into account the deceleration of the safety 

cage. In Euro NCAP, the prescribed frontal impact speed is 64 

km/h-1 and in EHK it is 56 km/h-1. At such speeds, the maximum 

acceleration (deceleration of the vehicle) is a limit coming out from 

the biomechanical limits of the human body. Overload at such 

speeds reaches a value of around 20g. However, not only the 

acceleration but also the track on which such an overload occurs 

determines whether the passenger is able to survive an impact. The 

deformation path is closely related to the structure of the 

deformation zones, the material from which they are made and the 

geometry of the deformation zones themselves. At the moment the 

vehicle hits an obstacle, it is possible to write the energy balance 

condition in the form:  

𝑊𝐾 = 𝑊𝑑𝑒𝑓       => 
𝑚.𝑣0

2

2
=  𝐹. 𝑑𝑥

𝑥𝑚𝑎𝑥

𝑥=0
  (4) 

 

where Wk is the kinetic energy, Wdef is the deformation work that is 

consumed to absorb (absorb) the kinetic energy during the impact, 
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V0 is the initial speed at the moment of the impact, m is the mass of 

the vehicle, X is the deformation path on which WK is absorbed. 

Even if the deformation elements of the car are deformed first 

elastically and then plastically, we consider only the plastic 

deformation of the deformation elements in the event of an impact. 

Assuming that the force required for deformation grows linearly, we 

can write the relation: 

 
𝑚.𝑣0

2

2
=  𝐹. 𝑑𝑥

𝑥𝑚𝑎𝑥

𝑥=0
  (5) 

 

It is possible to express the strength of resistance by the ratio of 

the stiffness constant and deformation zones and deformation path: 

 

𝐹𝑚𝑎𝑥  = 𝑐. 𝑥𝑚𝑎𝑥    (6) 

 

Fmax represents the maximum force value on the maximum 

deformation path xmax from the moment when the course of elastic 

deformation ends and the course of plastic deformation begins. 

From the law of action and reaction, it follows that at every moment 

of the collision, the resistance force of the structure is equal to the 

multiple of the vehicle's weight and its acceleration: 

 

𝐹𝑆𝑉 = 𝐹𝑚𝑎𝑥 ,𝑉𝑒𝑕𝑖𝑐𝑙𝑒   (7) 

 

or 

 

𝑐𝑖 . 𝑥 = 𝑚 . 𝑎𝑖,𝑚𝑎𝑥    (8) 

 

If we consider that there will be a collision of vehicles with the 

same weight and the same geometry of deformation zones but made 

of different material, then it is possible to write the equation for a 

vehicle made of a reference material: 

 

𝑐𝑟𝑒𝑓 . 𝑥 = 𝑚 . 𝑎1,𝑚𝑎𝑥   (9) 

 

and for a vehicle structure made of a different material than the 

reference material: 

 

𝑐𝑖 . 𝑥 = 𝑚 . 𝑎𝑖,𝑚𝑎𝑥    (10) 

 

After comparing the deformation forces on the same path, we 

get the equation for the improvement ratio when changing the 

reference material to another: 

 
𝑎𝑖,𝑚𝑎𝑥

𝑎𝑚𝑎𝑥 ,𝑟𝑒𝑓
=

𝑐𝑖

𝑐1,𝑟𝑒𝑓
  (11) 

 

It follows from equation (11) that the ratio of the stiffness 

constants of the considered and reference material is proportional to 

the ratio of their decelerations or body overload. This means that if 

we change the material used for the construction of the deformation 

zones while maintaining the same geometry and deformation path, 

we can predict the amount of overload on a person in a vehicle 

collision based on the stiffness constant of the material. With such a 

material change, it is necessary to ensure that there is no increase in 

overload, therefore, when using a material with a higher stiffness 

constant, it is possible to reduce its thickness while maintaining the 

same deformation characteristics and at the same time reducing the 

weight of the component. 

 

Conclusion 

The aim of the experiment was to compare the absorption 

characteristics of micro-alloyed steel H220PD and TRIP steel 

RAK40/70 with a nominal thickness of 0.75 mm for their use in the 

deformation zones of the car body. The deformation characteristics 

were evaluated by a three-point bending test with fixed ends. Based 

on the experiments and their evaluation, it is possible to state: 

- when replacing micro-alloyed steel with stronger trip steel, an 

increase in absorption capacity by 1.39x was found; 

- when comparing stiffness constants, there was an increase of 

1.63x; 

It was found that with the application of a stronger material of the 

same thickness, there will be an increase in passenger overload at 

the same time. Therefore, at the same level of overload, by applying 

a stronger material, it is possible to reduce its thickness and thereby 

achieve a lower weight of the component while preserving its 

deformation characteristics. 
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