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Bumper and crash boxes are vehicle structural elements that convert the kinetic energy

into deformation energy during an accident. In this study, the crash performance of a cur-
rent aluminum crash bumper system is examined with a 40% offset 16 km/h crash analysis.
A magnesium crash bumper with improved crash performance is designed by this refe-
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rence. In this design process, the Taguchi design of experiment method is used. Four dif-
ferent design variables and three-level combinations of these variables are used in Taguchi
experiment design process as L9 level. The designs which corresponding to the variables

are prepared, crash analyses are performed with explicit finite element analysis, and crash
performances are examined. After obtaining the results, optimization is carried out with
Minitab software; and the optimum design is achieved in crash performance and lightwe-

ight design.
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1. Introduction

The National Highway Traffic Safety Administration (NHTSA)
regulation, published in August 2016 in the United States, imposed
emission limits on passenger vehicles on the road in 2017-2025.
According to this regulation; In 2025, passenger cars' emission
limitation will be pulled up to 163 g / mile. Besides, the fuel econ-
omy is targeted to be 54.5 mpg in 2025 [1]. Automobile manufac-
turers will not only comply with this regulation but also compete
with their competitors. Fuel economy approaches, of course, in-
clude the improvement of fuel quality, the development of high-
performance engines and fuel injection systems, as well as a 10%
reduction in vehicle weight, contributing to fuel economy in pas-
senger cars by 6-8% [2].

Magnesium is the lightest known structural metal and shows ex-
cellent workability. The most important known machinability
characteristics are low cutting forces, good surface finish, and easy
chip flow [3,4]. In automotive, chassis components, internal parts,
and bodywork are the regions where magnesium alloys are pre-
ferred. Magnesium alloys are preferred due to their strength, duc-
tility, fatigue strength, and impact resistance. Examples include
seat frame, steering and steering column components, mirror hous-
ings, wheels, suspension arms, tailgate, instrument panel, brake,
and clutch pedals. The second group of applications consists of the

engine group and transmission components. Although there are ex-
isting applications of these parts, which require creep and corro-
sion resistance for high temperatures, their alloys continue to de-
velop [5]. Today, magnesium is used in upper segment vehicles
due to high raw material prices. It is thought that magnesium alloy
can be preferred in middle segment passenger vehicles, with the
expected decrease in the raw material price in the future. Magne-
sium investments of major automotive manufacturers such as
Volkswagen, Toyota, and Ford in today's world prove the im-
portance of using magnesium alloy in the automotive industry [6].

In the automotive industry, vehicle safety systems have been de-
signed to protect occupants during an accident and can be conside-
red in two classes: active safety systems and passive safety systems.
The active safety systems intervene before an accident occurs
while the passive safety systems are designed to protect occupants
during a crash. One of the passive safety systems are the energy
absorbers in the vehicle chassis. The main purpose of using energy
absorbers is to control the impact energy of a vehicle during impact
and to prevent the transfer of high forces from bumper to main
body. [7]

There are only several publications concerning energy absorp-
tion of thin-walled constructions made of magnesium alloys.
Beggs et al. [8] crushed thin-walled profiles with circular cross-
section made of magnesium alloy, steel and aluminum alloy. In
works [9], [10] the energy absorption test results of two types of
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thin-walled, square cross-section magnesium profiles were pre-
sented: without rounded edges and with large radius. Gronostajski
etal. [11] compared the energy absorption of the AZ31 magnesium
alloy with two different steel materials on the example of the thin-
walled model profiles made by the process of bending. Kaczynski
et al. [12] demonstrated that the use of proper geometric shape al-
lows to control the process of dynamic crushing and activate a new
mechanism of energy absorption of thin-walled structures made of
AZ31B magnesium alloy. Demirci and Yildiz [13] investigated the
effect of different steel, aluminum and magnesium alloys materials
and crash-box cross-sections on crash performance of thin-walled
energy absorbers numerically.

2. Material and Method

2.1 Investigation of Impact Performance of Existing Aluminum
Crash Bumper System

The dynamic crash analyses were simulated under the limit con-
ditions specified for the front crash bumper assembly, which is cur-
rently used in mass production in a light commercial vehicle and
produced from aluminum. The crash performance of the product
was examined. In this examination, the absorbed energy and the
maximum impact force are evaluated. These values will be the ref-
erence values for the final design for the magnesium crash bumper
system.

The energy absorber geometries designed are imported into pre-
process software and required definitions for finite element model
such as mesh type, boundary conditions and loads are defined. The
finite element model is analyzed by solver software and the results
evaluated by post-process software. In this study, Altair Hy-
permesh, Radioss and Hyperview-Hypergraph are used as pre-pro-
cessor, solver and post-processor, respectively [14,15]. Since crash
analysis is investigated in very small-time intervals, time steps
should be kept as low as possible for accurate and precise results.
However, computational cost can increase significantly when the
minimum element size is reduced, which brings some constraints
in terms of computing time and processor requirements required
for solutions. Accordingly, while creating the bumper system’s fi-
nite element mesh, quad-dominated shell elements of an average
of 4x4 mm were used. It was ensured that the minimum element
size did not fall below 2 mm due to the above-mentioned con-
straints.

t=2.7 mm /
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Fig. 1. Mesh model of the existing aluminum bumper system

In FE analysis, EN-AW6082 aluminum material was assigned
for the bumper beam because of higher strength while EN-

AW6060 aluminum material was used for the crash box structures
for better axial folding. Mechanical properties of the aluminum al-
loys and component thicknesses are given in Figure 1.

The bumper beam and crash-box components are modelled
through isotropic elasto-plastic material using MAT36 material
model. This law models isotropic elastoplastic material using user-
defined functions for the work-hardening portion of the stress-
strain curve (for example, plastic strain vs. stress) for different
strain rates [14]. The selected aluminium materials are strain rate
insensitive. Therefore, only one curve used to define material pro-
perties. The true stress-true strain diagrams created accordingly are
given in Figure 2 for both materials.
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Fig. 2. True stress-strain graphics for EN-AW6082 and EN-AW6060
aluminum materials, respectively
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Fig. 3. Boundary conditions of the aluminum bumper system

t=2.4 mm

The crash repair test is represented by an international working
group [16] and has been standardized throughout the world for the
front and rear. As such, these tests are also similarly used in other
countries around the globe for the insurance classification. In a
frontal crash, the vehicle hits a hard barrier at a speed of 16 km/h;
the barrier covers 40 % of the front of the vehicle and stands at an
angle of 10 degrees. The bumper and the components behind it on
one side have to dissipate the energy. According to this; the
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bumper system was constrained by limiting all degrees of freedom
from the part where the crash boxes were connected to the chassis
arms, and the rigid wall with a 10-degree angle moving at 16 km /
h was crashed into 40 % of the bumper.

The graph of the deformation behavior obtained from the anal-
ysis and the time-dependent changes of the maximum force and
absorbed energy values are given in Figure 4.
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Fig. 4. Aluminum crash bumper deformation and force-time vs. en-
ergy-time graphs

2.2 Magnesium Alloys and Magnesium Bumper Design

It is known in the literature that AZ31, AZ61, AZ80 magnesium
alloys have extrusion capabilities [17]. In this project, besides the
mentioned alloys, different magnesium alloys such as AM30,
AMS50, and WE43 in the literature were examined. It was decided
to continue working with AM50 and AZ31 alloys by examining
their raw material costs, extrusion speeds, and manufacturability
capabilities.

70x4 mm solid magnesium profiles were produced by the extru-
sion process from AM50 and AZ31 alloys. Tensile and compres-
sion tests were carried out with samples taken in the extrusion di-
rection, perpendicular to the extrusion direction, and at an angle of
45 degrees to the extrusion direction. It has been observed that
AMS50 magnesium alloy has a higher isotropic behavior tendency
than AZ31 alloy. In cases of high deformation occurring in a short
time interval such as crash, energy absorption is achieved in a more
controlled manner with an isotropic structure as much as possible.

It was decided to design the crash bumper parts with AM50 alloy.

Hill tabulated elasto-plastic material model which is named as
MATA43 has been selected to define both the tension and compres-
sion behavior of magnesium alloy. Stress — strain curves of AM50
magnesium alloy, defined in the material model, are shown in Fig-
ure 5.
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Figure 5. Stress-strain graphics for (a) tension and (b) compression be-
havior of AM50 magnesium alloy

To compare the bumper system with the current aluminum mo-
del, the crushing behavior of the existing aluminum crash box was
compared with the crash box designs that planned to be produced
from magnesium alloy. Different cross-section designs have been
implemented for the magnesium crash box as 3 mm thickness.
While making these designs, the aluminum crash box dimensions
used in the current model were considered not to cause any conflict
in vehicle package dimensions. Besides, since the magnesium
extrusion process requires more extrusion force than aluminum
extrusion, no extra rib was used in sections. To determine the sec-
tion geometry with the highest energy absorption, eight different
(M1-M8) section geometries (square, round, rectangular, ellipse,
hexagonal, slot, oval cut, unique form) and vertically grooved ver-
sions of these eight different section forms (M17- M24), a total of
16 different sections were designed, and their crushing behavior
was investigated. Along with the section views and isometric vi-
ews of all models, the designs crushing behaviors are given in the
following figures (Figure 6-9).
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Figure 6. Cross-section and isometric views of models M1-M8
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Figure 7. Crash behavior of models M1-M8 — isometric and side view

: : i | | '
| | ) | v v v
E L 3 L
m21 M2z M23 M2 pay pez py |

L R

2 2 z 2
| I ' |

Figure 8. Cross-section and isometric views of models M17-M24
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Figure 9. Crash behavior of models M17-M24 — isometric and side view
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Energy-time and force-time graphs related to the magnesiumde-  for all designs are given in Table 1 compared to the current alumi-
signs are given in comparison with the current aluminum crashbox  num crash box.
in Figure 10 and Figure 11, respectively. Crash performance data

Energy-Time Diagram — Energy-Time Diagram
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Figure 10. Energy-time graphs of magnesium crash box designs
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Figure 11. Force-time graphs of magnesium crash box designs.

Table 1. Crash performance data for magnesium crash box designs

Absorbed Max. Mean Crush Crus_hi_ng Specific I_Energy Weight
Model Energy [Ki] Crush Force Force [KN] Force Efficiency Absorption [gram]
[kN] [%] [kJ/kg]

Current Aluminum Design 9.190 178.4 94.7 53.08 23.10 397.7
M1 Magnesium Design 8.259 177.3 77.8 43.88 34.15 241.8
M2 Magnesium Design 8.875 166.6 88.4 53.06 46.46 191
M3 Magnesium Design 8.003 142.5 74.4 52.21 47.27 169.3
M4 Magnesium Design 9.133 148.9 93.1 62.53 56.73 161
M5 Magnesium Design 8.643 143.1 83.1 58.07 56.56 152.8
M6 Magnesium Design 8.702 172.7 84.7 49.04 43.99 197.8
M7 Magnesium Design 8.557 156.6 82.2 52.49 46.88 182.5
M8 Magnesium Design 8.412 173.1 80 46.22 41.80 201.2
M17 Magnesium Design 10.019 232.4 145.2 62.48 38.89 257.6
M18 Magnesium Design 9.761 162.1 110 67.86 52.14 187.2
M19 Magnesium Design 10.011 232.4 145.9 62.78 38.86 257.6
M20 Magnesium Design 9.475 164.9 101.9 61.80 51.63 183.5
M21 Magnesium Design 9.479 1715 103.5 60.35 53.04 178.7
M22 Magnesium Design 9.052 153.7 92.3 60.05 56.75 159.5
M23 Magnesium Design 7.369 127.6 65.8 51.57 58.76 125.4
M24 Magnesium Design 9.246 186.4 98.6 52.90 42.39 218.1
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As a result of the comparison, it has been observed that the cir-
cular cross-section design, called M4, is approximately %10 supe-
rior in crushing force efficiency. It manifests better energy absorp-
tion than current aluminum model. This design is also %60 lighter

Current Aluminium Design o

than its current aluminum counterpart. The graphs of the M4 de-
sign crushing behaviors with the current aluminum crash box and
the time-dependent graphs of energy and force values are given in
Figure 12. The crash performance data of the M4 design model
with the current aluminum crash box are given in Table 2.
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Figure 12. The crash performance of the existing aluminum crash box and the magnesium design crash box named M4

Table 2. M4 magnesium design crash box comparison with current aluminum crash box

Model Absorbed Max. Crush Mean Crush Crushing Force Specific Energy Weight
Energy [Kj] Force [kN] Force [kN] Efficiency [%] Absorption [kl/kg] [gram]
Current Aluminum Design 9.190 178.4 94.7 53.08 23.10 397.7
M4 Magnesium Design 9.133 148.9 93.1 62.53 56.72 161

2.3 Design of Experiment and Optimization Study

There are different methods used for crashworthiness optimiza-
tion of thin-walled structures in the literature [18]. In this study, the
Taguchi design of experiment method was used for the magnesium
alloy bumper assembly design. According to this, in the design of
experiment, a design model was created in 3 levels with four dif-
ferent variables (factors). Design parameters were determined as
the number of bumper beam ribs, bumper beam wall thickness,

bumper beam middle width, and crash box wall thickness. While
determining the lower and upper limits for these parameters; cost,
manufacturability, weight reduction target, etc. evaluated within
the scope. Since the design is also planned to be used in the current
vehicle, package size of the aluminum bumper system has been
considered. Design variables and the values of these variables are
given in Table 3.

Table 3. Design variables and their values

Bumper Beam Bumper Beam Wall Thickness Crash Box Wall Thickness Bumper Beam Middle Width
Ribs [mm] [mm] [mm]
0 3 2.5 31
1 3.5 3 34
2 4 3.5 36

Figure 13. Design variables
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Taguchi experiment design table for four factors and three levels  given in Figure 14 compared to the existing aluminum bumper as-
is prepared according to the L9 level [19]. The design combinati-  sembly. Crash performance data for all designs are given in Table
ons obtained with the Taguchi method are given in Table 4. En- 5 in comparison with the existing aluminum bumper assembly.
ergy-time and force-time graphs for nine different designs are

Table 4. L9 Taguchi table

Design Bumper Beam Bumper Beam Wall Crash Box Wall Bumper Beam Middle
No Ribs Thickness [mm] Thickness [mm] Width [mm]
1 0 3 25 31
2 0 35 3 34
3 0 4 35 36
4 1 3 3 36
5 1 35 35 31
6 1 4 25 34
7 2 3 35 34
8 2 35 25 36
9 2 4 3 31
Energy-Time Diagram (%40 Offset) For T Dy s piee oriee)
b ___l_
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Figure 14. Energy-time and force-time graphs obtained from crash analysis
Table 5. Crash performances and model weights according to the analysis
B Bumper ifi
. B:::T? iy Crash B:an’? ) . Max. ESnZer;y ’ .
Design Bumper Box Wall . Displacement Absorbed Weight
No Beam Ribs Wall Thickness Ml_ddle [mm] Crush Energy [Kj] Ab_s orp- [a]
Thickness [mm] Width Force [kN] tion
[mm] [mm] [kJ/kg]
1 0 3 2.5 31 205.3 184.57 8.09 3.98 2031
2 0 35 3 34 180.7 118.1 8.66 3.69 2344
3 0 4 35 36 157.1 122.57 9.64 3.60 2675
4 1 3 3 36 157.3 105.6 9.61 4.22 2274
5 1 35 35 31 133.7 147.03 10.10 3.76 2686
6 1 4 25 34 185.4 159.35 8.85 3.08 2866
7 2 3 35 34 129.2 140.7 10.50 4.13 2541
8 2 35 25 36 180.1 127.87 8.82 3.18 2775
9 2 4 3 31 154.9 117.01 9.87 3.10 3186
Current
Aluminum 2 2.7 2.2 34 140 134.55 9.97 2.66 3741
Design
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In line with these data, optimization was carried out with the
help of Minitab software. While performing the optimization study,
the displacement in the current model was defined as the optimi-
zation constraint. It was tried to reach the optimum solution with
the lowest maximum force and the highest energy absorption.
Crash analyses were also performed with Radioss on the design
variables with the necessary adjustments, considering the manu-
facturability constraints. In Table 6, Minitab optimization results

which are obtained from the design of experiment study, and Ra-
dioss crash analysis outputs are given together. It was also com-
pared with the existing aluminum model. The graph of the defor-
mation behavior obtained from the analysis of the optimum model
and the time-dependent changes of the maximum force and energy
are given in Figure 15 compared to the existing aluminum model.

Table 6. Comparison of Minitab and Radioss solutions

Bumper g:::er Crash :::qn?er Max. Specific
Box Wall . Displacement Crush Absorbed | Energy Ab- Weight
Beam Wall . Middle . .
. . Thickness . [mm] Force Energy [Kj] sorption [a]
Ribs Thickness [mm] Width [KN] [K/kg]
[mm] [mm]
Minitab
Optimum 1.98 3.97 3.26 35.95 140.00 106 10.27 - -
Results
Radioss
Optimum 2 4 3.25 36 140.10 124.1 10.34 3.21 3218
Results
Current
Aluminum 2 2.7 2.2 34 140.00 134.55 9.97 2.66 3741
Design
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Figure 15. Comparison of current model and optimum model crash performance.
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3. Conclusions

In this study, an aluminum crash bumper assembly which is
used in serial production in a light commercial vehicle, was trans-
formed into a magnesium alloy design with the help of the design
of experiment method. Firstly, the study was carried out for the
optimum cross-section of the crash box. The most suitable design
was determined by comparing the different designs revealed with
the current aluminum crash box model in terms of crash perfor-
mance. During the next design work, 3 different levels were deter-
mined for four different design parameters as; the number of
bumper beam ribs, bumper beam wall thickness, bumper beam
middle width, and crash box wall thickness. Different design vari-
ations were created according to the Taguchi table and the crash
performances of these designs were obtained with dynamic finite
element crash simulations. According to the last optimization
study, the crash performance has been improved by approximately
20%, and weight of the design was reduced by 15% compared to
the aluminum alloy solution. In the next step of the study, the de-
signed crash bumper assembly will be produced by the magnesium
extrusion method. It will be physically tested, and the test results
will be compared with simulation results.
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