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Abstract

In this research, a low-speed impact numerical simulation has been performed on a 6063-T6 Aluminum alloy bumper welded by
MIEA technique using ANSYS® LS-DYNA® Workbench™ 19.2, according to the requirements of the Federal Motor Vehicle Safety
Standards and Regulations. For the numerical simulation, mechanical properties were obtained from quasi-static tensile tests in 6063-
T6 aluminum alloy joints, these joints were manufactured using the MIEA technique and a MIG welding process and post-weld heat
treatment (PWHT). For the numerical impact simulation, the following parameters have been used: mass of the impactor of 1000 kg,
speed of the impactor 4 km/hr and material of the impactor AISI 4130 steel. The simulation study showed that aluminum alloy joints
used in bumper beam has excellent mechanical strength under low-speed impact conditions. Among the mechanical properties that
have been recovered due to PWHT are the following: it was possible to harden the fusion zone, that is, there was an increase in
hardness values from 80 HV,, to 98 HV,, ,, the heat affected zone was eliminated, obtaining hardness values of approximately 110
HV, ., a recovery in yield strength (59 %) was observed, that is, in welding condition (170 MPa) and welding condition plus PWHT
(270 MPa). In terms of tensile strength, a recovery (42 %) was observed, going from welding condition (214 MPa) and welding con-
dition plus PWHT (304 MPa). Tensile strength also had an increase ranging from 214 MPa to 304 MPa. This represents an increase of
42 pct.

Keywords: Aluminum alloy, numerical simulation, bumper beam, welding, MIEA technique, low-speed impact.

Resumen

En esta investigacion se ha realizado una simulacién numérica de impacto a baja velocidad sobre un parachoques de aleacién de
Aluminio 6063-T6 soldado por la técnica MIEA utilizando ANSYS® LS-DYNA® Workbench™ 19.2, de acuerdo con los requisitos de
las Normas y Reglamentos Federales de Seguridad de Vehiculos Motorizados. Para la simulacién numérica se obtuvieron propiedades
mecdnicas a partir de ensayos de tensién cuasiestatica en uniones de aleacion de aluminio 6063-T6, estas uniones fueron fabricadas
mediante la técnica MIEA y un proceso de soldadura MIG con tratamiento térmico post-soldadura (PWHT). Para la simulacién nu-
mérica del impacto se han utilizado los siguientes parametros: masa del impactador de 1000 kg, velocidad del impactador de 4 km/h
y material del impactador acero AlSI 4130. El estudio de simulacién mostré que las uniones de aleacién de aluminio utilizadas en la
viga del parachoques tienen una excelente resistencia mecanica en condiciones de impacto a baja velocidad. Entre las propiedades
mecdnicas que se han recuperado gracias al PWWHT se encuentran las siguientes: Se logré endurecer la zona de fusion, es decir, se
incrementaron los valores de dureza de 80 HV0.1 a 98 HVO0.1, la zona afectada por el calor fue eliminada, obteniendo valores de
dureza de aproximadamente 110 HVO.1, se observé una recuperacién en el limite eldstico (59 %), es decir, en condicion de solda-
dura (170 MPa) y condicién de soldadura mas PWHT (270 MPa). En cuanto a la resistencia a la traccién se observé una recuperacion
(42 %), pasando de condicién de soldadura (214 MPa) y condicién de soldadura mas PWHT (304 MPa). La resistencia a la traccién
también tuvo un aumento que va de 214 MPa a 304 MPa. Esto representé un aumento de 42 %.

Descriptores: Aleacién de aluminio, simulacion numérica, viga parachoques, soldadura, técnica MIEA, impacto a baja velocidad.
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LOW-SPEED FINITE ELEMENT FRONTAL IMPACT ANALYSIS ON ALUMINUM ALLOY BUMPER MADE OF 6063-T6

INTRODUCTION

Like other auto parts, the purpose of having a bumper
is very specific. This part of the vehicles is a steel, alu-
minum, rubber, or plastic shield that is mounted on the
front and rear of a car. When a low-speed crash occurs,
the bumper absorbs the impact to avoid or reduce da-
mage to the car. In some cases, they use energy absor-
bers or supports, and others are made with a foam
material. It is also important to make it clear that car
defense is not intended to prevent or reduce damage to
occupants, that is what other security systems are for.
The design and purpose of bumpers themselves, wha-
tever the material, is to reduce physical damage to the
front and rear ends of vehicles in low-speed collisions
(Marzbanrad et al., 2009; Sonawane, & Shelar, 2018).

Studies are currently being carried out on new ma-
terials and manufacturing processes for the lightening
of structures that can be used in the manufacture of ve-
hicle parts. Among these materials is aluminum and its
respective alloys.

Aluminum alloys have mechanical properties that
make them versatile, relatively inexpensive, and inter-
esting materials, since with these alloys they can be ma-
nufactured from very thin ductile sheets used for
packaging, to very specific engineering applications
such as structures of airplanes, cars, railways, and
ships. These manufacturing processes for engineering
applications are made by conventional methods such as
riveting, screwing, or different welding process like
friction stir welding, resistance spot welded, etc. These
methods present disadvantages from the mechanical
point of view as extra weight in the structure, stress
concentrations, corrosion and fatigue crack growth
(Garcia et al., 2003; Sun ef al., 2016). Many aluminum
joining processes for engineering applications require
welding. To manufacture a weld with good mechanical
properties, it is necessary to select the correct filler me-
tal, perfectly clean the surface of the joints and select
the most suitable welding method. There are different
fusion welding processes for heat-treated aluminum
alloys, unfortunately, by using these methods, the re-
duction of mechanical properties up to 50 % due to a
microstructural transformation caused by the over-
aging of the material have been reported (Malin, 1995).

There are studies evaluating the effect of over-aging
in welded joints. For example Garcia et al. (2003) has
conducted a study where were used Aluminum alloy
joints by gas metal arc welding process (GMA). In this
case welded joints (6.35 mm thick) Al 6063-T6 plates
and single “V” joint using ER-5356 filler wire were ma-
nufactured. Findings have reported an average hard-
ness of 54-65 HV in the heat affected zone (HAZ) and

76-82 HV in the fusion zone. In Guzman et al. (2019)
research, 6061-T6 and 6061-T4 aluminum alloys plates
(10 mm thick) and single “V” joint welded by pulsed
metal transfer GMAW a decrease of hardness was ob-
served (85 HV to 47 HV) generating de HAZ.

The control parameters for the MIG welding pro-
cess are very important. There are studies where it has
been observed that the control of the current, voltage
and angle of the torch are very important to achieve a
good penetration of the weld. It is mentioned in Patel et
al. (1918) that the parameters to obtain a good quality
welding are: current of 120 A, voltage of 24 V and the
angle of the torch is 90°. In Chikhale ef al. (2016) the
parameters to obtain a good quality welding are: cu-
rrent of 175 A, voltage of 23 V and the angle and the
angle of the torch is 90°.

The welding process involves reaching the melting
point of aluminum. Here is another important problem
that is the high solubility of Hydrogen in liquid alumi-
num. Base metal and filler metal can absorb and hold
hydrogen in solution when they become liquid during
the welding process. Once the molten metal begins to
solidify, the hydrogen can no longer be kept mixed and
begins to form bubbles that are trapped within the fu-
sion zone, generating porosity. MIG process was used
in Qiao ef al. (2018) to investigate the porosity in alumi-
num 6082 and 5083 joints. The main result of this re-
search is that humidity variation environment affects
hardly the tensile strength and elongation of aluminum
alloys welded joints.

In aluminum it is very common to observe hot crac-
king when the weld joint begins to solidify. Apart from
hot cracking, a lack of penetration in the weld can also
occurs, that is, the weld bead does not reach to the base
of the joint due to the effect of heat dissipation during
the welding process. Therefore, aluminum requires a
greater amount of input heat to achieve that the weld
penetrates to the root of the weld, achieving a welded
joint with good mechanical properties. TIG and MIG
welding process was used in Kah et al. (2010) to investi-
gate hoy cracks in aluminium alloys 6005 T6 and 6082
T6 using 4043 and 5356 alloy filler. The main result of
this research is when assessing the liquation cracking
susceptibility in TIG and MIG welding of 6005 and 6082
base alloys, MIG results in less hot cracks.

There are important investigations for the impro-
vement of the mechanical properties of the welded
joints of aluminum alloys, for example, it has been ob-
served mechanical properties improvements when
using MIEA technique and GMAW (Gas Metal Arc
Welding) welding process, by instance; Vickers micro-
hardness profiles revealed that the high dilution of
base metal and MIEA joint of Al 6061-T6 plates (thick-
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ness of 12.7 mm) welded with ER4043 caused an allo-
ying effect of the weld pool producing a weld metal
composition sensible to heat treating Ambriz et al.
(2010a).

Among other research MIG welding research, ER4047
filler metal and “V” joint, were implemented in 6063-T6
plates (10 mm thick) (Wang et al., 2018). With these para-
meters, tensile strength of 205 MPa was obtained, but the
fracture zone occurred in the HAZ, where there is an over-
aging process because of the welding process.

Literature also reports mechanical properties reco-
very by heat treatments after welding in aluminum
alloys by GMAW welding process (Abtundez et al., 2016;
Gussev et al., 2017; Pérez et al., 2016a). Although impro-
vements in mechanical properties have been reached, it
was possible to retrieve yield strength (260 MPa) and
tensile strength (310 MPa) (Pérez et al., 2016b), this
means a recovery of the elastic regime in condition of
welded joint plus PWHT compared to the elastic regi-
me of the base metal.

The objective of this study is to improve the mecha-
nical resistance of sheets (3.18 mm thick) welded from
6063-T6 aluminum by the MIG technique using a solu-
bilization and aging heat treatment and a PWHT to eli-
minate the soft zone (HAZ) and harden the fusion zone
thanks to the dilution promoted by the MIEA joint type.
On the other hand, a study by numerical analysis will
be carried out in a 6063-T6 aluminum alloy structure
where weld beads will be simulated to join 3.18 mm
thick profiles in the design of vehicular bumpers, using
the mechanical properties obtained as a result of the
mechanical characterization in welded joints of alumi-
num alloy 6063-T6 plus TTPS.

EXPERIMENTAL

MATERIALS AND WELDING

Sheets of commercial 6063-T6 aluminum alloy of 1800
mm X 2000 mm x 3.18 mm were used to produce the
welded joints (Figure 1a), it was obtained from com-
mercial sheet 1800 mm x 4000 mm x 3.18 mm. A Lincoln
Pro Mig 140® (Figure 1b) was used for the welding pro-
cess. Among its main characteristics are: Output cu-
rrent: 30-140 A, Output voltage: 0-33 V, feed speed:
1.3-12.7 m/min, set of rollers for MIG wire diameters
(0.6-0.9 mm), Gas nozzle for MIG welding (KH725) and

Table 1. Chemical composition of 6063-T6 and ER4043 (wt. %)

Harris ® 3000290 Gas Regulator (525805) for use with
Ar/CO, gas mix. Filler metal wire aluminum ER4043
Weld500® with 0.9 mm diameter were used to manu-
facture the joints (Figure 1c). The chemical composition
of the materials is listed in Table 1.

To perform the mechanical characterization of the
base metal, the specimens were obtained from a 6063-
T6 aluminum alloy sheet whose dimensions are 1800 x
2000 x 3.18 mm. The sheets used to manufacture the
welding joints were cut with dimensions of 1800 x 100 x
3.18 mm as shown in Figure 2.

Figure 1. a) 6063-T6 Aluminum sheet, b) MIG welding machine

and ¢) Filler metal ER4043
Rolling direction ——mm—
lem," \J

) ‘

Tensile test specimen
Sectioning sheet

318 mm

2000 mm
I 1

Figure 2. Schematic representation of the sheet used to obtain
the tensile test specimens and welding joints

The machining of the AEIM joint was carried out in the
sectioning sheet. The MIEA technique refers to the de-
sign of the joint which promotes the dilution of the base
metal (Al-Si-Mg) with the filler metal (Al-Si), which ge-
nerates a fusion zone that can be thermally treated by
solubilization and artificial aging (-T6). The dimensions
for machining can be seen in the Figure 3.

3

3.18 m
0.67 mm

251 mm

Figure 3. Modified Indirect Electric Arc (MIEA) joint

Material Al Si Mg Cu Fe Mn Zn Ti Ni
6063-T6 96.7 0.605 0.783 0.130 0.477 0.098 0.016 0.022 0.003
ER4043 92.9 5.600 0.050 0.300 0.700 0.050 0.100 0.020 0.001
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Figure 4 shows the schematic representation of welded
joints by MIG process. The section from which the wel-
ded joint specimens were obtained for the tensile tests
is also observed. The welding parameters used were as
follows: electrode feeding at a speed of 145 mm s”, po-
sitive direct current electrode, voltage of 24 V, and cu-
rrent of 120 A. A 100 pct Ar gas shielding was used with
a flow rate of 23.6 L min” and the travel speed of the
heat source was 3.6 mm s (Ambriz et al., 2010b).

Rolling direction

Tenslle test specimen

Figure 4. Welded sheet joints by the MIC technique

PosTwELD HEAT TREATMENT (PWHT)

Postweld Heat Treatment (PWHT) of solution and arti-
ficial aging and solution was made after the welding
process (Figure 5). The heat treatment -T6 has been ca-
rried out as follows:

a) Solution heat treatment. The welded joints were
heated to a temperature of 520 °C for one hour, fo-
llowed by rapid cooling in water to reach 20 °C.

b) Artificial aging heat treatment: Once the welded
joints reached the temperature of 20 °C, the samples
were placed in a muffle at a temperature of 175 °C
for 8 hours (Handbook, 1991).

A scanning electron microscope (Quanta 3D FEG)
equipped with energy-dispersive X-ray (EDS) detector
was used was used to carry out the chemical analysis
(weight percent) for Si and Mg of welded joints + PWHT
condition. A measurement was made every 500 pum
from the center of the weld bead towards the base me-
tal. Each analysis was performed for 50 seconds and the
results were plotted as percentage by weight vs. distan-
ce from the center of the weld.

MECHANICAL PROPERTIES

The specimens for tensile tests have been obtained from
the welded sheets and base metal. Design of the test
specimens was made according the standard JIS Z 2201:
1998.

Tensile tests were conducted on a hydraulic testing
machine UH-30A Shimadzu with 300 kN of load capaci-
ty by using a 1.0 mm min” crosshead displacement. The
increment in length of the reduced section was quanti-
fied by strain gauge extensometer of 10 mm length.

700

T T T
600 4| Solution heat treatment i

500 : 4
‘ — Heat treatment -T6 '

400 o + H e

& 300 : : Artifitial Aging )
200 4 / 7

100 4 /

04 ; N

Time, hr

Figure 5. Thermal cycle applied to welded sheet joint

For the evaluation of the hardness of the base metal, the
welded joint and welded joint + PWHT a Vickers Mi-
crohardness Meter SMVK-100ZS Metrotec has been
used. For the microhardness tests a load of 0.981 N with
dewell time of 20 seconds on polished surface has been
used. A microhardness scanning has been carried out
every 0.5 mm making 200 measurements.

3D AND FINITE ELEMENT MODELING

For the bumper design, the RCAR recommendations
have been considered (RCAR Bumper Test, 2010).
Among those recommendations is the manufacture of
bumpers that have high energy absorption, installed at
common heights, protect the vehicle in low speed cras-
hes, reduce damage to the bumper only, stable during
impacts and avoid structural damage.

In Zahedan (2020) study, 6063 aluminum profiles of
54 x 34 mm’ with a wall thickness of 2 mm were used.
The specimens were manufactured with a length of 500
mm.

Commercial 101 x 51 mm 6063-T6 aluminum profile
with a thickness of 3.18 mm was used for simulation
analysis. This profile is the one that most closely resem-
bles the conditions of the welding process carried out in
aluminum sheet joints, for that reason its mechanical
properties have been used to be able to use them in a
real structure.

In the graphical environment of ANSYS® LS-DY-
NA® Workbench™ 19.2, the experimental data of the
engineering stress-strain curves of aluminum alloy and
6063-T6 aluminum alloy welded + PWHT have been
loaded into the graphic environment. These mechanical
properties can be seen in Table 2.

The CAD modelling of the bumper and impactor
were designed and imported from SolidWorks® (Figu-
re 6a). Some parameters were used for FEM analysis.
For example, end time (0.01 sec.), control solid (esort 1),
control energy (hgen 2), control bulk viscosity (q1 1.5),
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Table 2. Mechanical Properties used in LS-DYNA Workbench™

General Non-Linear Materials

Aluminum 6063-T6

Aluminum 6063-T6 + PWHT

Structural Steel NL

Density (kg/m’) 2700
Young’s Modulus (Pa) 6.89E10

Poisson’s Ratio 0.33
Bulk Modulus (Pa) 6.75E10
Shear Modulus (Pa) 2.59E10

Plastic Strain Failure 0.18

2700 7850
6.87E10 2E11

0.33 0.3
6.73E10 1.66E11
2.58E10 7.69E10

0.06 0.19

control solid (esort 1), control shell (wrpang 20), the
mechanical parameters for the impactor (mat. rigid ID
1, ro 2.5E08, E 200000, pr 0.3, section solid ID 2), the
mechanical parameters for 6063-T6 welding (mat. rigid
ID 2, ro 2.7EQ9, E 68900, mat. add erotion effeps (0.18),
the mechanical parameters for 6063-T6 welding + TTPS
(mat. rigid ID 6, ro 2.7E09, E 68700, mat. add erotion
effeps 0.06), the bumper and holders were meshed by
shell element material type 2 (mat-plastic-kinematic),
used in metallic materials. This model is suited to mo-
del isotropic and kinematic-hardening plasticity. Also,
assuming friction interaction between bumper surfaces
and bumper surfaces a control contact parameters were
used (islchk 1, shlthk 1). The impactor speed was 4 km/
hr (defined in Section 2.7 of the R42 regulation). For the
bumper, the material mat024 has been used, whose be-
havior is linear plasticity and treats elastic deforma-
tions using a hyperelastic formulation. The size of each
element used in the discretization was 0.005 m.

In the case of meshing the impactor, the mat20 ma-
terial has been used, which is rigid and non-deforma-
ble. The size of each element used in the discretization
was 0.009 m.

For the modeling of the real metal structure of the
bumper, the mechanical properties of the welded joints
of aluminum alloy 6063-T6 + AEIM + ER4043 + PWHT were
used, which are: the modulus of elasticity E = 68.7 GPa

Table 3. Welding parameter setting

and the yield strength o, = 270 MPa. The areas of the
base metal simulation were also treated as element
mat024 which is considered as a linear plasticity ele-
ment. The welding simulation areas were also treated as
mat024 element which is considered as a linear plastic
element. In the meshing a finite element size of 0.005 m
was used, this measurement was taken from the experi-
mental welded joint, which is the fusion zone resulting
from the welding process (Figure 6b).

a) b)

Figure 6. a) Impactor and bumper modelling in SolidWorks®,
b) Meshing of welding zones
(6063-T6 + AEIM + ER4043 + PWHT)

RESULTS AND DISCUSSION

WELDING

Several experiments were carried out to adjust the pa-
rameters that allowed to manufacture welded joints
with high quality. Figure 7 shows macrostructural ima-
ge welding, result of the parameter setting on the Lin-

Current (A) Voltage (V) Torch speed (mm s™)

Thermal efficiency

Heat supply

. Results
(J mm™)

120 24 3.6

130 24 4

115 23 5

110 22 5

110 24 5

Porosity and good
penetration, good
quality weld bead

0.95 760

Deformation due to
excessive heat supply
the sheets and hot
cracking

0.95 823.33

Porosity and lack of

0.95 502.55 .
penetration

Lack of penetration of
weld bead

Lack of penetration of
weld bead

0.95 459.8

0.95 501.6
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coln Pro MIG 140® welding machine applied in 6063-T6
aluminum alloy sheets. Table 3 shows principal wel-
ding parameters setting in the MIG welding process. As
can be seen, aluminum alloy welding is very difficult to
manufacture. For example, a torch high speed and high
heat input generates a concentration of stresses that
give rise hot cracks at the grain edges (Figure 7b). A
torch high speed and low heat input generates lack of
penetration and porosity (Figure 7c).

Figure 7. Defects in welding joints generated during the
adjustment of welding parameters by MIG technique: a)
Porosity, b) Lack of penetration, c) Hot cracking

Once the parameters were adjusted in the welding ma-
chine eliminating defects like hot cracks and lack of pe-
netration, the aluminum alloy welded joints were
manufactured using the best conditions that were: 120
A, 24V, torch speed of 3.6 mm s”. Figure 8 shows the
macrostructural aluminum joints with high quality.
With the MIG welding conditions, good penetration in
the weld bead can be observed, no hot cracks were ge-
nerated, but porosity due to the high diffusion of Hy-
drogen in the liquid aluminum was observed.

10 mm

Figure 8. Macrostructural profile aluminum joint

During the welding process the dilution of Al, Si, and
Mg was promoted in the fusion zone. Such a chemical
composition was produced in the fusion zone (Al-Si-
Mg), the fusion zone was hardened by solid solution
and artificial aging using a PWHT. An important aspect
of the macrostructural profile that explains why the
chemical composition (Al-Si-Mg) sensitive to heat

Table 4. Weld profile areas for calculating the percentage of dilution

treatment -T6 was generated can be explained by consi-
dering the areas that make up the 6063-T6 aluminum
alloy joint (Figure 9). Through the calculation of these
areas it is possible to determinate the percentage of di-
lution to obtain the correlation that exists between the
percentage of dilution and the increase in mechanical
properties (Table 4).

Al

S A2 00 3¢
T A4 +
| a

T
()

A5

Figure 9. Schematic representation for the calculation of the
dilution percentage

To calculate the percentage of dilution, the original area
of the joint preparation, the fused areas on both sides of
the base material, as well as the crown and root of the
weld were considered by means of the following ex-
pression:

A2+ A3

% dilution = *100 =
Al+ A2+ A3+ A4+ A5

17.0419
27.8001

*100=61.3%

As can be seen, the dilution percentage is high (61.3 %),
this means that a high proportion of Si atoms are added
in the molten zone by the filler material (ER4043) and
are combined with Mg atoms from the base material.
This combination favors the generation of intermetallic,
and therefore it is possible to harden the fusion zone by
solid solution and artificial aging.

The composition in the fusion zone of the welded
joint is presented in Figure 10. It displays the Si and Mg
concentration profile as a function of distance by the
energy-dispersive X-ray spectroscopy (EDS) technique.
Using Scanning Electron Microscopy (EDS), a semi-
quantitative elemental analysis was made to determine
the percentage by weight present in the base metal and
the fusion zone. The concentration of Si remains cons-
tant and rises as it approaches the center of the joint. On
the other hand, the Mg concentration remains constant
and decreases as the center of the joint approaches. This

Partial section of the welded joint Area (mm’)
Al (crown) 6.6696
A2 (fused area of base metal) 9.0575
A3 (fused area of base metal) 7.9844
A4 (fused area of base metal + filler metal) 3.9413
A5 (root) 0.1473
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is because the filler metal does not contain Mg, that is,
the Mg comes from the base metal. By having a larger
area of fusion zone, the concentration of Mg decreases
due to the fact that it must occupy a larger area than the
initial area, however the Mg deficit is compensated by
Si, increasing the concentration in the fusion zone. With
heat treatment, Si and Mg atoms tend to diffuse to try to
eliminate differences in concentration and produce a
homogeneous composition in the fusion zone.

T
Fusion zone

T T
I_- -'I
I . 1
| YA U
4- : / \ o esi
: =
| -/ \ ' " —— |
1 1
o | |
1 1
=) Base metal | ';/ * | Base metal
2 6063-T6 1/ \ ! 6063-T6
=2 24 / . : -
]
I .
14 - T\_ —l"‘-—.\.\.\ y r-/lﬂ."‘ —i i | i
e g-s | Te-n-e” [
I 1
I 1
1 1
0 f T }
-10 -5 0 5 10

Distance, mm

Figure 10. EDS of welding joint

MECHANICAL PROPERTIES

To compare the mechanical properties after welding, 3
conditions were analyzed:

a) base metal, b) welding joint by MIEA + MIG +
PWHT. For each condition, 5 specimens were manu-
factured, giving a total of 15 specimens. The tensile
test results shown are the average results of the 5
tests for each condition. The specimens for the stress
tests in condition b) joint welded by MIG + MIEA
and c) joint welded by MIG + MIEA + PWHT.

Figure 11 shows at a macro level the fracture zone of a
test piece tested under tension in joint welded by MIG
+ MIEA + PWHT condition. Also Figure 11 shows the
fracture zone where the pores generated during the
welding process. This porosity decreases the cross-sec-
tional area, therefore less energy is needed to break the
specimen.

Figure 12 shows the stress-strain curves of the base
material, welded joints, and welded joint plus PWHT.
In the three conditions, an elastic modulus - 68 MPa
was obtained. The yield stress and the tensile stress de-

creased more than 40 pct concerning the base metal
6063-T6 due to the over-aging during the welding pro-
cess. In the other hand, the elongation capacity was
above 20 pct caused by the thermal cycle. The latter
changed the microstructure of the material which evi-
denced by the sequence of microstructural transforma-
tion (Prapas et al., 2017; Elangovan & Balasubramanian,
2008).

Figure 11. a) Joint welded by MIG + MIEA + PWHT (macro),
Joint welded by MIG + MIEA + PWHT (micro)

300 4.+ ."'-,n‘
"h.
F 200 B
= Ty,
= =
&

A Welding joint by MIEA + MIG + PWHT
process

© Welding joint by MIEA + MIG process

= Base metal 6063-T6

: ;
0,10 0,15 0,20
Strain

Figure 12. Stress-Strain curves

It is worth mentioning that he welding process is a pro-
cess of degradation of mechanical properties due to
temperatures ranging from 220 °C to 380 °C are rea-
ched, as a result, the HAZ is an overaged area. In tem-
perature range mentioned above, intermetallic f”
become " (Gémora et al., 2017).

With the PWHT process, mechanical properties
were recovered, for example, the yield strength increa-
ses to 270 MPa with respect to the yield strength after
the welding process (170 MPa). This represents 59 pct
and is attributed to the dilution of the base material
containing Al-Si-Mg with the filler metal containing Al-
Si in the fusion zone (Table 5).

Figure 13 shows a microhardness scan in weld con-
dition and a microhardness mapping in weld condi-
tion. Here you can see three regions with different
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Table 5. Tensile mechanical properties

Material qu}llus of Yield Strength Tensile Elongation at Energy to f?ilure
Elasticity (GPa) (MPa) Strength (MPa) Break (pct) MJ m™)
6063-T6 68.9 330 18 57.01
Welding joint + MIEA+ MIG 68.7 214 18 37.12
Welding joint + MIEA+ MIG + PWHT 68.7 304 6 18.81

levels of hardness, and they are: Fusion zone, Metal
base zone and Heat affected Zone (HAZ).

The Fusion zone promoted by dilution between the
base metal (Al-Si-Mg) and the filler metal (Al-Si) has
approximately 10 mm. HAZ section is produced by a
microstructural transformation of precipitates of preci-
pitates 57 to B (Malin, 1995), hardening was caused by
the solid solution of Al-Si-Mg (Gémora et al., 2017). Fi-
gure 14a shows that microhardness decreases from 103
to 60 HV,, in the HAZ, being 60 HV,, the softest area
after welding process). In Figure 13a a decrease in the
microhardness in the HAZ can be observed (from 103
to 60 HV,,, being 60 HV,, the hardness value of the sof-
test area after welding process). The soft zone is asso-
ciated with the over the aging of the Mg,Si intermetallic
B”, promoted by high temperatures during the welding
process. Fine needle shape of Mg,Si intermetallics ”
change to cylindrical shapes " in 6XXX series alumi-
num alloys (Andersen et al., 1998; Gupta et al., 2001;
Myhr et al., 1996).

T
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: |
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H et | © & % & | 6063-T6 |

19, | ee ' '
' e ' 3 1
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50 40 30 20 0 0 10 20 30 40 50 %

Distance, mm

Figure 13. a) Microhardness scan and b) Microhardness mapping
of welding joint by MIEA and MIG process

Since post-weld heat treatment is a reversible process
(Prapas et al., 2017; Elangovan & Balasubramanian,
2008), it was applied to recover the mechanical proper-
ties which were lost in the welding process. Figure 14a
shows a microhardness increase from 60 HV, to 110
HV,, where was the HAZ. With this procedure the
HAZ recovers the mechanical properties of 6063-T6
aluminum alloy. With this, the welded joint has only
two important zones which are the base metal zone and
the fusion zone. In addition, it was also observed that
each of these zones has its own mechanical properties
and different from each other.

L]
z

BERBpEIZEcE

H Base metal
6063-T6

Microhardness, HV,,

Base metal 4
6063-T6

40 30 20 0 0 10 20 30 40 S
Distance, mm X, mm

Figure 14. a) Microhardness scan and b) Microhardness mapping
of welding joint by MIEA and MIG + PWHT process

NUMERICAL SIMULATION

The simulation of low-speed impact has had a duration
of 74.99 ms, that is, begins from the moment the impac-
tor contacts the bumper until the bumper bounces the
impactor causing it to return in the opposite direction.
The impactor speed was 4 km/hr and the weight of the
impactor was 1000 kg, with these conditions it has been
possible to measure the resistance to low-speed impact
in a structural component made of a welded aluminum
alloy.

Figure 15 shows the model of 6063-T6 + MIEA + MIG
/ MAG + PWHT aluminum welded zones. These areas
are part of the bumper structure shown in Figure 16.

Figure 15. Bumper welded zones

Figure 16. Bumper 3D model
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In order to make an approximation of the model that
makes possible to relate the force absorbed by the bum-
per as a function of displacement, a linear regression
has been carried out. With this linear regression the fo-
llowing mathematical model has been obtained:

y =10.1858 + 5.3062x

From the slope obtained in the linear regression (Figure
17), it is possible to determine the relationship between
the increase in force and the displacement of the bum-
per due to the force applied to the structure, that is, the
total work exerted on the structure. The total work (W)
exerted obtained from the force-displacement diagram
was 1225.58 kN mm, and that according to the slope a
modulus of 10.6084 kN/mm was obtained.

= b)

3

Force (kN)
Foree (KN)

b o

o 3

A e o e L A A
2 4 & 8 10 12 14 B 18 2
Displacement (mm)

Displ

Figure 17. a) Force vs Displacement (work exerted on the
bumper) and b) Force vs Displacement (linear regression)

Figure 18 shows the displacement generated when the
impactor hits the bumper perpendicularly at a speed of
4 km/hr. Displacement was measured in the central
area of the bumper. Separation of the impactor and the
bumper occurs at 74.99 ms. It is worth mentioning that
the displacement of the weld and the structure in gene-
ral don’t return to zero, however, the design of the
structure is capable of absorbing energy in the form of
deformation presenting plastic deformations without
fractures or separations in the structure.

The maximum displacement is generated is 19.59 mm
at 28.99 ms. In terms of mechanical strength, it can be
concluded that the design has very good stiffness (Figu-
re 19).
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Figure 18. Displacement vs time simulation
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Figure 19. Impact evolution of displacement on the bumper

During impact there is a conservation of linear momen-
tum, that is, all linear momentum is transferred to the
bumper. During the collision, the kinetic energy is not
conserved since part of this energy is transformed into
internal elastic potential energy when there are perma-
nent deformations in the collision. It should be mentio-
ned that the welded joints plus the PWHT show good
mechanical resistance, that is, permanent deformations
have been generated, however, these deformations are
small due to the increase in mechanical resistance obtai-
ned with the post-welding heat treatment (Figure 20).

T T T T T T T T T
1200 ; E
| » Bumper
Impactor
Chassis car

1000 - |—p

Velocity (mm/s)

T T T T T T T T T
u] 10 20 30 40 )

Time (ms)
Figure 20. Evolution of kinetic and internal energy in the
bumper, the impactor and the chassis car

An important factor is the analysis of the evolution of
the force (Figure 21). In this case, the simulation shows
a maximum impact force value of 19.59 kN. Structura-
lly, the force with which it is impacted does not genera-
te severe deformations, that is, the mechanical integrity
of the structure has sufficient stiffness to absorb the im-
pact without causing severe damage.
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Figure 21. Force (kN) evolution during impact on the bumper

The stress analysis has also been carried out; among the
main results it has been possible to observe stress levels
that in the bumper ranging from 289.2 to 330.2 MPa Fi-
gure 22 shows the evolution of the Von Mises stress
whose maximum point is at a time of 29.99 ms with a
value of 330.2 MPa in the front part of the bumper. It has
also been observed that the impact has been able to de-
form the bumper plastically, however, said deformations
are not severe, it can be concluded that the impact has
not affected the mechanical integrity of the structure.

Figure 22. Von Mises distribution on the bumper beam

Figure 23 shows the evolution of Von Mises stresses in
the welded joints, the material can absorb energy in the
form of elastic and plastic deformation, at the end of the
impact process it can be seen that there are minimal
permanent deformations in the joints When welded,
these deformations are located in the center of the bum-
per, in addition, in the simulation no deformations
were generated that could compromise the mechanical
integrity of the bumper.

| [=44.99ms

| 1=49.99ms | (=54.99ms 1

1=59.99ms | t=64.99ms | t=69.99ms 1

e

Figure 23. Von Mises distribution on the welding zones of the
bumper beam

CONCLUSIONS

The design of the bumper of this study has included the
mechanical characterization of 6063-T6 aluminum wel-
ded joints by the AEIM + MIG / MAG process + PWHT
technique, all the techniques used previously allow to
recover the mechanical properties that are lost during
the welding process. The mechanical properties of the
6XXX series aluminum alloy joints decrease due to the
thermal heating cycle of the welding process. The post-
weld heat treatment eliminated the over-aging of the
HAZ section and increased the mechanical resistance in
the fusion zone. Favorable chemical composition in the
fusion zone was obtained with the heat treatment in the
alloy (Al-Si-Mg) due to MIEA joint helped to dilute the
filler metal and the base metal.

However, there are some limitations such as porosi-
ty and low ductility, the low ductility that is recovered
is also due to heat treatment. Despite this, the increase
in mechanical resistance provides important advanta-
ges in this study. First, in order to carry out the numeri-
cal simulation, the mechanical properties of the base
material and the mechanical properties of the weld
have been used to form a solid structure.

For simulation purposes, it has been considered that
the maximum stress that the bumper must withstand
must be less than the limit of proportionality (yield
stress). In this case, the Von Mises stress slightly exceeds
the yield stress, which is why small permanent deforma-
tions are generated in the fusion zone of the bumper.

Finally, the optimization process can be carried out
in the bumper design. Frame geometry can be redesig-
ned, which may increase the weight of the frame a bit
but can provide greater impact stiffness. Another im-
portant improvement is to add an energy absorber
made from a resistant polymeric material that can act as
a fuse, that is, absorb the initial impact energy to avoid
that the total energy can go directly to the bumper. Re-
garding the material and the manufacturing process, a
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simulation is suggested by increasing the thickness of
the sheet or tubular profile used to manufacture the
bumper. Increasing the size of the geometric sections
would reduce the impact effect, that is, cause only elas-
tic deformations with the conditions used in this study.
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