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Currently, the design of the car seat is made of steel, and the automotive industry itself seeks to reduce the
weight of vehicles, especially passenger cars, as much as possible. Hence the concept of using aluminium alloys to
create a modern skeleton structure of car seats, which would affect the minimization of the weight of the whole
car. Laser welding was used due to high technological efficiency and maximum automation of the operation of this
process, which determines the repeatability of making welded joints in a very short time. The paper analyses the
choice of laser welding parameters of D04 steel with EN AW-6060 aluminium alloy based on the welds obtained.
The aim of the structure assessment was to perform macro- and microstructural tests using scanning electron
microscopy and microhardness tests of joints at the weld and native materials. The obtained results prove that
the weldment of steel from aluminium is a perspective technology that can be used practically in the automotive
industry. The goal of the structure analysis was to perform macro- and microstructural investigations using scanning
electron microscopy and microhardness testing of weld joints including also the substrate material. Among the
tested welding parameters, the most favourable weld parameters values were obtained for: laser power 800 W, weld
speed 0.3 m/min, focus diameter (ϕ) 200 mm, and beam focus raised by 1 mm above the surface of the steel plate.
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1. Introduction

In all modes of transport, a steady mass reduction
trend can be observed. This applies to both air trans-
port but also rail vehicles or cars. In the case of pas-
senger cars, a reduction in weight translates into shorter
braking distances and, above all, a reduction in fuel con-
sumption [1].

Currently, in most concerns, the construction of the
car seat is made of steel, and the automotive industry
itself seeks to reduce the mass of vehicles, especially pas-
senger cars, as much as possible. Hence comes the idea
of appliance of commonly used aluminium alloys in this
area to develop a modern skeleton structure of car seats,
which would affect the minimization of the weight of the
whole car. In turn, the technology currently used in the
industry for the construction of car seats is the laser weld-
ing of the car seat mechanism [2, 3]. Therefore, a laser
welding technology was used to connect a lightweight alu-
minium alloy with steel to design and fabricate the car
seat frame structure. Achieving a permanent combina-
tion of these two materials will result in a reduction in
the weight of the front and rear seats by as much as 50%,
and thus a reduction in the weight of the entire vehicle.
Laser welding was also used due to high technological
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efficiency and maximum automation of the operation of
this process, which determines the repeatability of mak-
ing welded joints in a very short time.

The aim of the work was to develop laser welding
parameters enabling obtaining a permanent connection
of non-identical materials: aluminium alloy EN AW-
6060 and low-alloy steel (low-carbon) for plastic forming
DC04.

2. Materials and investigations methodology

The following construction materials were used for
testing using laser welding process:

• Aluminium alloy EN AW-6060, according to [4];

• Low carbon (low alloy) for plastic deformation
DC04, according to standard [5].

The chemical composition of the aluminium alloy is
shown in Table I, while the chemical composition of the
steel DC04 — in Table II.

Laser welding tests were carried out on 1.2 mm thick
DC04 steel plates and 2.0 mm thick EN AW-6060 alu-
minium alloy plate-shape samples. An overlap joint with
a single remelting was applied, suitable for this process
according to the Polish standard [6].

Laser welding tests were carried out on a research
stand at the Faculty of Mechanical Engineering of the
Silesian University of Technology in Gliwice. Table III
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TABLE I

Chemical composition of the aluminium alloy EN AW-
6060 [4].

Concentration of the elements [%]
Si Fe Cu Mn

0.30–0.6 0.10–0.30 0.10 0.10
Mg Cr Zn Ti

0.35–0.6 0.05 0.15 0.10

presents laser welding parameters. During the investi-
gations changes were carried out concerning the laser
power, welding speed, diameter and focal height.

TABLE IIChemical composition of steel DC04 [5].

Concentration of the elements [%]
C Mn P S

max 0.08 max 0.40 max 0.03 max 0.03

TABLE IIIParameters used during the laser welding process.

Sample
number

Laser power
P [W]

Weld speed
v [m/min]

Focus diameter
ϕ [µm]

Focus height

1 600 0.5 200 beam focused 3.2 mm too low
2 600 0.5 200 beam focused on the surface of the steel sample and lowering

the focus beam by 1 mm
3 1000 0.5 200 without changes
4 1000 0.5 200 beam focus raised by 1 mm above the surface of the steel plate
5 800 0.5 200 without changes
6 800 0.4 200 without changes
7 800 0.3 200 without changes
8 1200 0.5 200 beam focus raised by 1 mm above the surface of the steel plate

Metallographic examinations were performed using the
Observer light microscope Z1m by Carl Zeiss.

Images of the structures of the tested materials were
made using the SEM Supra 35 scanning electron micro-
scope from Carl Zeiss, equipped with an X-ray energy
dispersion spectrometer supplied by EDAX.

The Vickers hardness testing was performed using
the Tohyo Japan FM-ARS 9000 microhardness testing
device.

3. Investigation results
Figures 1 and 2 show the microstructure images of weld

joints, on which the area of substrate materials, weld and
transition zones are visible. In the presented images, the
characteristic areas were marked with points, which were
subjected to detailed analysis using a scanning electron
microscope. All tests were done in a bright field mode.
Microstructural tests for samples 1 and 2 (Table III) were
not carried out due to the lack of a stable joint for the
tested materials. On the basis of Table III, it can be ob-
served that in this case only the change of the focal length
was made, which in the first and in the second attempt
to join the materials did not lead to en establishment of a
stable joint or connection. In this case, no tests were per-
formed on the scanning electron microscope, analysis of
the chemical composition of EDS and the measurement
of microhardness.

Only the change of the laser power from 600 W to
1000 W in the third test attempt allowed to obtain a
permanent connection of the aluminum alloy with steel
(Fig. 1).

Fig. 1. Sample 3: microstructure image of the joint
LM.

Images 1÷4 (Fig. 3) show microstructures from the
weld boundary shown in Fig. 1.

Images 5÷8 (Fig. 4) show microstructures from the
weld boundary shown in Fig. 2.

Below are presented the results of metallographic in-
vestigations, hardness measurement results and results
from the EDS analysis of the chemical composition of dif-
ferent aluminum alloy EN AW6060 and the DC04 steel
treated using laser welding.

In the first stage, tests were performed using a quad-
rant backscattered electron detector (QBSD), as well as
an EDS analysis of the chemical composition was carried
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Fig. 2. Sample 7: microstructure image of the joint
LM.

Fig. 3. Microstructure from characteristic areas
marked with numbers 1 ÷4 in Fig. 1 from the edge of
the weld, SEM.

Fig. 4. Microstructure from characteristic areas
marked with numbers 5 ÷8 in Fig. 2 from the edge of
the weld, SEM.

out. To illustrate the characteristic areas of the samples
(Fig. 1 and Fig. 2), the tested areas were presented at
different magnifications (Fig. 6 and 7). Additionally for
sample no. 7 a linear EDS analysis (Fig. 5) of the chem-
ical composition was performed.

Fig. 5. EDS line analysis of the chemical composition,
SEM, 20 kV, 2000×, sample 7.

Fig. 6. Image of the top area of the weld, sample 3,
SEM.

In Fig. 8 there is presented the area of the upper mid-
dle part of the weld. The EDS analysis of the chemical
composition shows that in the upper part of the weld,
in the middle zone there occurs aluminium, iron, and
small amounts of silicon (Fig. 8b). However, in the lower
part of the weld at the level of the matrix material —
aluminium alloy EN AW-6060, only aluminium and iron
were found, with a varying percentage depending on the
point of measurement (Fig. 8c and d).

In turn, Fig. 9a shows the upper area of the weld at the
height of the DC04 steel matrix, as well as the boundary
area of the weld between aluminium and steel. Numerous
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Fig. 7. Microstructure from the characteristic areas in
Fig. 6: (A) joining area of the DC04 steel with the EN
AW-6060 aluminium alloy, showing the phases of diverse
materials, (B) characteristic silicon precipitation in the
bottom part of the weld.

Fig. 8. (a) SEM image of the join weld structure be-
tween DC04 steel and EN AW-6060 aluminium alloy
and (b)–(d) EDS chemical composition analysis of the
darker area, sample 3.

Fig. 9. The image of the upper area of the weld and the
magnigfication of the area showing numerous cracks in
the weld as well as silicon precipitations (a), (b) magni-
fication of the area marked in part (a); sample 7, SEM.

Fig. 10. The image of the lower area of the weld and
themagnification ofthe interfacial area, sample 7 (a),
(b) magnification of the area marked in part (a); SEM.

transcrystalline cracks in the weld were found as well as
silicon precipitation (Fig. 9b). In contrast, Fig. 10a shows
the bottom area of the weld at the level of the aluminium
matrix (Fig. 10b), revealing especially the weld interface
area and the aluminium matrix. In the boundary area
there are also visible cracks occurring in the weld, how-
ever, they are less and are not as pronounced as in the
material on the steel side. What is visible, however, is
the penetration of the weld and steel material.

Fig. 11. Microstructure of the weld between DC04
steel and EN AW-6060 aluminium alloy from the weld
edge as well as EDS chemical composition microanaly-
sis, sample 7, SEM. (b)–(d) EDS chemical composition
analysis from areas marked in part (a), sample 7.
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Analysis of the chemical composition in the micro-
areas confirmed that the weld formed in the upper part of
the joint (steel) is characterized by the smoothness of the
transition through the heat affected zone (HAZ), while
the weld in the HAZ area of aluminium is not smooth,
as a result of remelting with the laser beam there are
created also numerous precipitations (Fig. 11).

The next step of the research was a linear analysis of
the chemical composition through the matrix material
(steel) — HAZ — weld. There is a significant increase in
the aluminium content and a decrease in the iron content
occurring at the transition point from the parent material
(steel) through the HAZ to the weld. In the direction of
the weld, the aluminium content increases, while the iron
decreases (Fig. 5).

For all samples, EDS analysis of the chemical compo-
sition has confirmed the occurrence of silicon in the heat
affected zone. This element does not occur in the matrix
and does not dissolve in aluminium. So its presence re-
sults from its occurrence in the chemical composition of
the aluminium alloy EN AW-6060 (Table I). It usually
occurs in the form of needles — precipitates of pure sili-
con. The presence of oxygen is due to its high affinity for
aluminium, and it may also be in the form of silicon ox-
ide (which is present). The appearance of carbon in the
analysis of the chemical composition of EDS results from
the very nature of sample preparation. Carbon and oxy-
gen may also come from including, which would explain
their presence in the EDS diagram [7].

For all tests, there occur only single cracks in the HAZ
and cracks resulting from non-metallic inclusions occur-
ring on the edge of the weld.

TABLE IV

A comparison of mean values and standard deviation
from microhardness measurements of the welds.

Investigated area Weld Steel Aluminium
method HV HRC HV HV

Sample 3
average 537.04 50.31 98.38 76.66
standard deviation 127.82 8.32 2.5 4.64

Sample 4
average 719.43 60.84 104.20 64.07
standard deviation 52.84 2.24 3.09 6.47

Sample 6
average 738.88 61.65 107.14 64.82
standard deviation 44.75 1.82 11.95 4.62

Sample 7
average 780.73 63.20 111.35 65.01
standard deviation 51.12 1.84 10.65 6.03

In the next step of the research, microhardness mea-
surements of the obtained welds, HAZ, and parent mate-
rials were made. 10 measurements were taken for each of
the samples. In the case of a weld, the measurement for
all samples was made take from the upper to the bottom
of the weld. In the case of DC04 steel and aluminium

alloy, equally for all cases the measurements were per-
formed equally from the parent material to the weld. The
arithmetic mean and standard deviation were calculated
from the obtained results. The results obtained for each
of the samples are shown in Table IV. In the case of weld
measurement, the HV value was converted to HRC. Dif-
ferences in the weld hardness result among others from
differences in the chemical composition between the sam-
ples (compare Fig. 8 and Fig. 11). These differences re-
sult from the use of various laser welding parameters.
Differences in the hardness of the welds obtained are the
result, inter alia of differences in the chemical composi-
tion of the welds of the samples tested (see Fig. 8 and
Fig. 11). These differences are a result from the use of
various laser welding parameters.

The average value of microhardness for aluminium is
about 67 HV, while for steel it is classified at 105 HV.
On the basis of Table IV, it can be seen that microhard-
ness for sample 7 is higher by about 13 HRC than for
sample 3. This may result not only from the quality of
the weld but also from the selection of appropriate pa-
rameters of the laser welding process for sample 7. This
weld is characterized by the highest microhardness value
and the best quality of the joint with a single crack on
the left side along the weld.

In the last stage of the research, the width of the weld
was measured using secondary electrons as a process-
ing signal. The measurement results are presented in
Table V.

TABLE V

Thickness measurement results of the weld
in the upper area.

Sample
Width of

the cursor [mm]
3 2.02
4 1.96
5 1.83
6 2.10
7 2.31

Based on the results of the weld width measurement,
it was found that sample 7 reveals the highest weld width
value in its upper part of 2.31 mm, the lowest value was
obtained for sample 5, equal to 1.83 mm.

The only possible limitation is metallurgical reactions,
which may result in the formation of brittle phases or
intermetallic compounds in the weld area, causing the
joints to deteriorate or crush [8]. Based on the results of
the analysis presented in Figs. 9 and 10, it can be con-
cluded that during the laser welding process depending
on the aluminum content in the weld pool, one of the
phases of the FexAly system was created (Fe3Al, FeAl,
FeAl3 or/and Fe2Al5), which adversely affects strength
and plastic properties [9, 10].

Hot cracks are not currently common phe-
nomena during welding. However, they appear
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during welding of non-alloy steels of common
quality, in which there are relatively more S, P,
and C [11].

The EDS analysis of the chemical composition con-
firmed the occurrence of mainly P and C, so the crack
generated in the laser welding process may be hot cracks,
which are visible in Figs. 6 and 9a.

Other types of changes apart from metallurgical pro-
cesses resulting from welding are the introduction of hy-
drogen and the presence of small non-metallic inclusions
(e.g. porosity, slags in most cases on the edge of the
weld), which are the main reason for cracks occurrence.
The most common case is the occurrence of a crack start-
ing from the edge of a transverse weld or from the end of a
non-continuous longitudinal weld. Characteristic cracks
at the edge of the weld usually begin with a geometric
weld located on the weld line [12]. Its presence in key
construction sites is one of the conditions for brittle frac-
ture. However, a significant number of cracks most often
begin in the heat affected zone [13].

The cause of fatigue cracks is usually the so-called an
acute defect (gap) that is like a crack and increases un-
der the influence of cyclic loading. The most dangerous
stress concentrators for the entire structure are sticking,
flooding and tearing at the edge of the weld face. During
the tests on the light microscope most probably a picture
of characteristic flooding was obtained. However, in con-
trast to the classical flooding located at the edge of the
weld, in the case of laser welding, floods near the root of
the weld were obtained.

Perhaps the quality of the weld is also influenced by
the location of the focus beam, which determines the
shape of the weld obtained. Based on the weld width and
the corresponding changes in the beam focus placement
(Table III), it can be concluded that this relationship is
confirmed during the investigation results analysis.

4. Conclusions

Achieving a permanent connection of the materials
tested in the work with reference to the design of car
seat skeleton construction would have a positive impact
on the reduction of the vehicle’s own weight. The pos-
sibility of using laser welding (in which the stations are
usually equipped in the automotive industry) for joining
different materials, requires as an important factor to
choose the proper materials allowing stable and durable
joining.

The choice of laser welding process parameters has al-
low to obtain a permanent joining of diverse materials
like the EN AW-6060 aluminium alloy and DC04 steel,
which is free from defects (Fig. 12). It should be noted,
however, that the total absence of defects is not always a
necessary for ensuring the quality of the final product. A
defect is considered to be significant when it constitutes
a significant obstacle to the requirements of the design
project. In the case of welding defects, a possible brittle
failure which occurred in the case of sample 5 (laser power

P = 800 W, weld speed v = 0.5 m/min) is not accepted.
Total absence of remelting is classified as a surface or
internal defect, this case has occurred for samples 1, 2

Fig. 12. Scheme of laser welding parameters of the
tested materials, optimal weld parameters are marked
in red.

(laser power P = 600 W, weld speed v = 0.5 m/min) and
8 (laser power P = 1200 W, weld speed v = 0.5 m/min).
For all cases of the tested connections, a parallel crack
has occurred in the welds direction in the heat affected
zone, which are bed for the construction stability.
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