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Microstructural characterisation was performed on EN AW-5454-D Al-alloy weld samples made with a laser-hybrid-welding
process in a horizontal position. For this purpose, two pre-bent Al-sheets were used, with different thicknesses of 3.5 and 4 mm.
The microstructural characterisation included scanning electron microscopy with microchemical analysis and electron-backscat-
ter diffraction, as well as optical microscopy. The characterisation revealed that the microstructure consists of a primary a-alu-
minium phase and a minor Al¢Mn phase. A fine-grained microstructure was identified in the weld metal. Hardness measure-
ments of HV 0.5 were performed in the weld joint, where the results revealed that the hardness was reduced in the weld metal
and the heat-affected zone in comparison with the base metal. A theoretical calculation of the chemical composition in selected
areas of the weld was performed, which was compared with the results of EDX microchemical analysis obtained for each ele-
ment. The comparison showed relatively good agreement.
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Izvedena je bila mikrostrukturna karakterizacija vzorca zvara Al-zlitine EN AW-5454-D, ki je bil izdelan z lasersko hibridnim
postopkom varjenja v vodoravnem poloZaju. Za ta namen sta bili uporabljeni dve predhodno upognjeni Al-plocevini
z razli¢nima debelinama 3.5 in 4 mm. Mikrostrukturna karakterizacija je vkljucevala vrsticno elektronsko mikroskopijo
z mikrokemicno analizo in difrakcijo povratnega sipanja elektronov. Karakterizacija je odkrila, da se mikrostruktura sestoji iz
primarne faze a-aluminija, in manjSinske faze AlgMn. V varu je bila identificirana drobnozrnata mikrostruktura. Na zvarnem
spoju so bile opravljene meritve trdote HV 0.5, ki so odkrile, da je trdota v varu in toplotno vplivanem podroc¢ju manjsa
v primerjavi z osnovnim materialom. Izveden je bil teoretien izracun kemijske sestave v izbranih podro¢jih zvara, ki je bil
primerjan z dobljenimi rezultati EDX mikrokemi¢ne analize za posamezen element. Primerjava je pokazala relativno dobro
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ujemanje.
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1 INTRODUCTION

Due to the well-known properties of the Al-alloy EN
AW-5454-D, such as good formability' and weldability,?
a favourable density-loading ratio®* and excellent me-
chanical properties,”” this alloy is very suitable for use
in the automotive industry in terms of weight reduction
and environmental footprint®® due to the lower consump-
tion of energy sources for vehicle propulsion. ©

Laser hybrid welding compensates for the individual
disadvantages of the laser and arc welding.!! In the field
of Al-alloy welding, practices and optimal technological
parameters are not known. The determination of the opti-
mal technological parameters to produce the individual
structural elements and for individual Al-alloys is still in
the experimental phase. When choosing the optimal pa-
rameters, laser hybrid welding offers many advantages'?

*Corresponding author's e-mail:
matjaz.balant@student.um.si (Matjaz Balant)

© 2025 The Author(s). Except when otherwise noted, articles in this jour-
nal are published under the terms and conditions of the Creative Com-
BY mons Attribution 4.0 International License (CC BY 4.0).
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over conventional welding processes, as it is much faster
and more productive than conventional arc welding,'3 it
ensures less heat input'+'° to the weld joint, and, as a re-
sult, a lower energy consumption, it enables the bridging
of larger clearances between individual parts,'” enables a
better appearance of the welds and reduces defects in the
welds.'®!° Due to the lower heat input there are smaller
changes in the microstructure in the heat-affected zone
(HAZ),?-22 residual stresses? and related deformations
due to the large expansions and contractions of Al-al-
loys.2425

During laser hybrid welding an absorption of the la-
ser beam occurs, depending on the temperature of the
surface of the welds. At the beginning of the welding it
is necessary to overcome the initial reflection, especially
with Al-alloy welds. When the evaporation temperature
is reached an evaporation cavity — a keyhole — is formed,
which causes almost the entire energy of the beam to be
absorbed in the weld.!”

In laser hybrid welding, due to local high heat input
and melting of the alloy and dilution rate in the weld
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Table 1: Chemical composition of the Al-alloy EN AW-5454-D (in w/%)

Thickness [mm] | Element Si Fe Cu Mn Mg Cr Zn Ti Al
3.5 0.16 0.31 0.06 0.79 2.86 0.07 0.03 0.02 95.70
4.0 0.18 0.32 0.05 0.76 2.85 0.05 0.04 0.02 95.73

zone, some of the minority AlsMn phase dissolved in the
a-aluminium phase,'>7182* which was studied in this re-
search.

The investigated Al-alloy of the base material be-
longs to the 5XXX group, which is characterised by be-
ing hardened by kneading.?¢-** With welding and the in-
troduction of heat the material softens in the area of the
weld joint, and acquires the values of the undeformed
base material.'*2!2° In order to preserve the mechanical
properties of the base material, it is necessary to ensure
that the heat input and the resulting thermally affected
area are as small as possible,'>3> but sufficient to ensure
the subsequent load-bearing capacity of the weld joint.

The aim of this study of a laser-hybrid welded joint
made of the Al-alloy EN AW-5454-D was to investigate
the microstructural changes in the weld joint, and to de-
termine their influence on the mechanical properties.
With pre-selected technological welding parameters, the
focus was to minimise the formation of defects in the
weld,3¢-% which, later, have a significant influence on the
construction integrity. Various analytical techniques were
used for the characterisation.

Laser beam

MIG Wire Plume
Keyhole

Welding arc Welding

Shielding gas direction

Molten pool
Bubble

Figure 1: Schematic of elements during laser hybrid welding

direction

nirfg - clamping

part positio

Figure 2: Schematic of weldment clamping during laser hybrid weld-
ing
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2 MATERIALS AND METHODS

2.1 Base material

Base materials supplied by Speira GmbH (Greven-
broich, Germany) were used for the investigations. The
test samples were made from cold-rolled sheet metal of
two thicknesses (3.5 mm and 4 mm). The plates rolled in
the longitudinal direction were cut and formed into the
desired shape of the parts. The chemical composition of
the supplied Al-alloy EN AW-5454-D used for the tests
and analyses is listed in Table 1.

2.2 Filler material

For welding, we used a filler material supplied by the
manufacturer Safra Spa (Travagliato, Italy). A massive
welding wire was used, i.e., Safra Al Mg2.7Mn
(S Al5554 — EN ISO 18273); wire diameter @ 1.6 mm.

The chemical composition of the supplied welding
wire used for the tests and analyses is listed in Table 2.

Table 2: Chemical composition of the welding wire Al5554 (in w/%)

Cr | Cu Fe | Mg | Mn Si Ti Zn Al
0.07910.0019/0.148 | 2.83 10.609]0.057]0.088 0.0018| Rest

2.3 Sample preparation

2.3.1 Welding

Figure 1 shows the individual elements during the la-
ser hybrid welding. The Al-sheet samples were welded
robotically in a welding cell for safety reasons. Due to
the robotic welding and complex shape, it was necessary
to position and clamp the weldments in the welding fix-
ture accurately, are shown schematically in Figure 2.

A laser welding source IPG YLS-4000 (IPG Laser
GmbH, Allershausen, Germany), a welding source for
MIG welding process: Fronius TransPuls Synergic 5000
R (Fronius, Austria) and a laser hybrid welding head
Fronius (Fronius, Wels, Austria) were used for the laser
hybrid welding. The technological parameters for laser
hybrid welding of the lap weld are listed in Table 3.

Table 3: Technological parameters for laser hybrid welding

Welding parameter Value
Welding position PA-Flat position
Shielding gas 100 % Ar
Welding speed 270 cm/min
Wire feed speed 6.07 m/min
Welding current 220 A
Voltage 21V
Laser power 2000 W
Type of welding current and polarity AC-Pulse
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2.3.2 Metallographic sample preparation

The weld samples were cut with a band saw from the
middle of the formed weld. A range of standardised ana-
lytical techniques was employed to gain a clear and de-
tailed understanding of the microstructure of the
metallographic samples. These included mounting the
samples in conductive Bakelite resin, grinding and pol-
ishing them carefully, and finishing them with an oxide
polishing suspension (OPS) from Schmitz-Metallo-
graphie for 10 min.

2.4 Characterisation

2.4.1 Microstructural analysis and EDS analysis

A Zeiss CrossBeam 550 FIBSEM field-emission
scanning electron microscope (Carl Zeiss, Jena, Ger-
many) was used, equipped with an EDAX Hikari Super
electron-backscatter diffraction (EBSD) camera and
EDAX Octane Elite energy-dispersive spectroscopy
(EDS) detector with APEX software for detailed analy-
ses. This allowed for various analyses, including second-
ary-electron imaging, EDS and EBSD. To achieve the
most suitable results a range of parameters were em-
ployed, including a 15-kV accelerating voltage and
2.0-5.0-nA probe current for the SE images.

2.4.2 Microchemical analysis in the field of welding

The welded areas marked in Figure 3 were examined
and analysed by microchemical EDX analysis on an FEI
Sirion 400 NC microscope, which is equipped for
microchemical analysis with an energy dispersion spec-
trometer, EDS Oxford INCA 350. The samples were
analysed from secondary- and backscattered-electron im-
ages at magnifications of 500x to 10,000x, with an ac-
celeration voltage of 20 kV and an electron beam spot
size of 3.0-4.0. The EDX analysis was conducted in the
range 0-20 keV, for elemental determination of the ana-
lysed sites, with normalised results. EDX chemical anal-
yses were performed on three cross-sections of the weld,
and the average of the individual chemical elements was
calculated based on the selected places.

8 OM2 - no weld

Figure 3: Selected places where EDX analyses were performed inside
of the weld area: OM1 = melted base material 1 and filler material,
OM2 = melted base material 2 and filler material, DM = melted filler
material and melted base materials 1 and 2; outside of weld area:
OMI1 — no weld = base material 1, OM2 — no weld = base material 2
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2.4.3 EBSD analysis

The EBSD analysis was performed on a ZEISS
FIB-SEM CrossBeam 550 device (Carl Zeiss AG,
Oberkochen, Germany) with an integrated EDAX Hikari
super EBSD camera (Ametek Inc., Bervyn, PA, USA).
During the EBSD analysis, an inclination angle of 70°
was used, with an acceleration voltage of 15 kV and a
probe current of 10 nA. The data were analysed using
the EDAX OIM 9 software package.

2.4.4 Hardness measurements

To obtain a better insight into the state of the weld
joint, the HAZ area and the surroundings of the weld
joint, we performed an automated measurement of
microhardness HV0.5 over the entire area with a selected
measuring grid of 0.5 mm. The automated HV0.5 hard-
ness measurements were performed on a DuraScan 50
G5 (EMCO-TEST Priifmaschinen GmbH, Kuchl, Aus-
tria) in accordance with the ISO 6507 Standard. The
hardness of the samples was examined on the previously
metallographically prepared samples.*® The measure-
ment load of 0.5 kg was selected for the given sample di-
mensions. The data were analysed using the software
package.

2.4.5 Calculation of the theoretical dilution rate

On the three metallographically prepared weld-joint
samples, contours and measurements of the weld sur-
faces were performed using the DraftSight 2022 software
(Dassault Systemes, Paris, France). These areas were
converted into shares of the total area using equations 1
and 2:

Ay =Aow +Aoms T Apy (1
A A A

Som = o Som = oz Spm = = (2)
Ay zv Agy

where Azvy is the total surface of the weld, Aomi is the
melted surface of base material 1, Aom2 is the melted
surface of base material 2, Apm is the surface of the
filler material, Somi is the proportion of the surface of
base material 1, Somz is the proportion of the surface of
base material 2, Spym is the proportion of the surface of
the filler material. The theoretical dilution rate of each
of the melted surfaces of the base material were mixed
with filler material according to the key written in Ta-
ble 4 and statistical evaluations of the data were per-
formed using the MS Excel software.

Table 4: Theoretical dilution rates

Weld area Theoretical dilution rates

Ao 50 % OM1
50 % DM
Aoz 50 % OM2
50 % DM

% of OM1 surface

Apm % of OM2 surface

% of DM surface
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Figure 4: Weld areas: Aom — melted surface of base material 1; Aowmn
— melted surface of base material 2; Apy — melted surface of the filler
material; Azy —total surface of the weld

Figure 4 shows the individual weld areas that were
considered in the calculations.

3 RESULTS

3.1 Microstructure

Figure 5 shows an SEM micrograph of the weld
metal. The examination revealed that the microstructure
was relatively homogeneous with an unevenly distributed
minority phase AlgMn that appeared as black areas. In
some places the concentration of the minority phase
AlsMn was higher, and the estimated size of this phase
was 3 um. In some areas, -aluminium-phase grains can
be seen, the size of which was estimated to be between
40 pm and 100 pm in the longitudinal direction.

3.2 Chemical composition in the field of welding: EDS
analysis

A spot EDS analysis was performed at 21 places in
each weld metal. The content was determined for the ele-
ments Al, Si, Fe, Cu, Mn, Mg, Cr, Zn and Ti. The calcu-

Figure 5: SEM microstructure of the weld-joint area in the root region

lated averages of the content of chemical elements ac-
cording to the individual areas of the welds are given in
Table 5.

3.3 EBSD analysis

Figure 6a shows the weld-joint area. The selected
macro-region (red rectangle) shows the area where the
EBSD analysis was performed. Figure 6b presents the
EBSD analysis, where well-detected grains and their ori-
entations are visible. The boundary separating the
coarse-grained (HAZ) and fine-grained (weld metal) ar-
eas is marked with a black line. The estimated size of the
larger grains in the HAZ was, on average, 15 pm, and
smaller ones in the weld metal around 4 um. The grains
in the HAZ were oriented and had a characteristic tex-
ture, while the grains in the weld metal area had a globu-
lar characteristic. The EBSD analysis revealed that the
majority a-aluminium phase surface fraction was 99 %
in the analysed area, and that the minority phase Al¢Mn
had a fraction of about 1 %, as shown in Figure 6c. The
estimated average size of the minority phase AlgMn was
around 3 pm.

Table 5: Results of the microchemical EDX analysis in individual areas of the weld (in w/%)

Weld area Al Si Fe Cu Mn Mg Cr Zn Ti
Aomi 95.50 0.37 0.28 0.06 0.79 2.84 0.09 0.04 0.05
min 95.32 0.25 0.21 0 0.72 2.70 0.01 0 0.01
max 95.65 0.46 0.39 0.11 0.85 2.95 0.11 0.08 0.10
SD 0.12 0.07 0.06 0.04 0.05 0.09 0.04 0.03 0.03
Aomz 95.38 0.36 0.26 0.06 0.86 2.97 0.04 0.02 0.06

min 95.14 0.22 0.18 0 0.80 2.85 0.03 0 0
max 95.62 0.45 0.37 0.14 0.95 3.14 0.07 0.04 0.17
SD 0.16 0.08 0.06 0.05 0.05 0.10 0.01 0.02 0.06
Apm 95.36 0.57 0.28 0.01 0.79 2.81 0.09 0.05 0.04

min 95.15 0.48 0.23 0 0.72 2.63 0.05 0 0
max 95.68 0.68 0.33 0.04 0.84 3.01 0.16 0.13 0.08
SD 0.17 0.08 0.04 0.02 0.05 0.11 0.05 0.04 0.03
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3.4 Hardness HV0.5

Figure 7a shows a macro-section of the weld joint,
where a mesh of the generated HV0.5 impressions is vis-
ible. The grid was made in such a way that the distance
between the impressions equalled 0.5 mm. In this way,
the entire surface was included in the hardness measure-

A

ERISATION OF THE LASER-HYBRID-WELDED ALUMINIUM ...

ments and thus evenly on the selected weld joint. A
graphical representation of the measurement results with
a value between 60 and 100 HVO0.5 is shown in Fig-
ure 7b. Figure 7 shows the HAZ within the red lines,
where the fusion line is denoted by a line-dot-dot-line,
and the dashed line represents the boundary between the
unaffected base material and the HAZ.

_— -
Al (Aluminium

1

WM B €
HAZ

A2 Color Coded Map Type: Phase

— Total Partition

r Phase Fraction Fraction
Al B A~ (Auminum, Aluminium)  0.990 0.990
B ~6un 0010 0010

Color Coded Map Type:
Sample Direction [00 1]

001 100

rystal direction

Figure 6: Weld-joint area in the root region: a) Macro-section of the weld joint; b) EBSD analysis of the microstructure; c) Phase structure:

a-aluminium phase (red) and minority phase AlsMn (green)

Figure 7: a) Macro-section with a network of impressions; b) Complementary presentation of the HV0.5 results
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Table 6 contains the statistical data of the HV0.5
measurements performed in individual areas. In the base
material, the average value of HV0.5 was 81.1, in the
HAZ area 77.9, and in the weld joint 75.5. The largest
dispersion of measurements was in the base material, and
the smallest in the HAZ area.

Table 6: Results of the HV0.5 hardness measurements

Weld area | Base material HAZ Weld

Average 81.1 77.9 75.5
min 70.5 68.5 56

max 96.8 84 85.2
SD 5.7 3.2 3.3

3.5 Theoretical calculations of dilution rate

Calculations of the dilution rate were performed for 6
samples, according to the predicted ratios from Table 4
and depending on the surface of the weld joint. The cal-
culated average contents of individual elements are
shown in Table 7.

The deviations between the averages of the results of
the EDS microchemical analysis and the calculated aver-
ages of the theoretical calculations were calculated,
which is shown in Table 8 as the deviation.

The largest deviations were detected for Al and Si in
the weld area, i.e., 0.53 w/% for Al and 0.44 w/% for Si.
The deviations for the other microalloying elements were
less than 0.1 w/%.

4 DISCUSSION

The microstructure of the base material EN
AW-5454-D was analysed in detail in the article of au-
thors Balant, et al.*'*> The used EBSD analysis revealed

the presence of a minority phase AlsMn with a surface
proportion between 1.2 % and 2.6 % in the ¢-aluminium
phase. A similar EBSD analysis was performed in the
root region of the weld joint. The results of this analysis
in the HAZ showed that the minority phase AlsMn was
reduced to approximately 1 % due to heat input during
welding. Consequently, this minority phase AlgMn was
partly dissolved in the ¢-aluminium phase due to the
temperature increase. This resulted in a decrease of the
surface proportion of the minority phase AlsMn. The mi-
nority Al¢Mn phase was relatively uniformly distributed
in the weld joint, with an estimated average size of 3 pum.
In the weld metal, where melting occurred during weld-
ing, the temperature was even higher. This resulted in al-
most complete dissolving of the minority phase AlgMn
in the a-aluminium phase. Due to melting in the weld
metal, the material in the weld pool recrystallised again.
This resulted in a smaller grain size (from 0.5 um to
approx. 10 um). In these grains, the minority phase
AlgMn was small in the surface proportion and hard to
detect.

The reviewed literature'>*43 indicates that the minor-
ity phase of Als(Mn, Fe) is also present in the Al-alloy
EN AW-5454-D. At this stage, the elements Mn and Fe
can occur in different relationships to each other, de-
pending on the state of the Al-alloy. The EBSD analysis
revealed a minority phase in the analysed area, written as
AlsMn, which means that, in this region, this analysis did
not detect Fe. The EDS analysis revealed a chemical
composition that included not only Mn, but also Fe in
different ratios. The EDS analysis is volumetric, be-
cause, in addition to the analysed area, it also captures a
certain volume of the alloy below the analysis area.*7
Based on the above observations, we can conclude that
both chemical elements occurred in the minority phase,
which can be written as Alg(Mn, Fe).

Table 7: Theoretical calculation — average values for individual elements (in w/%)

Weld area Al Si Fe Cu Mn Mg Cr Zn Ti

Aomi 95.96 0.12 0.23 0.03 0.68 2.84 0.06 0.02 0.05
min 95.96 0.12 0.23 0.03 0.68 2.84 0.06 0.02 0.05
max 95.96 0.12 0.23 0.03 0.68 2.84 0.06 0.02 0.05
SD 0 0 0 0 0 0 0 0 0

Aom 95.72 0.17 0.32 0.06 0.78 2.86 0.06 0.04 0.02
min 95.72 0.17 0.32 0.06 0.78 2.86 0.06 0.04 0.02
max 95.72 0.17 0.32 0.06 0.78 2.86 0.06 0.04 0.02
SD 0 0 0 0 0 0 0 0 0
Apm 95.89 0.12 0.25 0.04 0.72 2.85 0.07 0.02 0.05
min 95.87 0.12 0.24 0.03 0.71 2.85 0.07 0.02 0.04
max 95.91 0.13 0.26 0.04 0.72 2.85 0.07 0.02 0.05
SD 0.012 0.003 0.004 0.001 0.005 0.001 0 0.001 0.002

Table 8: Deviation of averages of the theoretical calculations from measured EDS analyses in individual areas of the weld (in w/%)

Weld area Al Si Fe Cu Mn Mg Cr Zn Ti
Aomi 0.46 0.25 0.04 0.03 0.10 0 0.02 0.01 0.01
Aom 0.34 0.19 0.06 0 0.09 0.12 0.02 0.02 0.04
Apm 0.53 0.44 0.03 0.03 0.07 0.04 0.02 0.03 0
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The average measured microhardness in the base ma-
terial was 81.1 HVO0.5, in the heat-affected area 77.9
HVO0.5, and in the weld 75.5 HVO0.5. The literature data
also indicated that the hardness in individual areas of the
material depends on previous mechanical processes?6:48:49
and from heat input during welding.>’ The above-men-
tioned arguments are the reason for the reduction of the
number and the size of the obstacles present in the
grains. Dislocations are easily movable within grains,
which resulted in a hardness reduction in the weld metal
and partially in the HAZ.%°

The convenient hardened microstructure obtained by
rolling,>126-283033 oave favourable mechanical properties.
During the welding process this microstructure changed
due to the heat input, which affected the reduction of
some mechanical properties, such as hardness. During
rolling, the microstructure is strengthened, as most of the
dislocations stop on the obstacles, which affects the in-
crease of some mechanical properties (strength, hard-
ness).>"> The study with the microstructural analysis re-
vealed that obstacles which block the travel of
dislocations are reduced significantly, resulting in less
hardness, as the dislocations can become movable.

A review of the results of the EDS analysis and theo-
retical calculations of the placement of the base and filler
material showed that there was a small deviation be-
tween the two methods for the chemical elements Al and
Si, but for the other microalloying elements the devia-
tions were less than 0.1%. This indicates a good agree-
ment between the two methods. The theoretical model
for calculating the proportions of individual chemical el-
ements in the areas of the weld metal has been estab-
lished relatively well. By comparing the chemical com-
positions of the base materials, filler material, calculated
proportions of the chemical elements and EDS analysis,
we can conclude that, depending on the type of base ma-
terial, an appropriate filler material was selected, the se-
lection of which was also recommended by the litera
ture.’-3% Based on the performed calculations, we can
conclude that the predicted proportions of the dilution
rates were determined relatively well, since, in general,
there were no large deviations, and that EDS
microchemical analysis can be used for such compara-
tive analyses.

In addition, due to the clamping of the samples,
which ensures the positioning of the parts during weld-
ing, residual stresses are introduced into the weld
joint,33:4759.60-63 which cause deformations and, in ex-
treme cases, a crack.® Since many residual stresses are
concentrated in the root of the weld and the mechanical
properties of the material deteriorate due to welding, it
can be expected that, in the event of a change in condi-
tions during laser hybrid welding, crack initiation might
occur right in the root of the weld. Due to the above, it
will be necessary to define the welding parameters in the
future, where there will be no possibility of defects in the
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weld joint EN AW-5454-D Al-alloy during laser hybrid
welding.

5 CONCLUSIONS

The investigation of the weld joint in the Al alloy EN
AW-5454-D led to the following conclusions:

e In the weld metal, the grain size was reduced from
9 pm in the base material to approximately 4 um in
the weld metal, caused by heat input and melting dur-
ing welding.

e The surface portion of the minority phase AleMn was
reduced from 1.2-2.6 % in the base material to 1 %
in the HAZ due to dissolving during welding. In the
weld metal the minority phase AlsMn was almost
completely dissolved. Only a small surface portion
remained.

e The comparison of the theoretical calculation of the
dilution rates with the EDS analysis showed a good
agreement.

e The average measured microhardness in the base ma-
terial was 81.1 HVO.5, in the HAZ 77.9 HVO0.5, and
in the weld metal 75.5 HVO.5.

Abbreviations:

Apm Surface of the filler material

Aovi  Melted surface of base material 1

Aov>  Melted surface of base material 2

Ay The total surface of the weld metal

DM Filler material

EBSD Electron Back-Scattered Diffraction

EDX Energy-Dispersive X-Ray spectroscopy
HAZ  Heat-Affected Zone

OM1 Base material 1

OM2 Base material 2

Som Proportion of the surface of filler material
Somi  Proportion of the surface of base material 1
Somz  Proportion of the surface of base material 2
SEM  Scanning Electron Microscope

WM  Weld material
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