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Abstract

The extended use of laser welding in the industry requires a less sensitive process in terms of geometrical tolerances of the
joint edges. As the industrial availability of laser systems increases, the demand to use laser welding technology possibly
with parts coming from less precise production steps is increasing. Gap formation is often caused by the edge quality of the
parts coming from previous manufacturing steps such as sheet forming. Al alloy sheets deformed to box-shaped 3D forms
often require welded joints on the edges in lap, but, and corner joint configurations. These joints are hard to carry out by laser
welding due to the large gap formation caused by the tolerances of the deformation processes involved. Laser welding of Al
alloys is already challenging in the absence of gap formation, while these joint configurations have been not feasible with a
stationary beam due to incomplete fusion and defect formation. Laser welding with beam oscillation and wire feeding can
improve the weldability of these joints. The oscillating motion of the high-intensity beam can achieve a deep weld together
with a wider seam. Combined with wire feeding, the process can close gaps in the butt, lap, and corner joint configurations.
On the other hand, the added oscillation and wire-related parameters require extending the experimental space, which
requires a methodological study to identify feasible conditions. Accordingly, this work proposes a methodological approach
to identify and set laser welding process parameters with beam oscillation and wire feeding for an EN AW 5083. Process
parameters were initially studied using a simple analytical model that depicts the beam trajectory. Bead-on-plate tests were
conducted to assess beam size, power, and weld speed ranges. Lap, butt, and corner joint conditions with a 0.5-mm gap
were welded with high quality by manipulating the laser power, oscillation amplitude, and wire feed rate. The results show
that welding speeds could be maintained as high as 55 mm/s with complete filling of gaps of up to 0.5 mm, eliminating the
surface undercuts and achieving weld widths in the order of 2.5 mm. Moreover the results show the possibility control the
depth of the welds from 3 mm to full-penetration conditions.
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1 Introduction

The use of laser welding in the industry is increasing as the
number of welded joints increases, and the cost of owner-
ship for laser systems decays [1]. The need for automation
and the decrease in skilled labor in the welding industry also
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increase the need for laser welding in modern industries such
as light construction [2], packaging [3], and e-mobility [4].
Such applications often make use of raw materials or semi-
finished parts with scarce tolerances. Often these tolerances
generate gap formation in the interface [5]. Laser welding
operations with gaps in the order of the beam size have been
the limitation of the process [6]. With thicknesses exceed-
ing 1 mm, the gap value becomes more critical. The need
for a less sensitive laser welding process is also followed
by the increased demand for aluminum alloy welded struc-
tures [7]. Thanks to its high strength-to-low weight ratio [8],
welded Al alloy structures are widely used in automotive
[9], shipbuilding [10], aerospace [11], and energy industries
[12]. While these industries often provide the necessary part
tolerances to provide gap control, they also welcome a less
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restrictive welding process in terms of tolerances [13]. The
use of beam oscillation and wire feeding can provide the
means for more robust and less gap-sensitive processes.

Laser welding of Al alloys poses several challenges [14].
Al alloys have high reflectivity to the commonly employed
1 um wavelength of the solid-state lasers [15]. It has low
melting and vaporizing points and a small gap between
them [16]. Keyhole welding is generated via a high-intensity
beam that also increases the optical absorptivity by multi-
ple reflections [17, 18], generating a highly non-linear and
unstable process. In addition to the keyhole instabilities
leading to porosity [19], Al has high solubility to hydrogen
in the molten phase [20] which increases the probability of
pore formation. Different beam-shaping technologies have
been proposed in the literature to tackle quality issues in
laser welding [21, 22]. Laser beam oscillation welding has
been found to be a valid option for a more stable process for
Al alloys [7]. The laser beam oscillates in a chosen pattern
(circular, linear, etc.), which is superimposed on the trans-
lational movement of the laser head across the workpiece
[23]. Such a solution can improve the gap-bridging capabil-
ity along with a reduction of the pores [24].

The application of laser welding with beam oscillation
has attracted attention from both academia and industry in
recent years [12]. Moreover, oscillating lasers have been
used to join different materials including thermoplastic com-
posites and metals [25]. In previous research, Al alloys of
different thicknesses and grades were joined using oscilla-
tion in laser welding. In these studies, generally, the effect of
the oscillation process on the microstructure and mechani-
cal properties of welded joints was examined. Li et al. [7]
performed laser welding processes on 4 mm thick AA5083
by applying oscillation at different oscillatory diameters
and frequencies. In a similar study, Zhou et al. [26] com-
bined a 2-mm thick 2060 Al-Li alloy with laser welding
under different beam oscillation modes. Wang et al. [12]
carried out oscillatory laser welding on 8 mm thick SA06
aluminum alloy plates using three oscillation modes includ-
ing linear, circular, and infinity modes. On the other hand,
Wang et al. [27] performed laser welding by applying trans-
verse, longitudinal, and circular mode oscillation to a 4-mm
thick AA6061-T6 plate and reported that the circular mode
showed the best performance. Cai et al. [28] joined 5A06-
H112 Al alloys by oscillating laser welding and improved
microhardness and tensile strength by achieving a finer grain
structure in the oscillated joints. Ai et al. [29] investigated
the effect of laser oscillation parameters on energy dissipa-
tion and dynamic behavior in T laser welding of Al alloy.
They noted that oscillation parameters can modify keyhole
stability, temperature distributions, flow rates, and morphol-
ogies of the molten pool.

In addition to oscillating beam applications, the use of
filler wire in laser welding has a high potential to improve
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joint quality. Laser welding with filler wire balances focus-
ing heat input reduces weld distortion and provides high-
quality joints. Besides, the addition of filler metal provides
high efficiency and can also reduce gap tolerance, improve
gap bridging ability, reduce weld defects, and improve joint
performance [30]. It has been stated that the use of appro-
priate filler wire can reduce the hot cracking susceptibility
phenomenon that can be seen in Al alloys [31]. In a study,
6A02 Al alloy plates were joined by laser welding using
filler wire, and a finer-grained microstructure was obtained
at certain filler wire-feeding speeds compared to low speed
[32]. The type of filler wire used in the laser welding pro-
cess influences pore formation and joint strength as in the
oscillating beam applications. Yan et al. [33] joined the
AAG6061-T6 alloy by laser welding using two different wires
namely, ER4043 and ER5356. Researchers observed more
microporosity, smaller grain size, and higher dislocation
density in the joints obtained with ER4043. In addition, the
tensile strength of the ER4043 joint increased by approxi-
mately 19% compared to ER5356. Except for wire feeding,
the use of reinforcing material during welding was found
to improve the welding performance. Xu et al. [34] joined
2A12 Al alloy with carbon nanotube reinforcement by laser
welding. Due to the increased laser absorption in the alloy,
they reduced the energy consumption by 33% and increased
the joint strength up to 101 MPa. Appropriate determina-
tion of laser welding process parameters is also critical to
obtain joints with little or no defects. Parameter optimization
is required since the materials to be welded have specific
properties [35]. Improper welding process adversely affects
the performance of the welded joint by causing cracks, large
pores, and loss of alloying elements [33]. Furthermore, the
welding parameters affect the mechanical properties of the
joint [36]. The chemical composition of the Al alloy grades
[37] and the shielding gas content [38] used during the weld-
ing process also play an important role in the porosity of
the joints.

There are significant benefits of oscillation and wire feed
assistance in laser welding. The different benefits of this
combination can be explored in further studies. Alloys such
as AA7075 are difficult to weld due to their susceptibility to
cracking. Sokoluk et al. [39] studied the welding of AA7075
alloy with TiC nanoparticle reinforced wire and showed that
the joint quality can be improved by modifying the micro-
structure in this way. In laser welding, appropriate oscilla-
tion and wire feed parameters have the potential to stabilize
the microstructure. With appropriate laser welding process
parameters, it is probable that Al alloys, which are difficult
to weld, can be joined by oscillation and wire feed due to the
weld pool modification.

The use of beam oscillation and filler wire indeed pro-
vides several opportunities to weld less precise parts
with scarce tolerances by gap bridging. However, with
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an increased number of parameters the process requires a
methodological approach to assess the process feasibility,
reducing the number of experiments where and when pos-
sible. A certain difficulty regarding experimental studies is
related to the shifting of the feasible parameter ranges con-
cerning different weld joint types and gaps. For this reason,
the construction of experimental plans in feasible ranges is
an issue on its own. In the literature, studies on the effects
of oscillating and wire-fed aluminum laser welding param-
eters on the weld seam are limited. In addition, the effects of
process parameters on different Al alloy joint configurations
were not widely studied. Therefore, there is a gap in the
literature on these points. Accordingly, this work proposes
the use of analytical modeling and sequential experimental
analysis to test different process parameter ranges for differ-
ent weld conditions. In particular, laser welding of EN AW
5083 plates with EN AW 5356 filler wire was investigated.
Process parameter ranges were studied starting from an ana-
lytical model calculating the beam trajectory and overlap
in space, later moving to bead-on-plate analyses. Finally,
butt, lap, and corner joints with 0.5-mm gaps were welded
employing beam oscillation and wire feeding.

2 Analytical modeling of the beam path

The use of beam oscillation in laser welding combines the
high intensity of a relatively small beam (i.e. in the range
of 250-350 um diameter) with a wide seam width (i.e. in
the range of 2-3 mm). Employing wide laser beams with
the same power level does not necessarily provide the same
penetration depth due to the reduced beam intensity [40].

Butt-joint

Oscillating laser beam

1 Filler wire
1 /

® WER

3 mm
-

Lap-joint

For highly reflective Al alloys, the use of smaller beams is
imperative to maintain a stable keyhole with a solid state
operating at 1 um wavelength [41]. If the oscillation param-
eters are determined appropriately, a stable melt pool can
be produced with high penetration depth and width [42].
Essentially, this is provided by a keyhole that is constantly
oscillating around a determined trajectory. While the depth
is provided by the keyhole formation [43], the width is pro-
vided with a melt pool width in the proximity of the oscilla-
tion amplitude [44] constantly open on the material surface.
The use of wire feeding is exploited to feed the missing
material in the gap region [45]. In the presence of the wire,
the beam oscillation also provides a further advantage in
scanning over the base materials and the filler wire through-
out its oscillation period. Moreover, the beam oscillation can
provide an advantage of degassing with multiple passes over
the same point over its trajectory.

To correctly demonstrate the feasibility of beam oscilla-
tion use, three of the most commonly used joint types in the
industry, namely, butt joint, corner joint, and lap joint were
investigated in the present study. Considering the additional
parameters coming from the beam oscillation (i.e. oscillation
frequency and amplitude), a bead-on-plate weld investiga-
tion was performed for rapid parameter determination.

Figure 1 depicts the joint configurations, material thick-
nesses, and approximate positions of the filling wire and
laser-oscillated beam. In this context, butt welds were real-
ized on plates with a thickness of 3 mm, and corner and
lap were realized on plates with thicknesses of 3 mm and
5 mm. As can be seen, controlled varying gaps were intro-
duced to the configurations to evaluate the bridging ability.
As for the beam oscillation, circular wobbling was chosen

Corner -joint

3 mm

Fig. 1 Schematic description of the investigated joint configurations in the experimental work. The beam oscillation is depicted with the axis of

rotation and the position of the beam on the surfaces
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to be investigated. With circular wobbling, the weld seam
is better shielded from undesirable atmospheric gases and
homogeneity is ensured [27]. In this context, the space and
velocity profiles of the wobbling beam were utilized to be
able to decide the oscillation parameters.

Figure 2 demonstrates the movement of the laser beam
onto the material surface. As can be seen, during the weld-
ing of the sample, there are 2 different movements that can
be demonstrated; the first one is the oscillation of the laser
beam, Fig. 2a, and the second one is the traverse displace-
ment of the beam in the welding direction, Fig. 2b. The
oscillation beam trajectory can be expressed using the fol-
lowing equations:

A . A
Ytravel = Eszn(zﬂft);xtravel = ECOS(Z?IfZ) (D
where A is the oscillation amplitude, fis the oscillation fre-
quency, and ¢ is time while the position change in the weld
direction is

Xweld =vi

@)
where v is the weld speed. As seen in Fig. 2¢ the two motions
can be superposed. The resultant velocity components of the
oscillatory motion can be expressed as follows:

Vytavel = %(27[ eosrft)iVyuavel = —%(27rf)sin(27zft) 3)

The combined beam speed can be calculated for each time
instance according to the following equation.

Vbeam = \/(vXtravel + v)2 + (thravel)2 (4)

Figure 3 schematizes the temporal variation of the veloc-
ity components of the oscillatory motion and the feed in the
welding direction. As shown in Fig. 3c the velocity of the
beam oscillates reaching a local minimum when the oscil-
latory and weld feed motion are against each other. Due to
the dependence of v, .,.,, to v, oscillation frequency and weld
speed must be arranged properly.

Along with the speed variation, during beam oscillation,
the overlapping of the beam on the weld trajectory should
be also considered. Figure 4 depicts one period of a circular
oscillation combined with weld speed and spot diameter.
The displacement between the positions of the beam at the
beginning and the end of a period equals the weld length at
one period, L4, and it can be formulized by simply mul-
tiplying the time elapsing in one period, and the weld speed
v as seen in the following equation.

1
Lyea) = ]7"

&)

An overlap equation can be derived by defining the dis-
tance of the beam at the end of a period with respect to its
initial position with the following expression.

a) b) c)
N Y (mm) Y (mm) Y (mm)
Amplitude (mm)
[ —
1 1
\ X (mm) + ) X (me) - X (mm)
Frequency (Hz)
v

Fig.2 a Wobbling beam; b traverse movement of the beam; and ¢ superposition position of the beam movement
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Fig.3 a X and y components of the speed of the wobbling beam; b weld speed; and ¢ superposed velocity components
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Fig.4 Demonstrative case of

Y (mm) I
one period of a circular oscil- A Weld dlrel ction
lation superposed with weld
speed Position of beam at
the end of a period O Overlap < 0
O Overlap=10
» Overlap = 0.5
X (mm)
Q Overlap = 1
Position of beam at the
beginning of a period
0=1--" 6 and having the beam diameter and weld speed fixed at
f-d; ©) 294 pym and 50 mm/s, respectively. The calculated trajec-

where d, is the beam spot size on the surface. According to
the formula, a complete overlap equals 1 (i.e. v=0), and 0
overlap is the case where the positions of the beam at the
beginning and the end of a period are tangential to each
other, as seen in Fig. 4.

Table 1 demonstrates the first 3 periods of an oscillating
beam with different oscillation frequencies and amplitudes

tories also schematically show the extent of the beam size
on the surface. With the same frequency, a larger amplitude
corresponds to a higher beam speed, which can also reduce
the penetration into the material. With a combination of
low frequency and high amplitude, keyhole separation, and
an uneven weld seam can be expected. As it can be seen,
even with small amplitude values, the mismatch between
the oscillation frequency and weld speed might yield an

Table 1 Laser beam trajectory during welding considering a beam diameter of 294 um, weld speed of 50 mm/s, and different overlaps
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uneven laser energy distribution upon the material bringing
the possibility of having an uneven melting action. For the
experimental studies, the use of 70 Hz with variable oscil-
lation amplitude was found to be adequate for weld speeds
in the range of 35-85 mm/s. The overlap parameter in this
range varies between — 70 and —312% with the smallest spot
size considered at 294 um and varies between 35 and —57%
with the smallest spot size considered at 775 um. While the
modeling approach provides an overall guideline for the
matching of the weld speed, beam oscillation, and oscilla-
tion amplitude, it does not consider the real seam width that
is related to the beam size, power, wire-feeding parameters,
and material dimensions. Because it is not possible to estab-
lish a constant relationship between the combination of all
these parameters, whose effects may vary depending on the
process, considering that laser welding is quite dynamic.
However, the presented model provided an important guide
for experimental studies in the determination of oscillation
parameters.

3 Experimental system
3.1 Laser welding system

In this study, a robotic laser welding unit (BLM Adige
Alphetta) was utilized consisting of a 6-degree-of-freedom
robotic arm and a 2-degree-of-freedom rotary/tilting table
equipped with a 6 kW multimode active fiber laser source
(IPG YLP 6000) as seen in Fig. 5. As seen in Table 2, a
feeding fiber with a core diameter of 100 pm was used in
conjunction with a X 1.5 magnification, resulting in a focused
spot size of 150 pm. The use of this robotic laser welding
unit facilitates the automation of the welding processes,
which proved to be more repeatable and precise. The laser
beam was manipulated by means of a wobblehead (IPG
D50). The device utilizes galvanometric mirrors to produce
oscillating tailored shapes with a maximum frequency of

IPG wobble head

ABB rotary/tilting
table ‘

Fig.5 Robotic welding unit equipped with the wobbling head
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Table 2 Main specifications of the laser system

Parameter Value
Wavelength, 1 (nm) 1070
Available laser power, P (W) 6000
Feeding fiber core diameter, d; (um) 100
Focal length, f; (mm) 300
Collimation length, f, (mm) 200
Beam waist diameter, d;, (um) 150

500 Hz and a maximum amplitude of 3 mm or wider for
smaller oscillation frequencies. To bridge large gaps, a wire-
feeding solution was utilized in the study. A wire feeder was
implemented to bridge the gaps and provide the capability
of feeding different wire materials at high speeds of up to
167 mm/s and with diameters up to 1.6 mm (Abicor Bin-
zel MFS-V3). Figure 6 shows the details of the integrated

Robotic 5

Fig.6 Details of the experimental setup showing a welding configu-
ration during a corner-joint weld, b the gas and wire nozzle arrange-
ments on the fixture, and ¢ macro image of a corner-joint weld
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system, the nozzle configurations during an example case
of corner-joint welding, and a representative image of
a corner-joint weld. The test conditions for welding pro-
cesses were determined as a result of plot studies based on
the parameters applied in the literature for the joining of
similar materials.

3.2 Materials

The material used in this study was chosen as EN AW 5083
since it has excellent corrosion resistance and weldability as
well as good strength [46]. Moreover, it has a high strength-
to-weight ratio and is able to maintain its strength at high
temperatures. This makes it desirable for aerospace, auto-
motive, marine, and construction industries [47]. As for the
feeding wire, EN AW 5356 with a 1.1-mm diameter was
chosen as it contains a relatively high amount of magnesium
that brings high fluidity which makes it suitable for use as a
filler wire in welding applications. By using EN AW 5083 as
the base material and EN AW 5356 as the filler wire, the fin-
ished weld will retain the high strength and corrosion resist-
ance of the base material while still having good weldability
that allows the material to be joined seamlessly. Elemental
contents of the materials used are given in Table 3. As seen
in the table, having similar chemical compositions also helps
keep the welding efficiency stable which makes them a well-
suited pair.

The specimens subjected to the laser weld-
ing process were taken from 3-mm and 5-mm thick
1000 mm X 2000 mm EN AW 5083 sheets with dimensions
of 100 mm X 150 mm by laser cutting machine. Before

Table 3 Elemental content of materials used in wt%

the welding process, the surfaces of these specimens were
sanded and cleaned from contaminants such as oil and
dirt using acetone and alcohol. Welding processes were
performed with an ambient temperature of 22 °C and 50%
humidity.

3.3 Characterization equipment

In this study, characterization was mainly achieved by
means of metallographic analysis. Cross-sectional sam-
ples were taken from the welded samples by a wire-cut
electrical discharge machine (WC-EDM). The specimens
were ground with SiC paper up to 600 grits [48]. Polishing
processes utilized 3pu and 1u diamond paste, respectively.
To reveal the weld regions in the cross sections, Keller’s
reagent (95% H,0+2.5% HNO; +1.5% HC1+1.0% HF)
was utilized. Finally, the etched samples were examined
using optical microscopy (Mitutoyo Quick Vision Pro).
Figure 7 schematically describes the measurements
taken at the cross-sections of the weld seams. For each
joint condition, the weld width (w) at the top and the pen-
etration depth (h) were measured as the main indicators
[49]. For the joints that are not in full penetration, the
depth was measured from the end tip of the weld root. For
fully penetrated welds, the extent of the weld beyond the
complete thickness was also added to the measurement
as the wire feeding can provide the additional material
to produce reinforcement. A 2° full factorial design with
two central points was implemented and analyzed using
a software package (Minitab 17). Analysis of variance
(ANOVA) was applied to these measurements to assess the
statistical significance of the process parameters and their
interactions as well as possible curvature of the responses

Material Al Mn Mg Cr evaluated with the central point. An alpha value of 5% was
considered for statistical significance after verifying all the
EN AW 5083 Bal 0.7 4.4 0.15 . .
hypotheses. The models were reduced to fewer interactions
EN AW 5356 Bal 0.12 5 0.12 .
where required.
Butt-joint Lap-joint Corner-joint
w
w h
w
h
h
r —

Fig.7 The measurement of the main geometrical attributes, weld width (w), and weld depth (%) schematically shown for each weld joint type
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4 Experimental investigation of beam
oscillation parameters for gap bridging

4.1 Choice of the beam size

In the modeling phase, the trajectory of the laser beam is
calculated in a straightforward manner. However, the cal-
culations imply that the laser beam size approximates the
weld seam size. On the other hand, a larger beam generates
a reduced peak intensity. Although a larger beam may gen-
erate a denser scan path on the surface, it may also result in
an insufficient penetration depth. The welding parameters
used for beam size choice are given in Table 4. Considering
the beam size conditions, an oscillation frequency of 70 Hz,
an oscillation amplitude of 2 mm, and a welding speed of
35 mm/s were selected, which provides relatively high over-
lap. In order to allow for full penetration on 3 mm plates,
4 kW laser power was employed. Laser beam size was varied

Table 4 Fixed and variable parameters for the beam size choice

Parameters Value
Fixed parameters
Oscillation amplitude, A (mm) 2
Oscillation frequency, f (mm) 70
Weld speed, v (mm/s) 35
Laser power, P (kW) 4
Oscillation type Circular
Shielding gas and flow rate (L/min) Ar, 20
Varied parameters
Spot size, d, (um) 294; 528; 775

by defocusing at—2.5,—5, and — 7.5 mm producing 294 pm,
528 um, and 775 um beam sizes, respectively. Smaller beam
sizes were avoided as they can potentially cause excessive
undercuts on the upper surfaces. Wider beams were not used
to avoid excessive intensity reduction. Homogenous weld
seams with reduced difference between the top and bottom
widths, hence reduced taper was sought.

Table 5 shows the calculated beam trajectories and the
corresponding cross-section images of the produced weld
seams on the plate. It can be seen that with an increase in the
beam size, a denser beam path occurred as expected. This
should potentially provide a homogenous and continuous
melt pool. However, the cross-section image of the weld
depicts a triangular seam and an incomplete penetration with
d,=775 um. The smaller beam sizes provide full penetration
and reduced taper. The results show that the beam intensity
should be maintained high to avoid penetration loss. In the
case of d;=294 um the cross-section images show sagging
at the bottom and an undercut on the surface with a depth of
approximately 1 mm, implying excessive energy in the weld
seam. It can be concluded that a faster weld speed or lower
laser power may be employed for a full penetration weld. In
light of these results, for the successive parameter develop-
ment, the spot size of laser beam was fixed at 294 pm.

4.2 Control of the weld depth on bead on plate
condition

With the chosen beam size, bead-on-plate analyses were
carried out to establish the variation of weld depth in stable
oscillation conditions. For circular oscillation, an oscilla-
tion amplitude of 2 mm with 70 Hz frequency was found
to produce a controllable weld seam shape without keyhole

Table 5 Laser beam trajectory during welding according to the parameters used in Table 4

ds=294 um (0=-70%)
5
1
< 205 20
8 E o0 i)
g <05 <.
2 1
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3
=
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=
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separation. Table 6 depicts the fixed and varied param-
eters employed in the experimental study. Laser power was
varied between 3.5 and 5.5 kW, while the weld speed was
varied between 55 and 85 mm/s. A full factorial plan was
implemented.

Figure 8 shows the metallographic cross-section images
of the experimental conditions, while Fig. 9 shows the main
effects of the employed parameters on the weld seam charac-
teristics. It can be seen that in all conditions, the weld seam
is homogenous without a clear separation of the keyhole at
the bottom of the seam. At high weld speeds (e.g. 85 mm/s),
traces of keyhole separation are visible at the bottom side,

Table 6 Fixed and variable parameters in the bead-on-plate analysis

depicting a limit overlap of the oscillation trajectory. As seen
in Fig. 9, the process parameters induce little influence on
the weld seam width with fixed oscillation conditions, while
the weld penetration is effectively controlled between 3.5
and 5 mm. The welds’ seams depict limited porosity, indi-
cating the efficacy of the oscillation on the degassing effect.

For gap bridging in different weld conditions, it is recom-
mended to control the weld seam width. To achieve this, the
oscillation amplitude along with the laser power should be
varied. On the other hand, the oscillation amplitude can be
maintained fixed along with the weld speed. The wire feed
rate (WFR) should be adapted to the gap width accordingly.
It should be noted that the first requirement of welding in
the presence of a gap is the process stability through the gap
bridging. If several processing conditions may be able to
provide such properties, the porosity reduction and penetra-
tion should be considered.

4.3 Bridging of butt-joint

Table 7 shows the fixed and varied parameters in the butt-
joint configuration with 3-mm plates. Considering the
results of the bead-on-plate tests, a full penetration at 3 mm
is expected to be found at low power conditions. A lower
weld speed is also preferable to avoid keyhole separation
at a fixed oscillation frequency of 70 Hz. Hence, the weld
speed was fixed at 50 mm/s while the power was adjusted

V=65 mm/s

V=75 mm/s V=85 mm/s

Parameters Value
Fixed parameters
Spot size, d, (mm) 294
Oscillation amplitude, A (mm) 2
Oscillation frequency, f (mm) 70
Oscillation type Circular
Shielding gas and flow rate (L/min) Ar, 20
Focal position, Az (mm) -25
Varied parameters
Laser power, P (kW) 3.5-5.5
Weld speed, v (mm/s) 55-85
Fig.8 The influence of laser p— — ;
power and weld speed at the 1mm y=53 3
stable oscillation conditions
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Fig.9 Weld bead dimensions in
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between 2.25 and 3.25 kW. The missing material can be
compensated via the addition of the filler wire, and a larger
gap would require more wire to be added. In this respect, the
WER should be specified at different values according to the
gap. The relationship between WFR, the cross-sectional area
of the gap, and the cross-sectional area of the filler wire can
be described by the following equation [50].
v.A

WFR = —£

(N
where WFR is the wire feed rate (mm/s), A, is the cross-
section area of gap (mm?), v is the welding speed (mm/s),
and A,, is the cross area of filler wire (mm?). From Eq. (7),
WEFR was calculated as 75 mm/s. However, to deposit more
material with the bottom and top of the weld, a larger WFR
was considered. Hence WFR was selected between 90 and
110 mm/s.

Table 7 Fixed and variable parameters in butt-joint configuration

Parameters Value
Fixed parameters
Spot size, d, (mm) 294
Weld speed, v (mm/s) 50
Oscillation type Circular
Oscillation frequency, f (Hz) 70
Shielding gas and flow rate (I/min) Ar, 20
Focal position, Az (mm) =25
Thickness, mm 3
Varied parameters
Laser power, P (kW) 2.25;3.25

Oscillation amplitude, A (mm) 1.5;2
Wire feed rate, WFR (mm/s) 90;110
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Figure 10 shows the resultant weld seam of butt joints as
a function of the varied parameters with a gap of 0.5 mm.
The images are composed to show the position of the results
in the given parameter space. As seen in Fig. 9, the 2.25 kW
laser power did not allow the filler wire to be deposited
throughout the gap and full penetration was not achieved.
At 3.25 kW, the gap bridging was better at this laser power,
with a smaller oscillation amplitude and high WFR, there
was excessive sagging of the weld root due to increased heat
build-up. The best weld seam with sufficient reinforcement
and negligible surface undercuts was achieved at 3.25 kW
power, 110 mm/s WFR, and 2 mm oscillation amplitude.
The coherence of these parameters together indicates a bal-
ance between the filler wire and the molten base material.

Figure 11 shows the weld width and depth as a function of
the tested parameters in the butt-joint configuration. Table 8
collects the p-values of the width and depth measured from
statistical analysis. For butt joint configuration only oscilla-
tion amplitude is found to be statistically significant in the
case of width, while power and amplitude are statistically
significant with p-values very close to the limit value (0.05).
In Fig. 11, it can be seen that the weld width mainly depends
on the oscillation amplitude. With larger amplitudes, larger
weld widths are achieved. When the oscillation amplitude
is increased, the scanning area by the laser beam expands
and thus the weld pool is spread over a larger region. On the
other hand, the weld depth is influenced differently by the
parameters. The increase in power produces deeper welds.
The total heat input increases with increasing laser power
when other parameters are kept constant. Therefore, the unit
energy density increases in the target region. This means
that the laser beam with higher energy will penetrate the
substrate more. The statistical significance of the WFR could
not be confirmed. This can be expected due to the change
of the material feed in the weld pool balanced by the energy
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Fig. 10 The resultant conditions
for bridging a 0.5-mm gap in
butt-joint configuration
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Fig. 11 Main effects and interaction plots of the weld geometry attributes in the butt-joint welds with 0.5 mm gap. Terms excluded in the final
model are shaded in gray

Table 8 Combined ANOVA

: Butt-joint Lap-joint Corner

results for the examined

conditions Parameter Width Depth Width Depth Width Depth
P (kW) 0.676 0.048 0.037 0.011 0.735 0.106
A (mm) 0.020 0.047 0.043 0.019 0.019 0.618
WFR (mm/s) 0.360 0.280 0.181 0.340 0.563 0.529
PxA 0.108 0.270 0.037 0.577 - 0.027
PXWFR - - 0.027 0.985 0.441 0.085
AXWFR 0.189 - 0.159 0.420 0.027 -
Central point 0.850 0.286 0.259 0.938 0.112 0.095

The p-values for each measured entity are indicated. Statistically significant factors are shown in italics
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input [51]. When low WFRs are combined with high power,
the welds demonstrate undercuts, and the material blows
away from the bottom side of the material due to induced
gap-reducing depth. With higher WFRs, more material is
provided in the process region reducing the risk of material
blow, hence increasing depth. And further increase of WFR
starts reducing the weld depth as more material must be
melted. The increase of the amplitude provides a reduction
effect. An increase in the amplitude increases the amount
of irradiated material laterally. Hence, the depth is reduced
with larger amplitudes.

4.4 Bridging of lap-joint

Lap-joint configuration poses a more difficult condition
for gap bridging. The formed gap is continuous over the
interface; hence, the complete filling is not a viable option.
The role of the filler wire is to provide material continuity
between the two layers of plates. Gap bridging of lap-joint
welded Al alloys has been studied sparingly in the literature
[52, 53]. A similar configuration based on lap-fillet joints
has been studied, where gap bridging was achieved by the
fusion of the material on the edge to provide the required
material in the gap region [13, 54]. In a lap joint, the con-
ditions may be relatively more problematic, especially in
the absence of filler material. The upper sheet in the weld
configuration would provide the missing material in the gap
resulting in excessive undercuts and possibly deeper inci-
sions leading to loss of weld [5]. Hence the filler wire feed
should be matched to provide the missing material in the
joint region. Concerning a weld width of approximately
3 mm, 0.5 mm gap, and 1.1 mm wire diameter, the ratio of
WER to the welding speed should be at least 1.5 (Eq. (7)).
The total weld depth should exceed both the thickness of the
first plate and the gap (i.e.> 3.5 mm). Accordingly, more
powerful welding conditions are required for the considered
lap joint with respect to the analyzed butt joint. Hence the
power was increased and tested between 4.5 and 5.5 kW. The
weld speed was fixed at 30 mm/s. The WFR was considered
as 55 mm/s and 75 mm/s to provide reinforcement at the
top part of the weld. The oscillation amplitude was varied
between 1.5 and 2 mm. Table 9 shows the fixed and varied
parameters in bridging of lap joint.

Figure 12 shows the weld seams produced using differ-
ent parameter combinations in the lap-joint configuration.
It can be seen that in all conditions sound welds with suf-
ficient penetration could be achieved. All weld seams appear
homogenous with limited taper. Root porosity appears to
occur independently from the processing parameters. This
weld defect is expected since all welds are in the partial
penetration condition. Hence, degassing from the root is not
possible [55]. On the other hand, beam oscillation allows to
reduce the porosity extensively thanks to the generation of a

@ Springer

Table 9 Fixed and variable parameters in lap-joint configuration

Parameters Value
Fixed parameters
Spot size, d, (mm) 294
Weld speed, v (mm/s) 30
Oscillation frequency, f (Hz) 70
Oscillation type Circular
Shielding gas and flow rate (L/min) Ar, 20
Focal position, Az (mm) -2.5
Thickness, mm 3on5
Varied parameters
Laser power, P (kW) 4.5;5.5

Oscillation amplitude, A (mm) 1.5;2
Wire feed rate, WFR (m/min) 55;75

larger melt pool and multiple passages of the keyhole on the
molten zones [56]. Such conditions allow for a more efficient
degassing and a reduced probability of gas entrapment at the
keyhole root. Undercuts at the top surface appear to form
at low WFR and high power possibly due to the increased
surface temperature with a limited amount of material feed
[57]. For improved penetration during the bridging lap joint
process, the parameter combinations at 5.5 kW, 75 mm/s
WEFR, and 1.5 mm beam oscillation amplitude can be con-
sidered a reasonable choice with high quality.

Figure 13 shows the influence of the process parameters
of the weld geometry in the lap-joint configuration. Table 8
collects the p-values of the width and depth measured on the
lap-joint configuration. Laser power and amplitude as well
as the interactions between them and between power and
WER are found to be statistically significant on width. Power
and amplitude appear to provide a statistically significant
effect on the depth. On the other hand, it can be seen that
the process parameters produce limited variation in the weld
width as all conditions produce similar widths at approxi-
mately 2.8 mm. The depth is increased by a higher power
and a smaller amplitude corresponding to the conditions pro-
viding a higher energy input. The ability to vary the weld
depth maintaining good bead quality in lap-joint configura-
tion with gap formation demonstrates also the robustness of
the approach. It can be deduced that the process can be pos-
sibly adapted to the required weld depth, but also possible
power variations due to contaminations in the optical chain
may still be tolerated in long production runs.

4.5 Bridging of corner joint

The corner weld condition is similar to a butt weld in terms
of the required seam penetration. Full penetration is required
to ensure a sound connection. The bridging of a corner
weld requires the positioning of the beam with respect to
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Fig. 12 The resultant conditions 1 mm
for bridging a 0.5-mm gap in =
lap-joint configuration
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Fig. 13 Main effects and interaction plots of the weld geometry attributes in the lap-joint welds with 0.5 mm gap

the interface. If the beam is inclined more towards one of
the plates, the oscillatory motion projection deviates from
the ideal circular one. The inclination also elongates the
welded trajectory. The smallest theoretical penetration depth
is 3 mm if the beam is parallel to the horizontal plate. The
feasible beam inclinations will result in a penetration depth
to be higher than 3 mm. For the accessibility of the joint,
the laser beam was inclined at 20° with respect to the hori-
zontal plate. For this reason, the laser power was increased
with respect to the butt-joint case to values between 3.5 and
4.5 kW. The weld speed was determined as 55 mm/s. The
oscillation amplitude was varied between 1.5 and 2 mm as
in the other joint configurations. In the case of the corner

weld, WFR had to be increased compared to the lap-joint
configuration due to the increased weld seam depth that
should be compensated with the filler wire. Moreover, top
reinforcement is desirable in this welding condition to avoid
notching effects on the top part of the seam. Hence the WFR
was varied between 110 and 130 mm/s. Table 10 shows the
fixed and varied parameters in the bridging of corner joints.

Figure 14 shows the metallographic cross-sections of the
obtained corner welds. It can be seen that low power results
in insufficient welding towards the root of the welds. With
3.5 kW and above the weld seams penetrate thoroughly and
the seam widths appear to be constant along the penetration
depth. At high power, wider oscillation amplitude generates
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Table 10 Fixed and variable parameters in corner-joint configuration

Parameters Value

Fixed parameters
Spot size, d, (mm) 294
Weld speed, v (mm/s) 55
Oscillation frequency, f (Hz) 70
Oscillation type Circular
Shielding gas and flow rate (L/min) Ar, 20
Focal position, Az (mm) -2.5
Thickness, (mm) 3on5

Weld angle 20°
Varied parameters

Laser power, P (kW) 3.5:4.5

Oscillation amplitude, A (mm) 1.5;2

Wire feed rate, WFR (mm/s) 110;130

an uneven top surface, possibly due to the wider melt flow.
The central point of the experimental plan provides the most
suitable compromise between sufficient penetration and a
flat top surface. Figure 15 shows the effects of the process
parameters in the corner-joint configuration. Table 8 col-
lects the p-values of the width and depth measured on the
corner-joint configuration. Only amplitude was found to
have a statistically significant effect on the width, while the
interaction between power and amplitude was found to have
a statistically significant effect on the depth. The overall
variation observed on the weld width at the top surface as a
function of the process parameters is limited since the values
are approximately 2.7 mm. On the other hand, the process
parameters appear to have a more pronounced effect on the

Fig. 14 The resultant conditions
for bridging a 0.5-mm gap in
corner-joint configuration

weld depth as the central point provides the highest depth
varying values between 4.6 and 5.4 mm. The overall control-
lability of the weld depth is highly appealing to control the
material reinforcement at the weld root.

5 Discussion

Different welding parameters including laser power, beam
oscillation amplitude, and WFR caused various effects
depending on the changing joint configurations. The effect
levels of these parameters varied on weld width and weld
depth according to joint types. The results showed that the
oscillation amplitude had a significant effect on all three
joint configurations. Increasing the oscillation amplitude
expanded the weld width and decreased the weld depth in all
three joints. Moreover, the rise in weld seam width provided
compliance with the laser oscillation path models presented
in Table 1. When the oscillation amplitude increases, the
scanned area by the laser beam increases, and thus, the weld
pool spreads over a larger region. This can be attributed to
increased oscillation magnitude spreading the energy accu-
mulation over a wider gap [58]. In this respect, more laser
energy is absorbed in the direction of the weld width, and
energy is lost in the direction of the weld depth [59]. Zhang
et al. [60] reported that higher amplitude increases the speed
of movement of the keyhole and the drag force, thus increas-
ing the stirring effect produced by the keyhole. Therefore,
higher amplitude results in a larger melting pool. This may
disrupt the balance between surface tension pressure and
recoil pressure and create a hole around the keyhole after the
weld pool solidifies [24]. Thanks to the wire feeding together

P (kW)
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Fig. 15 Main effects and interaction plots of the weld geometry attributes in the corner welds with 0.5 mm gap. Terms excluded in the final

model are shaded in gray

with the oscillation mode presented in the study, melt pool
disruption was prevented by adding material in the weld
pool. This demonstrates the feasibility of high amplitude in
the laser welding process by using wire feed and oscillation.

Laser power is a key parameter that provides the required
heat input for joining processes. Welding depth depends
mainly on heat input, which varies with welding speed and
laser power. When the welding speed is kept constant and
the applied laser power increases, the heat input and the
resulting power density will increase. Choosing the laser
power above or below the required amount directly affects
the formations and dimensions of the weld seam. According
to the results, laser power had a significant effect on weld
depth in all joint types (butt and lap) except corner weld
configuration. When higher laser power was increased in
butt and lap joints, welding depths increased. Similar incre-
ments were seen in butt [53] and lap joints [61] in previous
studies. This can be attributed to the increase in energy per
unit area on the seam. It has been mentioned that high laser
power may cause some welding defects such as underfill and
undercut by evaporating more metal [62]. However, the laser
power could be balanced with the wire feeding utilized in
the present work, and material loss could be prevented with
additional wire even when using high laser power. It can be
concluded that gap bridging can be performed by applying
higher power in laser welding with the use of wire feeding.

WER is another parameter that is chosen as a variable in
the laser welding processes. According to the results, WFR
did not show significant results on the weld width and depth
for all three joint configurations. However, laser welding
with filler wire includes three basic processes that affect
weld stability and weld quality: wire melting and transfer
behavior, keyhole and molten pool dynamics, and fluid flow

in the molten pool [63]. While the WFR was not found to
significantly influence the width and depth statistically, it
was seen that wire feeding allowed to achieve a homogenous
weld seam reducing the formation of undercuts.

6 Conclusions

This work showed a systematic analysis of laser welding
parameters with beam oscillation and wire feeding for an
EN 5083 Al alloy. The Al alloys that are conventionally dif-
ficult to weld with a laser beam due to their high reflectivity
were successfully welded in the presence of a 0.5-mm gap in
three different weld configurations thanks to the combined
effect of the beam oscillation and added wire. The general
outcomes of the study are as follows.

e The use of a highly intense laser beam with a relatively
small spot size (i.e. 294 um) allowed to maintain key-
hole processing in all conditions providing the depth.
The oscillating motion provided the means to enlarge the
seam to reduce the process sensitivity to the gap pres-
ence. The added filler wire compensated for the missing
material in the gap.

The methodological approach showed that oscillation
amplitude and frequency should be matched to the weld
speed in order to avoid keyhole separation. The WFR
should be chosen to provide the missing material in the
presence of a gap, according to the cross-sectional area
of the gap, the cross-sectional area of the filler wire, and
the weld speed.

The welding speeds could be maintained as high as 50,
30, and 55 mm/s with butt, lap, and corner joint configu-
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rations, respectively. Complete filling of gaps of up to
0.5 mm, eliminating the surface undercuts, and achieving
weld widths in the order of 2.5 mm. Moreover, the results
show the possibility control the depth of the welds from
3 mm to full-penetration conditions. Surface undercuts
were eliminated.

e The results show that the use of beam oscillation pro-
vided high-quality seams with moderate power levels,
providing conditions that come close to 1 kW/1 mm weld
depth.

The results of this work show a framework to study the
process parameters to weld different configurations. Future
works will deal with the combined use of thermal models
to assist the parameter development to further reduce the
overall experimental burden.
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