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Abstract

In recent years, there has been growing interest in joining thick aluminum sheets in various markets such as railcar,
shipbuilding and aerospace. Laser cold-wire (LCW) welding was developed in this study to join 5.0 mm thick AA6005-T6
aluminum sheets in butt joint configuration. To investigate the gap bridging ability of LCW technique, a process
parameter optimization was performed for three different gaps ranging from (1) 0.25-0.50 mm, (I1) 0.50-0.70 mm and (Il1)
0.70-1.00 mm. The effect of a linear misalignment was also studied by applying a 0.75 mm misalignment (15% of the
sheet thickness) during joint preparation. The result of this study showed that the LCW can easily sustain the gap and
misalignment tolerances of 0.75 mm. The welded joint integrity with different gaps and misalignments was
characterized in terms of the weld bead geometry, defects, macrostructure, hardness and tensile strength.
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1. Introduction

Laser welding technology has been developed recently for welding aluminum alloys for lightweight
applications due to its interesting characteristics such as high power density, which help to increase the
welding speed thus reducing the fusion (FZ) and heat affected zones (HAZ) area, as well as its deep possible
penetration. However, the application of autogenous laser welding, especially for thick aluminum sheets, is
restricted due to more frequent collapse of keyhole and spatter formation during keyhole laser welding as
discussed by Huang et al., 2018. Besides, autogenous laser welding has very low tolerance to seam gap
which makes the use of filler wire mandatory for the applications where it is difficult to hold tight part
tolerances. To minimise the gap between the sheets in butt joint configuration, strict fit up and clamping
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system is required which increase the implementation costs of laser welding technology. Very tight
tolerance of laser welding in comparison with other conventional fusion welding processes such as gas metal
arc welding (GMAW) is a main drawback for certain applications. Several researches have been performed
to increase the gap tolerance of joints, in laser-based welding techniques such as hybrid laser-arc welding
(HLAW) and laser cold-wire welding as reported by Aalderink et al., 2010, Wang et al., 2013 and 2009. The
results of these studies show that HLAW welding technique can increase gap-bridging ability of 2.0 mm thick
aluminum alloy up to 1.0 mm and reduce the weld surface imperfections such as undercuts or underfills.
Aalderink et al., 2010 research study on gap bridging of laser based processes showed that the gap tolerance
of laser cold-wire process increased significantly compared to autogenous laser welding and can increase up
to 1.1 mm gap bridging in 2.1 mm thick aluminum sheets. Although several studies have been performed on
parameters optimisation of LCW techniques and its influence on gap bridging in relatively thin aluminum
sheets (up to 2 mm), no or very few research studies have been performed on the effect of LCW welding
process on gap bridging of thick aluminum sheets and on microstructure and mechanical properties of
welded joints. Single-pass laser cold-wire welding of thick section AA6061-T6 aluminum sheets has been
studied by these authors previously in terms of process parameter optimisation and the effect of laser beam
mode on mechanical properties by Mirakhorli et al., 2018. However, there is still a lack of understanding on
maximum gap tolerance of LCW for welding thick aluminum alloys in laser keyhole mode and the effect of
gap tolerance on post-weld mechanical properties. To our knowledge, no research has been published in
this area. In this study, the gap and misalignment tolerances of LCW welding technique on 5.0 mm thick
aluminum sheets were investigated in butt joint configuration, using single pass welding. The welding
process parameters were developed for three different gap ranges of small (up to 0.5 mm), (lI) medium (up
to 0.7 mm) and (ll1) large (up to 1.0 mm,). The main challenge during process setup is the precise alignment
of the filler wire relative to the laser beam which is discussed further using a high speed camera. The
optimum parameters have been found for each gap ranges and their effect on microstructure and
mechanical properties has been investigated. Also, a linear misalignment up to 0.75 mm (15% of the sheet
thickness, chosen based on I1SO 13919-2 quality level C as the acceptable limit) has been applied to study the
tolerance of LCW welding process to misalignment. For this study, medium size gap has been chosen and the
effect of misalignment has been studied on process stability, weld bead geometry and mechanical
properties.

2. Experimental procedure

Laser welding was performed using a pulsed TRUMPF TRUDISK 10 kW solid-state disk laser with a
wavelength of 1030 nm. Laser beam was scanned using Primes FocusMonitor instrument. The defocus
distance of 4 mm inside the specimen was used for all the experiments. The laser beam diameter at
different focal positions as well as laser beam intensity distribution at -4 mm defocus surface are presented
in figure 1 (a) and (b) respectively. The beam had a nominal focal spot diameter of 0.87 mm. The
approximate beam diameter at -4 defocus distance was 1.07 mm with a Gaussian intensity distribution
shown in figure 1(b). The laser head was inclined 5° from the vertical plane perpendicular to the welding
direction to protect the optic system against back reflection during laser welding. The filler wire was added
using a Miller XR wire feeder system in leading configuration as illustrated in figure 2.
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Fig. 1. (a) Laser beam profile at different focal distance and (b) laser beam intensity distribution

+— Filler metal wire

¥
|

Welding °
direction 0
°_ ~— Filler metal feeder
— Material being welded
.;f’
7 2

Fig. 2. Schematic diagram of the experimental set-up.

The angle between the filler wire axis and the workpiece surface parallel to the welding direction was
~40° and high purity argon was used as a shielding gas during welding process fed by the nozzle at a flow
rate of 23.6 I/min. The shielding gas nozzle was positioned at ~30-40° from the workpiece surface. The laser
beam was positioned in the middle of the gap and the filler wire was positioned outside laser beam, 1.0 mm
away from laser beam as shown in figure 1. The base material (BM) used in this study was AA6005A-T6
wrought aluminum sheets with dimension of 300 mm (length) x 100 mm (width) x 5 mm (thick). The filler
wire used for welding was ER5356, 1.6 mm in diameter. The nominal chemical compositions of AA6OO5A-T6
and ER5356 filler wire are shown in Table 1. The BM sheets were ground and cleaned with acetone before
welding, then fixed within a clamping device in butt joint configuration with three different range of root
opening (gap sizes); small gap ( 0.25-0.5 mm), medium gap (0.5-0.7 mm) and large gap ( 0.7-1.0 mm).
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Table 1. Nominal chemical composition of BM (BS EN 573-3 2009) and filler wire (AWS: A5.10)

Alloy Mg (wt. %) Mn (wt. %)  Si(wt. %) Fe(wt.%) Zn(wt.%) Cr(wt.%) Al (wt. %)
AAG6005A 0.40-0.70 0.0-0.5 0.5-0.9 0.0-.35 0.0-0.2 0.0-0.3 Bal.
ER5356 4.5-55 0.05-0.2 0.25 0.4 0.1 0.1 Bal.

To monitor the LCW process in real time, a Phantom high-speed camera using a frame rate of 10000
images per second was used in combination with a 1kW pulse laser source as an illumination source.

An X-ray analysis was made using a YXLON Y.Multiplex 5500M radiographic system to inspect the
welded samples to detect porosity through the entire weld length, excluding the start and stop regions.
Metallographic specimens were extracted from the middle of each weld and the transverse section of each
specimens were grinded using SiC papers up to 1200 grit, polished using 3 and 1 um diamond suspensions,
then etched in Barker’s electrolytic etch (5%HBF4 solution) at 30 V for 2 minutes to reveal the grain
structure. The microstructure of the welds was examined using an optical microscope (OM) (Olympus
BX51M) and a Hitachi SU-70 field emission gun scanning electron microscopy (FEG-SEM). Microhardness
profiles across the weld center were measured using a Clemex CMT Vickers micro-indentation machine.
Tensile tests were conducted according to the ASTM B557 standard.

2.1. Welding parameters

Process parameter optimization was performed for each three different range of root opening and the
main process parameters are presented in table 2. The maximum laser power of 10 kW was used for all the
trials and the laser average power was adjust to achieve the required energy to achieve a full penetration. To
bridge a larger gap size, it requires a larger volume of material or filler metal consumption which can be
achieved by increasing the wire feed speed and it also needs more laser energy to melt the filler wire.
Besides, with increasing the gap size, there is greater risk that a part of the laser energy is lost by passing
through the gap particularly at larger gaps which is as large as the laser beam diameter. To compensate the
loss of energy through the gap, the laser travel speed was reduced ~ 10% from 3.00 m/min to 2.75 m/min
and the pulse shape was modified to reach an increase of 17% in pulse energy. The filler metal consumption
was calculated as described by Mirakhorli et al., 2017.
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Table 2. Laser cold-wire parameters for different gap tolerance

Gap range Peak power Travel Average Pulse duration  Pulse energy Wire feed filler metal
mm (kW) speed power (kW) (ms) () Speed consumption
(m/min) (m/min) (8/m)
Small gap 10 3.0 6.5 20 134 3.0 5.4
0.3-0.5 mm
Medium gap 10 3.0 6.5 20 134 5.0 9.1
0.5-0.7 mm
Large gap 10 2.7 7.7 20 161 6.5 13.1
0.7-1 mm

3. Results and Discussion
3.1 Effect of laser -to -wire position on weld bead geometry

The interaction between the laser beam and the filler wire during LCW welding process was monitored
using a high speed camera during this study and the results show that the precise alignment between the
two is very critical during this process. Even small deviations of the filler wire from the gap center or from
the laser beam can lead to unacceptable weld seams. Figure 3 shows the main critical alignment parameters
during LCW set up and the possible defects related to each condition listed in table 3. The optimum position
of the filler wire relative to the laser beam is demonstrated in figure 3(a). The centre of the laser beam
should be positioned in the middle of the gap and the wire tip should be at a distance of 1.0 mm from the
edge of the laser beam while touching the sheet surface. The keyhole diameter size can reach approximately
1.0-1.2 mm, measured with high speed camera images as shown in figure 3(a), which exceeds up to 10% the
actual laser beam size (1.07 mm). The formation of the keyhole during the laser welding process leads to a
local surface depression around it. This depression is due to a recoil pressure formation during welding as
discussed by Fotovvati et al., 2018 and Semak et al., 1995. This depression around the keyhole during laser
welding permits the filler wire to reach a position adjacent to the keyhole front side to melt by laser
radiation before moving into the keyhole. If the filler position during the setup is very close to the laser spot
or reaches into the laser spot center, as shown in figure 3(b), the filler will interrupt the keyhole stability by
closing it or reflecting a noticeable part of laser energy. These would lead to lack of fusion and porosity
formation in the weld. If the distance between the wire tip and the laser beam is large, the laser beam will
pass through the gap, in the larger gap tolerance, without completely melting the wire and leads to
formation of large blowholes as displayed in figure 3(c). This phenomena shows that during LCW welding of
thick sheets, the filler metal helps to absorb and transfer the laser energy to the edges of the joint and
avoids losing the laser energy through the air gap. Based on this observation, the filler wire with a diameter
close to or slightly larger than the air gap is recommended for this configuration. In the smaller gap
tolerance, the large distance between the filler wire and the laser beam leads to a lack of filler metal mixture
within the molten pool as shown in figure 3(d), since the laser beam is quite bigger than the air gap. The
laser energy is absorbed by the base metal but the filler metal cannot reach the laser beam and therefore
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cannot melt appropriately which leads to formation of an isolated droplet at the tip of filler wire. This means
that at larger filler to laser beam distances, the filler wire cannot reach the laser beam and will be heated
just by the laser beam reflection or the melt pool formed in front of the keyhole which is insufficient to melt
the filler wire completely and it forms a cold droplet as shown in figure 3(d). This leads to lack of filler metal
in the joint and consequently a deep underfill defect.

)

(e) F'|I|e behind the laser beam

- 3

(f) Filler deviation from center

Fig. 3. (a) Relative position between filler metal and laser source for optimized position; (b-f) non-optimized positions

Table 3. Defects related to different laser-to-wire position shown in Fig. 3

Laser-filler position based on Fig.3  Lack of fusion  blowhole underfill  porosity
a
b X X
c X X
d X
e X X
f X X

The other possibility is that the wire position is high enough that it crosses over the laser beam and
reaches the back side of the fusion zone as displayed in figure 3(e). In this way, the filler metal will block the
laser beam and reflects a part of laser energy which would lead to lack of fusion.
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The last miss-position between laser and filler metal that was noticed during this study is when the filler
metal deviates from the air gap centerline to the left or right of the joint, as shown in figure 3(f). This can
happen if the wire is not well positioned at the beginning or during LCW welding or if there are some
discontinuities on the sheet edge surfaces that displace the wire from the gap center. This can lead to
blowhole formation in large gap or underfill and an overlay defect at a smaller gap since the molten metal
does not distribute evenly around molten pool.

3.2 weld geometry and microstructure

Figure 4 shows surface appearances (top and root sides) and X-ray images of welds at different gap
tolerances. In all three welding conditions, uniform weld beads with full penetration were achieved. The
underfill top surface and undercut at the root surface was less than 0.5 mm (0.05 x thickness of the sheet).
The X-ray images show random porosity formation with a fraction of less than 3% over 200 mm weld length
and a maximum pore dimension of 1.3 mm, passing the minimum requirement criteria of ISO 13919-2
standard quality class (level B) which is the most stringent level in the mentioned standard. The x-ray images
show that less porosity forms at larger gap tolerances compared to the small one.

Gap Top su f“ce Root surface X-ray image
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Fig. 4. (a,b,d,e,g,h) Weld beads surface appearances; (c,f,i) corresponding X-ray images

(a) Small gap (b) Medium gap (c) Large gap

200 pm :

(d)  Medium gap with misalignment (e} Undercut at root (f)  Underfill at top

Fig. 5. (a-c) Weld transverse sections for small gap, medium gap, large gap and medium gap with misalignment respectively, (d-f) weld
defects
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Adding the gap can help porosity escape through it during laser welding. Keyhole collapse is more prone
at smaller gap tolerances which captures the vapour inside the molten pool. The weld transverse sections
with different gap tolerances as well as misalignment are shown in figure 5. The average width of the weld
beads in each air gap tolerances was measured at top, middle and bottom positions. The results show that
the weldment with a small gap has the minimum weld width with a value of 2.5 mm which increases with
the weld gaps from 2.9 mm to 3.6 mm respectively for medium and large gap sizes. In total, a 19% increase
in weld width is observed for the total gap width increase of 56% (from small gap to largest). It is noteworthy
that the filler metal consumption was increased just 58% (5.45g/m for small gap to 13.1 g/m for the largest
gap as mentioned in table 2) which is compatible with the gap size percentage increase. The microstructures
from FZ up to HAZ were very similar at different gap range.

(a) FZcenter (b) Fusion line (c) Crack in HAZ

Fig. 6. Weld microstructure in (a) FZ, (b) fusion line, (c) HAZ

(a) Small gap (b) Medium gap

(c) Large gap (d) High magnification of microvoids

Fig. 7. (a) SEM images in FZ for small gap, (b) medium gap, (c) large gap, (d) microvoids and second particle at high magnification
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The FZ exhibited an equiaxed grain structure in the center (figure 6(a)) and a columnar grain structure
near fusion line (figure 6(b)). No micro-crack formation was observed within the FZ but some micro-cracks
were observed in the HAZ close to fusion line (figure 6(c). These cracks seem to be of the intergranular type
which forms in partially melted zone during welding. Béllinghaus, 2018 explained that in Al-Mg-Si aluminum
alloy welding, liquid films form between partially melted grains where eutectic constituents with lower
melting temperature is found compared to the aluminum matrix. The liquid film will be pulled out by
surrounded solidified materials due to thermal strain formed during welding and this leads to liquation
cracking in partially melted zone or HAZ. Ivanov et al., 2018, explained in his recent research study on laser
welding of Al-Mg-Si alloys that beside the formation of liquid films due to segregation of Mg, Si at grain
boundaries, intense plastic straining is responsible for the formation of liquation cracks. Although no micro
crack was observed within the FZ, the SEM images at high magnification of 1000X show the formation of
microvoids all over the FZ, as shown in figure 7. Similar microvoids were also observed during LCW welding
of AA6061-T6 aluminum alloys studied by Mirakhorli et al., 2018.The qualitative measurements show than
the fraction of microvoids increased slightly with increasing gap size from 0.3% to 0.7% in small gap to large
gap respectively (as shown in figure 7(e) and (f)). These microvoids seems to form at the grain boundary
adjacent to eutectic which is enriched in Mg and Si, as observed in higher magnification in figure 7d. These
micro voids coalescence and form micro-cracks during mechanical testing that can reduce mechanical
properties as reported by Stefanescu et al., 2004.

3.3 Mechanical properties: microhardness and tensile

The hardness profiles across the FZ, HAZs, and BM for welds with different gap tolerances, measured
along the mid-thickness of a transverse section, are shown in figures 8(a) through (c). Similar trends were
observed for the three gap tolerances. The microhardness reduces in FZ and HAZ compare to BM, with the
minimum microhardness found in HAZ Il, at 2-4 mm distance from the fusion line
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Fig. 8. (a) The hardness profiles for small, (b) medium, (c) large gap tolerances and (d) hardness comparison of different gaps
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According to Walter et al., 2014, the maximum reduction in this area can be attributed to over aging
during welding thermal cycle. The HAZ |, which is adjacent to 2 mm from the fusion line show microharness
of slightly higher than HAZII. This behaviour was also observed during welding of Al-Si-Mg as well as Al-Cu-Li
alloys reported by Walter et al., 2014 and Kramer et al., 1992 respectively. According to their research, at
this region of HAZ (HAZI), the weld exposes to significant heating, sufficient to put in solution locally and
during fast cooling, supersaturated solid solution can occur. The precipitates can form as a result of natural
aging which leads to slightly increase the mcirohardness in this zone. The microhardness increases gradually
from HAZ 1l to BM, which is indicated as HAZ Il in figure 8, due to the reduction of the peak temperature
reached during welding. The fraction of over-aged particles reduces gradually from HAZIII until it reaches to
BM which is not affected during welding. In general, a maximum softening of 32% occurred in HAZ Il relative
to a medium gap size. The average FZ hardness (figure 8(d)) tends to be very similar for all gap tolerances.
The variation of the HAZ hardness at different gaps was between 9 to 14% which can be mostly due to
variations in the initial BM microhardness which is encountered during the extrusion process. Similar
variations in microhardness profiles were detected by Malin, 1995 and Walter, 2014. Transverse tensile
properties such as ultimate tensile strength (UTS), yield strength (YS) and percentage of elongation (El. %)
were evaluated for different gap tolerances and are listed in figure 9. The average UTS values for all the
welds were quite similar (with 5% variation between Min. and Max. values). The average ultimate tensile
strength value for all the welds was 187 MPa. The maximum ultimate tensile strength was obtained at a
medium gap range with a value of 194 MPa whereas the total gage length elongation at rupture was
determined as 4 %. The minimum UTS was obtained at the small gap range with a value of 182 MPa. It is
worth mentionning that all the fractures occured at the fusion line and the presence of local softening did
not affect the failure location since it did not occur within this area. Geometrical defects such as small
underfill at the top surface and undercuts at the root side (shown in figure 5(e) and (f)) have the main
influence on failiure occurrence at the fusion line. The tensile strengths for the sample with 0.75 mm
misalignment, at medium gap size, was similar to the samples without misaligment (186 MPa). Although the
misaligment did not affect the tensile weld properties, it can significantly reduce the fatigue life and fatigue
strength of the welds, as explained by Nguyen, 1998 and detailed in the IIW standard.
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Conclusion

Laser cold-wire (LCW) welding process was succesfully used to join 5.0 mm thick AA6005A-T6 alloy in
butt joint configuration and the air gap tolerance was enlarged up to 1.0 mm. The main findings were as
follows;

1-The relative position between laser and filler metal is a critical parameter to achieve a sound weld
during LCW welding. The optimum weld condition was obtained when the laser beam center was in the
middle of the gap and when the filler wire tip was 1.0 mm farther from the edge of the laser beam. At
shorter laser to filler distances, the laser beam got blocked by the wire and lead to lack of fusion. Blowholes
can form at larger gaps, if the laser filler distance is longer than the optimum value.

2- The main imperfections observed in the welds were underfill at the top surface, root undercut,
porosity and micro-crack in the HAZ. The porosity level reduced at larger gap size as the air present in the
gap helped the porosity to escape during solidification. The micro-cracks formed mainly in the partially
melted zone due to the formation of low melting point eutectic constituents. These micro-cracks are
promoted by an absence of dilution with the filler metal as well by high local strains occuring at this specific
location.

3- The softening in FZ and HAZs occurred after welding with a minimum hardness in the HAZ, at 2-4 mm
from the fusion line. This softening was attributed to dissolution of hardening precipitates and overaging
upon the welding cycle. The air gap did not show a significant influence on microhardness as well as post-
weld tensile strength. The average ultimate tensile and yield strength values for the welds were 187 MPa
MPa and 121 MPa respectively. Tensile strength of samples with 0.75 mm misaligment was similar to the
situation without misaligment and all the fractures occurred at fusion lines initiating from a geometrical
defect, the root undercut.
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