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This study proposes a novel approach for mitigating the internal solidification cracking that occurs during the
laser welding of extruded Al-Mg-Si alloys. The microstructures of the extruded alloy, such as the peripheral
coarse grains (PCGs) distributed on the surface and the fibrous grain distributed internally, are closely related to
these cracks. Therefore, to investigate the effect of the texture of the base metal on internal cracking, an as-
extruded alloy with PCGs distributed on the surface and an alloy with the PCGs removed through surface
machining were used as the base metal for overlap welding. Furthermore, welding was performed by a coaxial
dual-beam laser with four different core-to-ring power ratios to determine the effect of this ratio on the formation
of internal cracks. Then, cross-sections of the weld specimens were analysed to compare the cracks, pores, and
microstructural texture, such as the grain size, morphology, and grain orientation. Machining away the PCGs on
the surface resulted in the formation of columnar grains with low-angle grain boundaries, and it reduced the
number of internal cracks that formed along the fusion line. Moreover, dual-beam laser welding followed by
surface machining led to the formation of low-angle grain boundaries along the fusion line and grain refinement
in the weld centre, thereby mitigating internal solidification cracks by tailoring the microstructure of the base
and weld metal.

1. Introduction

With the growing necessity to reduce carbon dioxide emissions and
improve fuel efficiency in the automotive manufacturing industry, the
use of aluminium alloys is increasing because their strength to weight
ratio and corrosion resistance are higher than those of steel [1,2].
Among aluminium alloys, Al-Mg-Si alloys are employed to fabricate
various types of parts such as doors and frames by welding and joining
after rolling or extrusion [3,4]. As a method of fabricating such parts,
laser welding has gained attention owing to its low geometric
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limitations, low thermal distortion, and high productivity [5,6].
However, during the laser welding of Al-Mg-Si alloys, solidification
cracking frequently occurs as the molten pool solidifies, which weakens
the weld strength, creep, and fatigue resistance [7,8]. Solidification
cracks form during the solidification process of the molten pool when
the stress caused by thermal contraction and solidification shrinkage is
concentrated at pores and cavities filled with liquid in the semi-solid
region and then propagates along the liquid film in the grain bound-
ary [8,9]. The liquid film through which the cracks propagate is formed
by the segregation of elements such as Mg, Si, and Fe in the liquid state
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at the grain boundary owing to constitutional supercooling during the
solidification process [9]. In particular, the columnar grain zone (CGZ),
which has coarser grains than the equiaxed grain zone (EGZ), is more
susceptible to solidification cracking because the thermal stress is
concentrated in a small number of grain boundaries [8,9]. In contrast,
the EGZ contains finer grains and has more grain boundaries than the
CGZ, which disperses the thermal stress; thus, the EGZ is less susceptible
to solidification cracking [10]. As a result, increasing the distribution of
equiaxed grains in the weld zone rather than columnar grains is ad-
vantageous for mitigating solidification cracking during the laser
welding of Al-Mg-Si alloys.

Several grain refinement methods for increasing the distribution of
equiaxed grains have been investigated. One strategy for forming
equiaxed grains in the weld zone is the use of a high laser power and
high welding speed [11-14]. A high laser power can reduce the tem-
perature gradient within the molten pool, and a high welding speed can
increase the growth rate, thereby increasing the distribution of equiaxed
grains in the centre of the weld zone. Another grain refinement method
is the implementation of an ultrasonic vibration device during laser
welding, which can increase the distribution of equiaxed grains in the
centre of the weld zone by exciting grain nuclei during the solidification
of the molten pool [15-17]. Additionally, modulating the laser beam can
reduce the temperature gradient of the molten pool, thereby increasing
the distribution of equiaxed grains in the centre of the weld zone
[18-21]. A coaxial dual-beam laser, a recently developed type of
modulated beam, can adjust the distribution of the thermal profile
within the molten pool by distributing the laser power output between
core and ring beams, which can reduce solidification cracking while
ensuring sufficient laser penetration depth in the weld metal [20,21]. All
of these methods primarily rely on increasing the distribution of the
equiaxed grains in the centre of the weld zone to reduce the solidifica-
tion cracks propagating along the weld centreline zone during the so-
lidification process. However, solidification cracks, including not only
centreline cracks observed on the bead surface but also internal cracks
observed in the cross-section of the weld metal, still result in welding
quality issues in Al-Mg-Si alloys [22].

Therefore, these internal cracks are closely related to the texture of
the base metal [23,24]. Recently, as the electric vehicle industry has
become active, extruded Al-Mg-Si alloys have been widely used for
frame members and the battery tray of the car body, and internal cracks
are a major cause of deteriorating the quality of the weld metal in the
laser welding of this material. Sun et al. [25], observed numerous in-
ternal cracks at the grain boundaries of columnar grains after laser
welding an extruded Al-Mg-Si alloy, and these internal cracks deterio-
rated the fatigue resistance of the weld metal. Furthermore, in their
other study, they proposed a method for reducing solidification cracking
during the laser welding of the extruded Al-Mg-Si alloy by modulating
the laser beam and adding a filler wire [22]. They reported that con-
trolling the heat input by modulating the laser beam could reduce
centreline cracks, while adjusting the chemical composition of the weld
metal using filler wire effectively reduced the internal cracks. These
studies elucidated the impact of internal cracks on the mechanical
properties of a laser-welded extruded alloy and suggested methods for
reducing the formation of internal cracks by using laser beam modula-
tion or filler wire. However, research on internal cracks occurring in the
laser welding of extruded Al-Mg-Si alloys is still scarce. In particular,
the effects of the base metal texture and pores on the formation of in-
ternal cracks have not yet been investigated. If the influence of the
characteristic microstructure that forms during the manufacturing pro-
cess of extruded Al-Mg-Si alloys on internal cracks is determined, it
could serve as a starting point for developing methods for mitigating
internal cracks.

Therefore, this study proposes a novel approach for reducing the
amount of solidification cracks by tailoring the microstructure of the
base and weld metals during the laser welding of an extruded Al-Mg-Si
alloy. In the microstructure of this alloy, randomly oriented peripheral
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coarse grains (PCGs) are distributed on the surface, while fine, fibrous
grains with a uniform orientation are distributed internally [26,27]. To
investigate the effect of each of these two types of texture on solidifi-
cation cracking in the extruded Al-Mg-Si alloy, two base metals were
prepared for laser welding: an as-extruded (AE) alloy, in which PCGs
were distributed on the surface, and a surface-machined (SM) alloy, in
which the PCGs were removed from the surface through surface
machining. These two base metals were then overlap welded using a
coaxial dual-beam laser, which could mitigate pore formation according
to the power ratio of the core and ring beams. To compare the effects of
the surface machining of the base metal and the power ratio of the dual-
beam laser on solidification cracking, the pores and cracks in cross-
sections of the weld zones were quantitatively analysed. In addition,
based on an electron backscatter diffraction (EBSD) analysis, the influ-
ence of the microstructure on solidification cracking was further
investigated by comparing the grain size, grain morphology, and grain
orientation under each set of conditions.

2. Experimental procedures

As shown in Fig. 1, a 1.5-mm-thick upper sheet of alloy AA6082-T6
and a 3.5-mm-thick lower sheet were overlap-welded. The dimensions of
both sheets were 30 mm x 130 mm, and their chemical composition is
listed in Table 1. According to He et al. [28], one-sided constraints
significantly induce thermal displacement, making the material more
susceptible to solidification cracking; thus, double-sided constraints
were applied to the long sides of the base metal [28]. Additionally, Wang
et al. [29], reported that the narrower distance between the weld seam
and the constraint, the more susceptible it is to solidification cracking;
accordingly, this distance was set to 10 mm in this study. Welding was
performed from the short side of the base metal along the y-axis direc-
tion from +15 mm to +115 mm. The welding process utilized a 4 kW
disk laser (Trumpf, Trudisk 4000) with a wavelength of 1030 nm, and
the intensity distribution of the laser beam could be adjusted by
applying different powers in the core and ring beams. As shown in Fig. 1
(a), the diameters of the core and ring beams at the focus plane were set
to 100 and 400 pm, respectively. In addition, a six-axis industrial robot
(KUKA, KR22-1610) with a controller (KUKA, KR C4) was coupled to the
laser head to control the welding path. To prevent back reflection during
welding, the laser head was tilted 10° from the Z-axis. The process pa-
rameters for welding process of this study are listed in Table 2.

Fig. 1(b) shows cross-sectional optical micrographs of the AE and SM
base metals, which were used to investigate the effect of the texture of
the alloy on solidification cracking. In the cross-section of the AE base
metal, a PCG layer approximately 0.5 mm thick appears on the surfaces
of both the upper and lower sheets, with a fine fibrous grain texture
between the PCG layers. This distinct texture was formed during the hot
extrusion of the Al-Mg-Si alloy, wherein abnormal recrystallization
occurs on the material surface owing to the heat input into the materials
and the friction between the die and the material, thus forming PCGs
with coarse, randomly oriented grains [27,30]. Additionally, the un-
crystallized region within the material elongated in the direction of
metal flow, forming fibrous grains with a fine grain size and uniform
orientation, thus exhibiting strong texture [27,31]. For the SM base
metal, the surface was machined away to remove the PCGs from the AE
base metal, leaving only the fibrous grains. To ensure that the SM and AE
specimens had the same thickness, the extruded alloy sheet that was
used to prepare the SM specimens was 2 mm thicker than that used for
the AE specimens; thus, after machining away 1 mm from each side, the
SM specimens were of the same thickness as the AE ones.

As listed in Table 3, with the total power of the laser fixed at 3 kW,
the core/ring beam power ratio was set to 100:0, 70:30, 50:50, or 30:70,
and all other process variables were kept the same, as shown in Table 2.
To ensure the reproducibility of the results, three experiments were
performed for each set of conditions. As shown in Fig. 1(c), the welded
specimen was cut at sections A-A’ and B-B’ and etched with a 1 % NaOH
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(b) Surface machining of as-extruded base metal
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Fig. 1. Experimental setup: (a) schematic diagram of the experimental system used for the laser welding of extruded Al-Mg-Si alloy, (b) cross-sections and prep-
aration process of the AE and SM specimens, and (c) position of the cross-sectional analysis of the welds.

Table 1
Chemical composition (wt%) of the base metal.
Al Mg Si Mn Fe Cr Cu Ti Zn others
AA6082-T6 97.35 0.96 0.93 0.54 0.11 0.02 0.02 0.01 0.01 0.05
3. Results and discussion
Table 2
L 1di 3 L . L .
aser welding process parameters 3.1. Solidification cracking in laser welds of the extruded Al-Mg-Si alloy
Laser power (W) 3000
Wavelength (nm) 1030

Beam diameter (mm) Core beam: 0.1; Ring beam: 0.4;
Welding speed (m/min) 4

Laser head tilt angle (degree) 10

Focal position (mm) +0 (base metal surface)

Table 3
Experimental conditions.
Base metal Powerratio  Core beam power Ring beam power
condition (Core/ w) w)
Ring)
As—extruded 100:0 3000 0
(AE) 70:30 2100 900
50:50 1500 1500
30:70 900 2100
Surface machined 100:0 3000 0
(SM) 70:30 2100 900
50:50 1500 1500
30:70 900 2100

solution. An optical microscope (Olympus, DSX 110) was used to
examine the pores and cracks in the cross-section obtained from section
A-A’. In addition, field-emission scanning electron microscopy (FE-
SEM; Thermo Scientific, Quattro S) was used to analyse the fractography
of the observed cracks. Moreover, EBSD (EDAX-AMETEK Inc., Velocity
Super) was used to analyse the morphology, size, and orientation of the
grains in the cross-sections of the welded specimens obtained from
sections A-A’ and B-B’.

Fig. 2 shows optical micrographs of longitudinal cross-sections of AE
specimens under four different power ratios of core and ring beams. The
dashed line indicates the joint interface, while the dotted line indicates
the fusion line. As shown in Fig. 2(a—d), numerous cracks formed near
the joint interface under all conditions. To observe these cracks near the
joint interface in more detail, the areas within the dashed box for each
condition were magnified, as shown in Fig. 2(e-h). Porous cracks, in
which both pores and cracks appeared, and non-porous cracks, which
had no pores, were both observed in the weld zone of all AE specimens.
In addition, regardless of the type of crack, all cracks propagated in the
z-direction toward the top of the weld bead. Comparing the pores among
the four power ratios, the highest number of pores was observed when
only the core beam laser was used (i.e., core/ring = 100:0). Further-
more, among the dual-beam conditions, the core/ring = 70:30 ratio
resulted in the fewest pores. Meanwhile, the pore size increased with the
increasing power of the ring beam. In particular, when the power of the
ring beam was greater than that of the core beam (core/ring = 30:70),
not only did the pore size become the largest, but also, humping
occurred at the bead surface, as shown in Fig. 2(d).

Fig. 3 shows the longitudinal cross-section of the weld zone in the SM
specimens under four different core/ring power ratios. Similar to the AE
specimens, the cracks were primarily distributed near the joint interface,
as indicated by the arrows. In the magnified images of the dashed box
shown in Fig. 3(e-h), porous cracks appear for all SM conditions, similar
to those seen in the AE specimens. However, unlike the non-porous
cracks observed in all AE specimens, non-porous cracks are scarcely
visible to the naked eye in the SM specimens. This indicates that the
presence of PCGs distributed on the surface of the extruded alloy is
related to the formation of non-porous cracks. In addition, the formation
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Fig. 2. Longitudinal cross-sections of the weld zone in the AE specimens according to the core/ring power ratio: (a) 100:0, (b) 70:30, (c) 50:50, and (d) 30:70, and

(e-h) corresponding magnified images from the dashed boxes.
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Fig. 3. Longitudinal cross-section of the weld zone in SM specimens according to the core/ring power ratio: (a) 100:0, (b) 70:30, (c) = 50:50, (d) 30:70, and (e-h)

corresponding magnified images from the dashed boxes.

of pores under the four different core/ring power ratios showed a similar
trend in both AE and SM specimens, as shown in Fig. 3(a-d).

To verify whether the porous and non-porous cracks are both solid-
ification cracks, SEM-EDS analysis was performed on the cracks
observed in the longitudinal cross-section of the AE specimen. Fig. 4(a)
shows an SEM image of a porous crack, which is a crack propagating
from a pore, while Fig. 4(d) shows a non-porous crack formed in an area
without pores. These two types of cracks have different formation
mechanisms. Porous cracks occur when the liquid film along the grain
boundary tears due to thermal stress concentrated on the pores formed
during the solidification process of the molten pool [9,32]. In compared,
non-porous cracks occur when the liquid film along the grain boundary
tears because of thermal stress concentrated on cavities filled with liquid
instead of empty pores [9,32]. To further investigate the morphology of
the fracture surfaces of each crack, the dashed box areas were magnified,
revealing that both cracks exhibited a smooth dendritic fracture surface.
This type of surface is known to indicate the solidification of a liquid
film, which is ruptured by a solidification crack [33]. To determine

whether the dendritic fracture surface observed on the fracture surfaces
of each crack was formed by a liquid film, EDS line scanning was per-
formed to analyse the composition analysis along the lines indicated in
Fig. 4(a, d). The liquid film formed during the welding process of
Al-Mg-Si alloys was primarily composed of eutectic liquids such as
Mg-Si and Al-Fe-Si. Because Mg has a low boiling point (1091 °C),
leading to a high vaporization during the laser welding, the composi-
tions of remaining Si and Fe were investigated. As shown in Fig. 4(b), the
line scan results from an area without porous cracks indicated Si and Fe
compositions of approximately 1.04 and 0.27 wt%, respectively, which
are close to the chemical composition of the base metal listed in Table 1.
In contrast, the line scan across the porous crack showed Si and Fe
contents as high as 23 and 4 wt%, respectively, near the porous crack
region, as illustrated in Fig. 4(c). Similarly, as shown in Fig. 4(e), the line
scan of line e indicated Si and Fe compositions with those in line b.
However, the line scan across the non-porous crack, represented by line
f, showed increases in the Si and Fe compositions to as much as 23 and 8
wt%, respectively, as depicted in Fig. 4(f). This indicates the segregation
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Fig. 4. Magnified images of the cracks observed in the longitudinal cross-section view of the weld zone in AE specimen applying core beam laser (Core/Ring =

100:0): (a) porous crack, (b) none-porous crack.

of Si and Fe along the propagation paths of both the porous and non-
porous cracks. This segregation identified in porous cracks and non-
porous cracks demonstrated that both types of cracks are solidification
cracks formed by tearing of the liquid film. Among the constituent ele-
ments of the AlI-Mg-Si alloy, Si and Fe have relatively lower solubility
and diffusivity in the Al matrix than the other elements [34,35].
Therefore, as the dendrites grow at the solid-liquid interface of the
molten pool, Si and Fe are constantly rejected into the liquid [36,37].
Consequently, the residual liquid enriched with Si and Fe has a lower
solidification temperature owing to the constitutional supercooling ef-
fect, thereby delaying solidification compared to that of Al [38]. As a
result, during the final stages of solidification (solid fraction >0.9), the
eutectic liquid enriched with Si and Fe remains at the grain boundaries,
forming a liquid film. In summary, the dendritic fracture surface and the
segregation of Si and Fe near the cracks confirm that the porous and non-
porous cracks observed in Figs. 2 and 3 are both internal solidification
cracks formed during the solidification of the molten pool.

To quantitatively compare the influence of the dual-beam laser and
surface machining on the formation of the internal cracks, the number of
cracks and the area fraction of pores were measured in magnified lon-
gitudinal cross-sectional views of each specimen. Fig. 5 shows the
measured number of cracks and the area fraction of pores observed
under each condition in the weld zones of AE and SM specimens. In the
bar graphs, the numbers of porous and non-porous cracks are repre-
sented as blue and orange, respectively, with the total number of so-
lidification cracks being the sum of both types of cracks. The area
fraction of pores, shown as a black line, represents the ratio of the total
area of pores to the total area of the weld zone. To ensure the repro-
ducibility of the results, the area fraction of pores and the numbers of
both types of cracks were averaged from three cross-sections obtained
under each condition. As shown in Fig. 5(a), the number of porous

@ As-extruded (AE) specimen
' ‘ I Porous crack

1/Z7ZZ| Non-porous crack
—a— Area firaction of porcs

Number of cracks
38
Area fraction of pores (%)

%”'J/{//A & 2

7

0 C g Ci g C g Cy 2=30:70 0
‘Welding condition

cracks in the AE specimens welded under core/ring power ratios of
70:30 and 50:50 was 73 % and 27 % lower, respectively, than that in the
specimen welded using only core beam laser (100:0). Conversely, more
porous cracks appeared with a power ratio of 30:70 (i.e., a higher ring
beam power). To understand this trend in the occurrence of porous
cracks, the area fraction of pores, which initiate porous cracks, was
analysed for each condition. The results showed that, similar to the trend
in the porous crack occurrence, the pore area fraction was lowest under
the core/ring power ratio of 70:30, and the area fraction of pores
increased with increasing ring beam power. This reduction in pores
when using a dual-beam laser is due to changes in the behaviour of the
molten pool and keyhole depending on the core/ring power ratio. Ac-
cording to Li et al. [39], when the power of the core beam is greater than
that of the ring beam, the ring beam helps to alleviate the temperature
gradient on the surface of the molten pool, stabilizing the melt flow and
thus reducing the collapse of the keyhole. However, when the power of
the ring beam is greater than that of the core beam, the decreased power
density leads to a lower recoil pressure for keyhole formation, resulting
in an unstable molten pool and the formation of larger pores [40]. On
the other hand, the non-porous cracks observed in the AE specimens
welded under the dual-beam laser at all ratios decreased with respect to
those welded using only the core beam laser (core/ring = 100:0). Among
the three dual-beam conditions, the condition with a power ratio of
30:70 showed the fewest non-porous cracks, but the higher power of the
ring beam led to the excessive formation of pores in the unstable molten
pool, increasing the number of porous cracks with respect to that with
only the core beam laser. In comparison, the power ratio of 70:30
resulted in a significant reduction in both porous and non-porous cracks
with 100:0 (core beam only), resulting in the fewest total number of
cracks. The influence of the power ratio on non-porous cracks is due to
changes in the temperature gradient of the molten pool caused by the

(b) Surface-machined (SM) specimen
BN Porous crack

VZZZZ Non-porous crack .
30 —u— Area fraction of pores

Area fraction of pores (%)

Core/Ring=100:0  Core/Ring=70:30 ~ Core/Ring=50:50 Core/Ring=30:70
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Fig. 5. Number of cracks and area fraction of pores measured in the longitudinal section of the weld zone according to the base metal: (a) AE and (b) SM.
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ring beam, which alters the microstructure of the weld associated with
crack propagation. The effect of the microstructural differences in the
welds caused by the coaxial dual-beam on the formation of internal
solidification cracks is discussed in Section 3.2.

Fig. 5(b) shows the measured number of cracks and the area fraction
of pores in the weld zone of the SM specimens, where the PCGs on the
surface of the extruded alloy were removed. The number of porous
cracks and the area fraction of pores, which act as initiators for these
cracks, were lowest under the condition with a core/ring power ratio of
70:30 among the four power ratio conditions. Additionally, when using
a coaxial dual-beam, increasing the ring beam power increased both the
number of porous cracks and the area fraction of pores. In other words,
the porous cracks observed in the SM and AE specimens exhibited
similar trends depending on the core/ring power ratio. Unlike the results
for porous cracks, all SM specimens exhibited significantly fewer non-
porous cracks than the AE specimens. This indicates that the differ-
ence in the microstructure of the welds due to the removal of PCGs from
the extruded material during surface machining is associated with the
reduction of non-porous cracks. The effect of these microstructural dif-
ferences in the base metal caused by surface machining on the formation
of internal solidification cracks is discussed in Section 3.3. To sum up the
results of both AE and SM specimens, the total number of cracks in the
SM specimen using the core/ring power ratio of 70:30 was approxi-
mately 91 % lower than that in the AE specimen using the core beam
(100:0), representing the most significant reduction in solidification
cracks. This indicates that the application of both surface machining and
a dual beam (core/ring = 70:30) during the laser welding process of
extruded Al-Mg-Si alloy provides the most effective reduction in so-
lidification cracks. Additionally, as shown in Supplementary Fig. S1,
comparing the average lengths of the cracks between the AE and SM
specimens did not show a significant difference.

3.2. Effect of the coaxial dual-beam laser on solidification cracking

To investigate the reason for the reduction in internal cracks when
using the dual-beam laser compared to the core beam laser, EBSD
analysis was performed on the cross-sectional microstructure of the weld
zone, as shown in Fig. 6. For the EBSD analysis, the conditions selected
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for both the AE and SM specimens were the core/ring power ratio of
70:30, which showed the most significant reduction in solidification
cracks, and the core beam only (i.e., core/ring = 100:0). As shown in the
inverse pole figure (IPF) map images of the longitudinal section of the
weld zones in Fig. 6(a-d), equiaxed grains are commonly distributed in
the upper and lower regions under all conditions, while columnar grains
grown in the YZ direction are distributed between the two equiaxed
grain regions. The magnified images of the CGZ for each condition in
Fig. 6(e-h) reveal that internal cracks propagate along the columnar
grain boundaries in the YZ direction. The propagation direction of these
cracks matches the propagation direction of the porous and non-porous
cracks observed in Fig. 2 and Fig. 3. To examine the differences in the
distribution of columnar grains where internal cracks occur depending
on the type of laser, the grain shape aspect ratio (GSAR), which distin-
guishes columnar grains from equiaxed grains, was analysed. GSAR is
the ratio of the major axis to the minor axis of the ellipse inscribed
around a grain, and grains with a GSAR of 0.33 or less can be classified
as columnar grains [41]. The colour map images in Fig. 6(i-1) show the
GSAR divided into five levels, with the areas enclosed by dotted lines
representing the CGZ, and the remaining areas representing the EGZ. As
shown in Fig. 6(i, k), when only the core beam laser was applied, the
CGZ and EGZ were mixed at the joint interface, as indicated by the
dashed line. In contrast, when the dual beam was applied (Fig. 6(j, 1),
equiaxed grains formed at the joint interface. This indicates that the dual
beam reduces the distribution of columnar grains and increases the
distribution of equiaxed grains at the centre of the weld.

To quantitatively confirm the distribution of columnar grains and
equiaxed grains at the joint interface depending on the type of laser, the
size and morphology of the grains were measured, as shown in Fig. 7.
Fig. 7(a—d) shows the average grain size measured at the joint interface
under each condition, and Fig. 7(e-h) shows the distribution of CGZ and
EGZ at the joint interface based on the GSAR. Comparing the measure-
ments for the AE specimens under the conditions using the core beam
laser and the dual-beam laser, the dual beam decreased the average
grain size at the joint interface from 136.795 to 66.702 pm and increased
the fraction of EGZ from 54.31 % to 89.55 %, as shown in Fig. 7(a, b, e,
f). Similarly, in the SM specimen, comparing the conditions using the
core beam laser and the dual-beam laser, the dual beam decreased the
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Fig. 6. EBSD results of longitudinal sections for (left to right) the AE specimen with the core beam laser (100:0), the AE specimen with the dual-beam laser (70:30),
the SM specimen with the core beam laser (100:0), and the SM specimen with the dual-beam laser (70:30): (a—d) IPF maps, (e-h) enlarged images of solidification

cracks in the IPF maps, and (i-1) GSAR maps.
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according to the fraction of each GSAR at the joint interface.

average grain size at the joint interface and increased the fraction of
EGZ, as shown in Fig. 7(c, d, g, h). This indicates that the dual-beam
laser (core/ring = 70:30) resulted in grain refinement by increasing
the distribution of fine equiaxed grains at the weld centre in both AE and
SM specimens.

The differences in grain size and grain morphology resulting from the
use of the dual-beam laser are attributed to the ring beam surrounding
the core beam during welding. When using only the core beam, which
has a conventional Gaussian energy distribution, a significant energy
difference occurs between the centre and the edges of the laser-
irradiated area. In contrast, the dual-beam laser, consisting of a core
beam and a surrounding ring beam, decreases the energy difference
between the centre and edges of the irradiated area owing to the heat
input from the ring beam. This smaller difference in the energy distri-
bution caused by the ring beam in turn mitigates the temperature

gradient within the molten pool formed during the laser welding process
[42]. According to Kou et al. [43], the grain size can be expressed as the
product of the temperature gradient (G) and the growth rate (R), and
lower G/R values result in a grain morphology of equiaxed grains.
Therefore, when welding with a dual-beam laser, the decrease in G
within the molten pool leads to grain refinement, increasing the fraction
of equiaxed grains. This grain refinement increases the number of grain
boundaries per unit area. In particular, if the grains near the joint
interface, where thermal stress is concentrated, become finer, this stress
is dispersed, suppressing the propagation of solidification cracks. Hence,
the reduction in non-porous cracks observed in the longitudinal section
of both AE and SM specimens when using a dual-beam laser (core/ring
= 70:30), as shown in Fig. 5, can be attributed to the grain refinement
resulting from the lower temperature gradient occurring under the dual-
beam laser compared to that under only the core beam.
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3.3. Effect of surface machining on the solidification cracking

To investigate why internal solidification cracking occurs less
frequently in SM specimens, where PCGs are removed through surface
machining, than in AE specimens, where the PCGs are distributed on the
surface of extruded materials, EBSD analysis was performed on trans-
verse cross-sections of both the AE and SM specimens. Fig. 8(a) sche-
matically illustrates the weld observed in the transverse cross-section.
The dotted and dashed lines represent the fusion line and joint interface,
respectively. Within the weld zone, the three regions (the upper sheet
zone, the joint interface zone, and the lower sheet zone) denote the
specific areas analysed for microstructural variations in the weld region,
influenced by the textures of AE and SM specimens. As shown in Fig. 8(b,
j), PCGs are distributed in the base metal region near the joint interface
in AE specimens. In contrast, in SM specimens, the PCGs have been
removed; thus, the base metal region is composed entirely of fine grains,
as shown in Fig. 8(f, n). As shown in the pole figures of Fig. 8(c, e), in the
AE specimens welded using a core beam laser, the grains in the upper
and lower sheets grow from the fusion line with relatively uniform
crystal orientations. In contrast, near the fusion line in the joint inter-
face, a variety of grain orientations are observed, as shown in Fig. 8(d).
Furthermore, the multiples of uniform distribution (MUD) value, which
indicates the strength of the grain orientation, is lower around the joint
interface than those in the upper and lower sheets. As shown in the pole
figures of Fig. 8(g-i), in the conditions where the core beam laser was
applied to the SM specimens with PCG removed through surface
machining, it can be observed that grains with relatively uniform crys-
tallographic orientation grow not only in the upper and lower sheet
zones but also in the joint interface zone from the fusion line. When
comparing the MUD values in these three zones of the SM specimens
welded using the core beam laser, a high intensity of over 9.5 was
observed in all three zones. Moreover, this difference of grain orienta-
tion in the weld zones of the AE specimens and the SM specimens, when
welded using the core beam laser, was also found in the specimens
welded using the coaxial dual-beam laser, as shown in Fig. 8(k-m) and
Fig. 8(0-q). The reason for this texture difference in the weld zones of AE
and SM specimens is that the orientation of the columnar grains growing
from the fusion line is influenced by the texture of the base metal. In AE
specimens, where PCGs are distributed on the surface, fibrous grains
with a relatively uniform orientation form inside the upper and lower
regions of the sheets owing to metal flow during the extrusion process.
However, on the surface of the material, PCGs with random crystal
orientations form because of abnormal recrystallization. As a result, in
the upper and lower sheet portions of the weld zone, grains with rela-
tively uniform texture grow along the fusion line from the fibrous grains,
whereas near the joint interface, where PCGs are heavily distributed,
coarse columnar grains with diverse orientations grow epitaxially along
the fusion line. In the SM specimens, the removal of the PCGs, which
cause the growth of columnar grains with diverse orientations, results in
a fibrous grain texture in all regions of the base metal, leading to a highly
oriented texture in the columnar grains across all three regions.

To investigate the impact of the difference in grain texture between
the AE and SM specimens on the reduction of internal solidification
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cracks, the misorientation angle (6) of columnar grains growing along
the fusion line in the joint interface region was measured in each spec-
imen. As shown in Fig. 9(a), in the joint interface region of AE specimens
welded using the core beam only, which exhibited various grain orien-
tations, the fraction of high-angle grain boundaries (HAGBs, 6 > 15°)
was larger than that of low-angle grain boundaries (LAGBs, 6 < 15°). In
contrast, as shown in Fig. 9(b), near the joint interface in SM specimens
welded with the core beam laser, which exhibited relatively uniform
grain orientation, the fraction of LAGBs was larger than that of HAGBs.
This difference in grain boundaries was also observed in the dual-beam
specimens, as shown in Fig. 9(c, d). To sum up, columnar grains with
various orientations predominantly contained HAGBs, whereas a more
uniform grain orientation increased the distribution of LAGBs. Accord-
ing to Ma et al. [44], columnar grains with HAGBs are more susceptible
to solidification cracking than columnar grains with LAGBs because a
liquid film forms more easily at these grain boundaries. Therefore,
reducing the distribution of HAGBs and increasing the distribution of
LAGBs in the CGZ can decrease the susceptibility to solidification
cracking. Consequently, the fewer occurrences of non-porous cracks in
SM specimens than in AE specimens was attributed to the decreased
fraction of HAGBs in the CGZ, where internal cracks primarily form. This
result confirmed that removing the PCG, which is the characteristic
texture of extruded Al-Mg-Si alloys, through machining away the sur-
face before the laser welding process suppresses the formation of
HAGBSs, thereby reducing internal solidification cracks.

4. Conclusion

This study proposed a novel strategy for mitigating the internal so-
lidification cracking that occurs during the laser welding of extruded
Al-Mg-Si alloys by tailoring the microstructure of base and weld metal.
The key findings of this study are as follows.

1. In the laser welding of as-extruded Al-Mg-Si alloy, columnar grains
with HAGBs grew epitaxially from the PCGs distributed on the sur-
face of the base metal. In contrast, in the laser welding of surface-
machined Al-Mg-Si alloys, columnar grains with LAGBs, which
have lower susceptibility to solidification cracking, grew epitaxially
along the fusion line of the weld metal

2. Using a coaxial dual-beam laser with a core/ring power ratio of
70:30 resulted in the formation of the fewest pores and increased the
amount of equiaxed grains at the joint interface compared with using
a conventional core beam laser. Accordingly, porous cracks, which
are initiated from pores, and non-porous cracks, which mainly form
in the CGZ, were both mitigated

3. The proposed method, which removes the PCGs formed on the sur-
face of as-extruded alloys and then uses a dual-beam laser with a
core/ring power ratio of 70:30, can simultaneously refine grains and
suppress the formation of HAGBs. Consequently, this combined
strategy mitigated the amount of internal solidification cracks by
approximately 91 % with respect to that in as-extruded alloys welded
using the core beam
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