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Abstract: In this paper, the laser beam oscillation welding (LBOW) was utilized to weld a 2 mm thick
AA2060 aluminum-lithium (Al-Li) alloy plate. The weld pool behaviors under three scanning paths
(pure laser, O-shaped, and co-shaped) were investigated. It was observed that the O-shaped scanning
path resulted in the most stable welding process. In addition, the weld macroscopic formation,
microstructure, and mechanical property between different paths were studied. The results showed
that pure laser and co-shaped patterns produced welding defects such as spatters and collapse during
the welding process, while the O-shaped pattern exhibited good macroscopic formation at varying
laser powers. The O-shaped pattern promoted the finest grain in the weld center and reduced the heat
input during the welding process. The equiaxed grain zone (EQZ) width of the O-shaped pattern is
the smallest compared to the other two patterns at high laser power. In addition to this, the O-shaped
pattern could effectively reduce the porosity in the weld. When an O-shaped scanning pattern was
adopted at the ideal laser power parameter of 3000 W, the microhardness of the weld center increased
by approximately 5.6% compared to pure laser mode.

Keywords: aluminum-lithium alloy; laser beam oscillation welding (LBOW); weld pool behavior;
microstructure; mechanical property

1. Introduction

Replacing the traditional aeronautical Al alloys with Al-Li alloys is of great value
to enhance the comprehensive properties of aerospace equipment [1]. The addition of
lithium elements to aluminum alloys results in the formation of Al-Li alloys that retain
high-strength, excellent corrosion resistance, and fatigue resistance, while simultaneously
reducing specific gravity and enhancing stiffness [2,3]. Consequently, Al-Li alloys hold
promising prospects for utilization in contemporary aerospace manufacturing [4,5]. Laser
beam welding offers several benefits, including a high energy density, minimal heat input,
absence of mechanical contact, and the ability to weld various materials [6,7]. Laser
beam welding achieves optimal welds with a high ratio of depth-to-width, a restricted
heat-affected zone, minimal deformation, and excellent mechanical qualities due to its
significant energy density [8,9]. When the laser beam is welding high-strength aluminum
alloys, it will appear to have high reflectivity, spatter, high porosity, and a joint softening
phenomenon [10,11]. These problems seriously restrict the application of laser beams in
the aluminum alloy welding field. Laser beam oscillation welding (LBOW) is a new type of
welding method that uses a galvanometer-type laser head; it can control the beam in a high
frequency under different paths, and has many advantages, such as grain refinement, low
porosity, and mechanical property strengthening of joints [12,13].
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Numerous scholars have conducted studies on the process of laser beam oscillation
welding. Thiel [14] demonstrated that the welding efficiency was notably enhanced in
laser scanning welding compared to pure laser welding, while the susceptibility of the
welding process to focus drift was diminished. The welding process became more efficient
as the sensitivity to focal point drift decreased. Ai [15] developed a three-dimensional
numerical model to investigate the dynamic behavior characteristics of the weld pool in
oscillatory laser welding, and found that the vortices formed in the weld pool-induced
complex fluid flow characteristics. Chen [16] employed an co-shaped scanning mode for
welding 5052 aluminum alloy. The results showed a significant increase in both the depth
and width of the co-shaped weld compared to a pure laser weld. Similarly, Wang [17]
utilized three different scanning paths of the laser beam to weld 5A06 aluminum alloy.
The experiments demonstrated that the weld seam under infinitely shaped laser path was
effective in reducing the porosity of the weld zone. The cooling rate during the welding
process was an important factor affecting the mechanical properties of the material [18,19];
LBOW changed the thermal input of conventional lasers, thus the cooling rate changes.
Zhang [20] employed an oscillating laser to join mild steel and observed that the oscillating
laser effectively restrained grain enlargement by changing the linear velocity of the laser
beam, and enhanced the tensile strength of welded joints. Zhang [21] examined the
fundamental mechanism of the O-shaped scanning laser welding process by the application
of computational fluid dynamics methodology. The results demonstrated that the O-shaped
scanning laser diminished the maximum temperature and temperature gradient while
generating a novel vortex within the weld pool, which increased the cooling rate of the
weld, thus improving the mechanical properties of the weld seam. In a study conducted
by Smith [22], dissimilar metal welding tests were performed using a laser scanning
welding procedure with an O-shaped scanning pattern. By accurately manipulating the
scanning profile, velocity, and laser intensity, it was possible to effectively manage the heat
input in the welded joint, increasing the degree of subcooling and improving mechanical
properties. Conversely, it allowed for the regulation of the fusion depth of the joint,
effectively suppressing the formation of brittle intermetallic compounds during the welding
procedure. Nevertheless, the investigation into the impact of different scanning trajectories
on the weld pool shape and joint strength lacks thoroughness. This study investigates the
forming mechanism of laser beam oscillation welding in the AA2060 Al-Li alloy using
three scanning paths, as follows: pure laser, O-shaped, and co-shaped. The research aims
to offer fundamental theoretical support for the laser beam oscillation welding process of
Al-Li alloy.

2. Experimental Procedures
2.1. Materials

The dimension of the AA2060-T8 Al-Li alloy plate utilized for the experiment was
150 mm x 50 mm x 2 mm, and its chemical composition was presented in Table 1. The
heat treatment state was T8, which meant that the solid solution treatment was followed by
cold deformation and subsequent artificial aging, and the temperature of it was 155 °C.

Table 1. Chemical composition of AA2060-T8 (wt. %) [23].

Element

Cu

Li

Zn Mg Mn Zr Ag Si Fe Ti Al

Percent

3.9

0.8

0.32 0.7 0.29 0.1 0.34 0.02 0.02 <0.1 Bal.

2.2. Equipment and Methods

As depicted in Figure 1, the welding experiment employed a single-module continuous
fiber laser (MFSC 5000 W-6000 W) with a maximum power output of 6000 W. The laser
welding defocusing amount was 0 mm. The laser beam wavelength was 1064 nm, the
pass aperture was 30 mm, the quasi-diameter focal length was 100 mm, and the focused
spot diameter was 0.2 mm. Pure argon (99.99%) was employed as the shielding gas
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with flow rates of 15 L/min. The High-Speed Camera (KeTianjian, Changsha, China)
was utilized to capture photographs with an exposure time of 45 ms, a frame rate of
2200 Hz, and a pulse width time of 45 ms. The diagram illustrating the structure of laser
welding is shown in Figure 1. The scanning trajectory is depicted in Figure 2. The beam
trajectory was determined by the deflection of the beam deflector, which was controlled by
two galvanometer motors operating in orthogonal directions. The beam was swiftly shifted
within a specific range to achieve scanning trajectories that were pure laser, O-shaped, and
co-shaped. The welding parameters are shown in Table 2.

Parameters

Setting

MFSC 6000W
Lo

Control station
T/ -

/ 1 Back
shielding

Gas nozzle
Welding direction

AA2060 sheet

Light
beam

High speed
camera

Figure 1. Schematic diagram of the experimental set-up.
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Pure laser
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Figure 2. Schematic diagram of the scanning paths and beam tracks.
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Table 2. Welding parameters.
. Welding Speed V Scanning Scanning
Sample Scanning Path Laser Power P (W) (mm/s) Frequency F (Hz) Amplitude A (mm)
1 Pure laser 3000 35 0 0
2 O-shaped 3000 35 100 1
3 oco-shaped 3000 35 100 1
4 Pure laser 3500 35 0 0
5 O-shaped 3500 35 100 1
6 oco-shaped 3500 35 100 1

Prior to welding, it was necessary to polish and clean the test plate, and then it was
wiped with ethanol to eliminate any surface debris and contaminants. After welding, the
metallographic specimen was prepared by making a line cut perpendicular to the welding
direction. Subsequently, it was corroded using Keller’s reagent (with a volume ratio of
H,O: HF: HCL: HNOj3 = 95:1:1.5:2.5) after embedding, roughing, grinding, and polishing.
We utilized the Tescan vega3 scanning electron microscope to observe the microstructure,
and employed a Vickers microhardness tester to measure the hardness of the joints. The
hardness testing was conducted along the transverse centerline of the joints. As depicted in
Figure 3, the hardness sampling points were spaced at intervals of 0.25 mm and 0.5 mm
away from the sheet surface. A loading load of 100 g for a sustained loading time of 15 s
was applied. As for the microhardness measurement, each microhardness value was the
average obtained under the condition of taking three samples for three hardness tests. The
confidence interval was 95%, and standard deviation was 1.9% after reviewing the related
standards and taking into account experimental errors.

ﬂ 0.5 mm [«

Test

Base Metal

Weld Seam

2 mm

points

ITmm

<
-

) J

6 mm

Figure 3. Schematic diagram of the microhardness.

3. Results and Discussion
3.1. Macrostructure

Tables 3 and 4 display the impact of scanning pathways on the surface morphology and
cross-section morphology of the weld at different laser power levels. Observations reveal
that with a laser power of 3000 W, the surface of the pure laser weld exhibits unevenness,
noticeable oxidation, a high concentration of spatters surrounding the weld, and a slight
undercut. Upon transitioning to the scanning laser welding technique, there is a notable
alteration in the surface configuration of the weld. When the scanning path is O-shaped,
the width of the weld path increases significantly, resulting in a uniform silver-white fish
scale pattern on the weld surface without oxidation. Additionally, the number of spatters
around the weld decreases significantly. On the other hand, when the scanning path is
oo-shaped, the width of the weld path is similar to the O-shaped one. However, the weld
surface is less scaly and exhibits better uniformity and smoothness. Nevertheless, when the
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laser power is elevated to 3500 W and the scanning path is either pure laser or co-shaped,
varying levels of undercollapse manifest at the rear end of the weld as a result of heat
accumulation, and there is an increased presence of spatter surrounding the weld. At this
level of power, the weld production of the O-shaped scanning route remains superior,
exhibiting a smooth surface and absence of spatter. Additionally, the breadth of the weld
path shows minimal variation at this power level. Hence, it is evident that the utilization of
the O-shaped scanning laser welding technique results in improved weld zone formation

and enhanced process stability.

Table 3. Surface forming and cross-section morphology of AA2060 weld joints under 3000 W.

Process Parameters Top-Surface

Cross-Section

SEVBASIB Y T AT

Pure laser
Welding Direction *
R TATR T A
;.;._.._',_a« o S e
ST
= i
O-shaped 11 REREEDE
Welding Direction gy 500um
¢ I I
oo-shaped
500pm
Table 4. Surface forming and cross-section morphology of AA2060 weld joints under 3500 W.
Process Parameters Top-Surface Cross-Section
Pure laser
O-shaped

oo-shaped

500um
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As shown in Figure 4, at a laser power of 3000 W, the pure laser produces the smallest
weld width in the weld, while the co-shaped scanning path produces the largest melt width.
This is because the O-shaped and co-shaped scanning paths increase the heated area of the
weld, leading to an increase in weld width. Additionally, when the scanning paths overlap
in a straight line, the weld depth of fusion remains relatively unchanged, regardless of the
scanning path. It is evident that the scanning path has a more pronounced impact on the
width of the melted area when lower power levels are used. Increasing the laser power to
3500 W results in the greatest weld depth of fusion when using the pure laser. Conversely,
the co-shaped scanning path yields the smallest weld depth of fusion. However, the weld
width remains constant regardless of the scanning path. This is because, at higher power
levels, most of the heat is concentrated in the direction of the weld depth of fusion when
no swing is applied. On the other hand, the O-shaped and co-shaped paths have weaker
effects on the depth of fusion than pure laser due to their larger amplitudes, which causes
the heat to propagate more rapidly than pure laser.

7 Sk .
(@) | P: 3000W Weld depth: 1.1mm L3 (o) [ P: 3500W Weld width: 3.0mm
14} J
E13}
L B
| .3
=12k
=2
L
i =
1.1 l
B 1.0 ’—1—‘
Pure laser O-shaped w-shaped Pure laser O-shaped w-shaped
Scanning Path Scanning Path

Figure 4. (a) Weld width under different scanning paths and (b) weld depth under different scan-
ning paths.

3.2. Weld Pool Behavior

High-speed cameras were employed to capture the flow behavior of the weld pool
throughout a single cycle under each of the three scanning paths in order to examine the
process by which welded connections are formed. The resulting data are presented in
Figures 5 and 6.

As depicted in Figure 5a, using a 3000 W laser during the pure laser welding process,
a significant portion of laser energy is absorbed by the hole, leading to an elevation in the
internal temperature of the hole. Instead, it causes substantial fluctuations in the weld pool
and the generation of a substantial amount of plasma and metal vapor. The directional
movement of the weld pool is caused by the surface tension gradient of the liquid metal,
which is influenced by Marangoni convection. In this scenario, the weld pool oscillation
causes some of the molten metal to be expelled when the plasma is emitted from the base
metal surface. As a result, spatters are prone to forming on the weld surface.
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Figure 5. High-speed camera images of 3000 W laser welding: (a) pure laser, (b) O-shaped, and
(c) co-shaped.

L $5r e =) Weld pool i"" )
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Figure 6. High-speed camera view of 3500 W laser welding: (a) pure laser, (b) O-shaped, and
(c) co-shaped.
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Figure 5b, shows that in the O-shaped scanning welding process, after adopting the O-
shaped path, the bursting of plasma/metal vapor is closely related to the change in the laser
beam position. As the laser beam position keeps changing, the orientation of plasma also
moves, resulting in a decrease in the amount of heat absorbed by the hole. Consequently,
this suppresses the bursting of the plasma and the metal vapor. Simultaneously, the velocity
of the laser spot’s motion is greatly augmented, resulting in the continuous fluctuations
in the laser beam position. This dynamic alteration enhances the extent of the impact
of the laser beam on the liquid metal, decelerates the rate at which the weld pool cools,
reduces the fluctuation of the liquid metal, aids in stabilizing the weld pool, and effectively
enhances the uniformity of the weld formation. Furthermore, when compared to the pure
laser, the size of the opening in the O-shaped scanning path increases. However, this
change in size is relatively gradual and does not exhibit significant fluctuations over time.
The high-speed camera shows that the fluctuation of the weld pool surface is relatively
smooth, and the splashing phenomenon is significantly reduced.

As can be observed in Figure 5c, in co-shaped scanning path laser welding, the volume
of plasma and metal vapor is considerably decreased compared to the pure laser welding
condition. In this process, the plasma undergoes minimal oscillation while the laser beam
follows a distinct “co” path. The laser beam first melts the alloy at the front end of the weld
pool at high temperatures, and then heats the metal at the back end twice as it advances to
the back end of the weld pool. The weld pool experiences rapid oscillation, resulting in
repeated cycles of cooling, solidification, and heating, leading to a decrease in plasma burst.

As shown in Figure 6a,b, when the laser power is 3500 W, the fluctuation in the size
of the weld pool during pure laser and O-shaped scanning welding is comparable to that
observed at 3000 W. In Figure 6¢, under the oco-shaped scanning path, the laser power is
elevated, resulting in repeated heating of the weld pool and a substantial increase in heat
input. The accumulation of heat results in the concentration of heat in the central and
posterior regions of the weld, ultimately resulting in the collapse of the liquefied metal pool
and the production of substantial quantities of plasma gas and spatter. This phenomenon
suggests that when using high power conditions, the thermal treatment of the weld pool
during laser welding with a co-shaped scanning path becomes unstable. This instability
leads to a notable rise in plasma gas and spatter, which has a negative impact on the quality
of the weld.

Based on the analysis of the laser scanning weld shaping law, it showed that in the
LBOW process, the laser beam constantly changes position. This process can produce two
effects. Firstly, it stirs the weld pool, increasing the fluidity of the molten metal to become
larger compared to a pure laser case, which allows for stable welding even at lower laser
power. Secondly, the continuous movement of the laser beam increases the heating range
and the volume of the weld pool that reduces the generation of plasma and metal vapors,
resulting in a significant reduction of spatter. An extensive analysis of the outcomes in the
two conditions of 3000 W and 3500 W demonstrates that O-shaped scanning laser welding
is minimally influenced by the laser power, it exhibits the highest level of stability in the
welding process, and achieves an optimal weld shape.

3.3. Microstructure
3.3.1. Crystal Morphology

In order to investigate the characteristic of weld microstructure in the Al-Li alloy
during various laser scanning path welding procedures, a scanning electron microscope
was utilized to examine the weld structure subsequent to welding. Figure 7 is a schematic
diagram of the microstructure of an Al-Li alloy joint, and Figure 8 is the metallographic
picture of the actual weld. The weld joint is categorized into four regions based on the
heat condition, as follows: the base metal (BM), heat-affected zone (HAZ), transition zone
(TZ), and weld zone (WZ). The transition zone consists of the equiaxed grain zone (EQZ)
and the partially melted zone (PMZ). The EQZ is a unique fine-grain region between
the HAZ and WZ of Al-Li alloy. Several studies have examined the process by which
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Equiaxed

dendrites -

this region is formed [24-26]. Generally, the weld zone includes columnar dendrites and
equiaxed dendrites.

PMZ m Columnar dendrite

‘ EQZ * Equiaxed crystal

Figure 7. Schematic diagram of microstructure of Al-Li alloy joint.

EQZ— ;

Columnar
dendrites

Figure 8. Typical weld metallograph.

During the initial stage of solidification in the weld pool, elevated temperatures and
increased welding speeds result in greater temperature differences and faster formation of
crystals. In the region of the fusion line near the edge of the weld pool, the temperature
is relatively low, making it difficult for the grains to grow, and thus, an EQZ is formed.
Figures 9 and 10 show that when the laser power is 3000 W, the EQZ width is 21.76 um with
pure laser, the O-shaped scanning EQZ width is 17.73 um, and the co-shaped scanning EQZ
width is 13.69 um; when the laser power is increased to 3500 W, the EQZ width is 18.71 um
with pure laser, the O-shaped scanning EQZ width is 13.73 um, and the EQZ width of
co-shaped scanning is 18.71 um. Additionally, the width of the columnar dendrites near the
fine crystal region also decreases. This phenomenon occurs because the rotational motion of
the laser focus alters the temperature gradient of the solid-liquid interface on both sides of
the weld pool, specifically in the width direction. As a result, this change affects the process
of associative crystallization and ultimately reduces the size of the columnar dendrites.
The EQZ zone expands when using oco-shaped scanning at 3500 W. The reason for this is
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that the co-shaped scanning applies heat to the weld pool after increasing the laser power.
This leads to an excessive amount of heat being applied, and causes fragmentation in the
columnar dendrites zone.

D=21.76pm;

Figure 9. SEM of EQZ: (a) 3000 W pure laser, (b) 3000 W O-shaped, (c) 3000 W co-shaped, (d) 3500 W
pure laser, (e) 3500 W O-shaped, and (f) 3500 W co-shaped.

Purelaser it a5 O-shaped ‘ '. reeNE | m-shaped

2 v
columnar dendrltes = columnar dendntes g columnar ;lendrltes m

Figure 10. SEM of the columnar dendrites at 3000 W. (a) Pure laser, (b) O-shaped, and (c) co-shaped.

When the laser power is 3000 W, pure laser welding and O-shaped laser welding
yields a weld with no pores. co-shaped laser welding has a small number of pores in the
EQZ. When the laser power is 3500 W, pure laser welding yields a weld with larger pores.
This is due to the rapid cooling of the weld pool, which prevents the gas from overflowing
in a timely manner. The O-shaped laser welding process, due to the laser stirring effect in
the weld pool and the stability of the welding process, results in the absence of any obvious
pores. In contrast, the co-shaped laser welding process, due to the high power welding
process instability coupled with a large area of remelting, can easily lead to the inclusion of
air in the weld pool, resulting in the formation of pores. The round laser welding, which is
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characterized by the laser stirring in the weld pool and the stability of the welding process,
does not appear for the formation of any discernible pores. In contrast, the co-shaped laser
welding, which is associated with the high power welding process and a large area of
remelting, is prone to the inclusion of air in the weld pool, which in turn gives rise to the
formation of pores.

Figure 10 shows that the high-speed scanning motion of the laser will make the
direction of the heat source in the weld continuously change; according to the theory of
grain directional growth, the change in the heat source trajectory will inhibit the growth of
the columnar dendrites directionality, and will not lead to the emergence of a significant
direction of columnar dendrites [27], which can reduce the tendency of the weld cracks.

Figure 11, shows that the grains in the middle of the weld coarsen after adopting the
scanning trajectory. Research has demonstrated [28] that the movement of heat and the
redistribution of solute elements during the solidification of a weld greatly impact crystal
growth. In the case of laser welding of Al-Cu-Li alloys, the initial phase x-Al (gray area)
solidifies first. The alloying elements, including Li, Mg, and Cu, become concentrated
at the front of the crystalline structure, forming a eutectic arrangement that precipitates
around o-Al. The rotational nature of the laser spot leads to localized repeated heating,
greater heat input, and extended grain development time, which results in a certain degree
of coarsening of the dendritic organization in the center of the weld.

“Pure laser’ . ~ v ' O-shaped ;" S Hna ~_00-Shzilied | J'_~ bl e
equiaxed dendrites. . sl equiaxed dendrites , - equiaxed dendrites, /I

Figure 11. SEM of the equiaxed dendrites at 3000 W. (a) Pure laser, (b) O-shaped, and (c) co-shaped.

It can be seen that high-speed welding under the laser scanning welding process does
not cause accelerated cooling of the weld pool, and the cooling time of the weld pool can
be prolonged relative to pure laser, which helps the crystal nucleation and grain growth;
thus, the fine-grain area in the crystallization can be fully nucleated, and can grow into a
dense fine-grain area. At the same time, the laser scanning welding process can achieve
high-speed changes in the position of the heat source compared to the pure laser welding
process, thus inhibiting the directional growth of grains.

3.3.2. Phase Analysis

Li, as a surfactant, comprises approximately 0.8 at. % of the Al-Li alloy. This facilitates
the process of being adsorbed onto the surfaces of Al3Zr- and Alj (Li, Zr)- precipitated
particles [29]. Then, sample 2 was selected for phase analysis. As depicted in Figure 12,
EQZ is mainly composed of a-Al (96.64% at. Al) and eutectic Al,Cu phase (90.05 at. % Al,
8.7% at. Cu). The results of the EDS measurements reveal that the Cu content is less than it
is in actuality, due to the fact that the EDS results are coming from an electron/material
interaction volume, which is certainly greater in volume than the size of the investigated
Al)Cu phases. In this way the Cu content is certainly lower than the real Cu content of
the Al,Cu phase. As shown in Figure 13, the Zr element has a higher content at grain
boundaries than in the x-Al matrix. Based on the theory of molten metal crystallization in
welded joints [30], as the weld pool cools and solidifies, solutes are redistributed, resulting
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in solute enrichment at the solid-liquid interface side of the weld pool. This enrichment
causes compositional supercooling. This process results in the creation of equiaxed nuclei
within the areas of the weld pool that have not hardened yet, leading to the growth of
equiaxed grains. Furthermore, Zr element promotes grain refinement and equiaxed grain
formation through its high tendency to segregate to the liquid/solid interface during
solidification [31,32]. For EQZ, the distribution of several solute elements was examined
to observe the degree of microscopic segregation of the components. As depicted in
Figure 13, the elements Cu, Ag, and Zn have an uneven distribution, with a predominant
enrichment at the grain borders and in the spaces between dendrites. This is owing to
the non-equilibrium crystallization process that happened in the quick solidification of
the weld pool, wherein the higher purity Al crystallizes first, and the crystallization front
drives the solute elements from the grain center to the border.

[Coowr ||

90.05
8.37
0.54
0.01

0.16
0.87

96.64

0.12

Figure 12. (a) The SEM of EQZ (b,c). The EDS from the zones.
Mg Kal_2 Cu Kal

(b) (©)

Sum Ag Lal M Spm ! Zn Kal

™ Sum

Figure 13. EDS mappings for EQZ. (a) Al, (b) Mg, (c) Cu, (d) Zr, (e) Ag, and (f) Zn.

™ Sum
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As made evident in Figure 14, the equiaxed dendrites primarily consist of x-Al solid
solution and Al,Cu eutectic phase, with additional alloying elements being concentrated
along the grain boundaries. The EDS analysis reveals that point 3 consists primarily of Al
elements (98.21 at. % Al, 0.88 at. % Cu), with lower Cu content compared to the parent
material (as shown in Table 1). Points 4 (96.73 at. % Al, 2.41 at. % Cu) and 5 (95.48 at. % Al,
3.45 at. % Cu) exhibit a eutectic structure that is not fully precipitated. As the degree of
precipitation increases, the amount of Al decreases, while the content of Cu increases. At
point 6, the eutectic phase is fully formed at the borders of the grains, consisting of 92.84 at.
% Al and 5.82 at. % Cu. From the Al-Cu binary phase diagram, the maximum solubility
of Cu in Al at 548 °C is shown to be 5.65%, whereas the solid solubility of Cu in Al at
ambient temperature is 0.05%. The concentration of Cu in the equiaxed dendrites exceeds
the maximum amount of Cu that can dissolve in Al. This is due to the rapid solidification
and cooling process of the laser weld pool, which expands the solid solubility limit of the
alloying elements, and increases the concentration of the alloying elements. As a result, a
supersaturated o-Al solid solution is formed in the weld state.
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Figure 14. (a) The SEM of equiaxed dendrites. (b—e) The EDS from the zones.

Figure 15 displays the SEM image of the columnar dendrites with EDS spectra, re-
vealing a significant increase in the concentration of Cu elements in the grain boundary
precipitates compared to the dendritic center. Conversely, the content of Zr elements
is reduced.

As made evident in Figure 16, the grain boundaries and intracrystalline coarse precipi-
tation phases inside the PMZ contain a high concentration of various alloying elements,
including both important alloying elements (Cu, Mg, Ag) and ones with a limited diffusion
capacity (Fe, Mn). This is because the atomic diffusion coefficients of Fe and Mn are low,
preventing them from diffusing into the grain boundaries during the solid-state cooling
process of a brief welding heat cycle.
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Figure 16. (a) The SEM of PMZ. (b,c) The EDS from the zones.

3.4. Microhardness

A weld joint has equiaxed dendrites, columnar dendrites, EQZ, and PMZ from the
center along the direction of the weld fusion line. In Figure 17, it is observed that the
microhardness of the weld is low in the equiaxed dendrites. This is due to the fast cooling
rate in the center of the weld with low heat input, which may result in the formation of a
supersaturated solid solution, leading to low microhardness. As the testing area moves
from the equiaxed dendrites to the columnar dendrites area, the microhardness increases.
Upon entering the partially melted zone, the microhardness starts to rise rapidly. As the
distance between the test point and the center increases, the microhardness quickly returns
to the hardness of the base metal.

The comparison reveals that for different powers, low values of microhardness exist in
the area of the fusing line for all three. At a power level of 3000 W, the area around the EQZ
exhibits a microhardness of approximately 66 HV. However, when the power is increased
to 3500 W, the microhardness of the area around the EQZ rises to around 72 HV. During
laser welding, the elevated temperature of the base metal adjacent to the fusion line causes
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PMZ
61.8HV.

an over-aging phenomenon. This results in the melting of the reinforcing phases inside the
base metal, leading to a substantial drop in the microhardness of the HAZ. The scanning
path welding procedure does not considerably enhance the softening of the joints in the
EQZ. At a power of 3000 W, the equiaxed dendrites microhardness decreases to 40% of the
base metal (approximately 65 HV) during the pure laser process. However, when using the
O-shaped scanning path process, the hardness of the entire joint becomes more uniform,
measuring around 73 HV, which is equivalent to 45.6% of the base metal. Additionally, the
microhardness of the joint improves by 5.6% compared to the joint produced through the
pure laser process. Ata power of 3500 W, the weld microhardness in the equiaxed dendrites
is reduced to 41.8% of the base metal microhardness, which is approximately 68 HV, in
the pure laser process. In the O-shaped scanning path process, the joint microhardness
is more evenly distributed, measuring around 72 HV, which is 44.3% of the base metal
hardness. Additionally, the joint microhardness is improved by 2.5% compared to the pure
laser process. In the co-shaped scanning path process, the joint microhardness is similar to
the O-shaped pattern.
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Figure 17. Microhardness distribution of welded joints with different scanning paths. (a—f) Samples 1-6;
(g) the track and the value of microhardness in sample 2.
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4. Mechanism Analysis

All welding processes used in this experiment are classified as laser heat conduction
welding. When using the O-shaped scanning mode, only a small amount of metal evapo-
rated to form vapor depression. As shown in Figure 18, the O-shaped laser beam oscillates
in the weld pool, agitating the liquid metal in the weld pool and creating a vortex that
reduces the generation of metal vapor and spatters. Additionally, the columnar dendrites
in the weld zone are broken up by laser beam, which contributes to the nucleation of fine
grains in the center of the weld. Consequently, the O-shaped pattern refines the grain and
improves the hardness in the center of the weld when compared to pure laser. At the same
time, the O-shaped scanning mode reduces the heat input during the welding process, so
the EQZ width of the O-shaped pattern is the smallest compared to the pure laser and
oo-shaped pattern at high laser power. Due to the stirring effect of the laser, the gas can be
overflowed in time, so the weld is basically free of pores made by the O-shaped mode.

Oscillation direction

Figure 18. Schematics of weld pool flow and microstructure formation in the O-shaped laser beam
welding process: (a) top-surface; (b) cross-section.

5. Conclusions

In this study, the stability of the welding process, the macroscopic forming, and
mechanical properties of the weld under three different scanning paths were studied,
obtaining O-shaped mode as the optimal scanning path. The flow state of weld pool and
the formation mechanism of grain structure in O-shaped mode were revealed. The main
conclusions were as follows:

(1) Laser beam oscillation welding was more effective than pure laser welding in pre-
venting the release of plasma gas and metal vapor from the weld pool, thus reducing
spattering. Consequently, the LBOW process was more stable.

(2) The O-shaped scanning path was more resistant to the impact of laser power and
yielded the optimal weld shape in comparison to pure laser and co-shaped scan-
ning paths.

(3) The Zr element promoted the microstructure formation of EQZ, the equiaxed dendrites
and columnar dendrites were mainly composed of x-Al solid solution and Al,Cu
eutectic phase, and PMZ was similar in composition to the base metal.

(4) LBOW could reduce the width of the EQZ and decrease the pores to improve the
mechanical properties of the weld, in which the microhardness of the weld center
could be increased by 5.6% under a laser power of 3000 W for O-shaped scanning path
laser welding compared to pure laser welding, which means that LBOW provides a
small improvement in mechanical properties.
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