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Abstract: The feasibility of using laser-cold metal transfer (CMT) misaligned hybrid welding to join
an X80 line-pipe steel in a narrow gap configuration was investigated. The laser beam interacted
with the sidewall and its bottom at a small angle, while the CMT arc acted on the backside of the
laser beam. The influence of the distance parameter between the laser spot and the tip of the welding
wire on the formation and defects of the filled weld were investigated. Narrow gap bevel welds
were performed, and the joints were tensile and had a satisfactory Charpy impact score. The tensile
fracture is located in the base metal, and the impact fracture is a ductile fracture. Under this condition,
the heat input could be efficiently reduced, preventing the formation of defects such as lack of fusion
and reducing the number of pores. Additionally, welds with a narrow heat affect zone (HAZ) could
be obtained. The results reveal that the hybrid process, as a low-heat input method, is suitable for
narrow gap welding.

Keywords: laser-CMT hybrid welding; narrow gap; misaligned laser and arc; lack of fusion

1. Introduction

Welding technology is often used for processing and connection in the manufacturing
of thick metal plates [1-5]. Thick plates are difficult to penetrate through, and multi-layer
multi-pass welding is usually employed to join thick metal plates. The traditional welding
process requires a wide groove on the thick plate [6-10], and the welding of the wide groove
has the disadvantages of a long time-cutting process, requires a large amount of metal
filling, has large residual stress and a low welding efficiency. The application of narrow gap
welding in the manufacturing of thick plate structures has several advantages, such as a
reduction in the use of filler metals and low stress development, which improve the welding
efficiency [11,12]. However, the narrow gap poses certain challenges to the currently
available welding methods, such as the restriction of the welding angle by the narrowness
of the gap [13]. Li et al. [14] used arc oscillating GTAW as the heat source in narrow gap
welding, and indicated that the fusion defects can be reduced. However, the size of the
heat affect zone (HAZ) increased. As an alternative solution, Sokolov et al. [15] employed a
30k IPG fiber laser to conduct narrow gap welding of 30 mm-thick S355 steel plates, and
encouraging results were obtained. However, the method requires the use of plates that
are manufactured with high precision. Laser-arc hybrid welding [16-20] integrates the
advantages of both laser and arc. Compared with arc welding, the phenomenon that the arc
may climb upward to the sidewall of groove can be restricted by the laser, i.e., the stiffness
of the arc can be improved by the laser [16]. The deposition efficiency is also increased.
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Compared with laser welding, the tolerance requirement is reduced [17]. However, the
heat input in the existing laser-arc hybrid welding methods for narrow gap welding is still
too high, leading to an increased HAZ size and reduced joint quality [21]. Therefore, it is
crucial to develop a new strategy to control the heat input in narrow gap welding, thereby
reducing the HAZ size and achieving defect-free welding.

Laser-cold metal transfer (laser-CMT) hybrid welding is a relatively new welding
method with low heat input. It is reported that laser-CMT welding could increase the
stability of the welding process, leading to good weld formation [22,23]. However, there
is a scarcity of published literature using laser-CMT welding to join thick metal plates in
narrow gap configuration. This paper proposes novel laser-CMT hybrid welding with
a misaligned laser and arc, which realizes a narrow HAZ and a defect-free welded joint
of a thick X-80 pipeline steel in the form of narrow gap configuration. In this method,
the sidewall of the groove was melted by the laser, and its bottom was melted by the arc.
The melting pool characteristics and weld formation as a function of the laser and arc
interactions were investigated.

2. Experimental Procedure

The X80 line-pipe steel was used as the base material. The ER80S Lincoln Electric
company welding wire with a diameter of 1.2 mm was selected as the welding wire.
The compositions of the base material and welding wire are given in Table 1. Figure 1a
shows the schematic diagram of the sidewall fusion experiment. One plate whose edge is
machined at an angle of 85° was placed on a flat plate to simulate the angle of the sidewall.
Figure 1b shows the weld groove in the narrow gap welding. The gap root face has a
thickness of 4 mm, a sidewall angle of 5°, and a 6.5 mm bottom width.

Table 1. The chemical composition of X80 steel and ER80-S welding wire (wt.%).

Materials (wt.%)

Si Mn P S Cr Mo Ni A% Ti Cu Al Fe

X80 0.19 1.77 0.010 0.001 0.3 0.2 0.13 0.001 0.01 0.1 0.03 Bal.
ER80-S 0.7 1.31 0.014 0.014 1.22 0.51 0.02 - - 0.12 - Bal.
(a) (b)
5.0° 5.0° ~  6.5mm
\ >
Weld
/ 21.4 mm
e o
4 mm
45.0°

Figure 1. (a) Schematic diagram of sidewall fusion experiment; (b) schematic diagram of weld groove
in the narrow gap welding.

The laser-CMT hybrid welding system was equipped with an LSJR-FL10000 fiber laser
with a maximum power of 10,000 W and a CMT 4000 Adv welding machine, as shown in
Figure 2a. The welding method proposed in this study is shown in Figure 2b. The laser was
set to be in front of the wire (arc) during the welding, and the laser-wire distance (dL-W)
in the welding direction is marked as “Y”. The laser and the arc were misaligned with a
distance of “X”, as shown in Figure 2b,d. The laser irradiated the sidewall and bottom of
the sidewall at a small angle. Part of the laser energy was irradiated on the sidewall, while
the CMT acted on the backside of the laser. The relative position of the laser and wire in
traditional laser-arc hybrid welding are illustrated in Figure 2e. The laser and the arc were
set to be in the same straight line parallel to the welding direction. The distance between
the laser and the sidewall was set as W. During welding, the laser parameters were as
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follows: a laser power of 1000 W and defocus distance of 10 mm. The CMT parameters
were as follows: a wire feed rate of 5.5 m/min, welding current of 180 A, and speed of
0.6 m/min. Metallographic samples were cut from the cross-section of the weld, ground,
polished and etched with 4% nitrate alcohol. The joint macrostructures were observed with
a Zeiss ultra-depth-of-field microscope. According to the standard SY /T 0452-2012, tensile
and impact samples were made to test the mechanical properties of the weld (Figure 3).

Welding Direction - @ Welding Direction
Laser i

Beam !/
(c) 3(° 10° !

Misaligned Traditional laser and
laser and arc arc configuration

Figure 2. The schematic diagram of the welding process. (a) Experimental set-up. (b) The relative
position of the laser and the wire (arc). (c) Side view of welding process. (d) Misaligned laser and arc
in the front view of welding direction. (e) Traditional laser and arc configuration in the front view of
welding direction.
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Figure 3. Size of (a) tensile test sample; (b) impact test sample.
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3. Results and Discussion
3.1. Sidewall Fusion Experiments

Figure 4 shows the macroscopic morphology of the weld under different laser and
wire distances in a traditional laser-arc configuration. As shown in Figure 4a, when the
distance between the laser and the groove sidewall was 0 mm, the arc was generated at the
apex of the sidewall due to the insufficient distance from the sidewall to the laser. When
W was 1 mm, an undercut defect appeared at the top of the weld, and a lack of fusion
appeared at the bottom end of the sidewall, as shown in Figure 4b. This is mainly due to
the fact that the arc was located on the sidewall of the groove but not on the bottom of the
gap during welding, resulting in the formation of undercuts. In addition, on the left side of
the weld, when the forming angle was less than 90°, it was not able to fill the next weld in
the multi-pass welding. Figure 4c presents the weld when the distance W was 2 mm. The
weld was well-formed; and no undercut appeared. The forming angle at the lower weld
toe also improved. However, a lack-of-fusion defect was observed at the bottom end of the
sidewall, indicating that the heat input was small and the base metal was not fully melted.
In Figure 4d, it can be seen that the sidewall did not melt at all.

3} X=0 Undercut
(b 5 N

Lack®f
fusion

Figure 4. Macroscopic morphology of the weld with traditional distribution (X =0, Y = 2 mm).

Figure 5 shows the macroscopic morphology of the weld under a misaligned laser-arc
configuration. A phenomenon similar to the one observed in Figure 4b was also observed
when X =1 mm and Y = 0~4 mm, as shown in Figure 5a—e. Lack of fusion was observed at
the weld root in Figure 5b,c. However, the fusion of the sidewall improved and the severity
of the undercut defect at the top weld toe reduced. In Figure 5e, there is an obvious lack
of fusion between the molten pool generated by the laser and the CMT arc. It shows that
under this distance parameter, the hybrid effect of laser and CMT disappears, and the two
melt pools exist independently.

For X =2 mm and Y = 0~4 mm, the weld bottom width barely changed as the value
of Y changed (Figure 5f-j), indicating that the hybrid condition between the arc and the
laser was more stable than the previous case. The wetting angle on the left side of the weld
increased with an increasing Y value, indicating that reducing the distance between the
laser and the arc could increase the heating of the arc space and reduce the wetting angle.
Overall, the wetting of weld significantly improved compared to the case when X =1 mm,
providing a suitable filling condition for the next layer. However, in Figure 5j, the weld
pool separation is similar to that in Figure 5e, which leads to the generation of pores.
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Figure 5. Macroscopic morphology of the weld with different misaligned laser—arc distances (W = 0).

When X = 3 mm and Y = 0~4 mm (Figure 5k—o0), the wetting of the weld in the
horizontal direction was better than X = 1 and 2 mm, forming an even smaller wetting
angle and providing a much more suitable filling condition for the next layer. Lack of
fusion was observed at the weld root in Figure 5k,1 and will be further discussed in the
following paragraph. The appearance of a fusion line in the weld in Figure 5n—o indicates
that the distance between the laser and the arc was too great to form a hybrid action and
led to the generation of pores.

Figure 5p-t provide the macroscopic metallographic images of Y = 0~4 mm when the
distance X = 4 mm. The wetting of weld in the horizontal direction is better. However,
the width of the weld in these experiments was close to or longer than 6.5 mm, which is
the narrowest distance of the narrow gap groove. Under this condition, and due to the



Crystals 2022, 12, 832

60f11

excessively wide weld, defects in the narrow gap or the arc may occur that act on the
opposite sidewall, resulting in defects.

Figure 6 shows the angle at the edge of the weld in Figure 5 and the width of the
bottom of the weld. It can be seen that as the misaligned distance (X) increases, the width
of the bottom of the weld and the forming angle tend to increase, indicating the wetting
angle decreases and the weld forming improves. As the distance between the laser and the
wire tip (Y) increases, the width of the bottom of the weld and the forming angle tend to
decrease. This is due to the weakening of the hybrid effect, which reduces the wetting of
the weld and reduces the width.
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Figure 6. Different distance parameters with (a) weld edge forming angle (b) weld bottom width.

3.2. Formaion Mechanism of Lack of Fusion Defect

According to Figure 5b,g,k,1,p,q, a semicircular melt depth can be observed at the
sidewall of the groove. Lack of fusion was apparent at the bottom of the weld. The
phenomenon described above occurred when the distance between the laser and the arc
was small (Y =0 or 1 mm). As shown in Figure 7a, when the laser and the arc were very
close to each other, the arc was attracted to the sidewall, i.e., the laser spot. In this case, a
molten pool forms at the sidewall of the groove under the combined action of laser and arc,
as shown in Figure 7e f. This molten pool obstructed the laser beam, preventing the laser
from reaching the bottom of the narrow gap groove, as shown in Figure 7g. As a result, a
semicircular molten pool facing the sidewall of the original plate formed and the lack of
fusion defect formed at the bottom of the sidewall, as shown in Figure 7h. The sidewall
molten pool can be avoided when the distance between the laser and arc is larger than
2 mm (Figure 7b,e), and therefore, the lack-of-fusion defect can be prevented.

(a) X=2Zmm (b)) X=2mm (¢) X=2mm
Y =0mm Y =2 mm L Y =4 mm Laser
Laser hser beam spot

beam spot beam spot

g "ol 0

Figure 7. Cont.
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Figure 7. (a—c) images of welding process; (d-h) schematic diagram of the lack of fusion defects
formed at the weld root.

3.3. Joint Microstructure and Microhardness

According to the sidewall fusion experimental results, in laser-CMT misaligned hybrid
welding, good weld formation can be obtained and lack of fusion can be prevented with
suitable laser-arc configuration. Narrow gap welding was conducted using the laser-CMT
misaligned hybrid welding method. A laser power of 2000 W was used for the bottom
welding. Figure 8a,b show the macrographs of the narrow gap welds when X = 0 and
when X =Y =2 mm, respectively. Referring to Figure 3a, obvious lack-of-fusion regions
and air pores can be seen in the weld in traditional laser-arc configuration. These defects
directly affect the weld quality. In Figure 8b, lack-of-fusion defects cannot be observed,
and the number of air pores decreased significantly. The maximum HAZ width was about
1 mm. The sidewall fusion quality significantly improved in laser-CMT-misaligned hybrid
welding. When using arc welding alone for narrow gap welding, lack-of-fusion defects
can be avoided by increasing the heat input, but a large HAZ will form [14]. When laser
welding is used, a high machining accuracy of the groove is required, otherwise lack-of-
fusion defects will likely occur [21]. In traditional laser—arc hybrid welding, the arc may
lead to the deflection and burning of the sidewall, thereby causing defects [24]. All the
above issues can be avoided in the proposed laser-CMT hybrid welding method by using a
misaligned laser and arc.

Figure 8. Joint macro/microstructure and microhardness: (a) joint with tradition distribution; (b) joint
with misaligned distribution and microhardness; (c—f) microstructure of the joint.

The microstructure of the weld is shown in Figure 8c—f. Figure 8c shows the mi-
crostructure of the weld zone. The grain microstructure is composed of large amount
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of acicular ferrite (AF) and a small amount of massive ferrite (MF). During the welding
process, the low heat input results in a faster cooling rate of the molten metal in the weld.
Figure 8d—f provide the microstructure of the HAZ. Figure 8d shows the microstructure of
the intercortical HAZ. The darker area on the left is the weld zone with a clear fusion line.
In the middle of the picture, the coarse grains contain granular bainite (GB) and lath bainite
(LB), and some martensite-austenite (M-A). Figure 8e is the microstructure of the fine-
grained HAZ. The highest temperature in this area was 1100 °C-Ac3, and the base metal
structure underwent recrystallization during thermal cycling, resulting in uniform and fine
ferrite and granular bainite structures. Figure 8f shows the coarse-grained HAZ, where
the brighter polygonal ferrite structure of the base metal was mixed with the fine-grained
HAZ microstructure.

The white horizontal line in Figure 8b shows the location of the hardness test. The
line graph shows the hardness distribution of the weld. The hardness of the base metal
was approximately 250 HV. At the HAZ, the coarse grains led to an increment in hardness.
The AF inside of the welding zone was produced by a rapid cooling environment, which
obtained greater hardness, producing an average hardness of 326 HV. The hardness of the
position between the layers in the welding seam decreased. This was due to the reheating
effect that acted on the next welding seam from the previous welding seam during the
multi-layer welding process, which softened the interlayer structure and reduced the
hardness, respectively.

3.4. Mechanical Performance

Figure 9 shows the fracture tensile specimens and the stress-strain curves. The fracture
positions of the tensile specimens were all located in the base metal and away from the
welding zone (Figure 9a). The tensile strength of the weld reached 641.8 MPa, which was
close to the 645 MPa of the base metal. The narrow HAZ reduced the possibility of fractures
in the HAZ, increasing the strength and toughness of the joint. From the stress-strain
curves, it can be seen that the elongation at break was weakened relative to the base metal.
The average elongation of welds was approximately 92.2% of that of the base metal.

(b)

700 | 222
—2-2-3
Base Metal

Stress/ MPa

400 l-
300 r
200 |

100 |-

8 A I I A I T
0.00  0.02 0.04 0.06 0.08 010 012 0.4 0.16 0.18

Strain/ %

Figure 9. (a) Tensile specimen after fracture; (b) Stress-strain curves.

Figure 10 shows the fracture morphologies of a weld after the Charpy impact test. The
notch of the impact specimen is located in the center of the weld. From Figure 10a, it can be
seen that the structure had a ductile fracture. The impact toughness was also high, reaching
an average of 172.6 J. Figure 10b presents the SEM image of the center of the fracture surface.
There were several slight cracks on the surface. Figure 10c is the SEM image of one crack.
It shows small-sized dimples on both sides of the crack, indicating that the material still
maintains plasticity on both sides of the crack. Smaller dimples indicate higher material
strength in the weld area. This is due to the weld structure being dominated by AF caused
by rapid cooling, which was the result of the low heat input in the weld area. Therefore,
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the welding area has higher strength and lower toughness than other areas. Figure 8d is
the SEM image of the impact fracture of the weld under high magnification. The size of
the dimples was uniformly distributed. In addition, spherical particles can be observed
in the dimples. The energy dispersive spectroscopy (EDS) analysis conducted shows that
the spherical particles were composed of Fe-Mn-Si-O. This was the result of using the
carbon dioxide-argon gas mixture as shielding gas during welding, which produces an
oxidizing arc environment. In such an environment, Mn combines with oxygen to produce
hard spherical oxides to deoxidize the weld. During deformation, plasticity was achieved
through dislocation slip [25]. Stress concentration occurred between the oxide surface and
the base metal of the weld, resulting in a break in microcracks, while the spherical Mn-5i-O
compound remained inside the dimple. The size of the uniform dimples proved that the
uniform distribution of manganese oxides in the weld was capable of producing the effect
of dispersion strengthening, which improved the strength and hardness of the weld.

Figure 10. Charpy impact fracture of weld: (a) macrostructure; (b—d) SEM.

4. Conclusions

This study proposed a laser-CMT hybrid welding process with a misaligned laser and
arc for the narrow gap welding. The sidewall of the narrow gap was melted by the laser,
and its bottom was melted by the arc. The main conclusions are as follows:

(1) The effects of different distance parameters (welding direction and perpendicular to
welding direction) between the laser and the wire tip (arc) on the weld formation
were compared and analyzed. A well-formed and defect-free weld can be obtained
with the distance of X =2 mm, Y =2 mm.

(2) When the laser was too close to the wire tip in the welding direction, the arc melted
the sidewall, causing the molten metal to flow down and accumulate. The bottom
of the sidewall was blocked from irradiating the laser light, resulting in a lack-of-
fusion defect.

(3) A weld with a narrow HAZ and without lack-of-fusion defects can be obtained in
the narrow gap welding. The microstructure is dominated by acicular ferrite with an
average hardness of 326 HV. The fracture position in the tensile test was located at the
base metal, and the impact fracture mode was ductile fracture.
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