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Abstract The 6106-T6 aluminum alloy hollow extrusion profiles having a lock bottom structure were welded via
fiber laser-cold metal transfer (CMT) arc hybrid welding, fiber laser-variable polarity tungsten inert gas (VPTIG)
hybird welding, and fiber laser-melt inert gas (MIG) hybrid welding. Subsequently, a hybrid welding joint with
good forming properties and without clear defects was obtained using optimized welding parameters. Furthermore,
the joint microstructure, tensile, and fatigue properties were studied, and the fatigue fracture mechanism and
fracture morphology were analyzed. The results denote that the sizes of equiaxed grains at the center of the laser-
CMT and laser-VPTIG hybrid welding joints gradually decrease from the upper part of the bead to the bottom.
However, the sizes of the coarse equiaxed grains in the upper and lower parts do not change considerably, and the
sizes of grains at the center of the laser-MIG hybrid welding joint are large. Furthermore, the tensile strengths of
the laser-CMT, laser-VPTIG, and laser-MIG hybrid welded joints are 213.0, 198.0, and 200.0 MPa, respectively.
These values denote a certain degree of strength loss when compared with that of the base metal. The fatigue limits
of the three hybrid welded joints are 105. 00, 100.83, and 113.50 MPa, respectively. All the fatigue fracture

positions are located in the columnar crystal zone at the fusion line of the welding joints. In addition, the fractures
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are dimpled, indicating a typical ductile fracture.

Key words laser technique; cold metal transfer welding; variable polarity tungsten inert gas welding; melt inert gas

welding; 6106-T6 aluminum alloy; microstructures; joint performances
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Table 1 Chemical compositions of 6106 aluminum alloy and welding wire
i Mass fraction /%
Material - .
Si Fe Cu Mn Mg Cr Zn Ti Al
6106-T6 0.30-0.60  =<<0.35 <0.25  0.05-0.20 0.40-0.80  <<0.20 <0.10 - Bal.
ER5356 0.057 0.12 0.011 <0.13 4.9 0.065 0.13 0.11 Bal.
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Table 2 Tensile properties of 6106-T6 aluminum

alloy profiles at room temperature

Yield Tensile
Thickness ]
strength strength Elongation /%
t /mm
R 2/ MPa R../MPa
<6 =200 =250 8

22 REHE

SRR E AR AR SR A R
WOGAERT R 5 A KR4 7 =0, b B0E-VPTIG
S G MR R 22 (e OGS ET 5 2% 5 OB-CMT Al
WOL-MIG &G 1Rt AR 22 3t SRR 3% L R <
TR R, N EL KR AR 3% L Ui 528 15 L/min, & 1
hEAREEE R EE, R SO N IPG

v F ) YLS-10000-S4 B EOGEF HOL#F, UK
i 1060~1070 nm, JEEF (& 4 b 42 K 200 pm , Hiy i
A H B A R 200 mm, BEEEE N
300 mm. B HA N 0.3 mm, 18 3 & 5% 78 E A4
FoH) KR60HA 1 KUKA #L#§ A, CMT 1 MIG #&
MR AR JE BT TPS4000 HLE , KR H2 I 0E 22 1 T il K
218 14 mm, 2\ H 0.5 mm, VPTIG /EH#:H
TRk F 4% JE #F MagicWave 3000 Job HiL{E ., VPTIG
SR A B AR B R 5 B A 60 Ha, i &8
Fbky 65%, SEMH LN 3000, Btk HEBE N
2.4 mm P EIE A (o Ce, O, B R0 2%,
P2y T 3~5 mm, B8 4 3 B T 08 35 1 24
1.5 mm. 62N 0.5 mm.,

MIG/TIG torch

52
>
v~
i
>
T

>
=
3
i
=2

>
7"'
"'
o
"'
s
-
s
=
oz

(main parameters)

(D laser output (@) MIG/TIG arc current and voltage
@ beam focus ®) torch angle

(3 laser-MIG/TIG distance  (© welding speed

K1 RERERER
Fig. 1 Diagram of welding setup
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Optimized welding parameters of three welding modes

Wire feeding speed /(me*min ') Welding current /A

Table 3
Welding mode Laser power /W  Welding speed /(me+min ')
Laser-CMT 3000 S
Laser-VPTIG 3500 5
Laser-MIG 7000 4

6 93
7 200
11 250
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Fig. 2 Sizes of tensile and fatigue specimens
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Fig. 3 Cross-sections of hybrid welded joints. (a) Laser-CMT hybrid welded joint;
(b) laser-VPTIG hybrid welded joint; (c¢) laser-MIG hybrid welded joint
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Fig. 4 Microstructures of different hybrid welded joints. (a) Fusion line upper section of laser-CMT hybrid welded joint;

(b) fusion line upper section of laser-VPTIG hybrid welded joint; (c) fusion line upper section of laser-MIG hybrid

welded joint; (d) fusion line lower section of laser-CMT hybrid welded joint; (e) fusion line lower section of laser-

VPTIG hybrid welded joint; (f) fusion line lower part of laser-MIG hybrid welded joint; (g) upper part of center of

laser-CMT hybrid weld; (h) lower part of center of laser-CMT hybrid weld; (i) upper part of center of laser-VPTIG

hybrid weld; (j) lower part of center of laser -VPTIG hybrid weld; (k) upper part of center of laser-MIG hybrid

weld; (1) lower part of center of laser-MIG hybrid weld
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Fig. 8 Microstructures of fatigue crack initiation zone of three kinds of hybrid welded joints.

(a) Laser-CMT hybrid welded joint; (b) laser-VPTIG hybrid welded joint; (c) laser-MIG hybrid welded joint
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Fig. 9 Fatigue fracture morphologies of three kinds of hybrid welded joints. (a) Fatigue crack initiation zone of laser-CMT

hybrid welded joint; (b) extended zone of laser-CMT hybrid welded joint; (c) instantaneous break zone of laser-

CMT hybrid welded joint; (d) fatigue crack initiation zone of laser-VPTIG hybrid welding joint; (e) extended zone

of laser-VPTIG hybrid welding joint; (f) instantaneous break zone of laser-VPTIG hybrid welded joint; (g) fatigue

crack initiation zone of laser-MIG hybrid welded joint; (h) extended zone of laser-MIG hybrid welded joint;

(i) instantaneous break zone of laser-MIG hybrid welded joint
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