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Fig. 1 Microstructure of base material
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Table 1 Chemical compositions of base metal and welding wire
aps Mg Si Fe Cu Mn Cr Zn Ti Al
6061-T6 1.074 0.635 0.397 0.268 0.082 0.205 0.003 0.003 AR
ER5356 4.900 0.050 0.120 0.005 0.120 0.120 0.090 0.090 AR
¥l 2 23 DP-MIG J#AR R PP R . 22 RPN
A SRS BARALE, DP-MIG 50 f i i A
HARSE AN 2 Fis, RIS UR 99.99% ol
R R TS SR TRl §
UL AR RE T AT AN [ AR e 3 Sk i RS, AR 48 )L |

AT SR R RS G 3 R 4 R, KRS R AL
il %R A A LT, B 5 R4 T 1 —
e, AL RN E 4 PR, BCEREEE B 2.0 mm,
BRSO R A A THLR], FLARZHUEE A 4000 mm/min.

FA] #/ms

E 2 DP-MIGRIEZERREFE REE
Fig. 2 Schematic diagram of DP-MIG welding current
waveform

% 2 DP-MIG [RIREBRIREELSH
Table 2 Corresponding parameters of DP-MIG welding current waveform

SEH AR LI SEMEARLE WEE L Ip /A HEH ] 4, /ms WEEI ] £ /ms
IA Iy /A 55 Bk 38 ik 55 Bk 38 fik Ffkop 38 ik
80 28 310 336 0.8 0.6 1.0 0.8
R3 BEIZSH
Table 3 Welding parameters
PHEERIA  FEEE(mmomin ) koS Hz  BERAE(KI mm ) B2 f K B l/mm PRI O/(L min” )
80 400 3 1.78 15 16
80 600 3 1.19 15 16
80 800 3 0.90 15 16

3 IR R EL SOE 23k £ AR AT 284 T
FE& PO R H e SR AS S K (HC10,: C,HsOH=

1:9) JEA7 HE RO ZETEE LR 20 V i@ HL 10's,
S H SR VA W (HFB,: H,O IR FR L 1:40) #E47FH
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Fig. 3 Schematic diagram of weld geometry
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Table 4 Weld size at different welding speeds

JEE 9 v/(mm-min ) A h/mm 1% S w/mm
400 2.88 8.54
600 1.98 7.80
800 1.52 6.16

B4 3EdERER
Fig. 4 Schematic diagram of rolling process
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218 GB/T 228.1—2010 { @KL Fifhitsg:
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2 HREGAHH
2.1 BRI
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Fig. 5 Surface macro morphology of the joints
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Fig. 6 Cross-section morphology of the joints
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TR AR T AN [, 7T it KL P o 198 67 ) T
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A X B AR AE P B, ME DL AR R I AR
I DCRRRE R /N RS T AR AS B 8., A &84
sk kAR AR . SRR, B T IR Ak X
sk B K G, AR 5.

(F) 4L, iR IX

B 7 JEEEHEE 400 mm/min THESLEIMU AR
Fig. 7 Microstructure of joints at welding speed 400 mm/min. (a) welding, weld; (b) welding, fusion zone; (c) welding,
over-aging softened zone; (d) welding-rolling, weld; (e) welding-rolling, fusion zone; (f) welding-rolling, over-

aging softened zone
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Fig. 8 Hardness distribution
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FLASIE R ] HE KR B R A B 5 2 2404 A 3
Tt Uh BH G 25 F A% 1) 5 IR Ak X 20 27 310Kk [ AR
HEAL R IV 7, DI 30 ELAR 4% 7 1) 77 A 3 43 B )
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IRAEPLHISR EE 1 209 MPa #2712 254 MPa, #2240,
TSR TR AR TR BE B R, R 21, 5% &
FE3 A 600 mm/min A9 EUVEESTHISE B 217 MPa
$EFt 2 254 MPa, BRELBUE 3 AR T AR EEHE S 4
FHEBE Ry 17.1%. H SR 4EH B R 400 mm/min Y
JREEL ST S5 05 600 mm/min AR LA
TARFEPTHL R B AL T oK 7 B, B 5 03 B Ry
800 mm/min fY KR FL BT AR TR0 B2 A X L s
H—EZ M, B A 800 mm/min AR EL E
RAERIHTRIR B B 221 MPa $2F % 264 MPa, FHE
TR PR TR BE N 19. 4%, BB Y

70.0% $2 T2 83.6%. 3 ZHiRXFEELHIE WG iK%
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Fig. 9 Tensile strength and elongation of the joints
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10 3L#I5E3E DP-MIG BiEL&EHMAZ HIER
Fig. 10 Force on each part of DP-MIG welding joints
during rolling. (a) high heat input; (b) low heat
input
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Microstructure and mechanical properties of DP-MIG
welding-rolling composite forming joints of 6061-T6 alu-

minum alloy SONG Gang, DONG Xiaonan, CHENG lJi-

wen, WANG Zeli, LIU Liming(Key Laboratory of Advanced
Connectivity Technology of Liaoning Province, Dalian Uni-

versity of Technology, Dalian, 116024, China). pp 1-6,29
Abstract: To solve the problem of degrading of mechanical
properties of as welded 6061-T6 aluminum alloy joint caused
by softening of the heat-affected zone, this study applied a
double-roller system to perform simultaneous double-sided
rolling on 6061-T6 thin aluminum alloy DC double pulse met-
al inert gas (DP-MIG) welded joints, based on the idea of util-
izing welding residual height and large deformation to
strengthen the over-aging softened zone. The microstructure
and mechanical properties of the welding-rolling composite
forming joints were analyzed. The results are as follows: the
weld grain is subjected to large plastic deformation by the ver-
tical rolling force; The internal pores disappear, thus the weld
area widens. The heat-affected zone adjacent to the weld is
subjected to co-macro deformation by the extrusion force from
the weld, and the over-aging softened zone far from the weld is
subjected to compressive stress from the weld, resulting in par-
tial co-deformation strengthening along the vertical weld direc-
tion. The overall hardness of the joints is significantly im-
proved with the hardness of the over-aging softened zone,
which increased from 60 — 70 HV to 80 — 90 HV. The tensile
properties of the over-aging softened zone are improved. When
the welding speed is 800 mm/min, the best tensile strength can
reach 83.6% of that of the base metal, 19.4% higher than that
of the welded joint, which is a notable improvement to the

over-aging softened zone.

Highlights:

cess is reported for the first time, and the strengthening of the

(1) The DP-MIG welding-rolling composite pro-

over-aging softened zone of 6-series aluminum alloys is real-
ized.

(2) The effect of the DP-MIG welding-rolling composite
strengthening mechanism on the mechanical properties of the

joint was analyzed.

Key words:  aluminum alloy; softened zone in heat-affected

zone; DC double pulse metal inert gas welding; welding-

rolling composite forming
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Hongl(l. State Key Laboratory for Mechanical Behavior of
Materials, Xi'an Jiaotong University, Xi'an, 710049, China; 2.
Xi'an Space Engine Company Limited, Xi'an, 710100, China).
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Abstract:  Laser oscillating welding technology was applied
t0 2219-T651 aluminum alloy under different oscillating fre-
quency and amplitude. The corresponding relationships

between the oscillating parameters, the weld porosity, the joints
formation, the microstructures and properties of the welded
joints were revealed. The results show that compared with
laser welding, laser oscillating welding can reduce weld poros-
ity. When oscillating amplitude is set at 2.5 mm, the weld
porosity can be decreased to 1.66%. In comparison with base
metal, the heat-affected zone and the fusion zone are softened.
Due to the weakening of the precipitation strengthening effect,
the microhardness in the heat-affected zone near the weld

¢

gradually decreases until a “ platform” appears. Meanwhile,
the fusion zone is composed of a(Al) matrix, a(Al) + 0(Al,Cu)
eutectic phase distributed between dendrites and grain boundar-
ies. Because of the diminished solid solution strengthening ef-
fect caused by Cu segregation, the microhardness in the fusion
remain the lowest. Additionally, the grain sizes of the welds
are refined under some oscillating parameters, leading to slight
increase in the microhardness. The tensile strength of the wel-
ded joint reach the highest 318 MPa under the oscillating fre-
quency of 150 Hz and the oscillating amplitude of 2.5 mm,
which is approximately 69.4% of that of the base metal. The
tensile strength of the welded joint shows negative linear cor-
relation for the area proportion of fracture pores. The weld
porosity is the main factor to affect the tensile strength of the

welded joint.

Highlights: (1) The corresponding relationships between the

oscillating parameters, the joints formation, the microstruc-
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