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Formation law and prediction of weld morphology for high-frequency
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Abstract: High-frequency oscillating laser-arc hybrid welding has been shown to control the microstructure and mechanical
properties of the weld in aluminum alloy through the stirring effect. However, there is limited research on weld morphology control,
thus hindering its industrial application. In this study, the effects of laser beam oscillating frequency (f) and amplitude (4) on the
formation characteristics of laser-arc hybrid welding of AA6082 aluminum alloy were systematically investigated, particularly
focusing on the influence of surface spatters, the width of the laser-affected zone beneath the weld, and the ratio of penetration
depth. The formation mechanism of weld morphology was discussed based on the energy distribution characteristics of the
oscillating laser beam and the transition of the laser welding mode. Subsequently, the optimization range of the oscillating
parameters was determined based on the number of weld formation defects and the laser deep penetration welding mode,
specifically within the range of 300 Hz < f < 500 Hz and 0.4 mm < 4 < 1.0 mm. Finally, by normalizing the oscillating
parameters with the oscillating line velocity, a linear quantitative relationship between the characteristic values of the weld within
the optimized parameter range was established with an accuracy of 89. 8%, providing data support for the prediction and control of

the morphological characteristics of high-frequency oscillating laser-arc hybrid welding.

Highlights: (1) The mechanism underlying the effects of high-frequency beam oscillation on weld morphology characteristics in

Y F EHHA: 2023 - 07— 11
B2 B : VA BRA R RHI0 H % B (5291BG220001)



84 S :

¥k

% 45 %

laser-arc hybrid welding was revealed.

(2) A predictive model for weld morphologies in high-frequency oscillating laser-arc hybrid welding within the

optimized parameter range was established.

Key words: beam oscillation; laser-arc hybrid welding; weld morphology; aluminum alloys
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Table 1 Chemical compositions of welding materials
ZEs Si Fe Cu Mn Cr Zn Ti Zr Al
AA6082 1.00 0.50 0.10 0.70 0.90 0.25 0.20 0.10 — N
ER5087 0.04 0.14 0.01 0.75 4.76 0.007 0.01 0.05 0.11 N

AR 0.8.
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Table 2 Process parameters of welding
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Definition of characteristic parameters for weld
morphology. (a) surface; (b) cross-section
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(a) 0.2 mm

(b) 0.4 mm
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(e) 1.5 mm

(f) 2.5 mm
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Fig. 2 Typical surface morphology of weld with different oscillating amplitude (=300 Hz). (a) 0.2 mm; (b) 0.4 mm; (c)

0.6 mm; (d) 1.0 mm; (e) 1.5 mm; (f) 2.5 mm

(a) 10 Hz

(b) 50 Hz

2 A 1

VIR G

(c) 100 Hz
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B3 AEPAFEMENREIEEREFIR (4=0.6 mm)
Fig. 3 Typical surface morphology of weld with different oscillating frequency (4=0.6 mm). (a) 10 Hz; (b) 50 Hz; (c) 100

Hz; (d) 200 Hz; (e) 300 Hz; (f) 500 Hz
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Fig. 4 Effect of oscillating amplitude and frequency on the spatter of weld surface. (a) number of large splatters; (b)

width of small splatter zone
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Fig. 5 Typical section morphology of joints welded with different oscillating amplitude and frequency
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Fig. 7 Effect of oscillating amplitude and frequency on
the morphology of the laser zone in the weld
cross-section. (a) penetration depth ratio of the
laser zone; (b) weld width of the laser zone

SHREINEE, PO AR R 5 % S8 3911.2 a.u.,
H A AN, 25 S BUR B L% 3.
I, ARG TR L OBIX G LR, (R AT CxE:
DI, BEE A B 32, WOGRRE L% 3 I 4 1%
%, I B ¥ s vk 2 5w, (A A i F L (A fg
HNZE(EH 3203.7 a.u. FEAKE 161 a.u., [ HLFRAIL
T 95%, WIS BRI TR AT Wl /), (B KR40t B AR
PERIREG M, "CIkRE S o 2, ikl 8(b) Bk,
& 8(c) i 4 BN ZE 1.5 mm, £85I % 300 Hz 1, 3
A B 2% IS TUO G RL LI B B, AR
BOCHIS E 5 1A RO R 2 G 18. , 12
SO IIH AR, WOt RE R AR, IF Bl 7306
SR B b PR, X it R B A 2 G, 2
A5 b 3 A X b J2 U v a2, e s
Jil, et i G S & SR AR KR e A A ) U 4
L T R i R Uk Gtk
24 IZREMAW R RNEREL

PG BREE IR, fE 0 T 25T, SEBlps 4



2 TH HMRE, . BELEHMIRGAM BN INE S E&RTHAEL TN 89
4000
4000 ~ /
= z 3911.2
= s 4000 23000
Z M3000 = <
= {TH 2000 -~
iz b,
i N = 2000
{2000 & I
I Z o 2 #
09 -E ks "gg
& %% = 1000
= B 1000
oo
30 0
0 % 2, 10 20 -2 -1 0 1 2
% AR D/mm SAEIE R D/mm
(a) 4= 0.6 mm, f= 10 Hz
500
500
el — a0l
= [ 400 s 3 400
S 4& &
b Q
& 300 & s 3007
I R e
3 99 0
i £ g 200 F
g 200 = 2 2 89
> 7 junng
= M 100 % £ 100
0
0 ©-2 0 2 4 ) -1 0 1 2
% SAJEAEFREE D/mm UG D/mm
(b) 4 = 0.6 mm, f= 300 Hz
200 200 952
3 _ /1
~ M50 & 200 5150 1829
= &. S
& 100 Q
s i o
2400 D o %100
Gt = 3 EE{
) = '%%“ fiied
= 50 = = 50
E £
”@,
Z )
0 >3, o 2 4 30 -1 0.0 1.5 3.0
° SRR D/mm PRI D/mm

() 4 = 1.5 mm, f= 300 Hz

E 8 AEPAESETHHIEREESN HIFE
Fig. 8 Energy distribution of laser beam at various oscillating parameters. (a) 4=0.6 mm, /=10 Hz; (b) 4=0.6 mm, /=300

Hz; (c) 4=1.5 mm, /=300 Hz

HRRRE L RIK). MR SUE B 45 (JCREE L 06
AR MBS BORE IR S (R
TR BOC RIS 26 ) Ak T2 X 2 0.4
mm<A4<1.0mm H 300 Hz</<500 Hz.

T AKX, H A w 58S 52 h L
IR 6 Fr7s XS REDC R, o Al Wy S S 72 (0]
EIETFIRBX RN R, HTFHS RO
AR fPIA S5, XTI — BB T 4 dh o
IWREAHS B SR REZ RIS R, 7R

FIE MBI BT, A A1 £ AL SEBR T oho AR i) e A 4%
SR AP IO TR R v, v TR A

Ve = 2mAf (1)

WE— WAL T X N H, W, o 1 w5

v X 56 RFAT G S BIA, WlEl 9 FE 10 fir

e HETF G, /N v BOBUEL X [A], 8 H By

68 m/min. Z55REW, EARESEE v ZHY

HA BRI R, T35 W0 B A 3] 89. 8%,

Ui FF BT ST B2 B T R A AR Jeg e T 0 K 4 1) T



90 B # ¥ % 45 %
, KR 00
73 © Srma ol o S OB G
70l . = — VA
%
= 6.5 e S
g B 3 51
T 6.0t O~ !
% \@ 1 48
£ . ¥
55 . % 45
50 | I Ral
O H=-00149v,+7.343 76 ~ # 0 =—0.115 v+ 60.954 59
45| R2=98.0% @ It R=735%
40 60 80 100 120 140 160 180 200 T e 50 100 120 140 160 180 200
FIHIE L v/(m min") IR v /(m-min™)
(@) F TR (a) BOEDCRR 5 H
9.5 e 28
e Il WO % v
94 1 LA v
26+ - o
i £
i 93 <> E
Eonl @ N4t v
5 & 2 %
2 | ~ &
Eﬁ 9.1 @ el
90 s mﬁQ =0.005 94 v, + 1.641 34
- = = v, .
W=—0.002 55 v, +9.383 05 20} o
Y \9 R2 94.8%
v
3 S S S S S— S S S
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
FAMLEE v/(m min™) FAMLHE v/(m min™)
(b) JETE (b) BOE X B
B9 HARH&EESKENBENBAXER B 10 EtEE%EE S XIAR G LMt R IEES
Fig. 9 Fitting relationship between laser oscillating spe- PEXR

ed and penetration depth and weld width. (a)
penetration depth; (b) weld width

FHIE.
H, W, o Fl Wy 5 vy ZBIR R RRH

H =-0.0149v,+7.343 76
W = —-0.002 55vs +9.383 05

(2)
@ = —0.115v, +60.954 59
Wi = 0.005 9v + 1.641 34
A v BB VS B 45.2 m/min<v,<188.4

m/min.
Bl () AKX (), ﬁ’&%ﬁu%%ﬂﬁfﬁi}i—
A Y — R 2 o ) B AR, B
H =-0.001 788nA f +7.343 76
W =—-0.000 3067A f +9.383 05
¢ =-0.1157A f + 60.954 59
WL = 0.00597Af + 1.641 34

o 4 BBUETERE N 0.4 mm<A<1.0 mm; fAYHL
(B 7 El 4 300 Hz<f<500 Hz.
Wit Q) TS i, I W A4 e

Fig. 10 Fitting relationship between laser oscillating spe-
ed and the penetration depth ratio of the laser
zone and the weld width of the laser zone. (a)
penetration depth ratio of the laser zone; (b)
weld width of the laser zone

I, BENS ARG 4 P IO — L IR A HE S B
BAE N EN S %,
3 ik

() 386 & BRI E A1 4%

I, SEBUARZ S BRARE | SRR P R 4T BOGRE R A
HEEMAEHSEEE R 0.4mm < 4 < 1.0
mm H 300 Hz < /< 500 Hz.

(2) BEFE 4 R fE i, WOGRE R A0 ¥ S P4
o, RRARRROE PRI OR. 2 A RGN E 1.5 mm Al
300 Hz UL LB, BOGRE R FEAR, A2 DUE ik
fL, 3 AR EE T B U Sl in .

Q) EAS B P, #E7 T R R G 4
BOG—H IR G AR SETE SRR 10 T AR Y, TR
JEIRE] 89. 8%, HUAFLEE R AT



7 #

WRE, F BT IRGEEHOL-RINE R E R AE S T

91

S 3Lk

(1]

[10]

Heinz A, Haszler A, Keidel C, ef al. Recent development in alu-
minium alloys for aerospace applications[J]. Materials Science
and Engineering: A, 2000, 280(1): 102 — 107.

JERE, EMA, R, 5. BOCHIRE T2 MG SRS
FLERIFEM [J]. 244, 2014, 35(10): 65 — 68.

Zhou Litao, Wang Xuyou, Wang Wei, et al. Effects of laser scan-
ning welding process on porosity rate of aluminum alloy[J].
Transactions of the China Welding Institution, 2014, 35(10): 65 —
68.

Dursun T, Soutis C. Recent developments in advanced aircraft
aluminium alloys[J]. Materials and Design, 2014, 56: 862 — 871.
X%, d 56 M, 22 R0, 4. 2219-T651 14 & MO s IR %
SO ZURI 1A PERE [7]. KM%, 2023, 44(4): 7 - 13.

Liu Jun, Meng Xianguo, Li Chenxi, et al. Microstructure and
properties of 2219-T651 aluminum alloy welded joint by laser os-
cillating welding[J]. Transactions of the China Welding Institu-
tion, 2023, 44(4): 7 — 13.

Liu T, Mu Z, Hu R, ef al. Sinusoidal oscillating laser welding of
7075 aluminum alloy: Hydrodynamics, porosity formation and
optimization[J]. International Journal of Heat and Mass Transfer,
2019, 140: 346 — 358.

AR, JFR, 3R, 55 6.0mm 5 5183 54 WO CIB AR T
LS (7). OEHAR, 2018, 42(2): 254 — 258.

Yu Shiwen, Zhou Kun, Zhang Wei, et al. Laser-weaving welding
of 5183 aluminum alloy plate with 6.0mm thickness[J]. Laser
Technology, 2018, 42(2): 254 — 258.

Fetzer F, Sommer M, Weber R, et al. Reduction of pores by
means of laser beam oscillation during remote welding of AlMg-
Si[J]. Optics and Lasers in Engineering, 2018, 108: 68 — 77.
Berend O, Haferkamp H, Meier O, et al. High-frequency beam os-
cillating to increase the process stability during laser welding with
high melt pool dynamics[C]/International Congress on Applica-
tions of Lasers & Electro-Optics. AIP Publishing, 2005: 1032 —
1041.

Hagenlocher C, Sommer M, Fetzer F, et al. Optimization of the
solidification conditions by means of beam oscillation during laser
beam welding of aluminum[J]. Materials & Design, 2018, 160:
1178 — 1185.

Schultz V, Seefeld T, Vollertsen F. Gap bridging ability in laser
beam welding of thin aluminum sheets[J]. Physics Procedia, 2014,

56: 545 — 553.

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

Wang L, Liu Y, Yang C, et al. Study of porosity suppression in
oscillating laser-MIG hybrid welding of AA6082 aluminum
alloy[J]. Journal of Materials Processing Technology, 2021, 292:
117053.

Cai C, Li L, Tao W, et al. Effects of weaving laser on scanning
laser-MAG hybrid welding characteristics of high-strength
steel[J]. Science and Technology of Welding and Joining, 2017,
22(2): 104 - 109.

Chen C, Xiang Y, Gao M. Weld formation mechanism of fiber
laser oscillating welding of dissimilar aluminum alloys[J]. Journ-
al of Manufacturing Processes, 2020, 60: 180 — 187.

Meng Y, Lu Y, Li Z, et al. Effects of beam oscillation on inter-
face layer and mechanical properties of laser-arc hybrid lap wel-
ded Al/Mg dissimilar metals[J]. Intermetallics, 2021, 133: 1 — 8.
Wang Z, Oliveira J P, Zeng Z, et al. Laser beam oscillating weld-
ing of SA06 aluminum alloys: Microstructure, porosity and mech-
anical properties[J]. Optics & Laser Technology, 2019, 111: 58 —
65.

Hao K, Li G, Gao M, et al. Weld formation mechanism of fiber
laser oscillating welding of austenitic stainless steel[J]. Journal of
Materials Processing Technology, 2015, 225: 77 — 83.

Wang L, Gao M, Zeng X. Experiment and prediction of weld
morphology for laser oscillating welding of AA6061 aluminium
alloy[J]. Science and Technology of Welding and Joining, 2019,
24(4): 334 — 341.

Ono M, Shinbo Y, Yoshitake A, ef al. Development of laser-arc
hybrid welding[J]. NKK Technical Review, 2002, 86: 70 — 74.
Acherjee B. Hybrid laser arc welding: State-of-art review[J]. Op-
tics & Laser Technology, 2018, 99: 60 — 71.

Zhang C, Gao M, Wang D Zh, et al. Relationship between pool
characteristic and weld porosity in laser arc hybrid welding of
AA6082 aluminum alloy[J]. Journal of Materials Processing
Technology, 2017, 240: 217 — 222.

Mahrle A, Beyer E. Modelling and simulation of the energy de-
position in laser beam welding with oscillatory beam
deflection[C]//Proceedings of the 26th International Congress on
Applications of Lasers & Electro-Optics. LIA Publishing, 2007:
714 —723.

Zhang C, Yu Y, Chen C, et al. Suppressing porosity of a laser
keyhole welded Al-6Mg alloy via beam oscillation[J]. Journal of
Materials Processing Technology, 2020, 278: 116382.

FE—EE WA, AR, TN, FERF I hEEM
B ; Email: miaoxj519@126.com.
BEMEE:SY, WL, #4#; Email: mgao@mail hust.

edu.cn.

(4miE:

IR


http://dx.doi.org/10.12073/j.hjxb.20220507001
http://dx.doi.org/10.7510/jgjs.issn.1001-3806.2018.02.022
mailto:miaoxj519@126.com
mailto:mgao@mail.hust.edu.cn
mailto:mgao@mail.hust.edu.cn

	0 序言
	1 试验方法
	2 试验结果与分析
	2.1 激光束扫描对焊缝表面成形的影响
	2.2 激光束扫描对焊缝截面成形的影响
	2.3 焊缝成形机理
	2.4 工艺区间优化及成形预测模型建立

	3 结论
	参考文献

