505 F 128/2023F 6 B/HEE

O R I AZ31 B

ARG R AL e

AN 1 X281 = 1 % 1,2%
k', 22, BWA, K%
VRS KA A R R S TR B, I 2002405
C T OB H G S AR R S s, B 200240

WE BT T RO IE SRS AZ31T B SR SRR R AN T2 AL B o AR IO Dh 38 TE AE 1500 W, K47
Fe N 3.0 m/min 32BN E] 4.0 m/min, AT R AL ST BIAT S, S0 T S TR B S U BORT v B S B kAL AL
FE A B0 ) KL o A S ] 4 T SR T O S 3 G s R 1 3 1 et S22 Sy 500 W SRR A 50 Hz 12 45 48
% 200 Hz, ST 7GR R L 2 LR iR e a3 o B 45 53R 0 00 7 0 S S B R, 30T D) 4 38 i 23 5 A L
WA SRS URBAT O, B 53 OB 22 ) L AL B AT BRI B LU, R LR o R B AE vy, 9L AR AL IE R T IOE T R A 4k
O D A AT D TG R TR o O T R IE B R A T A R FLARE |, 50 Hz AR ) 35 T AL A
AR g 150 Ha 30 D) 25 1 5% 14 i X RL £L A% 2 P )52 i /D

RER HOCHAR; BESE; WM W JRIES Rl

HESEE TG457.14 kAR A A

1 5 El

Yot 4 BTSN HoR B L S R R R R
AR R AE AR 05, 8 vz N TS AR R AT
TAEY, BOLR AR REEEE AR AN G
TS E A sh ik R S RS S R U A
HE KBS, BEESSEALBIKRER S AL,
Fe T Ak 1 /N — R R T EL X O B R R
Be, W A S ROLEE L S M BEOE AR R FSAL
SRR H R AL AT LA S T R T R P R B
IR 4 T B 1 1 R v e Bt %R I B AR 4 FL L
FAEFLYHRIE iy T2 AL Ty psm ™ R DG £F ¥
Fext 3 mm JE AZ3IB A & AT BRI, & B R4 AN
T ¥, A KR EAAL, LR E R 4.3%,
Chen 2835 th B FL X 86 & & IR 8 S AL B, &L
FLGR B, B PR BRAIR , T i T 25 AL A M R s
T AL IR E B A A AL, N AME £ 1 5T A4
T RF R 7. Hao %76 2 mm JE AZ3LEEA &
JeRE B OR T ORI B AR & PR (50 Hz) Fi/h
Bl 42 (<20.5 mm) A Fl T 8 H R LE N IE . K
AU AT R A O HEAT IR R B RO O T R
7 TR BOC D 2 i R JE SO A Bl T 3G 5 4%
B G L B AT AZ31 A Ao R e i e
SR FH 9 RS IO 95O A RS 448 S v 08K B L AT B T R A A
S¢S AL, Harooni 25 I 78 K2 340 w6 FH il B 9%
LB & R A ALY, A T R4 A <AL

DOI: 10.3788/CJL221199

B . UTAE R, BFSE R ILEE B 4 W OE Th 2R A8k 8
R HURE O T R AR A i R R D R AR 2 B
G A R LR I e A B Y Zhang UV R
TIHOEI R RN AZ3T S SO, &
G- 2 ol R AN TE 52 A BT RE na E E
B 25 3856 ST 35 T 5 0 3800 A R T T 9 /N I
LR o 2 PR PO D) R ok s L LI B RN
W AT Ry B9 05 5 A O R R Bl R 2 e T ok
Dy 2R AT B T 2 w8 S AR A OG AR o AR P Y
e MR Sk PR R (B R AR A S ORI PO T

PR ESUT AR R CE SR PSS AL N TR
i%%o

AR SCEE T AZ3VEE S A HOCIE B T BOL YR
L) X L s TR RN S AL B SR o B R I RE Ok
RN R ML P2 o B YEAT T 4 mm JB AZ31BE S 4 bt
KR, 43 BT T S [R] B 5 v B80T /INFL PN B 43 A R AL L
TE AT R B 52 W) 5 6 AR 42 2 R v SR A [R] 30 256 1) 0O
B R S X SR B B 07 N VN R R 01 R
6Ty A Al X AN [R] % B R L B4 R e H I aE TRR E
RS SR R T RO RAREREES S
SR 7 R AT AT BT NS A AR B R
P L

2 N Tk

R ARHE ] 4 mm JE AZ3TBEGS bt R L
KACLRYVF I T AR RS 1A RSE 2 100 mm X 50 mm.

KRB 2022-09-01; fEEIBH: 2022-10-12; FABHE. 2022-11-08; MEHXBHH: 2022-11-21

BEIEE . yeai@sjtu.edu.cn

1202103-1


https://dx.doi.org/10.3788/CJL221199
mailto:E-mail:ycai@sjtu.edu.cn
mailto:E-mail:ycai@sjtu.edu.cn

£50% F 12 H1/2023 £ 6 B/ EHN:

BEM AL B a3 1T 7S o 1 AR TR AR AT I 25 B

BURE A T A AR, I R A T 0

#1 AZ3IB BEA S b2E sy (a8, %0)

Table 1 Chemical compositions of AZ31 magnesium alloy (mass fraction, %)

Chemical composition Al Zn Si

Fe Cu Mn Ni Mg

Value 2.9000 0.8370 0.0670

0.0045 0.0050 0.4310 0.0013 Bal.
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Fig. 1 Schematics of laser welding and process observation system
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hydrogen-induced pore
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Fig. 2 Pores inside magnesium alloy welded seam. (a) Hydrogen-induced pore; (b) keyhole-induced pore; (c) longitudinal section of

weld; (d) marks of pores
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Fig. 3 Cross sections of welds under different welding speeds and different modulation frequencies of laser power
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Fig. 4 Longitudinal sections of weld centers under different welding speeds and different modulation frequencies of laser power
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Fig. 5 Keyhole opening changes at different welding speeds. (a) 3.0 m/min; (b) 3.2 m/min; (c) 3.4 m/min; (d) 3.6 m/min; (e) 3.8 m/min;
(f) 4.0 m/min

PREEIE TR T R I 2 — o BE 4 RE AL 3 Pl A vag A
FR9 T P 742 Akl R L BT T 40 B8 0 8 L R F O 2 30
il B ;A o A A RE AL Y Bl AP A, — BURLIA G
N a5 R, I 2 JE i T 22 AL
AZ3VEES &M RN 1T pm B 30O T R A
14.8% " AN R BRN MR 1/2, 6o BRI 7 L L]
BE b, RER 7 RE 1 B ST, B < 0 A SO RE B Y I
WA 3 U T S S R AN 6 BT O 7R B9 L L
W& ik 3B, KEYA 720 B RE BB I, 1 5
G 4k AL 2 8 YR A RE A B AT AL Wl He 4o o B
B A RO Y i B S AR R L R i O BE R
BT L. OGO B A 4 B L Y % 8 KR T 16 AT ATRECS DR 14T 1A
L B AL 2 % Ui 1 O B T 1 0% i B it £ 4 Fig. 6 Relationship between reflection time and absorptivity
5o WOLRERTERLAL T AR X B & & R ALY AT FL WA I AT UL, AN TR R EE A B R AL X
5T R R BAR A 48 . Ning & Wit BOLRE AR A i SRR BEAF TR 25 1, Y R LR BE B
A 52 ) 1E 5% I O R HE AZ31 B A & REAL AT W B WOGRE I T R S 3 BORL AL ] 45 H R FE R Y
5%, R IR FLTR AR A A LE T 306 D R AU AR S AL T 2R RE TR LR, AL TRE
MO R T RS R ALIR BRI [ AR EF A AR B R K

Reflection time

1202103-5



£50% F 12 H1/2023 £ 6 B/ EHN:

33 T3R8 1 X R B B M Rt AL L 0, AR 3.0 m/min B

A S5 T 3R R AR R RO I T BE WO A B TRV AR RS K (R T
TR LAMOEI R E I B N S TR L ORI E R AT RN . %2 ALV B e
S TR B0 5 AR B A o e, RN I R ALB T WO AL AL N 1 R SR AL
ST AT WO T R A B T ORI TR WA R ORI B E . BB 1 AL AL 7 WO T A I
AR T PR3 GOF T . R R % IR B TLAE VR LB, 6 %8 R 0o B (L7 G F ) LA
TE e 8 T B A0 — 5 Vi Ak L 76 0 JR U AT R VR BE D . e A I 4 0, L ALV B WO B 0 W T
TEE R AL R A AT B R OB AL Y 10 OB — B
WL RCALVR BRI BLTL R S A U AL A R R B T I 5 0 0, 5 5 B S
Y BB R R KR VR S B ORI R WF MR, FEACGRI AR, SR 5 F 3.4 m/min
BRI T A8, 24 O T 2 W 0 B — s B B , O R S VR 0 S B B 4 1
SRV B OE R 2R . RO T AT N A ) 4.0 m/min B O 3 25 58
BUR BB MOCT) R T Rt I A T A ORI OE GRRRR RIS

4 4 4
®) ©
5 3W- 3 1 T R R
g g g
= k=] k=
& 2 2k 2t
(=] (=] a
1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Modulation frequency /Hz Modulation frequency /Hz Modulation frequency /Hz
4 4
©) ®
g g | £
L= = =
g g g
(=] (=] (=]
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Modulation frequency /Hz Modulation frequency /Hz Modulation frequency /Hz

P77 T 4 T R T o A o O B RO B R 8 A AR 9 22 A . () 3.0 m/min; (b) 3.2 m/min; (¢) 3.4 m/min; (d) 3.6 m/min;
(e) 3.8 m/min;(f) 4.0 m/min
Fig. 7 Weld penetration changing with laser power modulation frequency under different welding speeds. (a) 3.0 m/min; (b) 3.2 m/min;
(¢) 3.4 m/min; (d) 3.6 m/min; (e) 3.8 m/min ;(f) 4.0 m/min
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Fig. 8 Energy variations caused by different modulation frequencies. (a) 50 Hz; (b) 100 Hz; (c) 150 Hz; (d) 200 Hz
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Effects of Laser Power Modulation on Weld Penetration and Pore of AZ31
Magnesium Alloy
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Abstract

Objective AZ31 magnesium alloy is widely used in the aerospace, automotive, and electronic fields because of its low density,
high tensile strength, good conductivity, and electromagnetic shielding effect. Laser welding has the advantages of high energy
density, small heat input, easy automation, and good flexibility compared to other welding methods. Therefore, laser welding has
significant potential in the field of magnesium alloy welding. However, magnesium alloys have a series of material characteristics,
such as a high linear expansion coefficient, easy oxidation, low surface tension, and high reflectivity to lasers. Therefore, magnesium
alloy welding joints are prone to defects such as poor weld formation and pores. Researchers have proposed methods to solve such
defects. However, most of these methods require the adoption of other methods or processes. Recently, sinusoidal modulation laser
welding has been proposed for copper laser welding, and researchers utilized this method for magnesium laser welding. In this study, a
regression formula between welding parameters and weld depth is developed. However, limited research has been conducted on the
effect of sinusoidal laser power modulation in magnesium alloys, and the relevant mechanism is not completely clear. In this study,
the influence of sinusoidal laser power modulation on AZ31 magnesium alloy weld penetration and pores is studied to provide new

ideas for the efficient and high-quality welding of magnesium alloys.

Methods Sinusoidal modulation laser welding with a wavelength of 1080 nm 1is utilized for the AZ31 magnesium alloy with a
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thickness of 4 mm. The average laser power is 1500 W, and the modulation amplitude 1s 500 W at different frequencies. The welding
speed increases from 3.0 m/min to 4.0 m/min with an interval of 0.2 m/min and the modulation frequency increases from 0 to
200 Hz with an interval of 50 Hz. Pure argon is used as the shielding gas at a flow rate of 20 I./min. During the welding process, the
molten pool and keyhole are monitored using the combination of an illumination laser and a high-speed camera. After welding, the
cross section and longitudinal sections of the weld are observed to obtain the weld depth, weld seam solidification profile, and

porosity.

Results and Discussions With the increase in the welding speed, the weld depth gradually decreases, whereas a slight fluctuation
occurs in the weld width (Fig. 3). Under the test conditions used in this study, when there is no laser power modulation, the
fluctuation frequency of the keyhole depth is approximately 160 Hz. After sinusoidal modulation laser power welding, the
solidification contour period is close to the laser power modulation period (Fig. 4). When the welding speed is lower than 3.4 m/min,
laser power modulation helps increase the penetration. However, when the welding speed is higher than 3.4 m/min, the penetration
decreases at the power modulation frequency, indicating that less energy is absorbed by the keyhole (Fig. 7). From the perspective of
porosity, when the welding speed is high, the number of process pores is not large, and laser power modulation does not cause a
significant increase in porosity. When the welding speed is lower than 3.4 m/min, the porosity is significantly increased, particularly
after laser power modulation, and the porosity is high. The average porosity is relatively lower under 150 Hz, which is close to the
intrinsic fluctuation frequency of the keyhole, and it is highest at 50 Hz (Fig. 9).

Conclusions As a highly reflective material with low laser absorption, the absorption of laser energy by the magnesium alloy
depends on the reflection numbers of the beam in the keyhole. When the number of reflections is greater, the energy absorbed by the
lower part of the magnesium alloy keyhole is significantly higher than that absorbed by the upper part. The higher the energy gathered
at the bottom of the keyhole, the more significant the hysteresis effect of the keyhole depth change. Utilizing sinusoidal modulation
laser welding for the AZ31 magnesium alloy in the deep penetration welding mode, the deep keyhole with hysteresis effect will be
further deepened, although the depth increase is small. For the keyhole without the hysteresis effect, with the decrease in laser
power, the keyhole rapidly shrinks and the energy absorptivity decreases. Therefore, the depth is difficult to recover when the power
is in the first half cycle, and the weld penetration decreases and fluctuation increases. The magnesium alloy keyhole exhibits periodic
opening and closing changes, and the instability of the keyhole is the main reason for the pore in the magnesium alloy weld. The
statistical results show that sinusoidal laser power modulation interferes with the keyhole, particularly for a weld with a high depth
width ratio, and the process porosity significantly increases. In terms of the modulation frequency, 50 Hz low-frequency modulation
has the highest impact on the intrinsic period of the keyhole, and the stability of the keyhole is the worst. When the modulation
frequency 1s 150 Hz, the fluctuation frequency is close to the intrinsic frequency of the keyhole. The porosity is similar to that of a

weld with constant power.

Key words laser technique; magnesium alloy; highly-reflective materials; deep penetration welding; power modulation; keyhole
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