EORTE I S ]
2025 4 5H

wEERMISEIIE

RARE METAL MATERIALS AND ENGINEERING

Vol.54, No.5
May 2025

https://doi.org/10.12442/j.issn.1002-185X.20250029
EHES
X H

WEF 2, PR, X

CEE

AR B E T H M AR [ REA ST R

123, e AR, )
, B AR

= 3 w2 A5 ' 1,236
%, B8 K el )

g, FRrAFAC, &

(1. FEATHRT: S @R R [ 5 F i 500 %, B 7572 710049)
(2. VOl R Bt B pl DA ST O, BRIV U422 7100490
(3. MA@ R PPRBNE S TR, B 752 710049)

(4. PRI Rr A A G IR A R, BevE i 7102000
(5. TR BB RITEA R, BEFE P4 7102000
(6. IIARBHE R MRIARLE S TSR, LR F 5 266590)

B E. BeemlERENITIMEER, WELERRHERAHIERRBRAR N . BOURERREAN, &
MTFEEEERBARTI R . AT, HATSS RO SRS IIRBUE A LA TR 2. ASCEE 7 Harsia eour?
Pt ek g, BTt 7B R RO AR BRI T ES RO RS R B RN, SR B A e R R
IR, G B G SO SRR RE M SR 3R, JRx R Bk it AT R 2 .

RAA: Bt WOURE IBBEG RBGNG: JPEMERE:

FELESHES: TG146.22; TG456.7 XHERFRIRAS: A

T 3 b P

NEHS: 1002-185X(2025)05-1377-20

(1

BEG B AN 1.7~2.0 glem®, & 5 5% (14 J& 45 1
MRE, L Eb s B i m, B G M RE R I G TR ER RN
TR 3C AR F K E B iR B A S g AR
ok, BEE B BRI T R R B S SR R R
TF RN R 2 B EAEY . 7E— BB N, A4k
ARITRIA U R B 28 R I8 P 2 3 ek ) 2
K R 854 & JF KA (I AZ91D AM60 2511, 4%
17 5 6F - AR R P AN e A SR i (R 7R SR R T
ST G ST, BA B R 15,
A LLBE G Rl 2 IR 75 oK

KA AR SA SR BB B T
FEEREHR CLSE I e M A e i 2 e LY
IR RR S R R KU . &
1R T IR s B R AR B S, o, SR A
N AR P i P e e (R B R AR R &R S A R
LR E 5, RV AT N T DR N
Bl 5 B AR 0 A 5 BT A 1 90% LA b, R
2 NKR B U SN SN B . TR B R R FE AN A, 3 LA

Fs H#A:2025-03-03

T R AR B 75, T A AE G5 N i b 4 R

HErw W ERLES SRR EEAUT 4
Al W06 42 (laser beam welding, LBW) . #ii # )58 # J&
(friction stir welding, FSW) JESEAL AR G M S AR R H 5K
5 (tungsten inert gas welding, TIG) S J& 4 b 15 P4 S A4 ff
P18 (metal inert gas welding, MIG) . #H <3 H#ik & i1 3%
W, 3T A SR B G S AR AT AU B R 1 N (B 1a) s Horr,
F6 4 LBW I 7077 MR 3, i T8 SOR R BE D T4%
i TIG e FSWHFFL (B 1b) . 2 Sgh T WEE G 408
PR i XTI AR, TIGIRFEH THEA &
Bl B, MIG 1R B T AR I R AR SE s N F
R T b AR 4 R RO ) #A2  [X (heat affected
zone, HAZ) FI¥A4 X (fusion zone, FZ) K WL 4 5 25
R R BUR SR BOR N S R TEECR, #E 1T 5 AR
Fele S MERe  BRARIRAF T AR B2, X LA 2 PROdiR v 4
PRCTFE . FSW B T BAH SR EHA , B AN B B A
RERE IR KRR R MR et AL S SR i e () = A (EL
FEANTE G N NG A R IR PR

LBW fF y— P i e %5 B AR 4% 05 2, B IR 42 15 IR
K B o R IR AR TR /N S A 3 B M R S A

HEWHE . B X HRRHEHE4:(52031011,52061040,52371121) s BEPE 4 H SRR IEREAF 70 1111 (2024IC-YBQN-0604) ; Ze il J5 51 FH &1 )2 U]
HADAA 1R (QCYRCXM-2023-020) ; o [F 1+ J5 FF 22 4 (2021M692512) 3 4B EBURF (202109117, 20230332) 3 i 1A ERHT A
FRA ] (20221252, 202403149) 5 B 74 44 B RSB A0 RE R R 2 8 300 H (2023ZSID-05HZ)

TEZ BT NPT, 53,2000 54, it , P9 22 380K ZEA R RN E S TRESEE, BRPE 754 710049, E-mail : liuzeyu20000220@163.com



<1378 ¢ W] B RS TR 954 5
R1 FRIAFEEHERRMESSHE
Table 1 Advantages and disadvantages of different connection technologies used in vehicle body manufacturing
Technology Advantage Disadvantage
High intensity Easy to deform and cause structural failure
Welding More flexible welding structures and sizes Uneven welding joint structure and performance
Simple process, high yield rate, and high efficiency Difficulty in disassembly and maintenance
Excellent disassembly properties Low strength, easy to loosen, wear or fatigue
Mechanical High degree of standardization Requires additional components, increasing assembly
connection Lower requirements for high-temperature resistance of weight and size
connectors Lower efficiency, need a designed installation plane
Lightweight Low intensity
Adhesive bonding Low cost, simple process Limited application in metal-to-metal bonding

No stress concentration

Strongly environmental dependent
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Fig.1 Increasing trend of magnesium alloy welding-related research
papers in recent years (a), and paper publication proportion of
common welding methods (LBW, TIG, FSW) (b)
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Table 2 Advantages and disadvantages of common magnesium

alloy welding methods

Method Advantage Disadvantage
Low cost for )
. Large heat input
equipment . .
TIG/MIG . L Environmental pollution
Wide applicability .
Low efficiency
Easy to operate
No phase change
process High cost
High efficienc High requirements for
FSW . g e Y gh req !
Wide applicability materials
Environmental Large welding size
protection
High precision ) .
High equipment cost
Small heat-affected . .
LBW Strict requirements for
zone .
. . the environment
High efficiency
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Fig.2 Comparison of tensile strength and elongation (a), and fatigue
strength (b) of AZ31 magnesium alloy under different welding

methods
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Table 3 Properties of pure magnesium, aluminum, zinc, and iron at their melting points''~*”!
Performance Mg Al Zn Fe
Ionization energy/eV 7.6 6 9.2 7.8
Specific heat/T-kg"- K™ 1360 1080 380 795
Heat of fusion/J-kg' 3.7x10° 4x10° 2.2x10° 2.7x10°
Melting point/°C 650 660 419 1536
Boiling point/°C 1090 2520 907 2860
Viscosity/Pa-s” 0.00125 0.0013 0.0035 0.0055
Surface tension/N-m” 0.559 0.914 0.78 1.872
Thermal conductivity/W-m™-K' 78 94.03 116 38
Thermal diffusivity/m?-s™ 3.73x10° 3.65%107 4.14x107 6.80x10°
Coefficient of thermal expansion/K 25%10° 24x10° 29.7x10° 10x10°¢
Elastic modulus/GPa 44.7 70.6 130 210
Vapor pressure/Pa 360 10 23 2.3
, 1.06 um - 42x10° (300 K) 11x10° 36x10° (300 K)
Absorption rate/cm’
10.6 pm 3x10° (300 K) 10x10° 3x10° 5x10° (300 K)
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Fig.3 Schematic diagrams of laser welding parameters and their impact on weld quality (a), and common welding defects in magnesium alloys (b)
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Fig.4 Response surface plots for shear strength and tensile strength of AZ31 laser welding: (a) laser power and welding speed, (b) laser power and

angle of incidence, (c) welding speed and angle of incidence””, (d) laser power and welding speed, (e) laser power and focal plane position,

and (f) welding speed and focal plane position™
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laser beam (b), the penetration depth (or melt depth) (c), the aspect ratio (length-to-width ratio) (d)"
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Fig.7 Influence of welding speed on weld cross-sectional
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morphologies under different laser powers
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Table 4 Parameters of common lasers

Types Wave length/um  BPP/mm-mrad (M*=1) Maximum power/kW Photoelectric conversion efficiency/% Ref.
Disk 1.030 0.328 24 25-35 [77]
Fiber 1.075 0.342 100 25-35 [78]
Nb:YAG 1.064 0.338 4 5-25 [79]
CO, 10.6 3.38 2045 10 [80]
Diode 0.9-1.07 0.287-0.341 40 45 [81]
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Fig.10 Influence of shielding gas on magnesium alloy welds: (a) the
effect of shielding gas and position on the mechanical
properties of welded joints; (b, c¢) the influence of different

welding gas flow rates on the surface and cross-sectional

morphology of the welds™
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Fig.11 Polished cross-sectional images of lap joints in AZ31
magnesium alloy welded by laser welding: (a) without
preheating and (b—e) all welds were performed using a two-
pass process with preheating, where power 2000 W, focal
length 40 mm (b); power 3000 W, focal length 40 mm (c);
power 2000 W, focal length 35 mm (d); power 3000 W, focal
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Fig.12 Effect of an external magnetic field on the welding quality of AZ31 magnesium alloy and 6061 aluminum alloy: (a) external magnetic

field, temperature distribution and velocity vectors; (b) external magnetic field, velocity distribution; (c) no external magnetic field,

temperature distribution and velocity vectors; (d) no external magnetic field, velocity distribution; (e) no external magnetic field, cross-

sectional view of the lap weld; (f) external magnetic field, cross-sectional view of the lap weld"”
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Table 5 Mechanical properties of base metals and welded joints

of AZ31 magnesium alloy

UTS/MPa EL/%

Base metal =~ Weld seam  Base metal =~ Weld seam Ret.
315 305 12 6.5 [14]
251 247 24 19 [15]
215 212 14.7 12.1 [16]
280 260 19,9.5 5 [17]
293 237 12.8 7.26 [18]
202 198 6.4 6 [19]
274 221 12 5.8 [20]
247 225 28.86 13.59 [21]
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Fig.16 Comparison of mechanical properties of laser welded AZ31
with common steel, aluminum, and titanium alloys (R denotes

the stress ratio)
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Table 6 Fatigue strength of AZ31 magnesium alloy

Processing condition Specimen size/ mm  Fatigue type Frequency/ Number of Stress ratio Fatigue Ref.
Hz cycle strength/MPa

Extruded d=0.03 Bending 250-700 10 -1 160 [132]
Extruded $=5.6 Bending 30 10° -1 120 [133]
Extruded #=5&6 Bending 66.67 10° - 90 [134]
Extruded ¢=4 Tension 20000 10° -1 88.7 [135]

Hot rolling d=12 Tension 25 10’ 0.1 130 [136]
Hot rolling d=5 Tension 1 10’ 0.1 90 [137]
Rolling d=5(parallel) Tension 10 10’ -1 95 [138]
Rolling d=5(vertical) Tension 10 10’ -1 85 [138]
Extruded a=5 Tension 20 107 0.1 97 [139]
Rolling d=6 Tension 10 2x10° 0.1 72 [28]
Rolling & annealing a=2 Tension 50 10’ 0.1 50 [34]
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Table 7 Fatigue strength of laser-welded AZ31 magnesium alloy joint
. o Specimen . Frequency/ Number of . Fatigue
Processing condition . Fatigue type Stress ratio Ref.
thickness/mm Hz cycle strength/MPa
Rolling 4 Tension 10 2x10° 0.1 [28]
Rolling & annealing 2 Tension 50 10’ 0.1 30 [34]

b Dy A By RO RS A A R RN AE 5
JEE A o, 2R R R T B R HE B A
FEBR B e 7 ot b 2R PR S AL s AL R B AR B X TR A
(9 77 2k fE UK vk RE R /0, (EL L Y AT BE A AE
(1 2R = R B e AR T AR R IR R B AR
M0

Xt TS R SRR AR L Mg I FERR LA
BYR ARk, D, AT R RS Sk M 5 7
WA S B S 2 SR PR 2 o Liu SIS0 T B4
FERECSKI R IAT N, G5 R R YT, T3S Tk e - - AN 7
T <A5 4% X I <BRIE AR <R AL A4, DR B, 76 J A S5 4
AR EE AR B AR IR T AR R A RIS L N Cu 55 H
SECTE T2 I AN BE R R4 S RO TR et 28 RS 21 58/ D 5
AL IR B T 7 R R RE 6 TR 1 Sk (TR P 5 o

5 HrSRE

B SO IR AT RERI T R A 3 s
BHER SRR ER ARG ERELSH 22 R
MIoc8E. H AT ERNE T 3 2R AR (DI RS HO 15 4%
J5 R N A D0 5 IR PR R 5 (2) WO 5 R i 28 AR
Mo RKBEEGBOCEZI FUE S EEEPLAELIT 3
JT T -

1 H A T80 & SOt 5 B 7 5 I FU B
A BT F 5 B GO 2 2R 55 50 P AR R o (ELHEAS
AEZAEAE X T S BR A 3 A OGRS I AL R 4
il Rk N T O R T A BN S
P 55 98 FEE P 5 M) PR 3R 2 S gl 3% T A 1) 28U S A ) 5 )
TR T 5 MBI EO™ H 958K K 57 55
JZo DRI, J5 SRR 50 3 A 0 B A < OB IR 22 AR AR 3
SO IR FL B B RE I 5 R AL 57 98 L PR 52 M At
T DI

2P FE RENS DO B B e ST S e B 17
Fe 77 3 AE AT T 1 52 R A 2N IS e ™ L P HAZ 72
ARSI R T 2 O R BOUAZ O L5 (R 1) L 7T
RE RO I 2 A B e 5 B R 22 DU i & XN
WK B AH B 20 A 5 RIS PR A XSS B (AL SO AT E
—RE R b PR IR R AE SR PR BN IR A
U, 5 S0 F0 N 2 WY - GO AN A AL B R 22508 T A )
AZ F e W AT R 5 GiD JR SR A 2N U
I3 BTN R 2

3DERRT H AT S S OL IR N AR 1 L, H
AT SE PR DR Tt - COARMEAR 3% T 254, b i
AL RGeS S R AR AR S AR R R 41
L, I 57 B W PE 5 T8 s GO ST G iot IR
BAHR %R S 3 TR AR BRI 5 98 55 75 i L BT 1SR
Z IRV RDR R 9% 28 5 G S R BR 2% I RE R 2% 5 - BB
fERBR A S 1 Fe ST A5 A4 5 70 30 A | L3S vk =

N T e RO A P L e R e O IR R R
o JEBAN AL T IT %570 -

1) 3 SRS IE F AN R AR 0 RS IR AR 3 T 28
Yoo R, fESEpRA =, B — BRI ARG &1
PO LS, D& R T SE PR A 7 A8

2L S WO A P S R R R
AEAN PP bR AE I A JE IR, DA I6E S DR P R At < Jee 42 42
FRAE P R SRR AR TR LT KR 3 Sk B Tl A7

3D WAUEALE PRI TARIERL 1A PR RE A Tk
EAEH, HRTARI A C 5 et v R B3 b i, Jn
B0 TR ARIR B B O R IR MR RE Y
AR

) Ja T R T AT L2 AT W RN 4%

B ORI B2 Bk A S AETUEAT ML B BTV L HESh
B S EARM A -

SE 30K

[1] Zhang Wen, Xu Jun. Materials & Design[J], 2022, 221: 110994

[2] Guo Chuanpin(ZS4% ), Gao Dongfang( 5 4¢ 75), Li Xian(ZF %)
et al. Rare Metal Material and Engineering(¥i 5 & J8 ¥kl 5 L
F$)[J1, 2024, 53(8): 2390

[3] Liu Jianglin(X|7T.#k), Zheng Renhui(4{~#%), Zhao Linchao(i&X#k
i) et al. Rare Metal Material and Engineering(%i 8 4 J& M K} 5
THH)[J], 2024, 53(9): 2493

[4] Hu Bin. Journal of Precision Forming Engineering[J], 2020,
12(3): 120

[5] Powell B R, Krajewski P E, Luo A A. Materials, Design and

Vehicles|[M].

References

Manufacturing  for  Lightweight
Woodhead Publishing, 2021

[6] Liu Bo, Yang Jian, Zhang Xiaoyu et al. Journal of Magnesium
and Alloys[J], 2023, 11(1): 15

[7] Yang Yan, Xiong Xiaoming, Chen lJing et al. Journal of
Magnesium and Alloys[J], 2021, 9(3): 705

[8]Barnes T A, Pashby I R. Journal of Materials Processing
Technology[J], 2000, 99(1-3): 62

Cambridge:



5 1]

R T TR R S ROCIR R TR ) SRR REDT 7Tk fR

* 1393

[9]Barnes T A, Pashby I R. Journal of Materials Processing
Technology[J], 2000, 99(1-3): 72
[10] Wu Pengbo( U5 12), Feng Zhigiang(% & 5i%), Fang Naiwen( /7
J43) et al. Rare Metal Materials and Engineering(¥i 5 4= J& M
BHS LAR)I], 2025, 54(2): 401
[11] Lin Chunfa(i# % %), Li Xiang(Z* i), Han Yuqiang(%F 7 %) et
al. Rare Metal Materials and Engineering(%i 5 & J& # kl 5 T.
FE)[I], 2025, 54(2): 524
[12] Zhang Wenxin, Zhang Xiankun, Shi Lei et al. Rare Metal
Materials and Engineering[J], 2025, 54(2): 311
[13] Dada M, Popoola P. Discover Materials[J], 2024, 4(1): 1
[14]Lee M Y, Chang W S, Yoon B H. ICALEO 2006: 25th
International Congress on Laser Materials Processing and Laser
Microfabrication[C]. Scottsdale: AIP Publishing, 2006
[15]QuanY J,ChenZ H, Gong X S et al. Materials Characterization[J],
2008, 59(10): 1491
[16] Coelho R S, Kostka A, Pinto H et al. Materials Science and
Engineering A[J], 2008, 485(1-2): 20
[17] Padmanaban G, Balasubramanian V. Transactions of Nonferrous
Metals Society of China[J], 2011, 21(9): 1917
[18] Chowdhury S M, Chen D L, Bhole S D et al. Metallurgical and
Materials Transactions A[J], 2011, 42: 1974
[19] Zhang Mingjun, Wu Jie, Mao Cong et al. Optics & Laser
Technology[J], 2022, 156: 108490
[20] Xu Yulang, Qian Peng, Qiao Yanxin et al. Transactions of the
Indian Institute of Metals[J], 2022, 75(11): 2905
[211Kim J D, Lee J H, Kim J S. Journal of Advanced Marine
Engineering and Technology[J], 2009, 33(4): 517
[22] Dorbane A, Ayoub G, Mansoor B et al. Materials Science and
Engineering A[J], 2016, 649: 190
[23] Ugender S, Kumar A, Reddy A S. Procedia Materials Science[J],
2014, 6: 1600
[24] Padmanaban G, Balasubramanian V. The International Journal
of Advanced Manufacturing Technology[J], 2010, 49: 111
[25] Singarapu U, Adepu K, Arumalle S R. Journal of Magnesium
and Alloys[J], 2015, 3(4): 335
[26] Li W Y, Fu T, Hiitsch L et al. Materials & Design[J], 2014,
64: 714
[27] Wang Weideng, Deng Dean, Mao Zhitao et al. The International
Journal of Advanced Manufacturing Technology[J], 2017, 88:
2191
[28] Padmanaban G, Balasubramanian V. Materials & Design[J]],
2010, 31(8): 3724
[29] Meng Chao, Yang Juntao, Zhang Zhengqiang et al. Materials
Science and Engineering A[J], 2022, 839: 142864
[30] Chaudhary V, Bharti A, Azam S M et al. Materials Today:
Proceedings[J], 2021, 45: 4575
[31] Subravel V, Padmanaban G, Balasubramanian V. Transactions of
Nonferrous Metals Society of China[l], 2014, 24(9): 2776
[32] Zhang Huijing, Guo Baosong, Du Wenbo et al. Journal of
Materials Research and Technology[J], 2022, 18: 3664

[33] Kishore B N, Cross C E. Metallurgical and Materials
Transactions A[J], 2012, 43: 4145

[34] Chowdhury S M, Chen D L, Bhole S D et al. Metallurgical and
Materials Transactions A[J], 2012, 43: 2133

[35] Chowdhury S M, Chen D L, Bhole S D et al Procedia
Engineering[J], 2010, 2(1): 825

[36] Tsujikawa M, Somekawa H, Higashi K et al. Materials
Transactions[J], 2004, 45(2): 419

[37] Abbas G, Liu Z, Skeldon P. Applied Surface Science[J], 2005,
247(1-4): 347

[38] Liu Zhenyu, Zhang Peilei, Yan Mingliang et al. Journal of
Materials Processing Technology[J], 2022, 303: 117490

[39] Zou Jianglin, Ha Na, Xiao Rongshi et al. Optics Express[J],
2017, 25(15): 17650

[40] Lin Runqi, Wang Huiping, Lu Fenggui et al. International
Journal of Heat and Mass Transfer[J], 2017, 108(a): 244

[41] Cao X, Jahazi M, Immarigeon J P et al. Journal of Materials
Processing Technology[J], 2006, 171(2): 188

[42] Leong K H, Kornecki G, Sanders P G et al. Journal of Laser
Applications[J], 1998, 11(2): 96

[43] Zhao H, Debroy T. Welding Journal[J], 2001, 80(8): 204

[44] Zhang Xiaobin, Cao Zhanyi, Zhao Pengfei. Optics & Laser
Technology[J], 2020, 126: 106132

[45] Liu Kun, Wang Hao, Li Jie et al. Metals and Materials
International[J], 2024: 1

[46] Fotovvati B, Wayne S F, Lewis G et al. Advances in Materials
Science and Engineering[J], 2018, 2018(1): 4920718

[47] You D Y, Gao X D, Katayama S. Science and Technology of
Welding and Joining[J], 2014, 19(3): 181

[48] Chen Minghua, Xu Jiannan, Xin Lijun et al. Optics and Lasers
in Engineering[J], 2017, 93: 139

[49] Bailey N S, Tan W D, Shin Y C. Journal of Manufacturing
Science and Engineering[J], 2015, 137(4): 041003

[50] Salleh M N M, Ishak M, Quazi M M et al. The International
Journal of Advanced Manufacturing Technology[J], 2018,
99: 985

[51] Pan LK, Wang C C, Hsiao Y C et al. Optics & Laser Technology[J],
2005, 37(1): 33

[52] Pan L K, Wang C C, Shih Y C et al. Science and Technology of
Welding and Joining[J], 2005, 10(4): 503

[53] Padmanaban G, Balasubramanian V. Optics & Laser Technology[J],
2010, 42(8): 1253

[54] Belhadj A, Masse J E, Barrallier L et al. Journal of Laser
Applications[J], 2010, 22(2): 56

[55] Bannour S, Abderrazak K, Mhiri H et al. Optics & Laser
Technology[J], 2012, 44(8): 2459

[56] Zhang Xudong, Ren lJialie, Chen Wuzhu. China Welding:
English Edition[J], 1997, 1: 64

[57] Min Dong, Shen Jun, Lai Shiqiang et al. Optics and Lasers in
Engineering[J], 2011, 49(1): 89

[58] Zhang Xiaobin, Cao Zhanyi. The International Journal of



* 1394

W] B RS TR

554 3%

Advanced Manufacturing Technology[J], 2019, 104: 3053

[59] Zhu Jinhong, Li Li, Liu Zhu. Applied Surface Science[J], 2005,
247(1-4): 300

[60] Al-Kazzaz H, Medraj M, Cao X et al. Materials Chemistry and
Physics[J], 2008, 109(1): 61

[61] Marya M, Edwards G R. Journal of Materials Engineering and
Performancel[J], 2001, 10: 435

[62] Weisheit A, Galun R, Mordike B L. Welding Research
Supplement[J], 1998, 77: 149

[63] Dhahri M, Masse J E, Mathieu J F et al. High-Power Lasers in
Manufacturing, CO, Laser Welding of Magnesium Alloys[C].
Osaka: SPIE, 2000

[64] Vysko¢ M. Metallic Materials/Kovové Materialy[J], 2021,
59(6): 401

[65] Dhari M, Autric M, Masse J E et al. Advanced Engineering
Materials[J], 2001, 3(7): 504

[66] Giammarinaro S. Thesis for Master Degree[D]. Milano:
Politecnico di Milano, 2012

[67] Richerson D W, Lee W E. Modern Ceramic Engineering:
Properties, Processing, and Use in Design[M]. Boca Raton,
Florida: CRC press, 2018

[68] Salleh N M, Ishak M, Romlay F R. The 2nd International
Conference on Automotive Innovation and Green Vehicle, Effect
of Fiber Laser Parameters on Laser Welded AZ31B Magnesium
Alloys[C]. Paris: EDP Sciences, 2017

[69] Murakami T, Tsumura T, Ikeda T et al. Materials Science and
EngineeringA[J], 2007, 456(1-2): 278

[70] Chen Jun(F% #), Zhang Qunli(Fk £ 1), Yao Jianhua(#k 2 1) et
al. Journal of Applied Optics(S.FH Y65)[J], 2008, 29(5): 793

[71] Ning Jie, Na S J, Zhang Linjie et al. Journal of Magnesium and
Alloys[J], 2022, 10(10): 2788

[72] Hagemann H J, Gudat W, Kunz C. JOSA[J], 1975, 65(6): 742

[73] Hiraga H, Inoue T, Kamado S et al. Welding Internationalll],
2002, 16(6): 442

[74] Kramar T, Vondrou$ P, Kovacocy P. TMS 2014: 143rd Annual
Meeting & Exhibition, Research of Weldability of Magnesium
Alloy by Nd: YAG and Disc Laser[C]. Cham: Springer, 2016

[75] He Shi, Liu Liyuan, Zhao Yanqiu et al. Optics & Laser
Technology[J], 2021, 141: 107121

[76] Wahba M, Katayama S. Trans JWRI[J], 2012, 411: 11

[77] Papastathopoulos E, Baumann F, Bocksrocker O et al. Solid
State Lasers: Technology and Devices[C]. Washington: SPIE,
2021, 11664: 57

[78] Fomin V, Gapontsev V, Shcherbakov E et al. 2014 International
Conference Laser Optics, 100 kW CW Fiber Laser for Industrial
Applications[C]. St Petersburg: IEEE, 2014: 1

[79] Kaplan A F H. Optical Engineering[J], 2011, 50(5): 054201

[80] Demaria A J. Proceedings of the IEEE[J], 1973, 61(6): 731

[81] Zediker M S, Zucker E P. High-power Diode Laser Technology
XX: A Retrospective on 20 Years of Progress[]]. San Francisco,
SPIE, 2022, 11983: 1198302

[82] Song Gang, Diao Zhuo, Lv Xinze et al. Journal of
Manufacturing Processes[J], 2018, 34: 204
[83] Li Chenbin, Liu Liming. The International Journal of Advanced
Manufacturing Technology[J], 2013, 65: 27
[84] Chen Qiong, Yan Hongge, Chen Jihua et al. Materials and
Manufacturing Processes[J], 2010, 25(11): 1227
[85] Hou Guangjin, Xu Yuling, Wang Shiwei et al. Vacuum[J], 2022,
199: 110919
[86] Zhu Tianping, Chen Zhan, Gao Wei. Materials Characterization[J],
2008, 59(11): 1550
[87] Gao Deming, Li Zhijun, Han Qingyou et al. Materials Science
and Engineering A[J], 2009, 502(1-2): 2
[88] Li Hui, Zhang Jiansheng, Ding Rongrong. Materials Research
Express[J], 2017, 4(11): 116503
[89] Cai Chuang, He Shuang, Chen Hui et al. Optics & Laser
Technology[J], 2019, 113: 37
[90] Carmignani C, Mares R, Toselli G. Computer Methods in
Applied Mechanics and Engineering[J], 1999, 179(3-4): 197
[91] Sanders P G, Keske J S, Leong K H et al. Journal of Laser
Applications[J], 1999, 11(2): 96
[92] Palik E D, Ghosh G. Handbook of Optical Constants of Solids[M].
New York: Academic Press, 1997
[93] Liu L. Welding and Joining of Magnesium Alloys to Aluminum
Alloys[M]. Cambridge: Woodhead Publishing, 2010: 38
[94] Harooni M, Kong F, Carlson B et al. Mitigation of Pore
Generation in Laser Welding of Magnesium Alloy AZ31B in Lap
Joint Configuration[C]. Houston: ASME, 2012, 45196: 919
[95] Harooni M, Carlson B, Ma Junjie et al. Journal of Materials
Processing Technology[J], 2015, 216: 114
[96] Harooni M, Carlson B, Kovacevic R et al. Optics and Lasers in
Engineering[J], 2014, 56: 54
[97] Harooni M, Carlson B, Strohmeier B R et al. Materials & Design[J],
2014, 58: 265
[98] Harooni M, Carlson B, Kovacevic R et al. Optics & Laser
Technology[J], 2014, 56: 247
[99] Zhou lJiafu, Zhou Dianwu, Liu Jinshui. The International
Journal of Advanced Manufacturing Technology[J], 2021,
116(1): 545
[100] Tao Tao, Zhou Dianwu, Liu Jinshui et al. Journal of
Manufacturing Processes[J], 2022, 79: 270
[101] Zhou Weiyang, Le Qichi, Ren Liang et al. Materials Science
and Engineering A[J], 2023, 872: 144954
[102] Meng Chao, Zhang Zhengqiang, Qiu Xinlei et al. Journal of
Materials Research and Technology[J], 2023, 24: 7475
[103] Kouadri A, Barrallier L. Metallurgical and Materials
Transactions A[J], 2011, 42: 1815
[104] Padmanaban G, Balasubramanian V, Reddy G M. Journal of
Materials Processing Technology[J], 2011, 211(7): 1224
[105] Shen Jun, Wen Libiao, Li Yang et al. Materials Science and
Engineering A[J], 2013, 578: 303
[106] Jiang Yumo, Jiang Meng, Chen Xi et al. Optics & Laser



H5H R T4

B A e WO TR T SR AR R RERT FU it e

* 1395 -

Technology[J], 2024, 169: 110115

[107] Meng Yunfei, Fu Jiangwang, Zhang Shuai et al. Journal of
Manufacturing Processes[J], 2023, 93: 208

[108] Gao Yongkang, Hao Kangda, Xu Lianyong et al. Journal of
Magnesium and Alloys[J], 2024, 12(5): 1986

[109] Liu Yu, Zhu Gaoming, Wang Yaqi et al. Scientific Reports[J],
2024, 14(1): 22993

[110] Kouadri A, Barrallier L. Materials Science and Engineering A[J],
2006, 429(1-2): 11

[111] YuZ H, Yan H G, Chen J H et al. Journal of Materials Science[J],
2010, 45: 3797

[112] Klenam D E P, Ogunwande G S, Omotosho T et al.
Manufacturing Review[J], 2021, 8: 29

[113] Marya M, Edwards G R. Science and Technology of Welding
and Joining[J], 2002, 7(5): 286

[114] Hao Kangda, Wang Hekang, Gao Ming et al. Journal of
Materials Research and Technology[J], 2019, 8(3): 3044

[115] Lei Zhenglong, Bi Jiang, Li Peng et al. Optics & Laser
Technology[J], 2018, 105: 15

[116] Yamagishi H, Fukuhara M. Acta Materialia[J], 2012, 60(12):
4759

[117] Wang B B, An X H, Xue P et al. International Journal of
Fatigue[J], 2023, 170: 107556

[118] Favier V, Blanche A, Wang Chong et al. International Journal
of Fatigue[J], 2016, 93: 326

[119] Semenova I P, Salimgareeva G K, Latysh V 'V et al. Materials
Science and Engineering A[J], 2009, 503(1-2): 92

[120] Xu W, Westerbaan D, Nayak S S et al. Materials & Design[J],
2013, 43:373

[121] Guo Wei, Wan Zhandong, Peng Peng et al. Journal of Materials
Processing Technology[J], 2018, 256: 229

[122] Yang Lijun, Gao Shuling, Huang Yiming et al. Materials
Science and Engineering A[J], 2019, 754: 535

[123] Carvalho S M, Baptista C A R P, Lima M S F. International
Journal of Fatiguel[J], 2016, 90: 47

[124] Balasubramanian T S, Balasubramanian V, Muthumanikkam M
A. Journal of Materials Engineering and Performancell],
2011, 20: 1620

[125] Long Jian, Zhang Linjie, Zhang Lixu et al. Fatigue & Fracture
of Engineering Materials & Structures[J], 2022, 45(4): 991

[126] Kashaev N, Ventzke V, Horstmann M et al. Advanced
Engineering Materials[J], 2015, 17(3): 374

[127] Yang Zhihua(#) % 1£). Research on Microstructure and Fatigue
Property of 7075 Aluminum Alloy by Laser Welding(7075 %5 &
G VOB IR B 41 23 9% 57 1 BE B 7T) [D]. Shanghai: Shanghai
University of Engineering Science, 2016

[128] Mizutani M, Yamaguchi Y, Katayama S. Welding International[J],
2008, 22(10): 705

[129]Jin Jiewen, Lu Qinghua, Zhang Peilei et al. Journal of
Materials Engineering and Performance[J], 2020, 29: 4197

[130] Zhang Wei(5K %%), Lu Qinghua(/~ JK #£), RenXinhuai( T #7 1)
et al. Chinese Journal of Lasers(H E06)[J], 2019, 46(3): 115

[131] Zhao Huaqing(#X #£i%). Research on Laser Hybrid Welding on
Microstructure and Mechanical Properties of 6NO1 Aluminum
Welding Joints(6NO1 £ & & WO B & IR IR L A 5 AR
I 5%)[D]. Dalian: Dalian Jiaotong University, 2015

[132] Tsushida M, Shikada K, Kitahara H et al. Materials
Transactions[J], 2008, 49(5): 1157

[133] Ishihara S, Nan Z, Goshima T. Materials Science and
Engineering A[J], 2007, 468: 214

[134] Masaki K. Procedia Structural Integrity[J], 2019, 19: 168

[135]Yang F, Yin S M, Li S X et al. Materials Science and
Engineering A[J], 2008, 491(1-2): 131

[136] Chamos A N, Pantelakis S G, Haidemenopoulos G N et al.
Fatigue & Fracture of Engineering Materials & Structures[J],
2008, 31(9): 812

[137] Yan Zhifeng, Wang Denghui. He Xiuli et al. Materials Science
and Engineering A[J], 2018,723:212

[138] Morita S, Ohno N, Tamai F et al. Transactions of Nonferrous
Metals Society of Chinal[l], 2010, 20: s523

[139] Li Chenghao, Yan Zhifeng, Dong Peng et al. Materials Science
and Technology[J], 2018, 34(12): 1480

[140] Shen Yanjie, Zhou Jing, Liu Qian et al. Journal of Physics:
Conference Series[J], 2020, 1605(1): 012116

[141] Zhang Xiaobin, Bian Shuwang, Zhao Pengfei et al. Optics &
Laser Technology[J], 2022, 149: 107894

[142] Jian Haigen, Wang Yedong, Yang Xiaomei et al. Engineering
Failure Analysis(J], 2021, 120: 105034

[143] Esmaily M, Svensson J E, Fajardo S et al. Progress in
Materials Science[]], 2017, 89: 92

[144] Mei Di, Li Yapian, Ma Xiaoshuang et al. Smart Materials in
Manufacturing[J], 2024, 2: 100020

[145] Sheng Yulong, Li Weijie, Chai Yaru et al. Smart Materials in
Manufacturing[J], 2023, 1: 100003

[146] Shalomeev V A, Greshta V L, Papirov I I et al. Journal of
Alloys and Compounds Communications[J], 2024, 3: 100011

[147] Zhao Yanjie, Zhang Fen, Cui Lanyue et al. Smart Materials in
Manufacturing[J], 2024, 2: 100045

[148] Winzer N, Atrens A, Song G et al. Advanced Engineering
Materials[J], 2005, 7(8): 659

[149] Liu Liming, Xu Rongzheng. Corrosion Science[J], 2010, 52(9):
3078

[150] Kannan M B, Dietzel W, Blawert C et al. Materials Science and
Engineering A[J], 2007, 444(1-2): 220

[151] Srinivasan P B, Riekehr S, Blawert C et al. Transactions of
Nonferrous Metals Society of China[J], 2011, 21(1): 1

[152] Srinivasan P B, Riekehr S, Blawert C et al. Materials Science
and Engineering A[J], 2009, 517(1-2): 197

[153] Liu Liming, Xu Rongzheng. Corrosion Science[J], 2012,
54:212



© 1396 ¢ WA EEMES TR 544

Advance in Quality Control and In-Service Performance of Laser Welding for
Magnesium Alloys in Automotive Applications

£1,2,3 1,2.3,6

Liu Zeyu"*’, Hu Jiagi"*’, Wang Shuai"*?, Ye Jianlin*, Liu Lu*, Guo Yangyang’, Li Hao’, Zeng Rongchang"***,
Ren Lingbao'**, Shan Zhiwei'*’
(1. State Key Laboratory of Strength of Metal Materials, Xi’an Jiaotong University, Xi’an 710049, China)
(2. Engineering Research Center for Magnesium-Based New Materials, Xi’an Jiaotong University, Xi’an 710049, China)
(3. School of Materials Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, China)
(4. Xi’an United Pressure Vessel Co., Ltd, Xi’an 710200, China)
(5. Xi’an Rarealloys Co., Ltd, Xi’an 710200, China)
(6. School of Materials Science and Engineering, Shandong University of Science and Technology, Qingdao 266590, China)

Abstract: Magnesium alloys hold tremendous potential for applications in automotive lightweighting, with reliable joining being one of the key
technical issues for lightweight manufacturing. Laser welding is a suitable joining technology for the development of magnesium alloys due to its
low heat input. However, the insufficient in-service performance for laser-welded joints of magnesium alloys, currently restricts their engineering
applications. This paper summarizes the cutting-edge research progress in laser welding of magnesium alloys, with a focus concentrated on the
intrinsic characteristics of laser welding of magnesium alloys and the influence of welding process parameters on the quality of welded joints.
Meanwhile, taking into consideration the critical issues found in the cases of magnesium alloys for automotive utilization, the core influencing
factors, regarding the service performance of laser-welded joints of magnesium alloys for automotive applications, are reviewed, and the prospect
for future development is proposed.
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