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ABSTRACT In recent years, the increasing application demand for Mg alloys in automobile, rail trans-
port, aviation and aerospace industries brings about the growing prominence of seeking reliable tech-
niques to join Mg alloys. As a solid state welding method, friction stir welding (FSW) exhibits unique ad-
vantages in joining Mg alloys, and thus arouses widespread research interest. This paper emphatically re-
viewed the research status of conventional friction stir butt-welding of Mg alloys, and highlighted the weld-
ing process, microstructure evolution, texture characteristics, mechanical behavior and their interaction
mechanisms. It was indicated that the texture plays a vital role in FSW joint performance of wrought Mg
alloys, which is quite different from that in the FSW Al alloy joints. The specific strong texture formed in
the weld is the main factor that gives rise to the impediment to achieving equal-strength joints to base ma-
terials. At the same time, some focuses like the weldability and the factors that influence joint perfor-
mance in other types of FSW like lap welding, spot welding and double-sided welding; the weldability, in-
terface bonding mechanism, joint performance and its affecting factors and optimization methods in dis-
similar FSW between Mg alloys and other materials like Mg alloys of other grades, Al alloys and steels,
were summarized and discussed. Finally, the future research and development directions in FSW of Mg
alloys were prospected.
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Fig.1 Schematic illustration of friction stir welding
(FSW)®
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Fig.2 Macroscopic image of friction stir welded joint of extruded AZ31 alloy (NZ—nugget zone, TMAZ—

thermomechanically affected zone, HAZ—heat affected zone, BM—base material)"”
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Fig.3 Optical micrographs of friction stir welded joint of extruded AZ31 alloy"’
(a) NZ/TMAZ interface on retreating side (RS) (b) NZ center

(c) NZ/TMAZ interface on advancing side (AS)

TR i oL RS R e B A Y
In(D,,,.)=9.0-0271nZ (4)
11 Watanabe 55 W2t 1 50&E 11500 3~100 pm
s RO PR AR
D“L‘gg"’t — 103z—]/3 (5)

initial

TS Dusgee N SZ &KL RS s D B &KL R T

gi bl Z 28 R IR T 2555 SZ
P4 AR R RST 2 B R &R, XN EE S 4 FSW F 46
i e RL T PSR i 7 — e R T .

(EAFE B R AE, R Tang "N SZ 1R E 5
AT AR FL 8 X ok 15 U B 50 (HZ XK T Rz 3)
XA RRIE ) B2 2R AU E TS 2 3 3ok R E
AR X AFAE 2 7 SEFR |, Shang S50 dok R
AT IS 45 R, 78 SZ 1T 1EN (advancing side,
AS) -1 25 ok RS B8 TR T J5 3B ] (retreating
side, RS). Hwang Z5" ) 52 45 B 5 Albakri 25
BT S5 45 SR A 2 T, AR R v i ) P i R
S v T JE IR, 31X 0T 2 5 BT IO ok RS
KRR o X EeH 5 R0, TN SZ &tk R~ 1 2258
B AFAE R BR A

Tripathi 55 "7E 5 17 6 4% 3% 1 1045 8 A7 B8 W %2
B 7B A S, % X R T A E RS T
RIRER T RERA LK KRB 4N Gk th4h, £ SZ
25 Re s IO A R I 52 B B AT FE 2 R T B




1600 & B’

¥k

54 %

H P A S5 P B2 AR 2. SR R M 2 B
A 2H 23 1) G AE A E AS (] Ji IR 3 s, T o b RS (1)
ZE 3 I BB A 4 A MY Mironov 25 SR SR B2
ZK60 G 4 I R B ER AR T Re 0% s i 4 2 4L,
Tt B A3 A (1 58 A0 R R 28 5 TR Rl i 41 2. A
A bk, X Rl SZ A IX L AN S PE L 1%
DX IR IR AT BRI AT A B FE 3 A R A K

BT FAERAE T B R SR T R o) sh A5
45 dh, TMAZ 19 4 238 A A 2 3] 1 67 .
TMAZAER— AT P X 3, | T 52 # J Bi AR
FEEE N SZ 21 P ] 11 A AL T X 3 52 6 P55 S 0 o3,
A SURFE R B H B B E S IR . SN
W F G, BT 2R 2 2R B WA PR R B
YEH, TMAZ {7 1E [n) 35 #R b 2 B J7 [n] (ND) 2 SR 42 77
(WD) |- [f1% 1 . Shang 25" J% Tayon 24 /£ 45
PRI E S RA LR 26 1n) 5 2 L 1) i
IS . 4, TSR R 1 IX 38, SlE 32 3 B it o
(1347 VE FH AT AT 12 X 3 A4 LA 2 f 2H 2R3 A0 58
1.2 B_ER

B i kL ROSE AR AL AN, 0T UTIE AL EE A 4
FSW, SZ I& 2 17 1E 55 —AH (MR RS L V5 fi S 44 E vprm]
REfIAT HId RE . BT &80 548 Mg B4 b 7 HoH
RARMK, DR T BE A 4 B AR A B el LA A 3 25 58
EARTHEES. b, WUl S 4, i
AR FR U438l 22 2 HU N T LSS &0 R I 5E
2 [V« VR KIS 3 R LR F K Y8 A A RE AR & 4
JGER [PIAT H AT A5 3 T R0 [ A o T XS 0 e
WG &, — M ZE BN LA/ N A R SR &
4270 3 1 58 A B s [ 5 SR F 2 78 st T LA &
&G F (W HT H RS A T R [ AR, X R, TR
FSW X B (1) # ML AL BRI FE Ah, B b 28 A
T g S50 2 RIS R T8 & S RHMIE o

WFFLPPIR B, X T UliE e & &, L2
AZ ZK &2 F T R, 5G40, FSW it #£1
FECE AR S A, £ SZ Y 2 i T R
TR . ARSCAESE B AR T 2 05, X FSW
ok [i) SN B & & 28 AHVE R I S 4h T & B
BONVAREG SRS h Y HoE R K, H
FSW s 3 AR T A KA 3E T & & o R IP#, 1X 3
BT 2 ANHLH: 55—, FSW i sk i Jill 20 58 P 3
35 SRk, Y B B B A . X Meg-AL S
&, BE SRR ST 100 um 4HALE) 1 pm, ALTCERY™
BT T B TR AN 37 h 445 31 13 s 55—, FSW JIl 21198
PEARTEAL TR A BN UL A N E 8k 3 HioH
R RIANER ., ERH T BOERN R

59 B B R I B4 %, 7E FSW BE IR gt se Bl 18 S
G AR T VAR

IRIE HARRH R, REW HIER EEKT
W RIS AL R /KR I AR A H T AR 5% FE A )
WAL T, AR ER R & T2% .. S TEa
&, FSW BRI & &R A R ok, Ko
AT AR KA BRI e 25500) 82 3k o P58 1) o s o
. (HXTTEEA S, T AEILRY BRI, G
ARV A2 DA [E] 5 A 4 0 2% IR HA P, BT i
) 25T B . e B Sk () R R, I TE S5 SR
1.3 H%HIE

A SMEN—Fihep 5 & @A R, BT HA
A ¥ # 2T 20 I X 5 F2 S 22 AR K, TR AR T I
2 T BRAR BRI SR, T 4R A B X2 7 E R
H A5 RE . AR TR 8 A &, FL BOE 2 T8 B
BREK , B5 TR BRI 23 T 22 40, I AR A5 A R R I
AR BRI & 1) S, 7 L £ 3 S MR R R
BT FSW & — NI ZI M B R T il 72, fEBE & &
SZ M TMAZ #4035 2K A8 4k, T H i 52 #4
FIBVER AR B3 A, 323k % X 22 T A R 1 S 1k
S, DRI FSW 32 Sk BEAR R I HA 4 58 I 20 43 A

TEXTEE 4 FSW Bk 2L ) F AR 7 oy, 2 B2
K FH X5 2R A7 565 (XRD) A -1 A7 5 10 7 7R R AE 2
FIA5 4k . Chang Z5"@ i XRD I 5E T AZ31 854
S1E FSW I J& & df T (10 584k, RIS [ 24 1
BEMTE 200 FSW 5 #62x H BRI ACLI) it B 1) A2 4k
BT R Bk HA G . A 7 B E R AR
F7% 4k, , Chowdhury 252l i XRD /7 i£l & T FSW
TS AR B, R BIAT] 46 BEAE S3K (1% J5: THT 1v) 25 A5 [v)
PRHETT s . Woo S5POR FH vh AT 56 1 J7 VA &
T HERAN [FAL B & TR, 25 T RS AR
W o34 o Yo S5 AR I AT OTVERE R T A
[F] Z 250N 1R SZ I SN 1, RILBES Z 55
(RGO, JEE TV ) A T v ) 2 B ) i

T A, RV B XRD AP ATE G
AR R FSW G 86 & MR A 1 —E5 5, H
T FITRAE R SR 350 09 7 W » 3 DLSRASR 58 X
) S AR R, TR T I ¥ 2 S A T O 9 S v A ) 4
SUARIR KR R, REOE PUE AT O A 23R
FEFESRI A5 21 BT HUH AT 5 (EBSD)Y B A TE
JE B 4 FSW WA e iR 2 1) 2 N A

Park 2593 ik EBSD V4R AE T AZ61 B 6 &
SZ AN [FAr B 1) AR, I SZ N 22 T8 BURe ik 7
A [ 24, BT (0001) 35 T K S0 5 1 £ 41 1 2 1
BB . Shang ZFENH AZ31 B & &I W
SBXFRFER I 2 734, 4N 4% 7~ . Park 5579



1134 ok 5 B G R BRI R AT FEOUIR S e 1601

SZ side on RS

SZ center

SZ side on AS

——l— —
)
‘WD TD
Imax

64.05 76.90 59.49

67.14 66.60

Color online

(&4 AZ31 BBy GHPFEE R EERAHE X B0 LR 7 A1

Fig.4 Texture distribution in stir zone of friction stir welded AZ31 joint (ND—plate normal direction, WD—

welding direction, TD—transverse direction)*”
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Table 1 Summary of tensile properties of FSW joints of wrought Mg alloys!?®!022:2326:36:42:30-35.66-74)
No. BM Thickness of YS/UTS of BM YS/UTS of joint Joint efficiency Ref.
BM / mm MPa MPa %
1 Hot-rolled AZ31 2 155/255 80~105/160~190 63~75 [8]
2 Extruded AZ31 6.4 92~158/243 70~96/211~224 87~92 [3]
3 AZ31B-H24 2 215/290 130~180/210~240 72~82 [25]
4 AZ31B-O 6.5 150/230 —/180 78 [26]
5 Hot-rolled AZ31 6 62~135/302~334 70~88/262~267 78~88 [36]
(true stress) (true stress)
6 Hot-rolled AZ31 6.3 153/250 105/203~215 81~86 [50]
7 AZ31-H24 4 281/321 100~114/185~211 58~66 [51]
8 AZ31 9 122/284 82~105/185~232 65~82 [52]
9 AZ31 2and 3.2 -/250~270 —/185~230 69~92 [53]
10 AZ31 4 -/275 —-/190~255 69~93 [54]
11 AZ31B-H24 4.95 208/309 100~130/170~200 55~65 [42]
12 AZ31B-H24 2 -/286 150~180/200~220 69~78 [55]
13 AZ31-H24 3.175 228/308 95~115/200~226 66~75 [56]
14 Extruded AZ31B 4 -/305 -/175~293 57~96 [57]
15 Hot-rolled AZ31 2 153/250 92~117/216~238 86~95 [58]
16 AZ61 6.3 170/300 110/280 93 [66]
17 Extruded AZ61A 6 217/271 110~177/138~224 51~83 [67]
18 AZ61 2.5 —/320 -/300 94 [68]
19 Extruded AZ61 5 202/289 169~181/229~296 79~100 [69]
20 Extruded AZ80 6 179/330 159~167/274~305 83~92 [16]
21 Extruded AZ80 6.3 246/356 165~230/234~312 65~87 [70]
22 Extruded ZK60 8 165/290 125/250 86 [22]
23 Forged Mg-Zn-Y-Zr 6 120/275 110/260 94 [23]
24 Hot-extruded Mg- 2.8 217/297 123~166/245~259 82~87 [71]
5Al1-3Sn
25 Hot-extruded Mg- 3 —/285 —/223~258 78~91 [72]
5Al-1Sn

26 Hot-rolled ZM21 5,10 and 25 120/227 102~106/173~198 76~87 [73]
27 Rolled NZ20K 2 -/210 -/191 91 [74]

Note: YS—yield strength, UTS—ultimate tensile strength
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Fig.7 Comparison of macroscopic surface morphology (a) and distribution area of extension twins (b) at final
stage of tensile deformation of friction stir welded AZ31 joint (The contour of twinning area is high-
lighted with dashed white lines. The optical microstructure of twinning area is obtained from the re-

gion (1) marked with green wireframe in Fig.7b)'
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Fig.8 Microtextures (parent grain orientations+twin orientations) at different sub-regions in SZ of friction stir
welded AZ31 joint at final stage of tensile deformation®™
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Fig.9 The distribution of local tensile strains on side

surface of friction stir welded AZ31 joint at

different stress levels™
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Fig.10 Characterization of contraction twinning in NZ center of friction stir welded AZ31 joint at final stage

of tensile deformation®”’

(a) macroscopic image of horizontal cross-section

(c) optical microstructure of the region with needle-like contraction twins

(b) distribution area
(d) Kikuchi band contrast

(e) basal pole figure showing orientation relationship expected for double {1011}-{1012} twin bound-

aries (38°<1120> £5°)
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Fig.11 TEM images showing interfacial microstructures of friction stir spot welded AZ31 joint with addition
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Fig.12 Macroscopic image of bobbin-tool friction stir welded joint of extruded AZ31 alloy
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