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FE. R Ag M Zn EENHPIR)Z, XF 2 mm J& 5052 5264 AZ31 BE6 ST X4, 4307 T A [R) o ] 2 X 43k A4
i IMCs J& B2 | 704 M2 B R 52 W ;AL . SEOR 3R, A ep 8] )= 59 42 3k 1T IMCs J& B2 O 3.52 um, £ %05 Al;Mg,
Al ;Mg ,, HIEARIR 7 6] 76 P AL 2 B2 A 5 Bk A IR DX e A L, ook BE R B J= A % 03 175 MPa Fil 2. 75%, &
PRMEVER ZLRFNE. 5201 AUMg 32 L AT LE, TIA Ag )2 4% L FHA IMCs J2JE | A fnZS BUER A& A 1 B2, IMCs JREEE/)
| 2.38 pm, i _EHY AlsMg, Fl Al Mg, 5 5578 ANEZL A0, RN AR T Ag,Al F Mgz Ag, 42 kAt Hrsm B AT o (i1 30k
P e, 41918 190 MPa il 5.13%, SEHIPERIZLARAE. A Zn H1a] )2 )48k B IMCs JERE S 3. 09 pum, 765410 FIf AR A i
% Zn 28 IMCs, $rHism B WG AR IE T A b ERImA Ag HhE)JZ2r03ek, O 161 MPa F 1.45%.

BIFET = (1) ] Ag AE R IRR SR RAT TG RUPLHsRBE, S5 1 WiJa .
(2) IS L =Fp Sk F i IMCs BYJRLRE | S A FIZE AN, iR 1 33k e AR I e U DL PR,

KA IEFEEEIEAR,; i/ Al & E; Ag hIE)Z; Zn W] JZE; s LS )
HRE3ES: TG 456.9 X EkFRIRAD: A doi: 10. 12073/j. hjxb. 20240907001

Effect of interlayer on interface microstructure and properties of Al/Mg
friction stir welded joints

CHEN Shujin, HE Yabin, XU Yang, TIAN Xiongwen, ZHAO Haoyu

(School of Materials Science and Engineering, Jiangsu University of Science and Technology, Zhenjiang, 212100, China)

Abstract: In this paper, Ag foil and Zn foil were used as interlayers for butt welding of 2 mm thick 5052 aluminum alloy and AZ31
magnesium alloy, and the influence of different interlayers on the thickness, distribution and type of IMCs at the joint interface was
studied. The results show that the interfacial IMCs without the terlayer are 3.52 pm thick, and the main types are Al;Mg, and
Al,Mg,-, which are continuously distributed along the plate thickness direction. The fracture of the joint occurred in the band area,
and the tensile strength and elongation were 175 MPa and 2. 75%, respectively, showing the characteristics of brittle fracture.
Compared with the pure Al/Mg joint, the thickness, distribution and type of IMCs at the interface with Ag interlayer are changed,
and the thickness of IMCs decreases to 2.38 um, Al;Mg, and Al;;Mg,; on the interface are discontinuous, and Ag,Al and Mg;Ag
are generated at the same time. The tensile strength and elongation of the joint are the highest, 190 MPa and 5. 13%, respectively,
showing the characteristics of ductile fracture. The interface IMCs thickness of the joint with Zn interlayer 1s 3. 09 um, and no Zn-
containing IMCs are generated at the interface. The tensile strength and elongation of the joint with Zn interlayer are the lowest,

only 161 MPa and 1. 45%, which 1s lower than those of the joints without interlayer and with Ag interlayer.

Highlights: (1) The use of Ag interlayer can significantly improve tensile strength and elongation of the Al/Mg joints.
(2) By comparing the thickness, distribution, and types of IMCs at the interfaces of three types of joints, the mechanism
of joint fracture was explained.

Key words: friction stir welding; Al/Mg dissimilar metals; Ag interlayer; Zn interlayer; intermetallic compounds
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AlMg & & &5 ] LI — 20 i 0 B 5 0 R 45 4%
FPEREL Y. MR AR 35 1 AlMg $23k
i, RS A K, 58 UL SRR & e
fif 4 Jm [ 4k 5% (intermetallic compounds, IMCs) 55
B, P AR S ) FSW e — Tl 1 4H
PR, REA M IMCs BB " 382 FH T
SRR AR

T FSW i FR A7 7E B R ) — 1 FR -5 1E H,
BIE AL Mg Z I8l XA 1G 4 v, LLETFre4 i
fii Al-Mg 257 IMCs, 2Bt a1, /T
/bRt Al-Mg 28 IMCs HIIE B, A & 221R
> FHE e a2 89 0 2UCE IMCs 287, AT ik 2]
eS8 12 Sk OB K 2 se i /E H . Abdollahzadeh
s N TR 6061 54 4 AZ31 RS AN
i Zn FERrhla] )2, 45 R &R BLES I Zn Hola] 2 )4
SLAIPTRISRE M 141 MPa #2555 175 MPa, Wi {i#
K H M 0.7% $EE 3] 1.9%, 7F8: 3k P 1ETE Mg-Zn
IMCs, J1 % A & B Al-Mg 28 i) IMCs; 5 /b JE 45
N #6061 45640 AZ31 B4 4w 3k
{7 NiAE a2, A28 &3 Alj,Mg,;, AlsMg,
HI Mg,Ni 55 IMCs S 73 A X957 B9 Ni ks, HL4 5%
BT T 56 MPa; Dewangan 25 A" 7E 7075 454
4 F AZ31 BG4 X Rk i Cd AR b ]
JZ, Prhiom M 110 MPa 4275 5 129 MPa, Wi )5 fif
KA FrBEAIC, M 3.4% FRAEE] 1.3%, ek HIE
A CdMg 1 CdMg; 55 IMCs, Cd i il T Al,,Mg,-
PIIE . 25 Ak, I8 A e 28B4 & 1 #k
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Al B MR W) g g5, =& A dkw i,
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o FEAR [ op ] R AR EAE T Ag ] 2
(Ag a1 Ag HIE) #1£ T AVAg/Mg ¥ BG4k,
Ag SR A1k S 24V B 5 4 7, BLIE T Al-Mg
IMCs A= B, 4223k 5t T A i S 789 G L 45 44 oA Mig-
Mg;Ag-MgAg-Al ZJ2454; Peng %5 N1 SR T
SR (USW) 7 f 525 ZEK100-0 BE5 4 5 A
B 21 6022-T4 #a A 4 TR 32, FT &2 Al-
Mg 7L #% Mg-Ag Fil Al-Ag A1 B, AR FI Y
Al,Mg,; BHER.

TE Al/Mg fig $EEE AR Fe 4, Ag W a] ZE X%
Sk 2R 2 R Ty = M e W w2 e v AN BRE, SCH LU
5052 fR 5 AZ31 BEG & B, 410l AVMg
FSW Xt4Hek & A Ag Ml Zn W [a] 2, 2t A6
] 2 0 4 3k 22 W S0 . A 2 RN ) 2 1 RE G

B,
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1 R h

RIS B R R BE R 2 mm 1) 5052 4854 F
AZ31 B 4, bl f 2 Re WLk 1, a2
fifi FHE R R 10 um B9 4E Ag A4l Zn, A R4
100 mm x 50 mm x 2 mm, > FH 35 $ FE 488 6 BE 45 1Y
Jr AT IR, N 1 P, JRE R R A
T AT L] (advancing side, AS), 1k & T J5 1B fill
(retreating side, RS), 14 WAL E 0 0. 7 mm. 1R4%
A5 B A L SR R a1 2 Fris, B TR A, B A
IR B, BE RS A O ZR 3 mm, fi ] K FEA
HLAH, BERR 0.5 s I8 —WRIREE. Zead Bt se:, i
FEk 55 3 A 800 r/min, 4RE4% 3 E A 30 mm/min, F
et 0.1 mm. 55/8E FSW S2U5, i 1g B +
I mL fiff2 + 100 mL 2% B 7K Ok i JE 3
AT S AR, AR TREF ] 12s. SR Zeiss Merlin
Compact i H 5% (SEM) X FSW 23k foUl 20 21 37k
1140#7, i B BEERE [ (EDS) #l D8 Advance A25
X SR AT (XRD) X423k IMCs fpi it 4 T
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* 1 5052 AR &M AZ31 RS ERNUERST K NFHEEE (RESH, %)

Table 1 Chemical composition and mechanical properties of 5052 Al and AZ31 Mg alloy
R Si Fe Cu Mn Cr Ni Zn Al Mg AR i s
R./MPa A(%)
AZ31 0.10 0. 005 0.05 0.20 — 0. 005 1.00 2.50 R 240.5 20.56
5052 0.25 0.400 0.10 0.10 0.15 = 0.10 R 2.20 267.0 22.76
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RAE. >k H WDW-10 BRI HLP ] HL 57 g il g Al
XSk AT ALE LM, PR 0. 5 mm/min,
TR H 25 3 APLAHERE, RLAEE RS A 1 B
7, A EE RG22 {H.

A JZ 10 pm

5052 A]
RS

B 1 Al/Mg X FSW 3B 77 X IR AER T (mm)
Fig. 1 Al/Mg butt FSW assembly method and specimen
dimension diagram

2 RBECEMNESRERE (mm)
Fig. 2 Schematic diagram of welding position and
temperature measurement point
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&l 3 e E . Ag BRI Zn ES5M RIS
f 3k R E AL 123k B P B BF X (base metal,
BM), #GZ R X (heat-affected zone, HAZ), #4750
[X_ (thermo-mechanically affected zone, TMAZ) Fl14&
B%IX (weld nugget zone, WNZ) 4 P44 ", M
Kl 3(a) HA] LIE 1, 75 WNZ 5EiE TMAZ A B2
i IR 2H 21 (banded structure, BS), Al il Mg 7F i £
FrEOE R RIZUE &, IS5t WAl sE (OM)
TERDRBOFNKOSEESWIR, 788 E
HF, Mg #5¢47 1] 3R i1 RS, # 7 7 M RS 47 2]
AS 1 AL, BN A2 I —Fh 27 IR A5
&l 3(b) F1IEl 3(c) P, “Z7IRAY S AN B W, G
HIENMA Zn Hra] = 42 3k Fimm, X A §E & H T
6] )= (Ag §fi, Zn §) WAFAEBHAS T Al R Mg Z []

IR A, (A5 P B A BHE A iR BE 55 T AR A
Hha] 2 4k, UL RE T AE B AR [R) B9 BsFE] (12
s), AINAHEZ ) AVMg 35 7E OM T 2By X
L 53 A RSk SR .

(c) Al/Zn/Mg %3k

E3 EkEmErS

Fig. 3 The cross-section morphology of the weld joint.

(a) Al/Mg joint; (b) Al/Ag/Mg joint; (c) Al/Zn/Mg

joint
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A F1 B AL E R PIE R 2 an &l 4 JoR. BT
il A AR AR T 378 °C, A5 B B AR
FEiA %] 326.8 °C, Tk AU BE S I FE X AL, Py
LB e il R S P sy T I A5 . AR R Mg-Al, Mg-
Ag, Al-Ag — e84 AHEM w11, 78 400 °C Z45 B
A LIE N s RS . IEFE BRI AR A I 2 Y
PAVEASTE AR, TR/ A R R TR AT 2 9 U
7, HLJ i BE e ey T — B HIOE, B LA R e i
FEACF AL R A, ton] DS RIFIIR & 45 5
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Fig. 4 Thermal cycle curve near the interface of Al/Mg
FSW joint
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ZUES. B 5(b) ~ Bl 5(g) A alZ23: kA mAn  #ESLAn. MR 2 W EDS 20 #r, SEiT Al Sk —
BS M2, & 2 M 5 4 IX 0 EDS 7rtrss MpY Al TR S & s T Mg iR i &% &, WK 5() ~
R, )\ SEM E ] I I ER Ak AuMg sl Bl 5¢e) 1 1, 3,4, 7 X3, ATREAERL T AlsMg,, T4E
FAEH Z 8. MK 5(b) ~ B 5(e) TR LIEH, Al- if Mg BUARPENE Mg tR2 S E2m T ALJTR R
Mg IMCs fE 7+ 1 E 252 A&, W R IR, &, X5 5,6, 8,9, ATHEAE AT Alj,Mg,,, AT
o A B A B AL R IMCs J2EEE, TR DRI, R B AVMg B3 R A 8y
3 A IMCs R IREE N 3.52 um, HIER T IMCs 2R RERGH, (H40E 5 2R 017,

E 5 Al/MgFSW #3LRMALR
Fig. 5 Microstructure of Al/Mg FSW joint. (a) the morphology of the weld joint cross-section; (b) section a; (c) section b;

(d) section c; (e) section d; (f) section e; (g) section f

& 5(f) FIE 5(g) A BS i ZH 2, M E Ha] L) 2 6 HINA Ag F[a] 2 AVAg/Mg FSW 3L 1
i, BSARERERFIRAL, g e T HRmak, WHLIESN. E 6(b) ~ & 6(e) MIMA Ag H 8] JZ1Y
JIEHERAY BS [LTRER A BS H AN HIAIA], BS 1 AVAg/Mg %k B 2, & 3 HE 6 4 X 1
IMCs I SHLE AT eV I TR B rp A 44 EDS 20#rgs . W 6 1 al DIE H, i A Ag H[H]
SR, WERBIEARE R Z R ABT RN 7, sty BiEELA A KE O ES1%454 . G EDS 7
BS JE R SLac™ | AE I, £ AT RES R 2LELA. Br, A Ag H 8] = 4L i nl s A AlsMg, Al
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Table 2 Chemical composition of corresponding mar- i

ked positions in Fig.5 I, A Ag HrEZH) Al-Mg 28 IMCs JFAEZE, U

& 6(b) MIEL 6(c) T X Ik 2, 3, 47 — & & w1y

(AL Mg Al A RERYAH
—. n w3 ,[Jih 2 Y ey
1 33. 74 66.26 Al;Mg, Ag E% ll:l:ll Iju Elg. :{lﬂﬁﬁf HEEEEE T Mg3Ag %ﬂ
45 £ < 1 A
2 9 38 90.62 Al AgZAl # IMCs. :{_‘ 6(0) X, —i 4 E(J{_LE Ag EI(J E
=8 %, it H
3 41.02 58. 08 AlMg, =35 73.05%, BLHIER T 2E B Ag,Al 1Y IMCs, 7+
fl“"—‘ =-
4 20.28 79.72 Al;Mg, LR TARSE S N Y Ag ST, T A
|EST IV = I13F. 141 2
5 66.70 33.30 Al Mg, BB OLE IMCs J2JREE, Ja THR AR 2P R
; HH | -+ A gl Bz
6 54.13 45.87 Al Mg, J32.38 wm, BT /NF AR A ]2 43k IMC:s &
B, R Ag IRl JZ—E R LRIE T AL TR M
7 41.19 58. 81 Al;Mg,
I 3 =] ‘f"é:;';
8 59.80 40.20 Al;;Mg,; Mg JCE Y AHE Y 1L, 710 IMCs )5 B3 257 A
Bl 78 Ry AN 22 4 A, IMCs ZE T AN AlMg,
9 66.51 33.49 Al;,Mg,,
o
10 42.98 57.02 Al;Mg, Al Mg, ¥ 22 9 AlMg,, Alj,Mg,;, Mg;Ag Al

AggAl % %ﬁq %iﬂ :

(b) XI5 a o | | (c) X3 b

(e) X1 d

6 Al/Ag/Mg FSW =LA LR
Fig. 6 Microstructure of Al/Ag/Mg FSW joint. (a) the morphology of the weld joint cross-section; (b) section a; (c)
section b; (d) section c; (e) section d

&7 RIA Zn H1E] 2 Al/Zn/Mg FSW 4%k fik EE JUF RAEF i _EAFAE IMCs, HALGR B 914514
WLZH RIS, 2 4 RIE 7 Th & X3 EDS 7304 5. R/, W95 EDS 7087, A Zn Hla]JZ2 1) Al/Zn/Mg
MR B AT LA i, AS [R]F- R A AR a] 2 R A %%akﬁm’jﬂnaé’a IMCs Z581°% Al ,Mg,, #l Al;Mg,,
Ag FEZ4EL, A Zn R EZWRmHEEN  5IA Ag R EIZEAFE, EIA Zn H 8] 2 59 5
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Table 3 Chemical composition of corresponding mar-
ked positions in Fig.6

(A Mg Al Ag FHZ AL
1 48.28 51.96 2.94 Al;Mg,
7 54.13 45.87 18, 94 Mg;Ag + Ag,Al
3 15. 85 33.18 50. 98 Ag,Al + Mg
4 4.58 22.38 73.05 Ag,Al + Ag
5 65.49 30.01 4.50 Al;Mg,
6 3.81 68.27 27.91 Ag,Al + Al
7 19. 82 77.47 2.91 Al;Mg,
8 51.59 27.12 21.29 Mg;Ag + Al
FZn W HF EHREIH 4.83%, HEA S Al

Mg HEAKTE i Al-Zn 5% Mg-Zn 2B IMCs. — fi%
M5, Zn BIKE S (419.5 °C), HHE 5 5 Mg I i
Mg-Zn K& @ ELEY), (H2H T Zn 8 s,
HiXB A Zn G092 AN 10 pm, X5 8HE
B AT, Zn AR AB WAL, TEFERER T
WAL Zn SERUHE A B WNZ, 3208 FIF RS Al BY
Mg FEAR KA 16 4 O, i DATE BT A & B0 Al-
Zn 5%, Mg-Zn 25 AU ) IMCs. i of 3+ 815 3] A m
IMCs 3252 3.09 um, /N T AR A H 8] J2 32
K KTIMA Ag HrlEZH L A IMCs B, R
B PEE BRI T R AL Zn JCER 7 42, H
R Fy/ba Zn Wn] IAE—E R il /b Al A
Mg (A E 8

{ -!"
3.40 um +”‘ & L

e o

'%"'i’* =3

3.04 um

(e) XX d

B 7 Al/Zn/Mg FSW #E3LH LR
Fig. 7 Microstructure of Al/Zn/Mg FSW joint. (a) the morphology of the weld joint cross-section; (b) section a; (c)

section b; (d) section c; (e) section d

XRD 73 M /€ 1 2k B B IMCs 25 7Y,
Al 8 Sy =Pk B X XRD 3% &, M E AT LA
20, Br T ALFI Mg BARAH, 78 AVMg 1 Al/Zn/Mg
AR 32 Sk A A A AL Mg, HT AlsMg,, 7E
AVAg/Mg 323k F 5 T Alp,Mg,, fil AlMg,, & A
Mg;Ag Fll Ag, Al F77E, iX 5 EDS 4521 —3.

2.3 N1t

2] 9 FIE 10 435 R =Pz Sk i 1 —1 # #h 2%
ST s BE AW S R AR IEL B 9 Fal DIE
H, WL AUMg 3323k Pt hiom B 175 MPa, W5
fif KR 2.75%; A Ag a2 ) AVAg/Mg
SLFL $7 98 BE B ik 190 MPa, W 5 i K &R 3 5 3
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Table 4 Chemical composition of corresponding 180 L - 5.09%
marked positions in Fig. 7 ica 157.5 &
£ =
VA Mg Al Zn FHEH L s 1 <
~ 120 5
2 54.61 40.56 4.83 Al;, Mg, = 80 |, iz
B 60 =
3 41.90 57.17 0.93 Al;Mg, 40l |
4 63.75 31.77 4.47 Al;,Mg; 20¢
Al-Mg Al-Mg-Ag Al-Mg-Zn
4 500 F.Al \MgaAg vALMg, #Al Mg, aMgAg vAg,Al
s000f T e 10 7R R IE Sk R R O S K
_ 1 503 - l J s 3 omd L Fig. 10 Tensile strength and elongation of different
; 500 : ReTm interlayer joints
~ 3000} [ . ,
= 1500} Ll BETEr HIBEsE, IIA Ag HiE)JE)E, Fti IMCs JZIE T B
= 0} Ui LS P : ;
oo ' l ANEZL A AlsMg,, Alj,Mg, 7, MgsAg Fil Ag)Al
i I o | . .
o} [l 1 st .. 4R IMCs, FRUFHIRREE TINA Ag ol 25 4 3k
10 2() 30 40 50 60 ‘?0 80 90 y:
il 20/) AT T m BT hiam B, A Ag,Al Fl MgsAg A

P 14 0 1) S JR A T 24 ) 1 Y, R Al/Ag/MIg
Sk P T B W AR AR 11(c) g%

E 8 A[[HIEE FSW #3k XRD 431
Fig. 8 XRD analysis of FSW connectors of different

interlayers ], A Zn H[E)Z ) AVZn/Mg $#3% HECHT
5.13%; A Zn W E 209 AVZo/Mg 3235 b i I AW, g5&E 12(c), Wra A B g 2
A, 2 161 MPa, W5 30 1.45%. G b, Wiy sCER M et WA, e AR R A5,
o[ — AlMg I A Zn FIEZARRAT T HOH A AVMg $2k B 1Y

— ﬂg 28 175 MPa_ HURLREE , (ERAE SO ANA Zn a2 R i s

150 M e ‘; BE AR, MR SCHOZE SRR, TEBEREER R F L
-3 e 1) Zn R A B WNZ, FIA 9 Zn JF A 16

s i 5 A5 Mg kA R WA B, Al-Zn 5% Mg-Zn 247!

" s | 1) IMCs, T 52 AU AT AR — W6 19 Zn [RIAE T

1 s Al-Mg IMCs 1, HLAH 7, SO0 E Bi45 R b,

0:2 Oi-fi- 016 U:S 1:0 1I.2 11.4! 116 liS 250
(i#% S/mm
9 ARAFEEERELRAEE(IFHE

Fig. 9 Tensile stress-displacement curves of joints with
different interlayers effects

A 11 2 = Fhdsz Sk W 24457 B ) w1 2 LI B
MR 11(a) AT AWLEE R, AUVMg 423k 1 By 4437 B A
BS, WA 5 AT LIE 1, 76 BS A K& Atk el Bkt
HIE T IMCs 328 1 5%, 4 S07E X L i 14 /Y IMCs
PIERT e, & Wil 455 W HIESE 12(a) 70 - S S
fir, W7 CE I N HErERT R I 11(b) AT ISR (©) AUZn/Mg i3k

2, 78 AVAg/Mg H3kh, REUELL 1 3 AL . B s

HY DA, T o A2 L, ZR R 12(b), W EA7 Fig. 11 Fracture fection ﬁi?j’z{i?(a) Al/Mg joint; (b)
fERmR)E, WrEd 7 X A3 B 2L AR 8 A i Al/Ag/Mg joint; (c) Al/Zn/Mg joint
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PR, S5 I B AT ER/ sk A R R R AR 5 PRk v B W 53

FECT HGONF ) IMCs Hh = AE YR, R

(c) Al/Zn/Mg $33k
B 12 =EErOf-SHE

Fig. 12 Fracture morphology of three kinds of joints. (a)
Al/Mg joint; (b) Al/Ag/Mg joint; (c) Al/Zn/Mg joint

3 i

(D) SR MA a2 H AUMg 3223k %F E, A
Ag HANZ B3 B IMCs JERE . A0 AR B4 %
AT AR, R HIEZL A Y AlsMg,, Alj,Mg,; 5%
AR R HANEZE 5 A 1) AlzMg,, Alj,Mg,;, Mg;Ag
I Ag,Al. I Zn H (8] 2 1 4235 BT IMCs J8 )%
A%/, WA AR Zn 1Y IMCs.

(2) A Ag R Z 83k 05 T s P
5if & RTS8, 43518 190 MPa #11 5. 13%.
F Zn 95 S KL 2 TWALE Zn SE7EBEPEEE
HITFHEA WNZ, Hk5 Mg il Al AR K 1G4
N, SECCAE A FE R IMCs IFEH, 23k
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