514 5 mBEERMPIEI1E Vol 51,
2022 4F 5H RARE METAL MATERIALS AND ENGINEERING May

No.5
2022

AERREERRE SR BRI ERATR

(PEBAMT 2 iR K2, 9 ¥EBH 110136)

i

W OE:. EHERE S 23%0 6.5 mm B4 (E2) /58 (2 &EERE SR NEEX R, OF T 34T 5 £ BE
BEIREE (FSWO MATATHE; MR B G S TRMERME (B2E LAEZEE B 0 FEEgmsim; ki,
GESATBRITAEE AR, 4T FSW i e 45 8 TR IR RS 1R F X T80 5 2 TR AT AR, DA Rk AR o 4148,
TR A X AL . SRR, 4 FEREN 0.2 mm, HEEHE N 150 mm/min FESEEE 900 r/min (1R EES
HF, MRHSBEEE EEET RN, SR ENZ RS T RRYAEH WSS, m EIEBERRAD, I Bl TR
Ve F IR BE R . 0 52 05 A DA B R i, DR G 28 5 5 S50U7E B Sk IS 0 0 B S O BB T B b 4 2 78 i,
AT AR BOE R IR FSW 23k, B AR He B wp s 18 00 R0 5 3 I B A7 AR 22 57, 7035 B 4 i a8 0 HR 7 5 -4 i [X
B, QOB T/ EN Al-Cu &8 HWEW)Z: AR BB (AT gE U o 45 -4 S KO, T BB it Al-Cu 4x )& (R 4k

EARAIR, % FSW BESk 0T K BURI Y 85.2 MPa, 40 A REFHGUHL 38 10 62.7%.
XBIA: WIERE AR FSW; AMRIGR: RATA
FEESES: TG456.9 XEkARIRES: A NEHS: 1002-185X(2022)05-1752-07

W) MR R RREREREGRMEN  FEPPIEET TR 2 mmy SR BN 101 R
—MEABEEN L R R ERIRE AR, B SR FSW RS Sl R HSL A R T A I, #k
WoA B FEAR . T P P BE4F IS e, SR A4 S e E AL SR BES R TR ME, JFHRE

SHER IR, BATCEN TR E T R JERIMB R AR T g

LS LR REVR AR ) 254 22 A 10, AR — RS H2 T 2, 0T/ 5 48 = AR
BN Z AR R T 22—, Hh, HAE e k4 5, NTERRMRES SWRMGEMER (Sak. ¥
PR AR TR N B R rp, 0K RAEA AT F AR P, NERRIEHBA RN, BreAx T
PEROBL, H R, BEFESCEMARE SRR R EEE TS S AR LB — 2 R .
, HTEIRES S, WA SBREEMEREEZ i1, Ehr (GB/T32468-2015) #E, HE 2 L2
R A G SRS, P2 2 B T e Sk Ve Re 1 S i 4 RE AR S LB HI7E 8%~30%. 1T FSW &
I3 A B B A BB A B Al-Cu 42 TR 4k & 4L ik 41 I FH e e R B S T EE R A AR, R AR
TR P SRR G WM B R, B LR BRI EERA, SRR AT s, A
IEEE LI A7 e ReAn S B pE el o), AT, SRR AR BHES B EEIER T, SKRENRRS), M
FARIRAB MR B /R R AR B Sk e — 8 M E ZRREE. Bk, S2EELE )R
{14 PR X o JELRE Y O RRAEG, X L HEAT FSW M 1Y) R ek

PEFE BRI (FSWO AE N — Bl &SRB 7%, 15 K. HEHWKXTEZE HWRHFEER (GB/T32468-
B2 B AR BT W AR 1R R BE 1 AR O, [Ttk 2015) ERARARE AR FSW KIRF 7, B 8L fRIE .
FEH N T2 AR, B R B AR Sk b & ETHIERReEE S REENEZEULH
BRI 2 R G A RN FE (38 7. BiF 9 45 R Y] ROBT AR, 22 & RN R A e R
R, KA FSW HARF LIS R &R E S SIUEREEN R, B 70 4T FSW X 4 e ]
BRI . 140, Beygi PO2N4 it FSW sEBL T4R(15 ATk RN, MRS T AMERAE (EERRE
mm)/H1(3 mm)(HI5E = L 66.7%)E AR KERE; 0 JrFO X TREEEN W, kA, 2EH R

k5 HEA: 2021-07-09

EETH: ExXARBHES (51601121) ; ILTH HARRFIES (2020-MS-238) ; LT MITTAHRITE (XLYC2007165)

EE TN B U, B3, 1995 4R, R-LAE, JRBHATSMUR KRS:, 107 URBH 110136, E-mail: my_revere@163.com



5 5 1 B BRAE R R R R AR R BRI

* 1753 -

BARWEIE FSW I FE A (K R & A R TR R0 A2
TR =R BT N EIFEE , LK SRSk th O AL,
JEEL S S X A A4

-

AR, E&HAEER (GB/T32468-2015)
FE B R~ 30 mm (KD <15 mm (5 ) 6.5 mm (J5)
1) T2 44/1060 FErfi&EZRE AR (H2 Ay
23%) 1ERIEEN SR, HAh e ZERESN 1.5 mm, 4
BZEREN S mm, X HBEAT FSW. i i b
I AR TR 2> F AT (0 KA e 1] R EE AR AL, ik
MBER @16 mm. b 79w, WM EEk. H,
T PR B AR ST, IR ELARN 5.4 mm, B B
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HEWRT. RE, K2 MEsRERE S RIFKE
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Fig.1 Schematics of the FSW process (a), Al base plate placed
upon the Cu cladding plate (b), and Cu cladding plate
placed upon the Al base plate (c) (AS-advancing side,
RS-retreating side)
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Fig.2 Schematic of the tensile test specimen
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Fig.3 Schematics of geometric model in two modes of Cu

cladding layer up (a) and Al base layer up (b)

# 1 1060 %8 % T2 %4F Johnson-Cook & 8Y 41 3 & £
Table 1 Material constants in Johnson-Cook model for 1060 Al
and T2 Cul?" 2!

Material A/MPa B/MPa C n m Tu/C TJC

1060 Al 128 301 0.011 0.2 134 650 20
T2 Cu 90 292 0.025 0.31 1.09 1083 20

%2 1060 B8R T2 £iAIEaESHE
Table 2 Properties parameters of 1060 Al and T2 Cu materials

used in model™

Thermal Specific Densit
Material conductivity, heat, f cmyé
MW m?t K cikgK)t P9
1060 Al 175.8 700 2.7
T2 Cu 371 442 8.96

100 pm

20 pm

2.2 {MLBLR D

TS EA BN, REMELNHEEY
SRS TN P T o N s S T =1 = d S R 7R
13 B 1R 2 AR FSW 42 Sk 3F 4T T 40 21 ¢ —
BT

5 i EE B E AR FSW 453k 5 1B )

Al-Cu #fih 7 (K 4a F1 AL B X3 &% SEM 1R
Fo MBI, Al-Cu #filh i B H4E — EE K
R EE (B 5a A1 5b) . 5c &K 5a t G X )

F i SEM [, T LB B B R AR IR R 45 &

THT b A7 A W) S 1) 3 8 IR <2 1) 4 5 490 4L s 1 3 9

X R4 EDS i REx (K3dxiafb), K 5c

Kl 4 SR EFRIEREAE F FSW Bk ZOM# T T 30
Fig.4 Cross section morphologies of the FSW joint of Cu
cladding layer up (a) and Al base layer up (b)

b
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Bl5 [ 4as AXEBHB XK S5+ G XAE ScH H XK SEM I
Fig.5 SEM images of region A (a) and region B (b) in Fig.4a; zone G in Fig.5a (c); zone H in Fig.5¢c (d)
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Table 3 EDS results of different positions of FSW joints (at%o)

Position Al Cu
a (Fig.5¢) 66.1 33.9
b (Fig.5c) 66.8 33.2
¢ (Fig.5d) 68.6 314
d (Fig.5d) 94.9 5.1
e (Fig.6b) 96. 6 3.4
f (Fig.6b) 66.8 33.2
g (Fig.8b) 67.7 32.3
h (Fig.11) 69.7 30.3
i (Fig.11) 68.8 31.2

o a B4 N 66.1at% Al fi1 33.9at% Cu. Bt4h, TEIf
AT 5 0] F 3o R X3 R DAOWE %% B K R 2% SUIR S b 4 Y
(F5d) . #k#fs EDS 455 (3 sib, cAld ,
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B 6 4 5 )2 AE B 3RAS [ 2 A& A FSW 42 3k Pl
HEMI A AI-Cu Ftif SEM & . Hodr, K 6a /2 4a
i C X E R SEM B . BRI, 75 E A
FRERJZ GG P AFTE IR P Xk, i X — 2
BRI 42 () Ak & W) R0 — 2 L 40 P TR IR 3 4H 23 40
B8 o 388 T E — 2 o BURLIR S it 2H 23 X AT 23 A AT A
% X 32 o 1t 3 o 4 GRS IRt i A AR (R
6b) . 4i& EDS 4R (K3 b e A FMMHES
Hrof 0L, BRIt S LU B35 AlLCu, 1 K I
A REN a-Als

Bl 7 WS JZAE 3RS0 FSW 5 3k v i gkl
Al-Cu Ftil (Kl 4a o D X3 Msifs SEM B M
BIFR AT DUE H 7822 Sk m 2R 00 wp il 8 7 B A7 A8 7 R
ZEKy, Cu fE Al JZH e, Z& a7 B AN [R] K/ R 0RE

2R (B 7a) o &84 EDS M WL (| 7b. 7o)
TEAR G XA A, Cu o3 2 IRATRURLIR, BN
S B R S, JFERAE THIEM Al Cu
LRI 8, FRE Cu ik A 25 Al [ 4k
TE(EA & Al-Cu B [X .

8 Ml B RAE LI 3R1GF I 5 B FSW 2 K #0IR
X (K 4a i E X4 M@EfEH. HE 8a Tl L
PRIEZ) EDS &4 R eI W, (& 8a) , fEHIRIX
SR BB AR Cu B, AEAERH B4R, 4
TCRAMEY BN G, X W — P E B A 1 X 38088 A4
RETHAERN. K 8b ZK 8a i K X[&E % SEM
T, AT LAMLSE B4R X 38 B A A — R B ) i
WEE, GAE 8b g s EDS £ (R 3) , izl
JE 155 A AlLCu o

gia LR W, R EAE LI, E FSW £
Sk AR U AN AR X, S T T AN AR R T D
H 1 AI-Cu & J& (i A6 G 3 2 s 1 5 38 o 2R 5 4 5
T ) H e SR e PE AI-Cu 42 TR) 46 &9 2 A0 4 40 1 5
BOIR L T 2 2L AR
2.3 IEEEERELNFRE

ARSI 5 R oK, HTE B 3RAS B HR /R R R
SRE G FSW X EHCLH - hidr 8y 85.2
MPa, BEM (735 buhi o £ 135.8 MPa, #23kHidi
S 2 R BERA BRI 62.7% (&1 9). B2k M 2 A B
A F A7 3000 A5 A ST AL (B 10D o B 11 AR R
Jii 4 J@ 52 A R FSW 3k (1 It F1 i £%5 %3, EDS 45
B, WA h A0 A4l 69.7at% Al
30.3at% Cu #11 68.8at% Al. 31.2at% Cu (¥ 3 &
hy @) R &5 S — 25 I s 3 Sk i 28 2 9 A gk
R -4 LT (X PP R AL-Cu 42 18] 4k & 4 AR IR
AL KA. 52, Al-Cu &EELEY
HURURLIR L S 20 LB 7 B Sk i Jy 2 ke, R4k

40 pm

Kl 6 [ 4arh C XA 62 R X1 SEM I
Fig.6 SEM images of region C in Fig.4a (a) and zone R in Fig.6a (b)
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Fig.7 SEM image of region D in Fig.4a and EDS line scanning of Al, Cu along the diagonal of zone J (a); Al (b), Cu (c) element

distributions of zone J marked in Fig.7a

Intensity/a.u.
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il

200 pm

8 4a 1 E X3 SEM Y L 2619 EDS JT & Al, Cu £ 4345 18 8a ' K X 1) SEM & Jv
Fig.8 SEM image of region E in Fig.4a and EDS line scanning of Al, Cu along L line marked (a); SEM image of zone K in Fig. 8a (b)
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Fig.9 Stress-strain curves of the base material and FSW joint

Cu layer Fracture location

/

Al layer 20 mm

K110 xfEese ki g By W Ao
Fig.10 Typical fracture location of the butt joint

Bl11 xSk MR AL E & SEM R
Fig.11 SEM morphology of FSW joint
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R AR TE By OB AT R SR R
AR FSW B, i T4 5 2 B RS 5 S R LL RIS,
A B 2 A R B ) R B R R DRI BB AT BVE R
TERT, BH 5 REGSMIRMN, £lEEmLEY.
HiE . ATEEUAN S RN EE Cu BE RSk BB
FEMEAER, WEETT AN TE AMEE, HEUHE
IR sh, HRITER (B 120 &R, HHWHEEE
i, RO AR RS E R TR RN I RE R
(E 4a) 5 MHE 2T, H00 5 32 056 Bk Sk 1E
By, W T BAERRS, Slma R 0. e
X el AR 32 3R Sk iR BE R AOWCE R, R R
JEES R AE R T Al-Cu BUIR £ 8 14k & 9 f 2k S0k
HRAELS (K da 5 4b) o B2 Cu BERZHFELT
s AAUE R R, S5 FERr ALRE—’Z, T
HEEWME RS TEEEE R ERRRIES, R
Cu ki v 25 Al FI4s& bk A T R Al-Cu TG &
¥, AT Al-Cu &gk &4

3 Sk IR AT E 2 S BUE B R K 5 T T RS I, E
HE . BRI R R AEBAEEREERT, B
WAL Al Cu &8 2 2 BE B HEE e 5% ) 5 I 30

= Cu particles
Cu cladding layer —

s 2 a
!
RS \ ¥ AS
A
b
Al base layer ‘
RS \ AS

)

o . gm——

12 WEEE EREEREE 2 fil e 7 A MR E AR
FSW 223K 51 i 25 1A) 73 A1

Fig.12 Spatial distribution of FSW Al/Cu composite plates joints
tracer particles with two modes of Cu cladding layer up ()

and Al base layer up (b)

= Al-Cu IMCs

dding layer

>3 Al base layer

K13 kT Al-Cu TR AR bR &K
Fig.13 Schematic of Al and Cu elements distribution in the

FSW joint

Wk Te) S 2 i, TR RBUE 1R 48, £ Al Cu &8 )2
fizshid e, T Cu ML Al K, Hishthss T
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FRAE ALIIE S sl H T 5 1R AT 8 E AR X 3
BB SR U AR RO SE M, < e T E il
AR, Dk A R -0 45 5 7 i o L AR R T > B
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DX Fy 2 PE e, 3 BOZIX IR 3k 1 55 X .

3 & it

1) A TFEEAN 0.2 mm. fE#5%E 9 150 mm/min
FE e FE 29 900 rimin RIS HL, M 5 EAE L,
SRAT IR0 HE A Sk AR TR RO R, TG W B, itk
SR AR AR T B4R P o AT AE AR 2R 2 o T 2 R B R A
E, FEBESK RS LT A R A R

2) HS ETE LI, FSW 823k Ji5 18 ) o lfs iz il Ak
B - ) o S THD L A A ER UK 4 8 1R 6 A RN 4% S80Ik
(ALCu+a-AD 3t & H 230y sl I X 8 78 5 B
RV JE 8 A R DX 3 R B R - A ST AR A R T D B
Al-Cu & & WAL G P02 i widh ) o 45 - S 1 ol 432 )5
FIHErE Al-Cu & & FAL G912 ehh, Akl il i
A AL ) Cu B RIRANRORAR, 23 BRE AL Z
FHRAETHER AI-Cu TEY HILE .

3) R JZTE LI IRAF MR R AR FSW 823k 197
BIpuHisEfE A 85.2 MPa, £ RE ¥ 1555 5 (135.8 MPa)
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Research on Friction Stir Welding Technology of Al-Cu Composite Plates

Zhao Xiao, Gao Enzhi, Xu Rongzheng
(Shenyang Aerospace University, Shenyang 110136, China)

Abstract: In this research, 6.5 mm thick Al/Cu composite plates with Cu cladding plate fraction of 23% were selected for friction stir
welding (FSW). The influence of welding position (Cu cladding plate up and Al base plate up) on the welding process was investigated
emphatically. In addition, the influence of thermo-mechanical coupling on the flow behavior of Cu cladding plate, the microstructure
evolution mechanisms in the welded joint, especially the interfacial microstructure were analyzed combined with numerical simulation
technology. The results show that when Al base plate is placed upon the Cu cladding plate, the tunnel defect is created under the process
parameters of 0.2 mm plunge depth, 900 r/min rotation speed and 150 mm/min welding speed in the weld joint, because of the weakly
influence of the action of thermal mechanical coupling on the Cu cladding plate, the weakly interaction of upward migration, the lower
temperature effect on high-melting point high-conductivity copper cladding plate. When Cu cladding plate is placed upon the Al base plate,
the joint with perfect appearance could be prepared under the same welding parameters. Due to the temperature variations of the advancing
side and the retreating side during the FSW process, a small number of Al-Cu intermetallic compound interlayer are formed in the Cu/Al
interface of the lower temperature retreating side and hook zone, and the thick Al-Cu intermetallic compound interlayer is formed in the
Cu/Al interface of the higher temperature advancing side. The average tensile strength of the joint is 85.2 MPa, which is about 62.7% of the
tensile strength of the base metal.

Key words: Al/Cu composite plates; FSW; numerical simulation; flow behavior
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