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Abstract: To meet the requirements of weight and cost reduction at the same time, the titanium/aluminum composite struc-
ture has a good application prospect, but because of the great physical and chemical performance difference between tita-
nium alloy and aluminum alloy, adopts the traditional welding method is difficult to form a reliable connection, and friction
stir spot welding technology has great advantage in connecting dissimilar metals, current research on titanium/aluminium al-
loy friction stir spot welding is very little. Spot welding experiments were carried out on 2 mm thick TC4 titanium alloy and
6061 aluminum alloy by refill friction stir spot welding. Based on the response surface method, the second-order response
model of welding process parameters and tensile-shear fracture load was established, and the effect of process parameters on
the joint was studied. The influence of process parameters on the tensile-shear fracture load of joints was studied, and the
tensile-shear fracture load of spot joints was predicted through optimization of process parameters. The experimental results
show that the response model is very accurate, and the average error between the predicted value and the experimental value
is about 2.41%. The best welding process parameters obtained are the welding tool speed 1 052.9 r/min, the plunge depth
2.19 mm, and the welding time 3.01s .

Keywords: refill friction stir spot welding; dissimilar metal; response surface method; process parameters optimization

SIAME R, FISat, R 5 BET W N R A BR S b a JR IR PR SR T 2 SB[ T ). HidR AL, 2022,52(2) :8-16.
Citation:ZHANG Chichao, YAN Chongjing, SONG Yan, et al. Process Parameters Optimization of Friction Stir Spot Welding ofTitanium and Alumi-
num Based on Response Surface Methodology[J]. Electric Welding Machine, 2022, 52(2): 8-16.

* RS EHT: 2021-08-26  {EEIBHE: 2021-11-04
EEUWB . VLA S5 A RO T (9296 % o4 (KF112020026)
EE® v S (1997—), 5 i1, FENFHPH SR AIHISY . E-mail : 2463698309@qq.com,,



SRR, S5 - TR NI AR ER S A B R PR R T B 9

2 M
0 BIS

B 4 LA TR B R T e b R A RS R I
REUF LS R B & A OBt Re I AR
Pl X WA A T8 BN B2 A A5 A mT DL TR] s R B
BB R B YERE B AR, PR e A
WLR KT 2SR ShHIL B 5SS A Tl S
IR R AT R (RS S MR A e S
FAFRBL LNk FR B Y PR RE A 25 0K TR
FhAT RO I AL TR 2 FBURE L F U AN 5], %
R3Sk 0 B 5 [, Ti A0 AL 4 JR AR B iR P R
b, e E S RS T . R MR S IE R T
TRIA S HE TUVALZS A 1T 8 B J2 PR 1) J5 T 1 e
)4 @ AL A1 TLALSE AR MEIRAS i /2 TRk
W A 85

[l L TR R 8 5 R (R-FSSW) S — s 8 1)
A AMEEERR D Z BRI Bt LA
KEBEEZ M A BB A, R R 5 Pk |, il
RGO AR I S £ BB A AR X A2 Bl , ZERE Rk ]
F) (R o B sE i P Sk AR AR AR PR AR AL
K 207 1 AR 1 5 AR S B AR L YA 1
fLo EPEEES SR EOR Z M B AL PERE R R
BN TR A SRR L BOERE A R R A
W1 B OEFA, BT R f A

H AT BT X R/ S B R P EE 45 R AR Y
Do RS ARG T EE I TR X
TC4 1 2A14 4T T 2305, 4307 T AN A T 2 S50
FESIES A AR RE AR . W B4 A TC4
A M 2A4 A AT T Inl g Pl EE 45 i A7
W5, K IO 2R T 25 280 AR AL e R AR 1k
R TEER M ZEFRAR /N, AL H. Plaine”'45 A K H 4>
[R5 36 v X5F AAG6181-T4 Fl Ti6AI4V 347 [l 1 2
PEFEEE S s AR SC I, e AR L P B S X 7 B W 284 28
faf B MA) 5e K , F DARL B W SR 484 o H B, % i A7

AT ARAR S, AT AL H. Plaine™ i & IR FEER
RS E R LS Y TLAL Z & Bk &)
J2 R JEE G R i ) P A E S

AR SCR ] LA P EE 3 SR T VA% 2 mm &

1 TC4 KA 4 F1 6061 §1 A S A THE AR , i

Wi o7 AT 32 S T AR T 2SR S 0 W R Ay 2
(8] A KA Y I X A T2 2 Bt A A, LABE
FEMT T 280N AR HEL O A 215 Ty =4k
AE, SRR R R IS B IR A

1 REMBETE

RIS RN 6061 575 4 M TCAEKG 4, fhF il
AR 1 R 2R . R SFE R 150 mmx25 mm
x2 mm, K I o e L BRARTE T L 15
P2 RS R 25 mmx25 mm. RIS 7E TR T RESE
£ (IR A B2 7 4 FSSW-SK-003 78 A5 4 AL |58
B, SR T H B BREr e D R B E A, R
AR 5.2 mm, ¢ 9 mm. ¢ 18 mm, H A HEE
MTE A A7 SRS, BP0 T A TR el X e e e
PERUE R RN 1 TR

*1 6061 HEEMULERD (REHH, %)

Table 1 Chemical composition of 6061 aluminum alloy (wt. %)

Si Fe Cu Mn Mg Zn Ti Al
0.4~0.8 <07 0.15~04 <0.15 0.6~12 <0.60 <0.60 H:fk

K2 TCAHKEEHUFRD (RESH, %)

Table 2 Chemical composition of TC4 titanium alloy (wz. %)

Al \% Fe e} c N H Ti
55~68 3.5~45 <03 <02 <01 <005 <0015 Jfk
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Fig. 1 Schematic diagram of refill friction stir spot welding
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Fig. 2 Schematic diagram of lap shear strength
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Fig.3 Schematic diagram of microhardness test points
M 7 T 325 2 — P 3 BT 22 A4 A8 it 5 1 B 2 (1]
KARM T, 5N ) Z 091 25 AH L, i 1 T
LG TSI R A, BB AR S0 R
o i H bR 2z 8] 00 eR AR R X, R B v, Tk g
Y AR SCHRET BBD(Box-Behnken Design) i)
RN 1, 38 3 Design-Expert 014X [0] 81 43
FREERE SR T 280 Tzt IR R R o |
T HIREE d SRR ¢ SR SEE PR ER, AR5 By 2 2k
farfE Ry 3 B AREES T S AL, BARSE R R 3R K
SN 3 FTR
#3 ZWERRAKFEIT

Table 3 Design of experimental factors and levels

Ak B FERE CHif ]
w/r'min’’ d/mm t/s
TAKT-(-1) 800 2.0 2
EKF-(0) 1000 22 3
ARE(L) 1200 2.4 4
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N
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7N o TE Design-Expert X0 5256 45 AT )5 22507
XA R 2 P R T A
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Table 4 Response surface experimental results

R A B C KT 438 i FIKN
1 -1 -1 0 4.56
2 1 -1 0 5.85
3 -1 1 0 5.15
4 1 1 0 5.55
5 -1 0 -1 5.42
6 1 0 -1 6.12
7 -1 0 1 5.68
8 1 0 1 6.03
9 0 -1 -1 572
10 0 1 -1 5.61
1 0 -1 1 5.64
12 0 1 1 5.77
13 0 0 0 6.51
14 0 0 0 6.78
15 0 0 0 6.73
16 0 0 0 6.78
17 0 0 0 6.71
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Table 5 Variance analysis table 95 E »
A EME % P8 P B %0 £ "y
BB 618 9 0.69 4320 <0.0001 R ol -
0.94 1 0.94 59.07  0.000 1 £ u
w i 3% sl ..r
d 0.012 1 0.012 0.76  0.413 S o
% 30 = ) 4
t 7.813¢-3 1 7.813¢-3 049 05058 £ 0= o
oy

w, 0.2 1 0.2 1247 00096 3% 10F -

) 0.031 1 0.031 193 02076 SE &

) 0.014 1 0.014 091 03728 i

o’ 1.77 1 1.77 111.46 <0.0001 %3

& 2.54 1 2.54 159.60 <0.0001 % I | I ! ! ! \
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Table 6 Statistical analysis of regression equation error
B pUE| {8 geituiH fH
Std.Dev. 0.13 R-Squared 0.9823
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Fig.5 Comparison between experimental and predicted values
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Fig. 6 Effects of welding parameters interaction on lap shear load
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Fig. 7 Relationship curve of lap shear fracture load and displacement

of joints under optimal parameters
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Fig. 8 Surface morphology of welded joint
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Fig. 9 Cross-section morphology of refill friction stir spot welding joint
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Fig. 10 Microstructure of aluminum side of joint
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