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1 E. RAKTHEEEEE R AR (Submerged friction stir welding, SFSW)X 2024-T4 A& SR BT R, WF
FUIPE SR TN SFSW Sk AR HRLRE 1« JA DXATT HRAR TSI LA S 3K D) 24 MERE I SR o 5 AR R ZKVA A
FLAT U S (0 N BV 5 B T Sk AN 600 r/min 14K F) 1 180 r/min, SFSW B2 kM Rl FE I8 {1 271.0 C
HORF)310.8 C SEAZ XM IMAHERIEERE R FAT IR AT AR BB WG 2, RSTHER: SFSW k)it
WX A B AE Y 117.5HV FEAICE 99.2HV . HUhrsm BEAME 53 7 B 403.3 MPa Hll 3.24%[#%4K % 334.5 MPa

1 1.44%.
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Effect of rotation speed on microstructure and properties of
2024-T4 aluminum alloy submerged friction stir weld

WANG Kuai-she, WU Nan, WANG Wen, DING Kai, GUO Qiang

(College of Metallurgical Engineering, Xi’ an University of Architecture and Technology, Xi’ an 710055, China)

Abstract: 2024-T4 aluminum alloy plate was jointed by submerged friction stir welding (SFSW). The effects of rotation
speed on the welding temperature fields of SFS weld, precipitate morphology of the nugget zone and mechanical
properties of SFS weld were investigated. The results show that the cooling water circulation medium has significant
instantaneous cooling effect; the peak value of welding temperature fields increases from 271.0 C to 310.8 ‘C with the
rotation speed increases from 600 r/min to 1180 r/min. The precipitate phases of the nugget zone precipitate and grow
under welding thermal cycle. The quantity and size of the precipitates gradually increase with the increase of the rotation
speed. The average value of microhardness in the nugget zone of SFS weld decreases from 117.5HV to 99.2HV with the
increase of the rotation speed, meanwhile, tensile strength and elongation of SFS weld decrease from 403.3 MPa and
3.24% to 334.5 MPa and 1.44%, respectively.

Key words: aluminum alloy; submerged friction stir welding; rotation speed; microstructure; properties
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PP, E FSW b RErh, AR ARl AR R Z 5 A
&, WTSEIUREERGLA  gb R Atk . SR R
BARPIAIERER], b T fL 2B b 1)
FEAR, BN T AU, AR R R ST
SR FIEIPEC A, HJE, FSW ik ep=E T O PE
BEIFIE AR T, A Sk A7 A1 W S I AR A
PO, S B S P I T R SR
EEXX—m i, H AT Py — e R A
N TRAE SR R PO AR T AR AT SR J, LA
R S 30 3 (AR AN, T et 3k (R 41
ZMERE. LIU 75K 5 bt 2219 45
B AT FSW, RIUKH FSW 3k it a3 o 1
A FSW Sk LR sm g, (R R IE AL
FRATINI Z5HBREAT T B SE%, RIKA ST
FSW 2 Sk i B B /5y, #4380 2.4 /)y . BENAVIDES
O s BV BRI T 0 2024 B 42 1EAT FSW, T
M T HIEPER Y, RIWAHI TREA S A R
FREs SR KK . FU 25U RT FRATINT 525 T
7 RIS A A TP ) FSW,. STARON 2531145
A T A HIA T FSW 423k (R 42 N A1 1E
T, EEHEETR T A R, A SR
FiORERLAEVA HIAY 5 P R A e 5 i 0
ARSCAEF R KR 41 R S5 R (Submerged
friction stir welding, SFSW)XJ 2024-T4 £ ST
B, WEITHERESR L EON SFSW AR 17y S S
K% XA HAHAT R DU SR, 43 AT SO0 22 3k S Ak i
JEANRARPE RS S (R L .

1 X8

S % ] 70.0 mm X 60.0 mm X 3.0 mm ] 2024-T4
A5 S AT SFSW, B0 4 I A 24 1 4 (5 2 49
#, %)N 4.41Cu, 1.61Mg, 0.27Fe, 0.59Mn, 0.17Si,
Al gy, JL2AbEREnER 1 g, SFSW fEdidE 1
X5032 RN AT EBUR LT BiFEk T HAME N
W18CrdV, fiHekA/EHAN 12 mm, FFEEHEISN
3.4 mm, N 2.8 mm. SRSk R R I Ol
47.5 mm/min, #H5H% 600, 750, 950 Al 1 180
r/min, PEERE TN EAN 0.2 mm. SEIGH, BHILHEEE
A Sk v T FH @ R BT, T F AR 22 b AR A4
R T, HHNEEYE. R5, KpEEs ke
FEARJE 2 A2 HIKAE N, RIS A, /K R
4 0.15 L/s, REKIYIEEIRIE A 25.3 C.

R 2024-T4 A8 Iy APk fE
Table 1 Mechanical properties of 2024-T4 aluminum alloy

Tensile strength/MPa Elongation/%  Hardness, HV

464.2 18.5 140.0

T T fi# SESW S rh b Sk e UG A% X LS
W se ), R AR R AN ) 3T A 7 0
S TR AR, R RS e R 1 E
FAER R R A E BB EAR Y, TR A 4
DA% DX FSE PR, DR, B (s AR T
PR AMI, 7 B B 0 3.5 mm &b SEERRY,
A AR IE AU I L EAR R 1.2 mm. N
10 mm [FE AL, FLE A INE S PTEA ,  SCIG R
B 2 0 Sk AT AL AL S AR Ak, I8 705 FEAR
B B TRAL E W 1 PR

KH ISM-6700F 2437 S5 414 i1 R4 5i BSE
B ST HAHTES . RH] 401MVD R 5 5l 4 1K
B P VAT S R PR, AR A U R R R
JEE KT R . R F WDW—100D B H - hr il
XPRFEREAT 2P, s E 4 0.5 mm/min. KH]
OXFORD S—3400N 444 i+ W Al B I 2 Ak e
Wr 1 ES

I | ——+ [ f

2

—_
Location of measuring temperature

3.5
2]
1.2
2
Welding direction
(3 Rotation direction
60
120
1 IR ERE R

Fig. 1 Schematic diagram of point for measurement of

temperature (Unit: mm)
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) (AR A A, B AR A S Bt A B Sk K B8
B UG IEH T 5, 2 Skl i i s i A I g
W, BEE B SRR, R S SR T G,
ok 600 750, 950 A1 1 180 r/min I AURFAE fUE AR
FESY I 271,04 278.3, 292.8 F1310.8 'C, FHI4H:
M ARSHAH R, BEE R, SRR
K. XK SFSW 1 #uE E ZURIE T Hid Sk
FEA TR EE A IR I BB AR TR, T b Sk ik
(1) = I 23 S PR AR RN, DRI, B S A T
H, BEEERGERE . 2 PR IIIEER ihZk £ I
HAE P AR R FHELR B 8%, R IR K A 4R
A BB P EH . TFEUWIE, BT

350
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Fig. 2 Temperature profiles of SFSW at different rotation
speeds: (a) 600 r/min; (b) 750 r/min; (c) 950 r/min; (d) 1 180
r/min

B4 RS T SESW HES bl b A R E S

Dl Sk TCVE R LR A 5 4 SR A, A 1)
Bt 3 BN AR FE IS AR TS PRl BE (B S miAs
7] e kT i R VA PR AR A o

22 Rz HER R

Kl 3 Fiach 2024-T4 BO4 5 MBS,
2024-T4 BEMF 4 HARIAGS, HIE 3 AT BUE 215 244
SR IR LA 1) S-ALCuMg AHPURI 2% A o £E SFSW
AR, IR X ALl 300~350 °C, iR T S AH
(I R RE 518 CHY, i3 S AHA [ s 2RS4k
PCRAET AN RIREEE IR A KAT Ko 18] 4 Bos by A5 4
T E Ky 47.5 mm/min, FEFEHIE 43514 600, 750
950 A1 1 180 r/min I, #AZIX S Hr tHAHK TE SR 73 A1
JEAS . XTHORIL, BEA&EREMIE, S AHMIHT H £

Bl 3 2024-T4 HE4 5 —AHESN

Fig. 3 Morphology of second phases of 2024-T4 aluminum
alloy

Fig. 4 Morphologies of precipitates of nugget zone of SFS welds at different rotation speeds: (a) 600 t/min; (b) 750 r/min; (c) 950

r/min; (d) 1 180 r/min
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Wz, HIRSIHER. 30 RON B Fak g oK, it
S AR A PE T SRR R TR o S R
MIEARRT ) S A2, e iRt PR,

2.3 [REELH AT

Kl 5 B A IR FETE E N 47.5 mm/min, T
SKESH Y9 K 600. 7504 950 Al 1 180 r/min K
SFSW &3k Tl o0 A e, 5% X B R~ 2B 1)
F2e XL S FIER 1 A0, 4R 1Y) SFSW
SAFAZ X A S B S A TR R 1 it
Sof EE M AN [ #538  SESW 432 3k (1) S AW 735 73 A1 il £
RO, B RGO, AR DX S Al T AR
X FRZ BT AN B R T RS . 48 sl
YT 5 i A s ) AR EAE . Mg Bl 4l
B} T =Y A DT W i E K Y5 X DA =82 N DB BN 73
FEIBELAS . % Orowan SBALKLA, A7 S8 i v
ST RIS BT T S N R g 5 0 R AR 3 BT Rt
ARG . AR HOBOR, SRR AR $—
SERT, SRS B s AR U LG, TR, i

170

= — 600 r/min|
® — 750 r/min|

4— 950 r/min
v— 1180 r/min

—_

W

(=)
T

130

Microhardness, HV

110

-8 -4 0 4 8
Distance from center/mm

5 ANIE) I A A A P P 3 AT

Fig. 5 Distribution of microhardness in cross section at

different rotation speeds

F 2 ANFVHHN AL DX R T
Table 2 Average values of microhardness in nugget zone at

different rotation speeds

Rotation speed/ (r-minﬁl) Microhardness, HV

600 117.5
750 110.8
950 102.3
1180 99.2

AR FEREHEERER T, SFSW 3k S AH
Mt AL, AEICERA RN DRSS, W SFSW 22 Sk fif 57
T REM . [, BEAE LI R, S M2
HRSHER, SEESKL B gk, 54h, |
YR RE AT W W, S HHCR (1) SFSW 23k ph AR 4%
HLZ 3 mm AL IR BIAH N R e . XN 1%
DAL T AN DX, DK SR 2L S L AR A
&, BIEXAL N EHAAAE KR E5H, 530 5
FHIE.

Kl 6 P A IR FETE E N 47.5 mm/min, T
SKEGHE Y54 600, 750 950 A1 1 180 r/min i SFSW
kT b AR e A i e o X5 e mT W,
SFSW 423k AT F 58 S R 2 S22 T o o 2 8 7
BRI AR a3, 4538y 600 r/min 1, $23kTH7 50
JERURCZ 35 Ry dc vl 43900k 403.3 MPa Al 3.24%:
LTI E] 1180 r/min i, $2Sk P om i B 5 f A
B, MEKRIREEANAR . DAL TR b
HPFE SR, S MEEIE 2 HHRC . H
KARAAHIEAGEXT SFSW 23k 247 2 K s AL/ E
ST oS s AAH SRR T S 456 77, A REEL
eI . Dk, BEED L E S, SFSW
PSR FERRAR, TIVEDRTS, MPHCEBRC. Brmlrdsr
BTG DS AN S W DX A Ak, %Xk
HEBRRE, MTHAHRGTHROR, sk ERe ez, 2
SFSW L 51X

410 4

= — Tensile strength
e — Elongation

390 ¢

1
W

Elongation/%

370 1

Tensile strength/MPa

L
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3301 {
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6 AFEEHT SFSW Sk IR g
Fig. 6 Tensile properties of SFS welds at different rotation

speeds

24 HIRETORER
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B 7 AN R b RS

Fig. 7 Morphologies of fracture surface of tensile specimen at different rotation speeds: (a) 600 r/min; (b) 750 r/min; (c¢) 950 r/min;

(d) 1 180 r/min

WSS, EAER PO RIS R,
TS WD, BRI IR BRI K. X T
TR ARG, RURRIHT AR N T il R e
HIEI LA, BEIK T SFSW kA EETE.

3 it

b=}

1) SFSW A FA 125 2 0t 201 ~F-AH [i] 7 -3 T
I, R PEIA KPS J7 CEAT I R I v FH
AR S HE R N, B FOE RGO, A
NER, W .

2) SFSW #23L 5% X, S-AlL,CuMg AH{E#IE A EH]
NRANTHKRAT N BRI, M AR Eos
Wz, REHEK.

3) WSO SFSW 23k 7 = PEREA 25 52 -
R R E N, B OGO, Bk A
Prhr g FEA K B WK . SFSW HSk b itk 11 5
YL PRI RURAAE,  BEAG G K, HEAR BRI TR
BR, Wl .
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