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Abstract

Objective: To investigate the influence of different welding speeds on the microstructure and mechan-
ical properties of aluminum alloy Friction Stir Welding (FSW) joints, and to analyze their tensile be-
havior and fracture mechanism. Methods: Butt welding experiments were conducted on Al-Cu-Mg
series aluminum alloy plates using friction stir welding, with a constant rotation speed (1000 rpm)
and varying travel speeds. The microstructure of the joints was observed using a metallographic mi-
croscope; the hardness distribution was tested using a micro-Vickers hardness tester; and the room
temperature tensile properties of the joints were determined using a tensile testing machine. Results:
The microstructure analysis revealed that the Nugget Zone (NZ) underwent dynamic recrystallization,
forming fine equiaxed grains. As the welding speed increased, the grain size in the NZ decreased. The
joint structure exhibited significant asymmetry, with more severely deformed grain flow lines and
a clearer boundary in the Thermomechanically Affected Zone (TMAZ) on the retreating side. Mechan-
ical properties showed that the hardness distribution across the joint presented a “W” shape, with
the Heat-Affected Zone (HAZ) having the lowest hardness. When the welding speed was 100 mm/min,
the average hardness of the NZ reached its maximum (125.85 Hv), and the joint achieved its peak ten-
sile strength (413 MPa) with an elongation of 8.3%. Conclusion: The welding speed significantly affects
the microstructure and mechanical properties of aluminum alloy FSW joints by controlling the heat
input and material flow. Under the parameters of this study, using a rotation speed of 1000 rpm and
awelding speed of 100 mm/min resulted in the optimal mechanical properties for the welded joint.
This research provides a theoretical basis for optimizing the FSW process parameters for aluminum
alloys.
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EORES S A, R Al-Cu-Mg & M Al-Zn-Mg-Cu R&4, FHAL ISR LR M 55 P g,
LA SR« PUIE A8 38 F AR 2 4 1) 12 5 Tk AT T BRER (R DG B 25 /AR . DL Al-Cu-Mg REEH 4
S, HAE R AT SR AR A 4, EEEIT Cu. Mg 250 R ALCuMg (S/SH) AT AlLCu (0/6'
FE SR TIE SRR IRAT B [1]-[3]0 1% & & AE T6 HALFLRAS FHLHL 3R E A 481 MPa, Ji ok
JERIA 377 MPa, JLHAITE 150°C LR IR FRFRE I 0 RE, Db RE i B T RIS R B4, BR%E
PSPk L

SR, R R B & AR G JE (1 TIG MIG &) KIATH G & M IR Bkl 76 mBe R EH T, 154%
X & @& s S B EIE AR, WO = AR E e LSRG . DAL ARG F 1 2A14 5546 (K
LT 2024) 941, Fo R AR BB MR GUGE SR AL A AR IR e R b L H AR A 5 5 e AR
g AN, EEERIES & SEHGE X(HAZ) KA R, S ARG AR, TR “BiX 7, fiZIX
BN SK ) R S IR, P I L R A I R A AR PR R [4] [S]. AR ERES & SR B
B, WHRENZHR T 2005, e R R RS T B I BVEE X 2024-T4 #56 &BOCIEEE, QIR
Witk T “ERSER” BT R 2z, Gl I R IR SE XY BCE IR ST 4 pm BB SR H S, RO
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TRREIREL, LT SR T F 349 MPa (FRE R AL 78.9%). REMM, FHRE A
T3 AT AR T R

3 FF BE $2 )8 (Friction Stir Welding, FSW){E 5 E R EEHE ST (TWI) T 1991 4% BH i) —Fh [ AH 45
A, NS S IS RS ROE TR 7RISR . IR A R P R I i e L 1 B B SR HL AR AR
HBEZ IR s s, BEEESkAhE S EEET AT 5 TR R BEE P2 A 30RE, R0 4 Ak T A B 1
WA, TEBRHE NI S5 AR R SE AR IR 445 4 [6]. T FSW L FRiR B T BEA A A1, o)
A OB AR ARAE SS HBE e, SILEEBRIG, FR BEARRRB N BT /ANE— RV AL B E brasds
TN R B BB R AR Z —, JUHOE & TS R M USRI Al-Cu-Mg & K Al-Zn-Mg-
Cu RESRE G4

FSW #3 i MR R b IR T 2280 ue, FEORE MR . ardhd B (R ). il
7] 1k 77 AR p Sk U AR SE . X S S Hk [m] sE e 4 IR 0 AR v RGN . MPRHALBIAT 9 BA S e 44
ML Hr, ATEEEE NS —, BEIE TSR, Fou #i IR A YR R i 2)
B RERW. — RS, TEE S EE T, B a2 vk 5 5 I A R B K B
B IR], XA S U AZ X (Nugget Zone, NZ) df bR R s 11 Jok 750 FA) A7 22 0 T B8 DR RN AS S« AR 1
WAHARTES, BIE “FLIH” « “Wpie” 8. B, St 6063-T6 8441 FSW HF 7L R, etk 5
i 4 1500 rpm, FEFEEE M 300 mm/min #1400 mm/min I, 4335 7720 A IG5 PR &
#, KRG DRI RTEEEE .

=R FSW HekVhRE, &M T 20005 ESOEABE I . B, XU S 5 EE R (BT-
FSW) ] Fll T2 38 U5 7 17 RO ZH S 201 s /KN FSWRIFAYITAR B FSW i 855 74 50 LI AS FIARZS L ik
ANFAEEI X R A s AT R T 9K AL (HSNC) TRAL BRI JE s 1 38 Ik 72 A4 B R T ol 466 B2 9 K 45 M (GNS) R JZ,
RS AR “S” KR ME TMAZ I NZ, TERGCKZEX(NLZ), Ml E S g miekin
FERIBYE AR RE ST 007 (7] [8]. MRS NI FCIESE, 4 HSNC AbHEfY) 2A14 #5464 FSW 23k, H
P o B AN e 28 53 ] LU R AR e R T 6.4%F1 14.1%.

RUE FSW HAR R HE TR RS K 2D, HEXHEmmEa &R, REERThEEX—
B A S I A A N AR R B, I S M SR O A S (LR R R TERS S 2R R A
BT An) 51 R RE(RERE . 5B B3Pk W ML) 2 ) A FE SRR AT FTATI R o e ol S AE A [R] ) I
HERE R, B3k DX ZUAR ERFE T AR . FRAGAT Sy B L J f 71 2 1 i 10 11 0 WL 1) v 9 s 40 221 i
WAL, HITREE 5 e A 1 P A S B (AT (58 ELAE XS SR BA T i WA R sl o i 246 42 Sk 1 B 1) 5 M L
Al T — 2 B

AHFFLLL Al-Cu-Mg R 2024 FRE SN AX G, HIEARIR TZEE, HUF 5 RS 2 HAib s
SRES A SRR FRATTEE 55 5 GEAN [ {0 T P ) 0 P PR R B SR O A 2 5 ) S Ve RE R R R, B TEIR
NI FSW L2540 - HE - MR Z A NTERR R, i i it & S0 H B IE T 2 MR s hil A e eie
BEVESERSEIO BRSBTS % S 0 B AR v i 2 A A T S A
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2.1. SEEMRSHIE

AT TR HELHIZS Al-Cu-Mg & 2024 55 S RAME NSZIEM R, PR <8 300 mm x 150 mm x 4
mm, HALERDUWE | . %A S T4 RS(EFAFIN B RN 20 T B A 2 5m fE M ek, 2
MR AR A T RPIR S o ARFERT, A F TR B VA YR IS P AR AR X 8K, DA 25 B4 3 T i 5 AN 484k e
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Table 1. Chemical composition of AA2024 aluminum alloy (mass fraction, %)

T 1LAA024 BAEUFRT(REDE, %)

JLER Cu Mg Mn Fe Si Zn Ti Al
“E 42 0.6 0.8 0.7 0.8 0.3 0.15 R

2.2, REEEIEETZ

AR FE AL AR Ry e 1) B PP BE R e 2 AT, 16 HA3 AR Sk, HhE B2 12 mm,
PR TR AUHE I, KB 5 mm (B8 /D AR S DL fR 42 J5 B B AN 5738, B L BURHA FE i
BN 2.5 HHATIREHT, FWRATIESHEI, B R S ulRe - A i o KT B A BT 1 AR B T
TARGRE, JFFHEEHE, RWEEFSHEETHRE.

N ZRGEIIE R T R R P Sk S, AT [ 58 e e S 2D 1000 rpm, AR HITHER FZ 73 51 4 80
100+ 120 mm/min, JEK 3 205 LU SE0G o 122 Jte e 1o 2 91 Pl O b 6 22 T SRR, L E B RE 8 2 08 AR T
BEE PV B IR OB P AR A . 0 2 B BRI IE R L2 R

Table 2. Friction stir welding process plans

R MHBEBEEIZAER

“4& WS TH P (r/min) 451 FE (mm/min)
1 1000 80
2 1000 100
3 1000 120

2.3, WYLBLRARIES %

S AR il £ R 9 28 KD AT B8 — SR ARAT B — 75 8 — o — I — BT — 8 il — W RS 7 e — it
To JEHERCAYLEIAF2.5% HNO; + 1.5% HCl + 1% HF + 95% H,0, Af0%0), JEME 1 10~15 s.
F Nikon-MR5000 B/ 57 g AH S B WL 88 & BAE A FPRES T ZUES . K ZEISS Sigma500 B 474
T A SRR (1 = £ B A SURAAE, R R A 7 R SEAT WS s RIS R FH e 1A (EDS) M & T 3 1)
B3, BT FHARRE 300 I J T i AR o

2.4. tEREMI

BAEMTK

Figure 1. Sampling location and dimensions of tensile test specimens from friction stir welded
aluminum alloy (Unit: mm)
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AT F7 2 B L S TR B W R 5 L B R B . SR HVS-1000A. 789 2 RS 2 110058 45 B
SR JE AR RO T o R R T B, R R R ARFT BE RO G o e B PR 67 B R i B R S IS VR
IR AL . InEkZgm N 1.96 N, fRIER AN 15 so KA CMT5101 3 REIRIEALEEAT AR = i Ak,
HAr R R R M H R ST 1 ATz o PR EE A e B RN 1 mm/min. AHEPIRES N & &t
1T 3~5 IRIIPifd, BCPHME . Ao RiZENLE], £ SEM MR H I O K SEHE, SHFIE R, &
IR E oA, LLAC AT RE R 28 — AR T W s I
3. LR K HE
3.1. (ALR4HE

A4 FSW R 50 W R I 2 B, ZELRAE 100 588 R 348 A0 7] DX 30 £ AH B B2 1 B i)
S, R EE Y 1000 r/min, FEAEEE Y 80 mm/min. FEREREE LM RS . HUBSREERT R, MR
TIERIIAL, BB . e IRETEGHTAHL . S BEgIR IS, #3102 W30S i
7R 7B FSW 3k I PUANMRRIEIE S (1) X35k BEMF(BM) #5200 X (HAZ) ML X (TMAZ) LA
FIRIZIX(NZ).

JEZ X (NZ) &R R A% O X3, LIRS0y, HIEEEAT B E R K. XM R E T T
JRIZ I BB VEAR T | R DA S B 2 AR MBS T4 O R, NZ S0 S B0IR TS0, FLTI00 e 1)
DX 3 E 3 Sk il B PRt 5 R A FR T B, T RS S0 058 4 PO 2 O B B R OB A 32 5 9]0 5
b, NZ BN R FRE R LR . o3 7 MR S i AL 4, X 5 REA IR AA I GL 1 4T IR 21 i
i W %

EAERNE, Bk R0 AR R R, BIATHEN(AS) 5 JE B M (RS) A ZH S50 5 1 T3 i i
RS . —MRINE, Ja R M@ e FE V) i B 5 8 807 AR R — ) ) TMAZ 5 NZ 153 56 b
U, ORI S B S SR B s T R R e A V) v e R S AR T A R — ) 3 AR R4 . X
Fb X AR P Y T AR B B AR BT DT AN R 3 - IR & D0 s 5 M R s X

.

Figure 2. Microstructure morphology of the friction stir welded aluminum alloy joint

E 2. RE e R IR ERRIRERANAATHE

K 3(a)~(c) —RAFRTERE T Al-Cu-Mg RIA & SR EHCSME S X RO R B . fIE w1, Eirf
SKIGZHCT, NZ BIRRCT /NSRS 23, XKAUESE T XA D 7 e & shS e il s, £ FSW
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RTHEE X NZ SRR ST B2 o . al DALER 2, Bl ATE i B AN 1 SR n 2l 3 514, Nz
SRR S BUENaS . HHLERAE T 7E [ 52 e (1000 rpm) IR HT SR T, HEE EE B o e 148
I N SRR i T A5 B I 8] o 2R IR AR T EE S BE (1 S I, AL R AR 4% 0 FA
NEE, Homii e B I A . IO P45 a5 R AR K ORSRAE T 8 E A AR S A ), B0k R
FXSRLR o 2R B R BT E BE (A0 3 SRR, BN BRI, A RE I B P v A0 R bR, T
e E N RLTE SR e R SR ATV AR AR AR N b Ak S D21 N TR SNP N ST S < R 7 SISl R
TE AN RIS, AR Hall-Petch SC&R,  SRLERAN/IN, AORIK o IR B8 F M m . Rt A NZ
MIZHEURT B IR Al 8 B A A T 3R A5 B 5 A o 4 v 0o X 3

Figure 3. Microstructure of the weld nugget zone in Al-Cu-Mg series alu-
minum alloy welded joints: (a) No. 1; (b) No. 2; (c) No. 3

E 3. Al-Cu-Mg RIS EFIEEIRAXMHYELRE: ) 15;
®25; (035

K 4 RAFFZE T Z e e SFRECkAT MM BORAL LS . AR, AFERE T2 MRk
(kL I ZHZUAN TR, AT & DX AR P22 . AN NZ 3 TMAZ, @R AS B 20/ 6 56 il it i
AR ZA BT OV AR K I LR, SRR T [ 5 M4 T7 R S — e e Sy o SRR 1 22 ) 2
W AERTHEN, ST AL Tr 7 SR AR B, MR “ Bl R ARG, sl 2 2K
BT, T EN AR A 4% o

Figure 4. Microstructure on the advancing side of Al-Cu-Mg aluminum
alloy welded joints: (a) No. 1; (b) No. 2; (c) No. 3
4. Al-Cu-Mg & IR EESLATEN A HMNEBLRE: (2) 15; (b)

25; ()35
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K5 RAFFE T Z Ma e SREECkAT MM BORALZUE . AR, AFERE T2 MRk
FRIRMZAZUA R, ZM RSB AR T N ZL . TMAZ 5 NZ (32 538 LG AT E 0 55 a7 i BEU -
FEJEIRM, BEPEEFROBER: J5 R SR TARTR, MOREER S48 “ B BENIFAZIX, sl R, 35
f£ TMAZ/NZ FHAEAFAE — A i B R ASHE R AN AR E o PRI, J5 BN TMAZ (0 S R0IE 3 gl i 43 5
K, BiREEER.,

AP B AEREFRAER R B S 5247 v EE N . 5, PR A BT AR . Hk,
TIEIRM TMAZ 2217 7 SR 2L AT B S AL XA AR, EAEAE R WO SUH Ay eI ek AR, fE4L
s b, ek E AR AW R . AR RTREE LR, XA AR AR 1 W R AT R AN o
H BARB AT AN S, PPRRR BRI AT BEAE P I R T, R v ) A REE P (A A
A )T BENRIZ AR AR X AR FL 5 51 A SR (anFLIR) -

Figure 5. Microstructure on the retreating side of Al-Cu-Mg aluminum alloy
welded joints: (a) No. 1; (b) No. 2; (c) No. 3
[ 5. Al-Cu-Mg \B& S RIEELERMBMUARE: (2) 15; (b)2

=5 (935

LRE LA XS B DX 70 AT, AT DU G ) 3 i S I — R T SO Al-Cu-Mg a6 4 FSW %
SRR LA RN o AERE SR T T, ERERE R LA 2 AT OL S, Al e R R A P 2 AR AR
o ATHEREMAR, PAmARE, RZIRR; EXHRRZ X (NZ) RIS 5T, e A B AN (IR AT ) (e a2t
G AROR, FENZ SR AR (R AT ) ) SR A, AR T IRAG AR R S AEXT Tl
BEMLALARIM T mARA2IE TMAZ # R 2 A HAZ B R, AT S S AL X R 78
ERESEAG. AN AR AT REAR AL, (EA NI, T RE S BUP BB IR A 787, 1E TMAZ/NZ
U A MR SR XRS5 AR AR LRI T, JE B A AR REORIEA LR B e 2
PERENTE, AMERHEREZ XA RS, TR Bes AL I sl (IR i A S T RE R X
Forflr, BEARRSEAIIMIN, ZARGENA LN TINEREE, IF AT BRI X R -

i Pk, W BOW A LT UESE, B R R A R R R R I AR R BT, MR A
EUGE TR S B EE R RS IR O GG K . RSO 2 SR, R NZ R R
TMAZ (AR TEREE LS HAZ BIBAAT 9, K B DE HEk iR 28 ) 2k e

3.2. 1 14EE
K 6 AARIEZ T Z MaE& SR o B E A, BETEY, ARNMLIITE T
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Figure 6. Transverse hardness distribution diagram across the center of alu-
minum alloy welded joints under different welding parameters

E 6. TREEIZ T RE SFIRRLEE P O#EE LR 5 E

Table 3. Statistical table of average hardness of the weld nugget zone in aluminum alloy under different feed rates

3. AEHAEE TRAEREXNTHIBESITR

WG FHE ez S ONI o B /ME
1 137.82 47.92 145.59 39.99% 121.67

2 140.85 44.03 154.66 34.99% 113.63
129.97 52.28 152.10 42.17% 123.82

B 7 AR T2 N e SRR I R B0 ) 2 1 R

HIP 7 AT A, el AR

WE A L2 LRI R, B0 & AR SR AT o P BB K, AR e B2 04 1000 rpm HLBT2EI3 2 100

mm/min I, REEIRIG B KPR, 9 413 MPa, Wi KEh 8.3%. X & RN g HE o AN,
PR R I, R T U E AR, B AR () BT R P9 R R IR AN, 45l P 18
B, SRR AR, PR RNERROR: $Em s E 2] 100 mm/min, 545 5L R ST AR AR Y (1)
B PR, A R T AR X SRR ORI SR s B — DB N 45 14 2 120 mm/min BF, ST ] B
PN AERK, FEUEEGXMEARE, g 7 EHPR R 12]-[14]. B8 G EPrhisRiE N 461
MPa, FEMZEN 12.5%; SHEHHEE N 1000 rpm HATHEEE A 100 mm/min B iR BEA HLIE & .
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Figure 7. Variation curves of tensile strength and elongation after fracture
of aluminum alloy under different friction stir welding parameters
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3) HERRI AT IR M AEH SR SANTL SIS bR R, R MM m X 5 A% X 3 5
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