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ANALYSIS OF MICROSTURE AND PROPERTIES OF 6061
ALUMINUM ALLOY FRICTION STIR ZONE WITH
DIFFERENT THICKNESS SERIES

ABSTRACT

6061 aluminum alloy has the advantages of low density, high strength and good
corrosion resistance, so it is widely used in rail transit, aerospace, machining and
other industries. The traditional aluminum alloy welding technology ( such as
tungsten argon arc welding, pulsed argon arc and resistance spot welding, etc. ) is
prone to pores and impurities, hot cracks, severe joint softening, etc., and it is difficult
to ensure the quality of the connection zone. As a green solid-phase connection
technology, friction stir welding ( FSJ ) solves the problems of traditional aluminum
alloy welding and effectively improves the performance of the connection zone. In
this paper, the friction stir connection system of 6061-T6 plates with thickness of
2mm, 4mm, 6mm and 8mm was studied. The appropriate connection process
parameters were determined, and the aluminum alloy connection area with good
surface quality, mechanical properties and corrosion properties was obtained. The
effects of the rotation speed of the stirring head, the forward speed of the stirring head
and the thickness of the plate on the microstructure, mechanical properties and
corrosion properties of the aluminum alloy connection area were studied. The causes
of defects in the joint area were analyzed, and the response surface method was used
to optimize the design of friction stir joining process parameters to obtain the best
tensile strength. The specific research contents are as follows :

(1) After friction stir joining, the surface of aluminum alloy joints with different
thicknesses is well formed, and there are no obvious defects such as cracks and
grooves. The friction stir joining process parameters have a significant effect on the
surface quality of the joint area. With the increase of the rotation speed of the stirring

III
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head, the grain size in the center of the joint zone decreases first and then increases.
With the increase of the forward speed of the stirring head, the grain size in the center
of the connection zone tends to decrease. EBSD image analysis shows that the grain
orientation rotation in the base metal area forms plate texture, the grain boundary
orientation angle is small, and the proportion of small angle grain boundary is high.
Due to the accumulation and recombination of dislocations in the center of the
connection zone, the grain boundary orientation angle increases, and the low-angle
grain boundary composition also increases. Due to insufficient dynamic
recrystallization in the thermo-mechanically affected zone on the advancing side,
some grains are not crystallized, resulting in dislocation accumulation. The grain
boundary orientation angle is small, and the proportion of small-angle grain
boundaries increases from 27 % in the central region to 39.5 %.

(2) The friction stir bonding process parameters have a significant effect on the
mechanical properties of the aluminum alloy connection zone. After FSJ, the tensile
strength of aluminum alloy plates with different thicknesses shows different
improvements. Specifically, the maximum tensile strength of aluminum alloy plates
with thicknesses of 2mm, 4mm, 6mm and 8mm under specific FSJ parameters reaches
76.0 %, 75.7 %, 71.7 % and 73.3 % of the base metal, respectively. The tensile
fracture mode presents a mixed mode of ductile fracture and brittle fracture, and the
fracture position occurs between the center of the advancing side connection zone and
the base metal. In addition, the microhardness of the joint zone with different
thickness shows a ' W ' type distribution. The microhardness of the base metal area is
the highest, while the hardness of the heat affected zone on the advancing side of the
joint zone is the lowest, and the microhardness of the center of the joint zone is
improved. The microhardness change of the joint zone is closely related to grain
refinement and grain size change. In terms of impact toughness, the impact toughness
of the friction stir bonding zone is generally higher than that of the base metal, and the
grain refinement in the center of the bonding zone improves the impact performance
of the aluminum alloy. And the impact fracture is mainly plastic fracture,

accompanied by a small amount of brittle fracture area.
v
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(3) The electrochemical corrosion test was carried out on the FSJ connection
zone of aluminum alloy with different thickness. It is found that the corrosion current
density of the joint area is generally lower than that of the base metal area, indicating
that the corrosion resistance of the joint area passing through the FSJ is better than
that of the base metal. The main reason is that FSJ makes the grains in the connection
zone fully refined, thus improving the corrosion resistance. In the salt spray corrosion
test, although the appropriate FSJ parameters help to reduce the corrosion rate, the
corrosion rate of the FSJ sample is higher than that of the base metal, that is, the
corrosion resistance of the FSJ connection zone in the salt spray test is lower than that
of the base metal. The corrosion rate of the 48h sample is generally higher than that of
the 24h sample, mainly because the passivation film on the surface of the salt spray
sample is destroyed after 24 hours of corrosion, resulting in increased corrosion.

(4) The effects of friction stir joining process parameters on the defects and
heat input of aluminum alloy joint zone were studied, and the parameters were
optimized by response surface method. Low heat input parameters lead to insufficient
plasticization of materials, which is easy to produce furrows and hole defects. High
heat input parameters lead to flash and small hole defects. In order to prevent defects,
high heat input process parameters are needed for thin plate aluminum alloy
connection, and longer stirring pins or increased shoulder pressing amount are needed
for thick plate connection. The rotation speed of the stirring head has a significant
effect on the heat of the connection zone. With the increase of the rotation speed, the
maximum temperature of the connection zone shows a significant upward trend.
However, the advancing speed of the stirring head has little effect on the connection
zone in the process parameters, and the temperature of the advancing side of the plate
is higher than that of the retreating side. Based on the mathematical model established
by the BBD response surface method, the optimal parameters were determined at a
rotation speed of 1350 rpm, a forward speed of 312 mm/min, and a shoulder pressing
amount of 0.2 mm. The optimal tensile strength was 229.6 MPa, and the actual test
tensile strength was 233.0 MPa, which was consistent with the model evaluation

results.
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1-1 PR EEE R R A

Fig. 1-1 The principle diagram of friction stir joining
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K12 s RS FST IE R &
(a)WEBL Y] FST V4% (b)iE Tl FSI W
Fig.1-2 Aviation fuel tank FSJ connection equipment
(‘a)longitudinal FSJ equipment of Tank section ( b )FSJ equipment of Tank roof

(2) PRI  BEE BRI R MR R, B a e MRS T IR BAIE
FE BN EAACT, RIHTEMEEAT R SRR SRAE W REIR =
ARG O KN Y, it B N AR AR . WA FBhLTE A e Fada e A%
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Fig.1-3 friction stir joining is applied to the lower box of battery pack.

(3) PIB A E )3 - Pk BB AL HUE R A i B T I I N i
5, EEMNS7 WS AR, B AR AR R R R R L, T
T o M B AR S5 R U R B PR EE AR L2, i B 1-4 Frow .



GRUTRE R L 22 S

K 1-4 FSJ T4
Fig. 1-4 FSJ connection flat top structure
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F28 WEME RERFE

2158

AT AN PSR T I R I BE EE R . 50 B & AR T,
W€ 4 ANEFE 6061 R4 4 FSI M LS HEEH, JExF FST BRI ML AR I 77 2%
BT, ERASE LR RATERE . BARERE . phb e, R R
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X 200mm 6061 £5G AR (259 TO)FAT Wi FE BERIERE,  BEM B B 5r A T

SRR RN 2-1. 2-2 R

* 2-16061-T6 fa &AL E R (FTR F 728 %)
Table 2-1 6061-T6 aluminum alloy chemical composition ( mass percentage % )

\ o

Si Fe Cu Mn Mg Cr Zn Ti Al others

0.59 0.575 0.249 0.118 1.054 0.108 0.126 0.026 97.01 <<0.15

* 22 AFEELE 6061 fad < /1T dE
Table 2-2 Mechanical properties of 6061 aluminum alloy with different thickness

Bkt PihreRE EREERE pPEEIE kR

mm Mpa HV J/em? %
2 300 95 13.1 13.2
4 305 90 16.6 13.5
6 308 95 21.1 13.6
8 311 93 20.1 13.8

2.3 XWWERFGE

2.3.1 EELBRE

W6 R AL SR LR IR A 5 AE P10 FSW-LM-AT10 U5 b1 s i 2 452
B, W 2-1@)FR, R AU 2~16mm [5R[9I 58 5 4 JR A RHR
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MBATIERE, A SCR MR ROVl 5% . (EER i w4y iE ek i
BEATHT B L PR AL S, FRAE RS 5 25 PR R I R o o Bl A i o 2 e e &6
RS &SR EE, R e R R e #8)), ek 4 Wi
2-1(b) Frrs

K 2-1 bk EESER A SRR

Fig. 2-1 Friction stir joining equipment and clamping equipment
2.3.2 BERELAERE
RGBT B B SR A, BEPReT R BIHEL, PRk EE OGRSk SR
AR R ZU RS, P KRG, PR Sk T B R AT O B A A, AR
SIS FE SRR AR 40Cr G &N, FEXT LT A TR TAR TR . it R PR
ANEE A SR, FER AR E Rk, Arig ek anE 2-2
B

Bl 2-2 16 R R Pk
Fig. 2-2 Stirring head used in the test

2.4 TZ8HIEEF
IR 3 % 2~8mm AR EATARBR T2 S50k 5, (R Sk e i o B A
P ST TR I PR, AR K B Sk B B 25200, 45t S e e ol A A5

8
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Pk TREE LI e m, BRAE AR AN AL R BO ™ P, B LIS R & IE

TEZPEoR R REE, A CEHFEN L ES KRR,
* 23 L2 HERH

Table 2-3 Selection of process parameters

WA R eRd g AR FRE

mm rpm mm/min mm
2 600~1600  200~400 0.2
4 600~1600  200~400 0.2
6 600~1600  200~400 0.2
8 600~1600  200~400 0.2

2.5 EEXAFMHEMR

2.5.1 i RENlR

AN [ S EERRAA HEAT FSY IRI S5, A i B — R EAT I AL B, SRR 4
GB/T 228.1-2021 #EATH#] %% 2mm. 4mm. 6mm. Smm FIRLEARES, Hralee R f
WRE 2-3 Fis. IRIERIGFRHEE UTM-1432 77 G851 _ERE4T 2mm Ffdisk
%, JFAE WAW-1000 A5 AE I L E3EAT 4mm. 6mm A1 8mm Fiffiille . R4
LZZHRE 3 APATH, @R i iR 2 A .

g

~—20mm s

N
- T

34.5mm:

100mm

K 2-3 S Al R
Fig. 2-3 Size of tensile specimen
2.5.2 SRR IR

Y48 I TR E TER MY 2mm, 4mm. 6mm Al 8mm 54 £E X
WERE AT, SRH 4004, 1000#. 1500410 4XNTZEH XIS IR T BE . 48 F 9 A %t
R THEATIG  Re i & 1 1 U8 WHS-1000AT 2 AR B S gk AT
IR, AT SRAT A B X POt P A, i P30 s B o7 B M T 2 X iy )
JEABM, B 25 AN, AR Imm, HAE AT R, I R R e
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A 300g, PRARTTEISY 10s.

B 2-4 1 R
Fig.2-4 Hardness point diagram

2.5.3 Ml

R4 GB/T 19748-2019 (& @A RIE Lk v ALH 1 #5248 ph o i B0 B8 10 1R 36 7
2, HGYIBIVIECE JE R . i R DAL T X Al il ilRe
RoT B 2-5 fros e pprdiiBe e =il T T, i SeIeEvt i ) IME A IR 2

F) A P21 JBW-300B %o FibAT, SRR EE 150) A=K .

Z
45°

AN &
\VARN

—= 10mm ~=—

55mm

K 2-5 phadraliE

Fig.2-5 Impact specimen diagram

2.6 EREXIE e

2.6.1 HALZEE

TEAR A JE AR A R X DV EN B2 Smm (W EIEEARE, RER TR F
WhARAT BE AN AT IO . A S T k06 R i e B 24 ) A7 () CHIG60E A =
FEA LAk 2 A, 8 Tk VR ) Nacl VW, VIR N wt.3.5%. SRR & 4.
B AL H SR HAR 4y 0o AR B AR . SHENEARAN S L iR . IR R chi660e %K
PREE IS A 2

2.6.2 HEEh

KH GY-60-SS MY EE S I HLHEAT $h 55 SR ik iker, XA [F) SR B e R
POERERX U)EI 15Smm X 4mm FREE, RHRARERTNIT B 20, MH%E

10
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PR TE TR B R IS BN LIE BT, S RO wt.S% SN AT . 56
K 24h A 48h.  FHIC S TFEANALE 2514 WK 2-4
+2-4 HERMIRK S

Table 2-4 Salt spray corrosion test parameters

ZH IR A & FVE
ST R wt.5% TRIG HI bR R — IR
PH 6.5~7.2 I PH H
R JE (kgflem?) 1.0£0.1 TR I R I S ] T
5y 55 1.0~2.0 I TR KT 30 /N B384
(ml/80cm?/h)
JE S HR(°0) 47+1
KN E(CC) 35+1
E(°C) 16+1
FHXT B (RH) 85%

56 ) ] 4T 24h 1 48h

2.7 ERXERALE S

2.7.1 ARG

P BE AR 1 50 i JE W LT 07 1A D) DTG AR BRI UCR H 4004,
1000441 15004 SRR A FERD AN AN [ JE 3 X R AT AT IS, AR5 i
ADCE AT AT HURIG, 58U i AR 22 R NIRRT
WA T AR Z BRI (HCLO: T FE=1:9) o 15 MR FE F To/K Z W13 T A L
iR i (HF :-HCL:HNOs: 2 B F-7K=2mL:3mL:5mL: 190mL) 47 f 1k, J& ik
I I 2) 10~25s. J&/0lUG FITE/K BTGB T 5 FH 95 N BAUARS 25 A B8 A R AE P Y
P710 B BB S IR AR AL

2.7.2 F#ET EHB(SEM) X AEHEEDS) T

T AIWTIEEBEIX 2 P B W AR SR el B o S Tk LR, S8 v R
37 S-3400 2 454 FL T S AUBE (SEM) SR iz ek RN e ot BT 2R3 1T 9 HL B et iR
R PR~ AT SR, 4 F BT & (1) EBS B B3O 3 A 27 1 4y
ATVEL AT

11
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2.7.3 BT EHBSATS (EBSD)Z T

K FZEAT f T35 BU AT (EBSD)R Sk Y137 & it H 37 SUS600 Y 41 B i3k 47
EBSD ik, i 4-H:f CMOS EBSD Hl Ultim Max EDS Rl #5 K4, 7F 30KV
I R AR, ARIERORES RS, B8P KO8 1um. ¥ EBSD # i
ARIDG P S NIA PG E AT UM, 515 F i SR £ B T L (HCLOw: TS K
=1:9)0 BE R BEAT FE ARG o SR AZterCrystal B0 45 X X SR A (0 B i3k 47
AEEE, X drRi 2R DL R HR AT A0 A . B 2-6 i A EBSD Rk 1 H 37 SU8600
F T BB

Kl 2-6 H 7 SU8600 414 F T 2 A 5%
Fig. 2-6 Hitachi SU8600 scanning electron microscope
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F3TE FEEEBESHHERERX AL RSHIAE
—/\57\1-)?

3.15|5

6061 &G AT T BEBER T, R X I S0 SO H 200 242 X
BB S I 22 00 B 221, 3 g o e X O G5 R ) 0 BT, AN AT DA AR e 4 1 e AR
A, T B AR L 2 28O m s i 1tk e B 2R o A& B ARGy
17 LESET 2mm. 4mm. 6mm A1 8mm £5 & £ 3% 152 [X %2 WU 30 5 1o 4 21
TR o
3.2 EEXKRERWS

IR ERE X SR ER, AT Ao 3 LR T e, T B P
R X R B B A E R SR o AR X R IESUHEAT 204, BARER
FO T PRSI TR | A S T P o i 4 X WL 3 R 5 )

3.2.1 ARG E T ERX ERHH

Kl 3-1 AL BT E 300mm/min T $EH:3k e % 3 B2 9 600~1600rpm Hif
ANTEJERE 6061 fRG e X R M A MBS M EIH A OISR BIAN R AR & 4
TE PSR IR B 600~1600rpm | HEFE X R A R IF . Jelii&Es:, T ER
SUVARESE R . SRSk R E S 600rpm B, 2mm Al 4mm B4R A EEREX
RIMSUEATE, MR E)E . E R IR S e B X I,
G BBFEREAR, R BETY B BN 14 35 50 1 S e Sk 3. B e Sk i kS E
1200rpm B, A [i) J5 P8 e 42 [X 3R I W Fd) 50 (¥ S S0 i, Jeliie sk BC i
Rl GHERE LR N E) 1600rpm, 4mm Al 8mm JEAS B 4 4 X R [E ]
ML T i, REREDyEAE R N IERX AR, SEBIL R, Bk
S T PR BE 1 4 Sy B R BN, AERERE SIS B K 1 T J MR R, ok
RIATE ] 17 [ M5 R KA, BRI TR IX R 24 i B A k
Jie e TR S BT I AN A, HETT RS TR IX 4R AR T . A& R
P Sk BT R A R T e R X R T

13
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(c)6mm (d)8mm
P 3-1 AN[RIE A SR e e N S B X R WL 30

Fig.3-1 The macroscopic morphology of the connection zone at different rotation speeds of the

stirring head

3.2.2 AEBEREL AR T X EMH
K 3-2 gt PSR BRFEE E 1200rpm T HEHE K FT #EE B 200~400mm/min i AN
A5 E 6061 fa& i X R MBS . A 3-2 tha] DLBLSE 3 A 5] )5 B2 AE it 2k
i EI# B2 200~400mm/min T 48R X R B 5 R Bk aracis, St dEs:, o
RSO RSB . SR SL AT E I EE DY 200mm/min B, 2mm. 4mm F1 8mm
A SRR RTTEIR [BIA R B T /08 Ko IR I R 3 2 5 R i b Sk iy
HTHEIR FEAR, PP S AEAOM s BE S TR1G o i NS4SR R S 2 (X AR 15 5
AR 3, A5 IR 8. 48 LB #EE B2 400mm/min B, AN[F]
5 5 B 4 T IX RO O B 0 o 2 DR D b S TE o 0 T P AR R R 4 S
IO 0 s (R BN, 24 & Jg v SEAR AT I A, b T BB A &8 SRk Sk
BT ERIAL 22500 R b 5 3 ) S i B8 e DX R T Vit Pl S e U TR
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(c)6mm (d)8mm
Bl 32 ANRIEFE Sk ik is B N B X W 5

Fig.3-2 The macroscopic morphology of the connection zone at different forward speeds of

the stirring head

3.3 MAEERXBMAR I

33.1 BEESEEXYMAR

SR SEREX BT MM, B 3-3 N dmm 8 & S ERERE L e
1200rpm. $i#: S BT HEEE 300mm/min FIEEE X BEARRFOR A, R EE3]
R X R S RDIRAS 2 YA X ko 205l 9 B (BM) . X HO(NZ) #ulL
X (TMAZ). #EEIH X (HAZ). 3R [EII(RS)H NZ F1 TMAZ 2 18] {5 i [X 35
FANBHE, WERTHEMI(AS)F 3 A7 LE B B S840 o IX ol T 7RI BRI 1%
DX T sk R PR ) E 3l Bl (0] [ea) JiF A3 S HEAR , DR] b i o 00 28 4 A8 T A X BE A Jl
B, B TR LR el

F

200 |

Kl 3-3 6061 i fr <B4 H BRI 5 X AR UL 41 21
(B X (byEHEX s (BHLEEMX; (d)FELI X
Fig. 3-3 6061 aluminum alloy friction stir connection zone overall microstructure
(‘a) Base material area ; ( b ) Connection zone centres ; ( ¢ ) The heat engine affected zone ;
( d ) Heat-affected zone

K 3-4 D9 X & XN ZBOR I o 18] 3-4(a) BERF X BV 25 LRI 5 T it
KPR R SRR A, Aok 2 ARSR, SRR P28 72.2um. ] 3-4(b)H 4%

X AL BIEHER AR T, 2200 1 RIZI BB AS AR G A, sl
15
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Shh, ARRLAFEIANL, RIARANERLECIR,  SRDRSTFZ40y 18.4pm. LG
M [X. 52 ZIATUR /3 A EEHIE R DU E L, 22175 1 SR A P Atiin AR B 55 1) 28 1 AR T it
P2, BUEIZ X2 A& 4 i R TE 4. BRA SRWUEm X 5iERE X RO BA
FRACLIA PRI 2 2R 54, o HE AR R R e R TR, ok RSTS84 20.2pum.
TGN X 32 BEBERAAE FHAN FST PIEIMER, RSN TS i Sk I —E R
FERK R, EBUHK SRR, RS SR X AL, 1% X385 KA A5
271, ok RSP 34120°8 50.3um.

%\
e

TR B, AT G T O )
O A 3, 5 I S, .
AL B NERE L b ST, LR
LT R A
pe VB 7 Y Y e, o,
AR AN R A
> ke ‘L"

e ot

2

K 2 (e SRR -t I
RS 2 (VTR0 pm i
K 3-4 e SRR X A XN 4L 21
() BFF: (o)X b () PHLEMIX; (d)FFEm X
Fig.3-4 Microstructure of each area of aluminum alloy connection zone

(a) Base material area ; ( b ) Connection zone centres ; ( ¢ ) The heat engine affected zone ;
( d) Heat-affected zone

3.3.2 TZ SN EREXUMALR LN

G EE R X WO TR B LSRR . bt ke
R PR SRATHER B . PRk R B MR R . ATE f i TRk
i@ S0 S R0 e S i 39 P S 46 4 TR B X TROU 4L P S

PP S e A T B R RO T R X RO AN, TR RS T X AU 4
14, & 3-5 4 8mm FEFZIX AL ES RS T HE I FE 300mmy/min B 45 # Sk e e R
4 600~1600rpm I ZEFL X HO ML ZH 2 F o
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G))SOOrpmf

NS m«wM»

2M0%

(c)1000rpmy

o T R T N
“, ;:&\‘g gn !b?i&"‘ -‘g\} ¥ . i
GGl V) 5
\ 3
3 fie chety b
¥ i "

Sy

(e)l400rpm,d*1" g IR (D] XS Y t% A
-ﬂ,‘# % 3 @hﬁi\gu gﬁﬂ

i ._T 2 #f s
Y
/‘:‘?’ '{.ﬁ%ﬁfu'f “: ‘-

Figs.3-5 Microstructure of the connection center at different rotation speeds
MBI AT DU SR, FE4 Rk S w1 FE [ %€ 300mmy/min I, B & # b Sk e
BRI NI, B X O I AR R ST ISR S R S . AR ke
JH N 600rpm AT 800rpm B, IEHE X 0 B R ST I8 15.3um. IR Je s 3
B X PG, SRMEHBA TS, EEX PO AR A ATy, Sk
JOSTRR . 243 Pk Sk e i FE 19 0 2 1000rpm 1200rpm A1 1400rpm, 4@ A4 K}
AT, EHEX O ES RS, R, SRR 13.5um.
R Sk e T R N2 1600rpm B, JERE X AL KO RSP, &k R
0N 21 2um. T ER PRI Tk Sk 8 FE L 7 A 10 EUOR BE R NZ 31 1Y

17



8 W YN R R TATS'S

PORHR S M BRI I, SR SR RS T ASBERE, A NZ B BRI, [F
I, BT REMEASIE T, ORI AR R G I AL ARG N . Ak, B ) 1 o
BURLBELAS 1 dfohL A S AS R4 i, LAk B AR, Sl b3 o Wi Sk e sk 1
SN DX A N R DX R P 45 o R A4S oL RO A il 5 386 K 1
Ha . K 3-6 v 6mm G S TENE R KR FE 1200rpm B 45 B Sk i 0 A
200~400mm/min N IE# X H O RO H LR .

(2)200mm/min % gt il (b)300mm/min A X8t (¢)400min/min >
o B RB AR ARSI AR ar A
Ly Yo \ w \ %

Fig. 3-6 Microstructure of the connecting center at different forward speeds
M 3-6 AT LA SRS, BEAE TP AT R B H IR X 0 R I
AN TR BT HEE BE N 200mm/min B, SEBEX SRR SR 16.3um. $i
PESKHTHERBEARES  HERE R IEE XA B (G, SRR X AR BAIG, & HEX
O PR 45 AR S5 AR AR R o AR SR AT I R AR i B 400mmy/min I, EEHEX
f R RSP 14.5um,  SEFEIX A0 @R RS R AE B Rt LI R E
L R E T AT R o, 5 BOE DLW HE R YU A H1 4G Bh T i kA K
T T Fs B /08 1 RS20 5 — 777 T vy S FEE R T e X AR 3R, AR 2R g
1%, S BN R T B
3.3.3 EEXMMAL EBSD 41
Kl 3-7(a)-(c) 4 28 EBSD MG H 1 BEM . B X 0oy AT EEOU AR ) [X
()RR 3 LR~ o H EBSD MG KA B2 S RLOR T 10° i ) A JE 6
s, UGN G SR L BB, & DR I o A ) 3-8 TR . BEM
v R S IR PR AL AS G 4, F IR AR R B ARV B R R ST 35 72.9um.
Bl 3-8 HR BRI KA AR TN 56.2%, /NATE RN 43.8%. FRE SR TESLEI T
FEAR, RORL IR EL ) M BT T RO R, S4B IX 55 50 v A9 ) /)N £ 2 ot 7
B2, & 3-7(b) R X s, SRR 21.8pmee 12 X8 JE A RL R AR TR
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FUIBVEARTY [ EF K A FE T BER X 1Y) 56.2% EFEEI 72%. H I 32 22 5 R i 4
DX HC R AR BB AN A P S R b, DRI A 0 AR BN B 40 5 4 S ) A 38K
ﬁﬁﬁ%&%%ﬂ%%ﬁ¢ﬁﬁ%ﬁﬁ%ﬁmmwo@3n@ﬁwﬁMﬂM%
, ATRVE X D S RE XA PR 2, 2R B PEER, &
R AL, R ST 45 8um. X UK AR B A R4S SRR AN TR 4
G R R AR BN A, KRR, S8R A AN, REEX AL
(11 27% b F+2 39.5%. /N BE di R amoRL o He s, PEAR IR R AR Ny, DR
[X 775 e ST

& ) 2 0 u 0 " 2 0 &
SUEER im) FUSHE i) BHBEE pri

(a) BEAF X (b)IEZ X b (o) BT HEM 73 725
Pl 3-7 e IX b B [ PR b R~ B
Fig. 3-7 grain orientation diagram and grain size diagram of the connection zone

Y@t .
I s -

56.8

m I LU (%)

BM Nz AS-TMAZ

B 3-8 JERZ X % XI5 5 A1

Fig. 3-8 The distribution of grain boundaries in each region of the connection zone
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n’ﬁ

3.4 KEE

AR EE F T T P BRI T 2S00 2mm~8mm 84 S B X M
SRS LGRS0 , FARRIE T T 584 Sk It 3o PS8 AR5 oS i ol o 4 IX 4k
A LU AR R, (8 F EBSD X FST 34 52 X 5358 4 (oW 45 FA 3k A7 W0 2
FHULI N8

(D) WHFEHERE T 2B ERX KRR ER R E . EAFETESH
T, AREER G SERX R AL, T RREOGRESEE . BEE B K E
B SR P 1 o S A e Sk T B ARG, IR XN e, SR RO HRAE T
KPR, EIHAT, @BBNAR T, EREXIRMEAYS), KRR
.

(2) EEX PO RENSHE N, kg, FSI TESHOEEX Pl
AR RS B2 2 . B SR R B e, B X RO R RN S
WA . BEE R SR AT IR R, R X 0 R RN

(3) EBSD UG H WS X RER . SEFEIX Aty AT FAHL 0 X AT &
RLE ] 53 AT, BERA DX 10705 A B it 5 o BE s, bl oo 0 BB v A 26 S v 1 AR 434
S X Hp O PR A AR 23RN B2 5] i S B I A 06 Ko R I R A B AR R 3 3
INFFEE R AR A B e 1 HEM PG (X BhAS B4 B A 7R 4y, B A R R AR
ANAES &, 1 KERAHER, SEEFBUA AN, HIEEX PO 27% BT
39.5%.

\
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F4E TRIEEBEEMHEEERXNFEMREDT

4.1 5|5

A IR I ) 2 1 R AR i B B X o B 1) EE L A o TR X I A
REMIR A b o I R RN bR B A E W S Sk e
TR RS A BRI A B R0 TR X ) 2 PR R R S
4.2 FEIREREEERXR MRS

AP A PP 5 o 4 4 DX 5 P 11 OGBS IR A R Iz P
2 50 W 2 5 ) ) RE A it PS8 R i P o A1 42 DX 10 i 12 e R i AR 5 R A 72
FESE BRI F R I e . A MR SV B OCBR R o AT BT T RSk e
BT« PR A BRI A 5 o) T DX L A A R PR S

421 AEEEEESSEREX NP

ASCERLXT 2mm. 4mm. 6mm 1 Smm £5 & S WA BT BB B E R, ©
4-1 AR R PR AR T S e 33 9 600~1600rpm A58+ Sk Fi 1 1 52 2y
200~400mm/min BRI R AR AL o i I R A BE AT DOGRTS AN [H) )5 A

o

i~ ARPTRLRE WK 4-1 AR

(RAW) FE G
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B DR
221.0

AN ?A‘Sx&xlf&"“ikw

B 4-1 /S [ J P58 e X 7o o E AR AL

Fig. 4-1 Tensile strength variation diagram of different thickness connection zone
R 4-1 AF) B RERE X s 5 AR fih s L

Table 4-1 The highest and lowest tensile strength of different thickness connection zone

A4 & JEE (mm) HikZH PRI (MPa) 2k R 40(%)
2 1200rpm, 300mm/min 229 76.0
600pm, 200mm/min 176 59.0
4 800rpm, 300mm/min 231 75.7
600rpm, 400mm/min 188 61.6
6 1000rpm, 400mm/min 221 71.7
1400rpm, 200mm/min 200 64.9
8 1200rpm, 400mm/min 228 73.3
600rpm, 400mm/min 193 62.0

M 4-1 T LA HA AN [i] JBE 2 40 6 4 10 Bl PR 4 i %E?THI%%ﬁ@ﬁ:
ST TR PSR AT ) T BT AR A S Il R R LA F] 4 A
JE A RO R SH M BE . PRI ECR P R PR R R 3 . LR
RIE T AR L E ST BOEHEIX RGN, A& 1 200 N 15 3 X B AL
WERG, ERHEX BB, BB A e . B R 4-1 B AT LLE
4 N R R G SAE LSRG A BT R IR B T B 71%. BEE RS
FESGIN, HEHX e TR R T PR . R B TR R R, &
XA, JERRBBCRE A 784, X R IR K. did %
4-1 W] LUR BB AP 50 B 340 2 A AE AR BR 125 S0 (1 e e il P el M )
HAEE G 4 FST R X AL REUEBIEE 59%, LU R e
i RR BT ZIBEM 55%).
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4.2.2 PR REE TR X ERE X R R I RE T

P S e 2 TR PR R S 4 DX A e B 2 T 2 3 & e S e A TR R A T i
SR R )RR NI BHAL By, 23 7 5 100 2 4 X PO ARO0R 465 A R e 2 (R LA 1R R o AR
AT T Pk Sk R FE 1E 2 £F 300mm/min I, 35 RE L e 4 35 A 600~1600rpm
N B DX R A B R R P 4-2 DN R B Sk e R T A X B
FEAR A

—=— 2mm
[—e— 4mm
—A— 6mm
74 —v— 8mm

N
S}
T

L RH (%)

BEHEL BRI (Mpa)

=y
=

o
by

6(‘)0 8(‘)0 10‘00 12‘00 14‘00 16‘00 6(‘)0 860 10‘00 12‘00 14‘00 16‘00
TP TE4E & (mm/min) P S e U (mim/min)

()L HL o L (b)Ek A%

B 4-2 AN[RIH5EHE SR e e 1 RN e o 384
Fig.4-2 The change of tensile strength under different rotation speed of stirring head

M 4-2(a)~(b)rl LAE H o AN [R) J5E B 5 6 42 2 IX I 6 0 S e 3k P31 314
N, BB o B Ak R BB R I h 5 B 5 B e s B 43 L) S 8 K5 3
AN B EEN 2mm. 6mm. 8mm 7ESE Pk Sk e 3 Y 1200rpm A4 55 5
By, BIEE TR 72%. MR B 4mm 7E SRSk eSS 800rpm L
PIBREE B, B BIBIA 76%. 4 AR BE AR & £d 1 X B o B A B b Sk e e S
600rpm Y, iR AR, ORISR B B E BAR AN, S8 T 1E#
X4 oR e 78 70 I8 B EBAIRAS S N 7 ISR AL SRJEIE 1 AR o 1X 2Bk
Bk 23 B AR 3 DX PR R A BE o ELER I o 2 PRI T O R IX iR Bl e, BRAIR T 0%
BX Md v fe . (EE KBTS 1600rpm I, FEREIX P sk E K. BN e
PR FESE S T R X AN, TR AN RIS T, 4 XS B P F B 2,
FAE IR X1 d R R AR X3 5 AR AR R, AR R B I
XA, I bR S BT A R S e Y — e Y R G I, RN S B0
XM EHE B GG M BAIRES, S T R, A5 HLEE . FLIF GG .
RSk R R S — I FUE S SRR KA T R T, SR 2
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TEIE BTG, R X SRR E B, AR T e e iR i e M e
4.2.3 PPk SL AT REE BEXT ERE X R A 1 R AR T
P0PE Sk B E E T FSY 4% X IR A PR RE RS W 2 2 . Bl S RN L
BHR IR EH A, B0 R X R AR . AT T 4RI Sk mi gk
KR DX R AP RE T RE I o 73 BT 45 4 Sk @ R 82 1 € 7E 1200rpm B, B3 Sk i
BEH E 9 200~300mm/min 5 XA BE U FE MR . W& 4-3 s N ANIE]
P Sk B0 TE R T I X b AR A

300 100

[ 2mm— 2mm 7] 2mm— 2mm
4mm— 4mm 90 4mm—— 4mm
250 PR 6mm—— 6mm " XY 6mm 6mm
B 8mm Sm — 2 . I 8mm 8Sm
Eo S N TN 70 b = R
~200 5 7 — TN :
§_ 7\ % 7 % wl % E 7 77
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Fig.4-3 Tensile properties under different forward speeds of stirring head
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Fig.4-4 The change of tensile properties under different thickness
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Fig.4-5 Macroscopic morphology of tensile fracture with different thickness
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Fig.4-7 Energy spectrum analysis of tensile specimen fracture
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Fig.4-8 The change of microhardness in the joint zone at different rotation speeds
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Fig.4-9 Microhardness change diagram of different stirring head rotation speed
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Fig.4-10 The change of microhardness with different thickness
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Fig.4-11 Impact performance under different rotation speed of stirring head
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Fig. 4-12 Impact properties of aluminum alloys with different thicknesses at different speeds
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Fig. 4-13 Macro-morphology of impact fracture
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Figure 5-1 Polarization curves of 6mm aluminum alloy at different rotation speeds
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% 5-1 tAb i B E =5

Table 5-1 Numerical parameters of polarization curves

PEPE SRR AL R

n/rpm Eeon IV gy | ud-cm™
6061 BEFF -0.754 61.6

600 -0.742 49.6
800 -0.756 34.7
1000 -0.760 412
1200 -0.762 49.5
1400 -0.756 53
1600 -0.769 52

JE& ek e AR D 4 R T P R (R DAl b, B ek P A RS SRR PR T
JE PP BT o MR 5-1 FRRT LR Y, ASRRERE Sk i@ e T J5E T S 4 X o L Ut
JESS/INTRERE, RIEPE BE R 2 X R P Mk BE U0 T BEAS o R I AR I R 0 R R A2
FEA R R IR B R X D & I Zh A H 45, dRiAs 7 4ifk, T Ream )
(RISl S A, AT REAG 1 AR R LB L, b T XN Akt g, 22D
ZRfift 1 BRI RECS B BERE Sk e e S LGN, A (Y S ok P AT 2 Sl i 4
Ko TP e FE Y 800rpm I, 1xCHE (146 b B it 3 E B IS, O 34.7pA - em?,
V3 X V6 P RE A i o 003 Sk e PR e vy, R NI, 28 AR T MgoSi
LA BT ST RORL,  PRIERR X N S PR RE, RIS 28 AR T B HEAL,
b0 B AR X TR P PR RERO), Gl B3R 73 B 6061 Hh 20 id 1 R BRI 3
Ja AT LASE e R X T i

5.2.2 BPESk ATREE X R X AL R TR R T

N T BE 5 AT RE Sk A kT AR A 5 X A X P PR RE AR S,
5-2 AANIR G B 40 f < AE B PE Sk e B 3 L 0 1200rpm T, 3R Sk i Rt R
200~400mm/min N 3EHE XA AL HI 2 o T8 I B A il A 300 HRH 2 FRD S ot e S A S
el s, BARBEIE 5-2 Pos.

39



8 W YN R R TATS'S

o2l b oz [
= [ 200mm/min — 200mm/min
— 300mny/min — 300mm/min
. 04 1
.04 L~ 400mm/min —— 400mm/min
06
206 &
] 08
E 5
E 08 S0l
10 - 2L
14 F
12k
. L L . | ) ) 16 L
8 7 % 5 4 3 ) 8 7 6 -5 4 3 2
logi (A-cm?) logi (A-cm?)
(a)2mm (b)4mm
02— B / o2k B )
——— 200mm/min —— 200mm/min
04 b 300mm/min —— 300mm/min
—— 400mm/min 0.4 - — 400mm/min
06 |
E 8-0.6 F
E0s8f 3
£-10 s -0.8 -
2T 101
NERS
l 12 1
16 . L | | | L
7 6 5 4 3 2 1 -7 6 5 4 3 2
logi (A-cm?) logi (A-cm?)
(c)6mm (d)8mm
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Fig. 5-2 Polarization curves of aluminum alloys with different thicknesses at different forward
speeds
R 52 AR REHEERE XA A i 26 B0 24

Table 5-2 Numerical parameters of polarization curves for different thickness junctions

WFEEEE BEPRSRATHEE S kA e

v/(mm / min) Eore!V I, | ud-cm™
2mm L] -0.753 35.1
200 -0.773 20.2
300 -0.756 25.4
400 -0.741 27.2
4mm # -0.868 72.7
200 -0.742 342
300 -0.811 21.6
400 -0.742 48.9

40



LRUTAR R L 2 A

WFEEEE BEPRSRATHEE S A i

v/(mm / min) Eeore 'V 1, | ud-cm™
6mm RER -0.754 61.6
200 -0.762 375
300 -0.762 49.4
400 -0.899 65.6
8mm RER -0.79 76.9
200 -0.759 33
300 -0.759 39.8
400 -0.770 15.7

MF 5-2 HHRT DUFE AN [A] JE FE 45 6 4 BEAA AT FST 242 DX AR () 3 ot R Ao 2
(EARABL, 6 AR AR JE i i AT I, DAY B2 X P Mk B o B T Dl LR
o 3R 5-2 AT LU BN [F] )R 2 AR & G 2ead FST Ja 24 X5 it F i 2 2 259/
T, RIUEEA 6061 #54 &40 FST Ja i H X it Ji vl ik Re AR T BF4F . SR T]
PAF Y 2mm A Gmm 2 452 X 1) 65 et FbL I 2502 4 0 e S i 5 1 it v S AL 3G
R sh, BB DX G ik e A B o 32 T DRI E B0 e S 7 T X 152 B I )
B, X L e LB A AN T A, SRk R e A, (kR i AR R AR e
= RTRER SRR ATy, B RAEBG, BRAC T E B X it e . AR R
JEE FST 32 X T ok F Jt 25 P52 (B AR I o W S AR AL 3
5.2.4 BRI TSR 5

N T RFERE X AL F L, B i) SEM BIER .. K153 4
T 5 R A G AR B S e e 3 P O 1200rpm . $3RF Sk B #4382 9 300mm/min
IR A XA RERA AL A Tl S R THT SEM R A

2mmE 1 N 2mmFSIE

.l Y [ ] 1.5 ] ]
. S3400N 15.0kV BYmm x500 SE,0206 §,
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4mmFS

SF400N 15.0kV 6 5mm x500 SE 02:68 100um S3400N 15.0kV 7.0mm x600 6€ 07.05 'l '+

S3400N 15.0kV 6.6mm x500 SE 07:57 100um 3400N 15 x5 : 100um

S3400N 15.0kV 8 7mm 500 SE 003 ( S3400N 15.0kV 9.4mm x500 SE 0142 " ' " ' {ooum

Kl 5-3 AN ] JEL B AR JE 1k X 3k SEM &

Fig.5-3 SEM images of corrosion area of samples with different thickness

MK 5-3 R UE Y, RS FSTEREGRARES L T 1. ma b2
o B B DL T R RTEARIE oy L, BERS SEM IR HE UK THIAR IR s ik T . i
LR AE T8 S MHE A = R 2 57, SRS TAEAESRAT T, I 1 A2
PR, SRR RGBT I RS BRIV IR 1k, RIVEIR I
TR T R PO FSTERR XA B T/, T TR R RE LY, B
SRJB P I et LA F) 8 k™= 0, AELES b ) B R AR B, T PN AS
/ESE A FAR G AR I BN, BH LEJE phutt — P 63, PR e AE AN ] )R FST
A 4 T G R P2 227 B BRI

42



8 W YN R R TATS'S

5.3 EEXEHERF Mo
AT BB VAR B AR [F) 2 S Bk T 4% DI i, I 64T
FIEMIRR . BRI AT TSRS, FTA R R BaE B A T AL HE, IR HL
BHAT T EEWE, RN TR RO VAL AR . B e
AR S%MEAEN (NaCD Wi TEMF MRS RN, 504 B RS T 24
/NPT 48 /INES o g HE I RS R AT IR s AR IR T R, B s Ry
=y —mg Jx(s7)7! (5-1)
A 1 OAEIEZE mg/m? s mo MR SLIG AT mg: mi ARAER S0 S
mg; S ABFEEIRRIEER m?; T il it 1] he
ARATF NG HT T B SRR TR L RS R L RO TR R #h 55 ik
S X5 o oK 2 1) 2 )
5.3.1 iRk EREE BN R X 5 R v R
PP SR e e T X FST R X i R 5o 35 . 3% 5-3 4y 6mm A

FEREFE L ATHEE . 300mm/min T BEHEHEE 600~1600rpm I J5 tHUiH 22
*® 5-3 RIS G AS R e B2 1 1R 6 55 J i s

Table 5-3 Base metal and salt spray corrosion data of samples at different rotation speeds

RS (rpm)  24h HE 24h HFE  48h BEEH  48h K

mg mg/m? * h mg mg/m? * h
BEpf 0.11 76 0.75 260
600 0.13 90 1.3 451
800 0.2 139 1.29 448
1000 1.0 694 1.77 615
1200 0.27 188 0.94 326
1400 0.36 250 1.78 618
1600 0.92 639 2.52 875

L A S(S-D) AT AT S 24h, 48h IR 25 M K, 45 SRR W] 48h EEZ
Tod R A T 24h BRF I oE R H PSRRI g R 2w T RN, B FST 38 RIX
i JE P Ve BEAR T BEbY . LB TRERIXOR A T3l f i, ShA S e 2
(s AL, (A & G R, SEURME 5 kA, IF H FST A AR
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TR AIE, PR T IR ik BE o TEPEHE Sk e % 13 Z v 1200rpm B 3%
[X 48h JEE K EAL, N 326mgm?-h, BiZSH N ERE XN E MR RmE. =
T T BB S e T AR NS B, X O R A, Al
(R E PBOE R IRIR AR B G, AT B i T X i e P o e S e e i JEE
1600rpm B} IEFE X 8h JETIE R fe =, N 892mg/m? ho BIHZIX 38R phMERE A 2 -
F RN LE S B S e e T T 4 3 B R X B NG, R X AL A REREAL
BRI dtoRL 5 ) T 1E iy FHAR T F0 R e 2%, AT bR ik it 230057, ey iy N AE I
B X 7P AR AR R AR N F), B JJAE— 58 2 IF T wINIE R SR kT 2R R A . i
IR FST 4 X 1) #h 55 0 e o 4 350 v T BEAA o BV P B 0 R X DI o 2
TR o ST IR Sk e e 52 ] DABRAIRZE 4 X T ok 8, 4 sy BB R IX T i oy
MERE.

5.3.2 PRk L AT B E X R e

R 5-4 NAEE G GER R N 1200rpm,  HiRE L AT N

200~400mm/min B4 X 5 o %
% 5-4 BRSO [E Rk R R AR R £h 5 i B

Table 5-4 base metal and salt spray corrosion data of samples at different rotation speeds

WA EE  BiReSkardt s g 24h HEE 24h HEF ABh I EE  48h i E

mm/min mg mg/m? « h mg mg/m? « h
200 0.1 69 1.13 392
2mm 300 0.43 299 0.99 344
400 0.06 42 2.11 733
200 0.08 56 1.9 660
4mm 300 0.072 50 1.63 566
400 0.19 132 1.91 663
200 1.54 1069 2.93 1017
6mm 300 0.27 188 0.94 326
400 0.08 56 1.63 566
200 0.69 479 2.33 809
8mm 300 1.08 750 2.55 885
400 0.2 139 3.16 1097
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M 5-4 FRTDLE H, AN A R EEERR X 48h Ji s 32 0] L 24h Ji s S 47
FE—ENIEIN G, KR HTHE AL 24h BHE, SR HIE2
T LA R 73 FES k= A It 7 T P B T S R T o 3R T AR B T S ey o, A
ORISR ZY, PRk 48h Ji s 4 B RE AR I EE R X R i % . 2mm. 4mm
A 6mm JEE5 G S AEHERE L AT HEE E 300mm/min B 48h & i R B A . A 3d 9%
Pk m R AT Bh TP RN RA HE SR, o] DM RE SRR AIAL, P EnERE X
BRI PR A6, 7F 2mm Al Smm JEAR A S E Sk T HEHE EE 400mm/min
A8h FEFE X MU R i o FE S PR ATHEE A R, KR R, X
Gy AL« RS o X RE R A IE 2 S R K AL AR 2, DR B AT AT DL S PR
JE ki AELOT) . 7E 4mm A1 8mm JEER G AL ATHER B 200mm/min I 48h JEH:
X8 k3o AR A o CEAR SRR Sk T E A P R X B NS 0, SRR, PRIR T
SRR DX B R o G bR G BT A0 e S B X S 4 X o o o R
M6 X A S T 82 BB T B v e e X S e

5.3.3 EEXHEFZREME SEM K

RNAR T 655 SR B, SR A B T B (SEMD WHRFER TEAT T
ORI EE . SEM BUE MW AE R ATRERS VELH T R ik 72, 30 nf T4 oo i 4%
DX P 73 JE ol e 2 O EE B o Sl IR A BT, FRATT T A b R 31 R R IX
TESR A R I, A e T2 SRR S MR R IR T OE B R
P 4-5 4 2mm JEREAF AT 2mm - 4mm Al 6mm £5 & &7 5 £ 3k e i H N 1200rpm .
AT REEE S 300mm/min F3R15E 8 X 7F 24h f1 48h 252 i 15 JL 3% 11 SEM BIM% .

B1724h H1148h

b |

S3400N-15.0kV 10.2mfm X250 SE 01:46. ' ' 200um
: ]
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2mmFSJ4A8hERTR

S3400N 15.0kV 5.7mm x250 SE 02:27

6mmFSJ24h

B 5-4 24h A 48h £ 57 JE AL T SEM E1{&
Fig.5-4 SEM images of salt spray corrosion surface at 24h and 48h

I 5-4 ATCLWL SR BIBER 24h SRS A, BURER T R AL, SR
BB T 48h HE4% DX PhoIn R, iR T 8 Tk 3R 0y R PR S k™
PEIMNIR . 2mm JE 5 PE BEBE R UL 24h ER 5 T TR, R T PR 2 b
Ik, TR B, {E 48h #h 55 S Jr E R X R PRE B ™ 5, 4i/NI T
WREOT AR S, JPAIERE . R MG KT AUE M08, 4mm JZ 55 H:
FESERGAREAE 24h JEVSE, R0 st A QR 7, BB RS
£ 48h FEFZ X At v V)AL 2 bRE R I . 6mm JE A0 HF EEOE SR FEAE 24h )5
EFRDCH B T KT ARE k™ LU b= W i Vi e B R BT bt . 48h JE Tk (8]
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WEAS, R E R LT, M EITIRAC U B s IR A o KA £h % T8 Tt e

K, JERRIX R Tl R g o)
5.4 RZ/NG

REGW T AR TESET 2~8mm 454 &8 X 10 E vtk §E, AR it
PP SK R RS . B PE S AT R L . HOM B R IE R X A R e #h %
Tl RE BRI

(1) @I 2mm~8mm JE45 G S AEA R TS H0 R G35 X B B Tl
5 ok LT % JEE b R HEAT 0 AT, FST FEREIX AR ik P IR 2 BE 3 /N T REMF X, RIZR

i FSY 4 X T Ji8 e P R e 250 v T BEM o S IG IR SR e i T BE L B Sk ok i
JE o BRMA R A AEE BE IX LA A B v T B IX i S ok A

(2) $EPE B EREX 2 Z 8 ik % 48h J& it R K 47 T 24h. A
N AFEIEL IS 24h JE UG, SRR R TID H B VE 22 6 Diudyo LA R 4 8 ol = A0 i v
TR SR T, R A4 IR BT Tl ok, el T R S RS AR . AE n R
FEVRERE X T 23R AC T 84 X MU 4 o (0 FST JEREX #5555 s 2 v T B
MIX B2 . B FSY HEH X Hh Z5 il o il R A T BEM
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Fo6E ITZ8HMNEERXHMEEMS mNESEEIT

6.1515

ARFEIHT T L ESHOS ERE AR A R L ST, 8 I o BT X [
B3, SREDBREG SN, 3 R B MR e, SRR X R . TR RS e
MR IERE S BRSO SK AT R . BlJE T R )h T sl g
SRR SCE B B X I BREARIE TE I 59 5, 1T REREI BE -5 4 45 1) (1 B Ak i A
M APE, B EREE TR S AL, T AR A R I e B AN AT S
6.2 TZSH X ERXRFEFN

FSI B R — AR E AL R, 2R ol E8 L2545
PR LG5 S5 Z PR R RE, FESEAE DL T 237 AR T HEh I . Gl 0 FST 3%
SREAHEATIRNI T A, S FURAE, A0 H = AR JRR, i S L TR H e, K
HA 2 I BRI 5T R SORN SE B S F AN

6.2.1 (RN RS PG

TESHE S T RN, ARS8 R v i T B T 4 X T i
SEEREM, SRABIPRE. B 6-1 4 2mm EEE & HHE ke s
Fﬁammnﬁﬁ%wﬁ.F4mmmmn%F?Eiﬁommﬁ‘%E%ﬁ

EMW%wQﬁffm?

K 6-1 JEH: X R AL VA G

Fig.6-1 Plough defects on the surface of the connection area

M 6-1 FRTLAE Y, B4 X ATt B ALV R B R o A AR 1R 32 2
DR A2 JHARCLE AR A0 4 Sk JE 7 3 PSRt B S i b e JEE 1 e X R R i A A 2 HL
BOM B R, A IERRE R PR e A SRR Eh A e 7), BEE Rk
MEhit, e R AR BEA RO AN e IERR X P AR (A s o RN Sk iR h T R
T BUERL N RS AL, ERRIX AL & R REST R OB, Oy T B i R X
ALV R EE, AT LG =38 R Sk e e T P AN R R ISR, B PR R kAT
B o

JREABAA T o 1001 S e 2 3PS ARMER A 4 he Wi 30 P58 T 43 () i A AR B

48




8 W YN R R TATS'S

TR AR B A SR i B AR, R RE S SR AR B8 2 iR . ELAE JEARM
Hh A TG R AR ORI R o (AFEMR RGN L ESHCT, B v i
RSN, BRI AR AT ALY, PRI A RSy, RS R a2,
GyAE SR LI ER AT B 6-2 y 8mm B4R & S AES K e 18 % 2 600rpm
PiFE K AT HEE E 400mm/min. HUE T ARy 0.2mm B X BAARGHIA L. M
B 6-2 Hpa) DUULEE S 32E 4 DX o0 JE 0 H BLASE R 0 FLAIRL, T  m DLOR 5% 38z IX o
O I — 26 RR 2R, B X IR T UTRR Y ot I LR R o 3 2 DR g JEEAR A JER 18 52
PAIS), SR BBATEZE HAE BRI R Sk AT 08 R e X s A 2 . I
A SRR T B R R T el B, S Betiob R A = 0 S5 BR A
JER BN F2 TH AP A G B I 1) 2% 5T S5 ) IS A e B Pk 8 0 e 328072 A T

8 S FLIR RO A AP ke B 7 T EEAE R H Wi R T AT A BT 8 | IR U556 L7,
VMR 7 P 5 Bt v A B X AT N, RT3 R o [ 0 Sk e 3ok A1
P T R L o SR AE SRR I SRS FAAA A S 75 B PR I B R B AN 3G 0 A
TNEE.

K 6-2 8mm 55 SR X M 21 21

Fig. 6-2 8mm aluminum alloy joint zone microstructure

6.2.2 RGN E B BRFE

PP SRAE S e E AR AT E R BT, B X A, IE R XCR T 5 R A
KE K, ERXOERENSR, FFIK 7 ERX TR B 6-3 5 4mm BHE &
TEP Pk e i 1 5N 1600rpm ATt 224 200mm/min. )8 FE =N 0.2mm
TERX RIS

9 6-3 4mm 452 e X R TV

Fig. 6-3 4 mm surface morphology of aluminum alloy joint zone

M 6-3 R LSS 4mm JE 456 S 78 PR Sk e e AR 7t =k Tt
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SN ERX R I AN LT KR L, RERX I T IEN S, S35
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e DR AN ME B o iR A RHE B R SRR AR F T TR G % IR B 55 1
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200mm/min. flJE TR 0.2mm B ERE X ROWH U . B AT DL S 55 32
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Fig. 6-3 6mm aluminum alloy joint zone overall microstructure
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A, o N RKERRERA, o NIAERANCE, ZRARKE N
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Fig.6-4 Temperature measurement point distribution and experimental temperature measurement

distribution
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Figure 6-5 Temperature variation diagram at different rotation speeds
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M 6-5 AT DU H, Bl A5 4503 Sk e o R 48 e e DX e v i P 2 B L T
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Figure 6-6 Temperature change diagram at different forward speeds
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6.4 EEXIZ&H ML

6.4.1 M S E T2 R4

WA RIS (RSMD & — P AR 30 B RIS A R A i, vl A 280
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Fig.6-7 Flow chart of response surface method
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Fig.6-8 Three-factor BBD experimental design point distribution diagram
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Table 6-1 Selection of BBD design parameters
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PR A rpm 1000 1200 1400
WAL #E®EE B mm/min 200 300 400

HE T E= C mm 0.1 02 03

6.4.3 HEAVEE ST
7E BBD 56 Wit T 3EAT i B BRI T, RO I 45 U7 ) 4% P AR R R A
WAW-1000 /5 GEiRI6 AL _E 4T ik E6 . BBD ik 36+ fH S 545 R un#k 6-2 Fin,

AR TR 6-3 Fros.
# 6-2 BBD I Fi {1t e 45 R
Table 6-2 Tensile properties of BBD test results

wis KRR A BEFERATEEE B MR FIEE C Jidv e

rpm mm/min mm Mpa
1 1000 200 0.2 214
2 1400 200 0.2 212
3 1000 400 0.2 221
4 1400 400 0.2 217
5 1000 300 0.1 223
6 1400 300 0.1 218
7 1000 300 0.3 224
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WS MAKIEHEE A BEPERETEEE B MR TIRE C Pidv e

8 1400 300 0.3 220
9 1200 200 0.1 214
10 1200 400 0.1 217
11 1200 200 0.3 215
12 1200 400 0.3 219
13 1200 300 0.2 228.3
14 1200 300 0.2 229
15 1200 300 0.2 230
16 1200 300 0.2 228.5
17 1200 300 0.2 227
* 6-3 AR
Table 6-3 fitting accuracy analysis
K CFOTAT HEE BT E FME PE  EBENH
R 555.52 9 61.72  47.89 <0.0001 B
A 28.12 1 2812 21.82  0.0023
B 45.13 1 4513 35.01  0.0006
C 4.50 1 450 349 0.1039
AB 1.00 1 1.00  0.7759  0.4076
AC  0.2500 1 0.2500 0.1940 0.6729
BC  0.2500 1 0.2500 0.1940 0.6729
A2 60.16 1 60.16  46.68  0.0002
B2 324.58 1 324.58 251.84 <0.0001
2 52.47 1 5247 4071  0.0004
bk 2= 9.02 7 1.29
A 425 3 1.42 1.19 04202 A&EZE
aiiRZE 477 4 1.19
a1 564.54 16
R2 0.9840
Ragf? 0.9635
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WL 6-3 FRG RS i Al DR SR A T R & 10 B, = P<0.05 1,
B R R HA R T 95% HMER 2 B2 1 o AS 190 N [ A4 A p<0.0001, i i%
R B B3 ) iiE RE RN 0.984, JHARERIEIT 1 )15 BB RY 5 S fral
EREEEBE . HEEJE I Rag? 4 0.9635 5 RZEMZERD, B G645 RS
SRR NAMFAE R B AR DR

6.4.4 FEERR]

AE S IE R X PR R A NS, R R R E 5 TSRk e
FE L (A)~ BEFERRTEEE (B) HlUE T S (C) LA H AN —Fr 2 1B 30 4
FRAIBCARE R . BUEA R R IR

y:f(A:Bac) (6'1)
M S TR — i bR B Rk R =(6-2) B
y=a0+Za +Zay XX, +Zan X; (6-2)

e ag NEBIR; o, WHRERIGE R ap WA R EAEH R EL

a; SR I RO E ] R 5
KHAERE T Z233(AB.C)E LI ERA:
y=ay,+a,A+a,B+a,C+a,AB+a,,BC +a,;AC +a, A* + a,,B* + a;;C*  (6-3)
R Z B TR B B, RNERE X iR am i B A A
y=228.56-1.874+2.38B+0.75C —0.54B +0.254C +0.25BC —3.784> —=8.78B> -3.53C"
(6-4)
6.4.5 RIL R
P EEEER T 2 S BN E R IX PR hi s B 25 . PSR iR T B (A)
AR K AT HEE P (B) TR E TR X AN, iR T IR E(C)UMR 1R X AR IR

k. W LESH3 WERBATIL, RN R Pt Z R BN, T
6-9 = DR ZAZ T AR FH 45 e 24 Pl B i 7 i )
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Fig.6-9 Three-factor interaction contour map is the response surface map

M R 6-9(a) Hh AT LA 2 28145 v 24 Pl 52 BOUAA [ 1 L7 8 b Sk e i 7 1) B
238 5K, RIS I 0 R Sk e A ol B 5 i A L S, R Sk e A T
FIX LR LR SR . B 6-9(b) &5 s 2k I L ILATE, wa S BB P22 . |
o0 Sk T T EE AN R T A 0 B B R WA R P AR AL, B B BB MR /N o =)
TS H 5 2 ANl i AT 05 BTSN S, R ik e M S
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7335 PR I T 2R B A A S o B T S B R Sk e T R A T P
58 P AZ AR FH B ORI8O0, 5 Sk it okt P8 AN o B8 L st 1 R X N
BBV IERX RIS, EEX R R E, IRk

6.4.6 HihiRE TEZESHM

e BRI BLR RE S 3 A LA S MR,
Design-Expert13 FfF 3R Hh B A AL ) B LR 9 - BB HE T 2540 HithE
S BE RGN 1350rpm. BT HEEE A 312mm/min. fH)E FEEN 0.214mm B3k
T AEPTR RS N 229.6MPa. X 5 T2 S HOAT S brait P BE R 30 30 1IE
WIS T BT RLREE A 232MPa,  SEA A& 45 I A &
6.5 RE/NE

RE R EWI T L 25 HO0 HEH Xk B AT\ IR 5% e 9T L3 T ) )8 TV
StLESHOAT TR R, 5 LU R iR

(D RN T ESH TV EGSEEXMEBUAT 5, PPERNE
TR RE, JEAR BR < T X R BB A AN 5 AR TR0 o ) B Hh B AR LR
fio ERBGN T 2SR, Ribr=4 ChOBiG, AR AT 2 g/ L
T o By 1 DX IR A AR SR A 6 TR B m AN L2 24, R & SE R
K P RG4S N R .

(2) TZEBEHERX M EE, AsE k 2R X k7
IR PRERAE, BEAE P Sk e T P4 i e X il P R I T3S, B Sk e
R X X AR S 3 o S [ A T S 32 2 X ) e 7 L 49 B [
WP v o TSI PR X v iR P AR A S R N

(3)FET BBD Wi J8 [ VA i SZHT R 3B 5 3 N R 3R L ZE SR [ B,
IS 7 ZEAT I HCA ARG BE o IR B R AT I R SR AR . SRAF I B K e
T 1350rpm- BT HEEE N 312mm/min. fH)E FEREAN 0.214mm B3RS & &P
FIBRIE N 229.6MPa, SLBras iR SR TN 25 REATF & .
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EBTE FLESRE

7.1 B4

AR 2mmy 4mm. 6mm F 8mm JE 6061-T6 454 & HEAT 1 1 BE 1% £z
XAPEREBEAT IS, 70 T LSRR e B . i 88 ) RUAOR 5 R 0 3
X IRORAL . JirEae. R ERERIREIT . [RIN 2387 1 L2800 A X 6k
B RN FAE A N B2, DR F BBD Wi B VAR 6061 #5454 FST TS Ht AT
o, TSRS ST h R FE I BCEAR A . AR E A5

(1) FEREHEBEEOERE 5 AN A B 48 & S B R T U 4, oM R L0s
TEEERIE, FST L2 HOn a4 X R 1 it B U0 1225 o BB & b SR e i il e i v,
e X Hh AR RS IS I S5 B R a3 o B Bk Sk AT R iR i, IR
DX O R RS R I N3 . EBSD EUE T B, BERFIX SloRnE ) P 55 5
TR ZH, SR N, AN RS HE . SRR O i T A A RN E
2, dHFELAIAAIEOC, N S S B . BT DU AL e X DN Bl A 4G
AFGr, o PR, SEEEAIHER, 5 AU AN, N R T EE A
HL X 27% EFHE 39.5%.

(2) PEFFEEER: TSR G S EBRX I # R m R g, AR E
FEREE SR EZ T FST G, Hpthim BRI 1A E 5T, B4k, 2mm.
4mm. 6mm 1 8mm JE IR SR FERF E FST 20T i mrhrh o B 43 ik )
BEMI 76.0%- 75.7%- T1.7%F0 73.3%, F& b e i A58 2 52 300 497028 Db 2R R f 1
W R A, WA B I R AR FE AT X o S REM 2 18] . Ie4h, AN
5 P SRR IX 1) AR S LW B A, B X3 el R A vy, T 4 X g
] 4 5 ) DX GE 8 B3 1K, 3 4 DX o S8 SO RRE B2 A T8 vy, B 4 X e al 2 AR A 15
FLANAG A b R AR B DA G o e BIPET T, 450 BE e 2 X 1 e W 1 i
i B, X G AR SRS b e Re . Bl iR R B B
WL, Al /M P BT 2R DX A

(3) XANE R BEER G 4 FST B4 X AT B B ik, R IESE X M g
b L 85 P MR AR T RERA X, RIS FST HOERE X TR S bk MERE AL T BF 41 . &
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N PSSR X kL 78 4 A4k, AT S i 1 I PP R o 78 0 55 70 Tl il
RUETEE I FSI S40A B T BRARE Mk 26, {5 FST 38R 8 U 5 i T BEA,
B #5625 Sg v FST BB IX i JiF P BRI T BERA . H. 48h U i bk e 3 w5 T
24h iRFE, FEE TR F R B ETE 24 /NI TS B R, S EUR
Tlofn i o

(4) WHIC T FSI LS E G S X BRI SR 520, FFF]
e ;TN SHOHAT T IR AR SR BRI, 57 R ALk
FFLIRERRE s =i A SO0 S B DA AN FLIRERRG - S8 1 P s fe 7= AR AR
G SN T E AN L2 S4, JESCERR KRR 53 I di s T %
B o PP SRR AR X G 3, R e R, TR IX e i
SR ETHES, SR L 2S8R S i R RN, HARM
A REMNE FE v T R M. T BBD Wi 7 [f V5 2 SZ A AR A, W IS U
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72 RE
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