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PERFORMANCE ANALYSIS OF FRICTION STIR JOINT
ZONE OF AZ80M MAGNESIUM ALLOY

ABSTRACT

AZ80M magnesium alloy is widely used in engineering field
because of its light weight, high strength, good mechanical and thermal
conductivity. In the engineering field, AZ80M magnesium alloy needs to
be connected and used. Traditional melting welding is easy to cause
defects such as microcracks in the weld area of AZ80OM magnesium alloy
welding area. Friction stir joining is a solid-phase connection method, and
the temperature during the joining process is only 2/3 of the melting point
of the base metal, which can well protect the melting phenomenon of
AZ80M magnesium alloy during the joining process. At the same time,
the friction stir connection of AZ80M magnesium alloy, the connection
area is not easy to appear micro cracks and other defects. Therefore,
friction stir joining of AZ80M magnesium alloy is a good joining process.
Therefore, in this paper, 4mm thick AZ80M magnesium alloy is selected
as the research object, and the friction stir connection test is carried out to
analyze the influence of connection process parameters on the connection
zone, microstructure, microhardness, tensile strength, corrosion resistance

and wear resistance. The specific research contents are as follows :
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(1) A tool with a shoulder of 13 mm and a right thread was used to
join 4 mm thick AZ80M magnesium alloy by friction stir welding. In the
connection process, the rotation speed of the stirring head is 900 ~1100
rpm, and the forward speed of the stirring head is 150 ~ 250 mm/min.

(2)The microstructure of the friction stir bonded AZS8OM
magnesium alloy under various process parameters was analyzed. There
is an obvious boundary area in the microstructure morphology of the joint
area. The joint area is mainly composed of the center of the joint area
(NZ), the thermo-mechanically affected zone (TMAZ), and the heat
affected zone (HAZ). The original grain boundary contour disappears in
the heat affected zone, the grain in the center of the joint area is refined,
and the distribution of the layered structure appears in the
thermo-mechanically affected zone, which is due to the dual effects of
mechanical force and thermal cycle. In the range of set process
parameters, when the rotation speed of the stirring head is fixed, the
larger the forward speed of the stirring head is, the smaller the grain size
in the connection area is. When the forward speed of the stirring head is
fixed, the faster the rotation speed of the stirring head is, the larger the
grains in the connection area will be. This is because the size of the grains
in the connection area is directly related to the friction heat generated.
When the rotation speed of the stirring head increases, the friction heat

generated per unit time increases, and the grains are dynamically
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crystallized due to heat, and the grains are refined and then increased.
When the forward speed of the stirring head increases, the friction heat
generated per unit time decreases, and the grains in the connection area
are dynamically recrystallized, but the grain refinement is not easy to
grow.

(3)The friction stir bonding zone of the AZ80OM magnesium alloy,
produced under various process parameters, was analyzed. The results
indicate that when the rotation speed of the stirring head is 1000 rpm and
the forward speed is 150 mm/min, the tensile strength of the joint zone is
270 MPa, achieving 90.9% of the tensile strength of the base metal. The
tensile fracture of the joint specimen predominantly exhibits a
ductile-brittle mixed mode. At a rotation speed of 1000 rpm and a
forward speed of 150 mm/min, the maximum hardness reaches 90.09
HVO0.3. At a rotation speed of 900 rpm and forward speeds of 200
mm/min and 250 mm/min, the electrochemical corrosion resistance of the

samples surpasses that of the base metal.

(4)The wear resistance of the friction stir joint zone of the AZ80M
magnesium alloy, produced under various process parameters, was
analyzed at both room and high temperatures. The friction and wear tests
were conducted at room temperature, revealing that the wear mechanisms
of each sample and the base metal were oxidation wear and abrasive wear.
Further high-temperature friction and wear tests were conducted at
200 °C and 300 °C on the base metal. It was found that at a rotation speed

of 1000 rpm and an advancing speed of 250 mm/min, the friction
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coefficient of the sample was significantly affected. Additionally, at a
rotation speed of 900 rpm and the same advancing speed, the friction
coefficient of the joint zone fluctuated greatly. The friction coefficient of
the joint zone fluctuated greatly, while the friction coefficient of the base
metal exhibited significant changes at 300 °C. This is attributed to the
substantial plastic deformation and accompanying oxidation wear of the

sample at high temperatures.

KEY WORDS: friction stir joining, AZ80M magnesium alloy,
microstructure, mechanical properties, corrosion resistance and wear

resistance
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PP SR — A — N B (4R AT 13N B4 B S R RS PR, BEAT B R P
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Fig.1-1 The schematic diagram of friction stir connection
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(1) AZ80 B & ik BE 5% 42 2D 4 ¥ ¥l . K.L. HarikrishnalBOUX) A 5] )& FE 1)
Mg-Zn-Mn &4 ZM21 AELRBA #EAT i b EE OB IR 0T 7, R IE i R i 1) L
228, FTUASEEL T ORI . R FE N ER, 5 25 mm JEBOERAALL, 5 mm
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AT AZBOA . ZK60A Fl ME20M 54 & /E HIE T 2514 B BE 8 PE g, B3 HY
PUEBVEREIL R MRS &M B IR TG S B BN . R A S k-2 BE 7
5 GCr15 NERBC I, AEAN A U TH BN IT AZBOA . ZK60A 1 ME20M 6 & & 1E
TR S5 AT T BB ST s SR S5O 7 TO B PR BRI 1 AZ31 B S AR AL
G5 715 ERe, IR0 BEIVERRIEATOE AL 00T, TOE SR TSI AZ31 B A &R
B 1) T 53 JBE 452 DRI B30 ) 5L A0 ol P B I 386 0 s AR S 0% AM60B i#E4T 1 i b
JEEFE N L J5 AN (R0 B2 T EAT T R R R B 20 AT, o BE AN LA AN [ L E T
AT 7 BERBEBRME R AT, SRR BRI N T A B R lRE (K B0 R K, BE M R B
2K
14 FEMEAE
AZSOM B < K LB AR, & Lo BE AR 3 ROM LR BEAE R SR . 1R
i3 T H - 3 B S AU SO B AR ARL, T AR BEERE (FSD AR —HFha.
HORMG TR T B, EAR AR ATIE TRt m s ek, G
GOERARAL T RMET R AU RN 4 =K1 AZSOM BE& G iR, EA
[l T2 ST AT B R BRSO RAS, JHEXT AZ8OM 854G £t 45 X 1 2 AN GOM
FESUHEAT 00T, LAt @5 i B AN B e, T 1 B X ) S 2
TRV T AEAN R L 2SR e DX PRI T ol e B 45 BB 1 P e o AR S A2 LR T
BUR:
(1) fd FE PR BE A W 5] 4 mm & AZSOM 85 & &M BT T 2048,
WEE R 2GS, FEX 4R BEOEFE X R T AT AU S, A AN R 3 b
FEVERE T2 2800 S5 OW T 3 A 5
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(2) B HARIEAT I AZSOM A S BEEOE R X BLhi ot E, A
Al L ZZHoar Rtk RE e, JFR AR T SR (SEMD WLEEIRT HIESR,
S AT I TR T

(3) 3@ HAk 2 ORI 7T AZSOM 5 A & IR B vk i, o8 P b2 T
VERIRAS IR 2 . E oAz B vl iR S AR OCHE , IR R 30

(4) T B AT R G0 W SO 4 BE e X (R BEAR B i, IR R AR T
AZB0M B e 1 HF BE AL X ) BE AR BB

ARIAHESR AN 1-2 FR .

iﬁ-;‘q:lt:

AHE

FEde

y

IZi%
FoERASERKT
ZHl

; y y

HREL S PeaEorth %Eﬁgﬁﬁﬁigﬁ
BB ALY SMEAS0E AL @%iggggﬁﬁ%
BREEATEAN BRI i -

B
ERE EhERE

B 1-2 A AR 5 T AE SR

Fig.1-2 The overall chapter framework of this article
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B8 SWHREFE

2.1 5|18

PR EE R X PR R B ok R BE R X A VS, XHERE X B8 2 Hr
AR EE T — AT FENPIERX TR 3% IR
N F BRI 7155 . AN, REIEANA T EERAMEL, #2748 RIS % .
2.2 SCIGHFHL

AT FH Tolk 5 e B2 AZ8OM 4L B SO VE i 1 BE 45 % 2 S M
Bl 2-1 R, EEARA ST A 200 mm x 66 mm x 4 mm. AZSOM 4
GO B B R IR 2-1. K 2-2 R BT EEA ERM S SRR
Gy, WP B A B 0 Al TR X IR T AT R R

Kl 2-1 AZ8OM & SR A4
Fig .2-1 AZ80M magnesium alloy sheet
# 2-1 AZ8OM B & LA (wt%)
Table 1 Chemical composition of AZ80M magnesium alloy ( wt % )

TLE Al 7Zn Mn Mg 5HAth T
P 7.8-9.2 0.2-0.8 0.15-0.5 R
S 8.98 0.61 0.32 SE

22 T AZ8OM BG4 ) 2 MERE (S
Table 2-2 Mechanical properties of AZ8OM magnesium alloy at room temperature (measured )
PLhL iR (MPa) R (%) YEIRAEZ(HVo3)
298.1 8.54% 60~87

23 I EERRESHE
231 EEFIEE

6 FH AL SRR RF 2 W WA (R 00 P 8 R e e REAT FE ik 8, Gl 2-2 s,

9
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EREIERE 1~16 mm JEERIRA, BRI E X, Y. Z =405 BT & st B
N, ERBUA RTeRE-5° ~5° , Z BT A EROK AT ARE DY 300 mm, Y H U A
B RATEE N 600 mm, X 77 A i KATREON 1000 mm, %80 # 2 ] R4
BICHR Iy B UK, B 2-3 RASRTARG, 1EHIRSH CNC ezl

i

Bl 2-2 Pk RE R B @23EL§%I¢A
Fig. 2-2 Friction stir joining equipment Fig. 2-3 FSJ clamping table

2.32 Rk

PR h e B, R RBNER X AR Sk ik
FEIX L HIUR  SERREF =AM R, AR SCIR T AR SR ] 2-4 Pl . BUR BAR N
13 mm, HEHLAEY HI3 SR BEHEET A A RIRSL, B2 RE 8, K
FER 3.8 mm, /NiE AN 3.5 mm, KifEAN S mms.

Kl 2-4 13 mm il )5 B TAR SR RS R B -

Fig. 2-4 13 mm shoulder stirring head shape and stirring head size diagram

233 EEIZESH

PR T 2 B m B LT #EE A v (mm/min) Bk iE
o (rpm)  FHIFMEIA . DUASHERR IS SHE T EE. CET
e 1) 2 280 ] 8 Rl A A RSk 3R S R 00 R R R, R e
FERBIRTREEEE v (mm/min) 5 e 8 X AZ8OM Bk & & HEAT 1 1 R 52

10
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TZRE. BESHwE R 2-3 i,
+2-3 AZSOM B:E &b EEIER 1238

Table 2-3 Process parameters of friction stir joining of AZ80M magnesium alloy

TS DRk E o BRI v #/IE
(rpm) (mm/min)
1 900 150
2 900 200
3 900 250
4 1000 150
5 1000 200
6 1000 250
7 1100 200
8 1100 250
9 1100 150 N

24 MHERERXMESITRE. NES5HFE
24.1 &K%

e F DK7732PZ RV EI3s (B 2-5 B ) Wk BEOESE X 3EAT V%),
I8 25 mm x 20 mm x 4 mm, FSGAE] 400 #. 1000 #. 1500 #RSARHEATIT B
SRJEAEH 1500 #15 2000 # -8 RV AREAT NS, )5 A MB2 AIFEEHL S W15
5 W 0.5 SRIATHESATITE S, SAHBMREH 1.5ml 28R +1 g R
+60 ml ZIAKR ST R, PR E] DY 5-10's, JEpd 58 i 8 H YM6520
SANEMEL (B 2-6 i) WL BREALY, B S AR T 53R 748 X Aok
PN

A
ARG 1 -

o

Kl 2-5 DK7732PZ BULL V1B H: ] 2-6 YM6520 4 & %
Fig .2-5 DK7732PZ wire cutting instrument Fig. 2-6 YM6520 Metallographic Microscope

242 DHEE
fFH B 2-7 Firz DK7732PZ L) 2428 D) B 3R 52 B 7 R RE o Y42 7 )

11
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HEREXAIUR A 15 mm x 6 mm x 4 mm. SHRFER BT TS 540, RS
Xf BT, SRS A HV-1000 7Y S Ghd B2 vk A7 305, & X8R & #2 1X
o B R ETT A SIS, Sk A 0.3 kef, TRATIS IR 10 s A A
BB 2-8 s, MO AL E TS, (R 0.5 mm 4T 14 Al A EH
origin AL A [F TS 4 T @K IFd47 44

JRE 45 PR 1 96 26 T A P 0K RS9 20 mm % 10 mm x 4 mm, FRERE R
F 400 #. 1000 #. 1500 #RPACHATAT B 2 0H, e ATMIRE RS, MIEREIX
OIFATAT R, B by F=4E B9 NS, RS 1 mm 41 27 MR, ZREHE
s BOF B MO BEAA

K] 2-7 HV-1000 % &40 1 P 2-8 HEE X R L o3 At s i
Fig. 2-7 HV-1000 micro-hardness tester Fig.2-8 The hardness distribution diagram of

the joint area

2.4.3 AR

AZSOM B & SR M & i e R S, BE S AT pi b A . R
GB/T228.1-2010 (&JEMEL FMiREe s 1 #: FIRAWTTE) , Frflren
RAF SR WK 2-10. fE5 5407 W2 B 0 75 W EVIRR 3 ASTFAT R, IR
MP-2B BB EENLN R HEAT AT B, BRI B U 40k, ERTHDBE, <
JETEE] 2-9 R 5 RERER B E kAT R fiae, W ERFE AN 1.5 mm/min, PA3R
15 20 R T AR R AR R0 e S B & EIMGE R W )RR G
5 Ja A HAL S-300N AU fa g (SEMD L& T30 .

12
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= o -
[l 2-9 WAW-100 %Y 75 G iR B bl B 2-10 SRl R 7 B
Fig.2-9 WAW-100 universal testing machine Fig. 2-10 Size diagram of tensile specimen

244 EEERIKE

BaENA Rz, Bk, ARSI RS A FIRERES T R 5 1
PR L X BE R BE R AT N AT 7T . B e 1% DK7732PZ B4 &
XF VN EIERAOM , W BT ETT 1), YIRS 20 mm x 10 mm x 4 mm
e, 3 AR SR THT D 400 #1000 #. 1500 #EVACHEITHT BE, SR )5 H TR
SRS MP-2B BRI EEH LG 2 HEAT 00 SRS . IS 5 15 1 IR /K S5 8
POBVEAGE TR, TEVEE A £ HT-1000 B &R B EE RGN (1 2-11 o)
AT IR, B 2-12 PR AR JE R R BRSO 2, K8 B
MAZECN: WRIEEM A SN, HHEAN 560 rpm, BN 2 mm, BEEIRE AN S
min, i BE AR 5 A A RS AT TS o K U AR B AT R,
IR EAT N 5 N SO R, ANREDEAS), TAEGY, MRS TIEG ™ EH
A EERE . I 5 A OB VR AT IR YE,  JFH H AL S-3400N AU4 4 i Btk

1T 5,
Rk Zig % Bt HE % )
I

BT MR :
|
T
=_| Ty
B 2-11 HT-1000 7Y w350 BE #2225 4530 3 AL B 2-12 BB R4 T4 i P

Fig. 2-11 HT-1000 high temperature friction Fig.2-12 Working principle diagram of friction

and wear tester and wear

2.4.5 Eihitig
Xt AZS8OM BE & S FE FEBOE B X HEAT B AL vk a6 o B AL 2RI B A

13
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HZ0) %] DK7732PZ AX 0 R X #EAT UIH], RO N EAE 10 mm x 4 mm AT
WRE. B35, JH 400 #. 1000 #. 1500 #. 2000 #WP4CHEATTBE, SR )51 ] MP-2B
RURFEENLBEATIR S . 2 J5 ) CHIG60E 7Y e fb 2 T ARSI AT Ha b 22 Ji ki, ik
AR 3.5w.t%NaCl il HAL 2 AR an ] 2-13 s Wb h 2l & v
PG FEITE-2.3 V~0.9 V, 383 H AL 5 A 5l ] DASRAGREAS 55450 P 8 1 1 2 X [X 3
oAl 2k, ELHE R ok b SR AT P LR S R, LIS A L 2 SO 1 X
BT s . fESEIRAS WS, IR B EE (SEMD WS HLAL 22 I T il 19
R

€ 2-13 CHI660E 74 B Ak, % A i
Fig.2-13 CHI660E electrochemical workstation

2.4.6 FAEEE (SEM) KgeiE (EDS)

ARSCAEH T H AL PR T A=) S-3400N Ui T BAMEE (SEMD DLK
RETEAY (EDS) A i L K A it FHRREEAT 20T XS S 21, I 1 B30,
K T RGAT 22 R L T AR AT M . R, AR L P B EDS fig
WA, R PR T = 1 RS AT BT

Bl 2-14 H 7 S-3400N B4 Hifs (SEMD
Fig.2-14 Hitachi S-3400N scanning electron microscope (SEM )

14
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£ 3E AZSOM H A & EREREXMUELR 5

3.1 51§

FEREPE BE R 25 T, AZBOM BE G S bk BE BRI R IX HAT AL O 2L 2%
e MEREEMOMAL BTN, Fit, PHROERXPMRAR T EE, AFEE
RIRVT T AR L Z 2800 AZ8OM Bk & < 13 HH BRI RE X I 2 WU S AN O 4 47
(KI5, L7 B T 25 BN H X BAR TSR ON 2 23V AL (R A, D Sihr L
FERFF A T BORSCHF

3.2 AZSOM #& iR EBEEX G R

3.2.1 A AR ERE XA

AR [ E RS UR A FE S N R R 0.1 mm, A3 AT Sk w5 A
S TR A 3 P o 4 DX PR RE (VU5 o AEBEAT IR, S tf i S HE BEE R T E 2L
VO FEL IR A A R 1 L E S AT 0 L 268 . S kA niFE B E
BRI, BRSBUT, CIlF dhE MBS, B SRS R
WA A Y o

131 UMk AZSOM S8 & BUHEEBE R X E IS 5Py mazﬁﬁ,%ﬂ a
(a) PR (b) Bk (O BASERRXFILE (O ERX B

Fig.3-1 Macroscopic morphology and internal cross-section morphology of friction stir zone of

stirring head and AZ80M magnesium alloy
(‘a) Cross section of the joint area ( b ) Stirring head ( ¢ ) Macro morphology of the magnesium
alloy joint area ( d ) Tunnel defects in the joint area

i 3-1 () NHHFEEERX MBI, £5EN L2238 T, AZSOM

SRR XA HIALIR SR . 8] 3-1 (b) AfiidEkait, b4
HIRS, B NBEA NN, B 3-1 () N AZSOM B & &iE R X 2= ML,
X B, B R T , HEEXK BB, B 3-1 (D NEFAR
(K1 T 2250 0 B P 1 B2 (X )% T S o X R e b 22 5 R A AR SE B X I i sk
W HBBEERNERRLZ, K TZSHmmRR, Bk, fikkmEgEEed

\

15
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h TSIy
3.2.2 NEHREESKAIEERE M ERE X £ WSR2 0

B 3-2 S 45 Bk Sk e 5 5 B [ 5 A 1000 rpm, 5 RE Sk T k5 40 B4 150
mm/min. 200 mm/min. 250 mm/min B FIEEXZEWIES . B 3-2 (a) K
AT EIEFE 150mm/min 45 X Z WU, &4 X R TH HE I B F /b 2 i) Kl
72 BT B AL TR] Y 4 B I TG, AN K, APRHRL L BB (R, S 30k
B B 3-2 (b) J9fiidf Sk ArdEd 0 200 mm/min 3R15 33 X E I3,
HRMmaH, ISR BEARSE A3 B 3-2 (o) ftdE kg & A4 250 mm/min
I RAF I IEHE X MG, 4 X R T S BON RAF, T8 Calskis . (H5E 3-2
(b) AL, BT RMINERX LR IEFAERZAIEME . FHik, Mk
KL EE DY 1000 rpm, $ R K AT HEE E DY 200 mm/min I ERAG B ZERE X AR 5%

(a) ®=1000 rpm, (b) ®=1000 rpm, (¢) ®=1000 rpm,

v=150 mm/min v=200 mm/min v=250 mm/min

K] 3-2 AN[R] i BE B2 T IE R X R 3

Fig.3-2 The surface morphology of the connection area at different forward speeds

3.2.3 EIHE Sk HEsE® B 3 E R X B B SR RS20

Bl 3-3 it Sk m b 6] 2 O 200 mm/min B, S A5 R Sk e RE SR A
(1) AZBOM Bk & S 1 HE BE ORI WA bl Sk e 14 24 900 rpm I,

ERX R MEORH, THE L, W 3-3 (@) Fin. UHiHELIEFEEE A 1000
mmﬁ,L%Z%ﬁ%ﬁﬁ&o%ﬁﬁ%m%ﬁﬁ%nmmmﬁ,L%Z%ﬁ
HILE R R, ISR N B S, X SR (2 DR Dy B 15 1 Sk Je 9 3ok B 1 348 Jom 4
RRNER, MRS, Pk, e RN BB Sk S AR AR LA R
Jl, SECRIEHIRIERR, FFIE R BT R AR 10 f2 685 TS

16
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(a) ®=900 rpm, (b) ®=1000 rpm, (c)w=1100 rpm,

v=200 mm/min v=200 mm/min v=200 mm/min

B 3-3 [ e B T X R T TS

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

3.3 AZ80M k& & EEEREXHUAELN 5547

33.1 RESEEXHUAER
K 3-4 JEIR T AZBOM ‘B 4 i b BE e 40 X IR R AT 25 WL TS o AR AROW
HZVRFAE, R IX AT L2 B (BMD | WL X (TMAZ) « #G20 X (HAZ)
FABEREIX Al (NZ) o SRR e M4 Sk e i J5 el AT HEM CAS) , AN
RIEN (RS o AT HEM S 3R B0 2 WA WA AN, X S0P BE BRI A
Ko BEFRHELAL “v7 B, SHHESRMEL, S EREHSIMRE, EREX
¢u%% %ﬂ#ﬂ%,ﬁﬂf i EE e P O R

] 3-4 AZ8OM ‘Bt £ G40 1 B 3% 12 [X AR 468 T 22 WL T2 3

Fig.3-4 Macroscopic morphology of cross section of friction stir zone of AZ80M magnesium alloy

K 3-5 7200 AZ8OM Bt <3 1 BE G 1 X MBI AN A X S 4L 28 50, 18
3-5 () AR L, X EEa (Mg) AR (MgirAlL) AH, XK
EFEI BA 220 [ VA I R A B, 80T OB W58 A . 18] 3-5 (b) iR
POEREIX oL, ZXIBAD T H . Wi, EHME RS, 1w R
T HA R RRA . B 3-5 (o) B MBI X RHORA L, HONEIR,
1 PR A S DX AN S o BEAR AR IR, RS ()35 2 B S5 I Bl R S5 P Hr 4t
(KI5t SHCRE A 1052 B #VEE 5 81E A 2 AT RS I LI ZH 245 5
SO HIENAS TGS &, T 51 T % X IR B AR T | [nI AU 58 A BN A TE LS
A, BT CARAHL R R (X f T TR S 414 . [ 3-5 (d) SR 17 FAG A X ) 2 ik

SHLVRHE, JRAR SRLIAA SR BR IEAETH 2R, A /D B/ N RLIETE TR, TSR 2
ReibL 5 /N SRR IR, 1% 2 A RHE Pz X R AT SIEFAE FE 45 1

17
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ABIME R T SRR, T ARE L GE S EE 7 a kL R R 5. 25 BRI, AR5

A0HEIR T WAL GURAE, 7T LLSE AT B R AZSOM BE-5 < 101 BE % 2 X MO

HNHAR T AR UL S E R RE R, BRI RE P I R 7 T B R ELALAN

FREH AR IR LSS X T B Z AR LR 53 A7, T PRSI X ) 2B okt R~ 4k

(EAR R A F A FEAE f o XSSP S M4 (e E R T SR DR AN, R, 3

FEIX B W AATAT 2 B RGO X, 1 — XAt 5 AL . BETE S5 BRI .
a b FEE

K 3-5 AZSOM B S fif HF EEHE B XA T A 7] DX SR 2351
(a) BEFF:  (b) EBEEXPL: (o) PHLZIX, (4 #HgEgmX

Fig.3-5 The microstructure morphology of different regions in the cross section of friction

stir zone of AZ80 M magnesium alloy

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

332 TZE8HERX AL

ARSLAE T W U Sk AR 2 3 P58 MY T 28 33 P2 AZ8OML 86 & < HRIEFZ X Y
SO o AEMEIERE A, IR T B BEPRET SAROM T AR IR LR 0 P Sk 5 il R A
PRI L. T LAV E, ZERIEAR R, AR R A SRR

_mouF (rf + 5+ 1)

¢ 45(r, +1,) (3-1)

AA: Q: FEEEHIEATIE (W)

18
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roo BEHEREUR AR BEREEREAR, n <<y

s PRk ST 2 AR K )
o: FHEHE (r/min)

po PR o N BEE R

Hi BIR AT 3-1 AN, BEEERM D RS TR B R B0, Bidk
SR L RABEE LA LT Z 28, e R b A &R, TFHist
S e A P 5 RSO o X I R, B RS L (o/v) PASRTG R ARIE
FelX, DASERUER OB, AT F BT RS A R AR AZSOM B A 4

R X OULZH 2R ) 520

WIEE 3-6 FToR, b4 Sk e F5 3 B [ 7 4 1000 rpm B, 4334 Sk AT igh o B 43
51179 150 mm/min. 200 mm/min. 250 mm/min B $R75 3% 32 X6 TR B IO 4 2R,
=M L2 FIRBNEREX AR T AR, SRR B 3-6 (2

SRR SK AT EEE B 150 mm/min I 3RAS 0 R X AR K kL, FERR X JEHB 1 &y
R BAEATIREE, KR EMA Y= R, SRR N —, KIS /N
AL A, B AE 20 BT I A de oL NN 3-1 B, P38 AR /N 8.602pum,
K 3-6 (b) JEBEHESL AT HEEEE N 200 mm/min B 575 1034 32 X (072 dik K/l
6.578um, Kl 3-6 (c) ZEHFELETHEEE A 250 mm/min N IRFHERE X, 1
A RL I K /INAY 6.395um, X 72 K A BB A 1 b Sk T HEH BE (K3 K, FvEE (R A AR,
RS SL A B AT (B AR R, AL BB 2 AR /N, 5 B B B R DX O itk 2 HE R
LRI

K3-6 (A« (o)« () EHHLETIEE S E Y 200 mm/min, HiH:k
JiE 53 FEE 3 51 49 900 rpm 1000 rpm- 1100 rpm FF 3R 75 3332 22 [X B 308 A AmoWn 4.
Yo B 3-7 AT DARLEE B ERL I /N I RN — LG, KIS e
B ERRE o 44 S B 9 EE [ 52 04 200 mm/min IR, $EE Sk e E5 3 M 900 rpm
FHE] 1100 rpm B, FLFRAG & E X R K/ 8.385um /N EIE 6.441um. IX
72 B df R R /N B S G RN G, ARk el RO, FA R
NGRS, EREX AR RS
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(2)®=1000 rpm, (b)®=1000 rpm, (b) ®=1000 rpm,
v=150 mm/min 33 X 0> v=200 mm/min ZE X F1L» (¢)v=250 mm/min X .0

d f

(d)v=200 mm/min, (e)v=200 mm/min, (f)y=200 mm/min,
®=900 rpm %z X 10> ®=1000 rpm FEFE X 140> ®=1100 rpm ZEEZ X .0y
K 3-7 iR X ol B AL 2

Fig.3-7 Microstructure of the center of the connection zone

* 3-1 AR LZESHCFERX AL R/

Table 3-1 The grain size of the center of the connection zone under different process

parameters
PP e (rpm)  FEFERATUEEE (mm/min) X O SRR/ (pm)
1000 150 8.602
1000 200 6.578
1000 250 6.395
900 200 8.385
1000 200 6.578
1100 200 6.441

3.4 KENT

RFEH JINT T AZSOM BE-G S 10 P BE BB HE URE 1) 22 TR SN RO 2L 21,
AR LA 4518

(DRI AR, AZSOM B S fiiH1 BE OB X [ 2 W ES S T
ZSHEYIM . APPSR FE[E 5 29 1000 rpm, AT HEH Y 200 mm/min
I, FTIRAFAF I T o B8 490t S e ek 1) 1 om L iyt T P2 [ 5 29 200
mm/min I, FEREX I ZEMILIE R . S8Rk IER SN 1000 pm,  HT#EHEE
4 200 mm/min I, FEEX B SR A .

20
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(2) AZ8OM Be& i FE BEHERE X 73 Jy: BRI HL(NZ), #ALEZI X (T
MAZ), #GZmiX (HAZ) S5 (BM) o G0 X U85 ~EA SR A 46 5
IR R, SEREX A sk gk, FABLSE M X B ZARH AL 00, X2l T
WU 75 P XA F I 45

(3) FEEIX ARRLI RN SR N B UIAR G 350 Sk e ekt 82 [ 7 1
PPl SR AT E R R R, R DX AL s R S AR [ e I, RSk e
R R, e X O SR BN

21



8 W YN T e VAT

B AT AZSOM A SN ERERX NFERE I

41 5|5

ARICK 4 mm JEH AZSOM BEE S HRIEAT T AR B, EkE L
BB NS T S BRI TR IR T L ZSH00 R X WY
SR LR . G5 1R, RE TS SFER RN B2 7 B RE
P X RO AL Z, s e . ARSI R AR AR R, AT TR
T2BHONERX SR s o [RIRE, R34 s (SEMD WIS h ik [,
BE— DRI T 4% T2 SO R X R A 1 B (R 5 e A

2 EEXRRMERES R

41 7R T AZBOM BEA ik EEEERAARE R IR 45 . Rk
WA, ARTZZSHF, WM PR RS TR . A8 ke s
1000 rpm, FiIZEE AN 150 mm/min B, ZERAARE R Fih 902 s, 15 2 271.0 MPa,
RBER SR L 1) 90.9% . T 43 H: Sk e 4 4 900 rpm, BT EIEE SN 200 mm/min
I, IRRERIPTRL R R, 1N 226.2 MPa. £ 5 T 2B HORSEEAR R
AT 102 0] A 1 X5 BT 52 10 X BRHUT , 3 ot BR R ARG ) (X5 350 70 AT LRE
mi X AR RS AR, RSZRIEIMER, AR N B ARG SRR 5%
HEUK SRS /N RS ISR, BT SR RS AR, BT U P2 X T 2 A A4

BUAE TR0 [X 5 FAHLEE i [X P
R 4-1 A SAF L Z 280N ER XA ST 582

Table 4-1 The tensile strength of the base metal and the joint zone samples under different process

parameters
PEFE SR PRk pt b EE PrhismE (MPa) KR (%) W B
o (rpm) v (mm/min)
900 150 239.2 4.0 ) Frsz e [X
900 200 226.2 35 U Fsz e [X
900 250 246.8 6.0 T Frsz e [X
1000 150 271.0 7.8 ) #sz e [X
1000 200 259.5 6.4 ) Frsz e [X
1000 250 241.6 52 ) Frsz e [X

1100 200 2432 6.3 BT E ] FR ] [X
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2K 4-1
PERE LR B SKAT bR PRsRE (MPa)  KE (%) WL fr B
o (rpm) v (mm/min)
1100 250 267.4 6.5 T Fs2me) [X
[S7%) 298.1 8.5

B 4-1 B R RR X i e A B

Fig. 4-1 Part of the specimen connection zone tensile fracture position diagram

FH R 4-1 240 P Sk it T 8 AR T 3ol 8 e R (1 B o B2 140 52 70 7 )
npE 4-2 5 4-3 s
4.2.1 FREESKHEREIRE XHERE X Rt GE RSN

AZSOM & G T HE BRI FE B Sk P e e ol P o i IX e
Re R A EE g, Flan, fib ke e FREREX AR L, HiEK
e DX HH IR E, ET SR ) AR, TR Sk e e o P 5 2 3 SO R 3 T R
BOd R, PAERZNENI S EIEIE, XK T EEX I R . Bk, %
3G R Sk TRl P AT S S T P B R T X ) e

B 4-2 fitHE Sk BT HEE E A 200 mm/min, AS[FIERESK e T N RIS B
XIRfi i fe . B 4-2 FTLAE Y, Hrhrsd AN S KRR L BT, 5 TR
Ha . APPSR Y 1000 rpm B, bR R KA 259.5 MPa, A2 REM 1)
87.0% 1% Ut B 245 1 Sk PR e e ol FEE ol OB R P R N AT 35 SR, TR FE S
IR R B, BOM B BUR 58 E REIE BBt o 1Ptk (0 gt ol P ik sy e i A1
SRR (10T R A A I PR S i U, MR NEUIC, B
X2, SR X s8R, kel m, REmAd L, M
M X FF) AL 45 A6 TE A ER (R T 23— DML o DRI, 40 e S e e ok e ik
1000 rpm B}, FEFZIX PHTh R 22 R TR
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260 —m— HrhrsRE

%00 950 1000 1050 1100
B EE (rpm)

B 4-2 AR TR T ERRIX HTRL R A (S Sk AT EEE 2 2y 200 mm/min)

Fig.4-2 Tensile strength of the joint zone at different rotational speeds ( the advancing speed of the
stirring head is 200 mm / min )

4.2.2 HRHESLATHIRE SE R X R R RERI 2T

TEG PR BE BT AR, TR Sk it ol Pt 22 s FE X A 1 e o B bk
I 32 T8 2 TR R M R N S RO 45 8 5 38 4 X R TR o 4 S T 3l E IR
PR SKAE R — XS E IR TRl 2 3R 4K, X SEOER XS, ShoiR, A A
BRPE S N [FIR, 4504 Sk A bt B IR B I s v R e b s 4 it Pk S i T
FEE, BNBUR, FERFOySHE LSRR R, iR TR R &
e FEBPEAT S, B RALIFAAERG, X 2 i 5532 32 X (5 B A0k
N 4-3 Bz, A TR S BT Ed B2 T 4 X IR PR e, SRR R L E
IR T AN, PRk AR AR, SRR HOUT R, AR IR S i 2x R
WEFLFAPILR . B, ek nmidb# I A 150 ~250 mm/min, ] 4-3 7L
B, AP ATHEEE N 150 mm/min B 3RS FRPEILI R R K, 2 AR
F5 PR Sk AT R B B 3 PR s AR IR PR, FTLLEH, ARkt
A 150 mm/min FF, LR BE 4 AZSOM 3R 3% 452 [X i ik e Uit
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3
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—=— LR

Fidu i (Mpa)
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= 137 13} =) =) =3
5 1= 13} =3 =1 =)
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=
(=}

T T T T T
140 160 180 200 220 240 260
RSk At #EE  (om/min)

4-3 AN HTEEE N R X PR (B ied8 3 1000 rpm)
Fig. 4-3 Tensile strength of the joint zone at different forward speeds ( stirring head rotation speed
1000 rpm )

4.2.3 FEREXRHETO 57T

Wi R R EER RO N —, HRAUIAE . § MR A W, 1 A
Wi AR AT RO B, AR SCRIH S-3400N BU 4 ey, WIEREE G 41
RETESEC R, 3 Hr W LA R0 R 2 .

Kl 4-4 7R T AZBOM BEG & BEAM AL AR AN [F] IR T DR 3. ] 4-4
() 5 (b) on, Wi DIERMEAETE T3 HARG g M X H, X 2 X0 AR B S
fEIRE T o M TR b A 45 A R RF R i T, 30 AR P A A 5 TR B 5 55 110
P, fEANIER R S RAERR. E4-4 (o) 5 () MR Ak ESE
HIBORE, BoR T REMIE SN, S8k i L2 B T & & B 7 88 rh s
Wi FE B IX BEA MR A P05 5, R AZ8OM BE & R i A
U 2R GBIV 5 T 2R o G A T 2R AR O LA 1 S 0 At B TR A 2 2 s T )
VEWTRNIZRIOAPISE . B TS SRR (— o2 HCP 454D FIARX UK
R RGP EOHLAE =R T MR Re 71 IR, DR o 72 o 23 23 X 4l
HUAMEME W AR, 254 FIRIFAE, AZSOM BE4 S fHial R Wy 24 LB vl e
K RWIIR ST . BEAE SNSRI RGN, e EUR R T &, Rl ARE
N XU AR BV AR T T BN 8, 2 N B 2 s i, P RHE M1 5 P 58
P X IR A B A T2
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IR | B3 s i e & o701

K 4-4 BERE iz D ROW 23

Fig. 4-4 Microstructure of tensile fracture of base metal

PP e 2 900 rpm, il HE 0 200 mm/min I HSRAT BT RE S A
Ref 7, XRLZESH T IIA R R ERIBOE . Bl 4-5 YHAlr FESIE . A
K 4-5 () w] LUE RN AT, BRI A 17— 8B @il
B T RIS 4-5 (b) WS 2 TR E T, X R RHER L X 2
Do 7 AR Na R . BRI TR) Y S B R TR AR N AN E S, XIS
FEAE PR G R R R R T B K B DI 0 AR W AR N 4 2R BT DIWT R R A T e S
W T ZZHEI B RRRN IH K. B 4-5 (¢) 95— abhrfilr RS A,
f£4-5 (o) 5 (d) BPRMFALEME S, U BEGR ) 5 A5 2 () 2
Mo NIRRT, IXRUAMR A T IR, SRR, S iy e A
B PE Wy

SH00M 15,0k 2.0mm x600 SE 07:22
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S3100m 140K 6.

B 4-5 8 X Ad W AR ES (@=900 rpm,v=200 mm/min)
Fig. 4-5 Microstructure of tensile fracture in connection zone
(=900 rpm, v=200 mm/min)

Bl 4-6 i HE Sk i 1 B2 2 1000 rpm,  FTFI#EE A 150 mm/min I 3R45 1
FERIHLT S, W 4-6 (a) A1 (o) FiR, WisRmmae RER A1
WE, E KRNI R AT e SR EEERI L2248, RE LSS T
SHEHEMTEAR, (b M (D & () Al (o) EfEs FIESHE, B 4-6 (b)
A () A B A DL 85 AT 2B R, b Sk e 1 2 1000
rpm, FiEEEEA 150 mm/min B, FARET CEA TEIPERTRE, IXRTRE S g
DX F) St RL AT 5%, A2 DX kL 1) R ST S 2 IX (¥ 70 2 PR A

B 4-6 4% X R W OO TES (@=1000 rpm,v=150 mm/min)
Fig. 4-6 Microstructure of tensile fracture in connection zone

(@=1000 rpm, v=150 mm/min)
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43 EERXEMEE SN
43.1 AEIXGEMEE

T —Fh i RS BB OUHRIUBIARTY) | HBESMmat)El
Rtk e RSB EHRHTAMT KI5 8RN IR AT o A AN SR 1
GJBINSREE, T Hak 5 H B AR SZ R TR A O, TMRENT AZSOM B4 4
PPEPE PR X AR AR 2 R AL, Hrh ORI AR, Al
I LL K T 235

Hall-Petch A 20 &2 — MR ARL R 5 SRR /N 2 18] 56 R K A 204, 3l
TR 4-1 R

_ 1/2
oc=o0,+Kd (4-1)

Horb o MBI JE IR o, ZF RN TEJE AR, 77, K /& Hall-Petch 73,
d AR E AR,

Hi Hall-Petch S¢ R A A1, S5 SRR /N b, RIE, S REALIE = &
BB EEI s A7 OB R G WAL, AR B R, T AR
IZBVEAR I , 5 o R A S B AR A, S TS P 088 i JeE g PELAVG 57 s 2 M) ) e
M, T S AR 5 L S R R, X DR R 2 TR RO AH ELAE FHBELAS 1 ARk 2t
AN, AEINGU XA X, A L 1A AR A L ) Rt JE 9 W d ;. 41
FEJUCIH R S M A R AR A Al [ 3K 22—, PR BE R 1 2 B B BHAL B AN AV A
RBCRBA R SR (B, RS A R AT R 7057 % [ R
CLFRREE , e AR IR (R AS ()R] RE- S S5ORE FE TN S AR 224, DR O AS [ iy AR T 1) ¥ 7%
ARG a0 BRI A A RSN SR EEOER T2 (s kiR . At
JE o TR L « BEFESIARD MM ERR X A AL, (EAS SR [ e HA 1Y
TSR, LB TUHRE e 1 5 i T T i (B P PR, e
R ETR P R 5E T 10 R B R A B AR R BB RS TR S, e e e vl
e 2> T BOH = (WA RLAA, MDA A S TR

B 4-7 4 AZ8OM kG B BRI 8 DU 2 1) A -5 40 31 PRE 028 2 X St ol Rt FEE 11
oA, BB 4-7 Ga) A (b) WTRAE Y, BERAEE (10 73 A1 5 1 52 XA A
SN, BERS BOREE 3 AT ALY, HPE R R X I E K (H SR TP AR IR (X
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M 28 = R GO 0, BRSNS —, T R RO A &K
B 9RIAR, P LRER RORERE 73 A 2B —HIBLR, [ 4-7 (b) itk ki
FH N 1000 tpm,  BTHEHEE A 150 mm/min B3R IERREE, HEKEN
94.09 HVo3, LR 5 SO EHR AR E R X AL I, X RPN e
B, SRR BRI A iR, SRR AL, AR, EE X L R,
Hi Hall-petch ¢ 3R 01, 4L ahRIEH B SR m, RN, HERX 2 RiR
Wi, SEACAR L2 2, M P BRI BRI R o R A BV E AR T 2 A X 2 i A
A, ERXOSMERR AN, AN SR MR NES 25, =
B AL, RN, A, R A SN, B AR X G
P 2 TR 2 2> AR e T 4-7 (b)) ATAR, BB X 22 6 mm Ak A A A IS,
BEX IO ARG X, I PR D B X PR R 5 X A2 A 7 B 5 2 m] g K]
IR KRBT, AP GIRA A 2 T AR B3R i 3 BURAG RONE, B AR JBE AE G

ﬂlﬁl X ﬁ% I =X Ko
(@)
" g . ( b) 9% | n #—1000rpm- 150mm/min
8
90 | .
[}

80| '
z = L]
= " ™ : 80 | L]

| IR —;j ¥
B . ™ ¥ &7 Y 4 ]
€ " " . . = o
L] . ] . (] 0 L] . [}
] n s "
€ L . L] ] 6
L] (]
. 2 60 [ "
60 | L L L 1
L 1 L 1 1 6 4 2 0 2 4 6
6 4 2 0 4 PEEE DL (om)

JEER X h O (

mm)

FE 4-7 BEM 5300 P R 1522 2 At 0 THD S Al 5 0 A
(a) BF#F;  (b) S1000-F150

Fig. 4-7 Microhardness distribution of cross section of base metal and friction stir welded joint

(a) Base metal ; (b) S1000-F150

432 AEIIZESH T ENEE

N 4-8 R PEHE K TR FE [ 52 A 200 mm/min, FERE Sk BEREHE 4 5N
900 rpm. 1000 rpm. 1100 rpm K} WAAERE AT K, HIE 4-8 AT AL, 4#FEk e
R TN 900 rpm I, SEBCFIIEEEHK, N 67.12 HVos, BEERFELIER®E
JERIHGN, PG, PR AR R PR MIEREIX OGRS rT 50, Bl
FE PSR e BN E RN IS0, SR/NB I AN, £FG Hall-Patch 06 5
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o bR, BEEREAR.

) —a— 900rpm
85 —e— 1000rpm
W —A— 1100rpm
\
80 " \
=
\f .\ + l‘l "" ‘T
] | it
=1r \ / \‘ / |
£ | f \ I ' ’/‘ \ ‘
[ \ \ 1
Bl 4 Mrlldaln
« | 4 1 ad e LA
ﬁ = L :-i‘. i ..'_ A f.\ ;l ﬂ. \‘l.i l ."f.
& [N San W™ b W8 || 4 A md
B o X a® [\ A L A P
s L WY .T- *A* x \ | \
60 I @ / Al TA ®
A * \ | -
N A
20

-8 -6 -4 =2 0 2 1 6 8
FREREX LB (mm)

B 4-8 P R AN R P Sk e ek P S fole B 2 1) 2 A7

Fig.4-8 The distribution of microhardness at different rotational speeds of friction stir welding

B 4-9 BT A Sk e BE [ 52 9 1000 rpm, /S [ B3RS T $R43 AO AR
FER S ASRE L 0 A1 o EH I 4-9 TN, IR IX BRI E A — IR, HEm X,
PHLFEm X LSRR X A BEAE A W I 22 5 o Bk Sk B 5y 1000
rpm, RTIEHE A 150 mm/min I 3RAFHRAE,  FOREAR 1T 2 Ll i Sk miT g ik
JZ74 200 mm/min F1 250 mm/min I SRAF RFERE A s B INALE R R,
ML TR E Y 150 mm/min B, TEFERXHOAM 6.5 mm A1 E, WA
JERE 2 A%, 4 60.1 HVos: HiHELATH#E#E Y 200 mm/min AT 250 mm/min i
SRAFHEEE, M 6-7 mm Kb th 4 LA RE R ARAL, IR X IO iSO AL i
X 5G] XAZEAL, SRAE G REN & 7 AN LS . BTk
A AN A, 3K — DX S S H RO AT B, 3K ) RS 5 (kD
BN I, MR SR R A U T S BUR AR, BT LURE £ 7E #4581 [X gk
SR, FESERE S ATREEE Y 150 mm/min I, 3ERE X 5 (R 1 SR 5 94.09
HVos, HIUFEREBREREX A0 2 mm &b, RO S5, (Al =&
R, BEAEDCRESK AT ORI, SRIS AN, TN, TR DX ORI
T I AU FE R S e 7 A R E S AL EE I 45 51, 8, SR 3
FOM RIS B3GRk BE A R PG AL B R B0, AT 3 s A ) P B
SR, B 4-9 BRI &2, ekt J5, BEEREMARIGM, SRLRE

&

S
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AN EE [F2B R K, IX RN, B EEEERR I RE T, Bl HERE Sk A ik i 2 i) 1Y
m, AERAEKR, SFBOERXWEZT R, B E et kAR,
BETTIE B AR RL R, AR — 52 B BEAT N A AF T, I Rh deokhr AR mT e PR BEE
TRARRUTIEREAL, EARAPRME R I, XA ISR R R B A RER T
BT oK, WU PR F5E B8 s b RO 484 K T 98 o ) s U i DR s 7 e AmOW 45 #2471
o, WHEBEETCER TIEVIIE AN SERL A 55 A BURL I 7045

5 b — & 150mm/min
2 2 ®— 200mm/min
T \ A 250mm/min
90 | i
\ |
85 f | %
Es0r Y | L * ﬁ i
: ) . VR
& L] | | /0 al/ll m ¢
2T | M - L'& o\ |
iy L1 ”' A | |\ / = A
Sy h-“’;'\ -f alag [\ | 4%
RS " LA elle | AL
65 - ;_;‘ \| ‘ ‘11. Q_; f \ Y/
60 .EE f &L ‘Q ‘:
@
55 1 1 1 1 1 1 1 1 1

8 6 -4 -2 0 2 4 6 8
FEEFE X P LPER (mm)

Bl 4-9 P EE SR HE AN R A R P2 S A P52 7 A

Fig. 4-9 Microhardness distribution of friction stir joining under different forward speeds
4.4 KRENT
AT 4 mm JE AZSOM G S 41 EEHOEFE X AR PR R A BT . 2
TRRERE . DAKER S5 R 5 di Al S S MR REEAT T 0, AR
(1) 4Rk AT HEE B2 150 mm/min, 3RSk e %53 2 9 1000 rpm B,
B PLRLBRE N 271.0 MPa, NEHFH 90.09%, Ak 11 )67 B 22 H BLAE R 30U
FAFZ I [X 5 AR LR [X PRI o 38 3 HL e RER 5 AN R T2 200 B b gk
ATWEEG T, AN F L SHUT SR (R4 DO, W Rr A PR & W
(2) AR PR i REM T8 7 A RO SR B K IR, itk
e A 1000 rpm, 3443k AT FEE N 150 mm/min B 3R45 HEFAARE, HA
JE i KAE A 90.09 HV o3, BEIEFEX d0s-3~3 mm I, BEREH R, HObLESm X A R
BUAK,  HAh RO B XA TE I R
(3) HALZ R RS PP Sk e T D 900 tpm, i HE Sk W EIE FE N
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200 mm/min 5 250 mm/min B 3R 75 52 2 10RE B i B VAL 5 8 ok B VA R B BEAA
AN, TSR LT, PEFESK R EE A 1000 rpm,  FEFESKETHEEEE A 150 mm/min
ISP 5 ok R Y 5 S ek VA R i R, T e e
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¥ 5E AZSOM x5 S H EEER X R it B 1% i

51 5|8

AT TR S e FE 43 51 900 rpm AT 1000 rpm,  $it#ESk i HE 58 43
%179 150 mm/min. 200 mm/min. 250 mm/min 73 X il /& b RO B o [R5
BT A [F LR TR AR ) BE 4 R ORI B L2
52 BFE o

AR AZSOM B 4 FAL R T M REEAT I L . AZBOM BE 5 4 1 AL
o TG T8 B AE VP AL AR S8 SR AR IAT A, A 2 R e 2 AR 1) LA
FHOR, ATCAE AR hd 2 | e A A B R R B T S A O S A E
IR IR, L 3.5%01 NaCl V&N FAL SR = il R g7 k50, A
Z80M ‘B G i b BE 2 4 XA 1) FO AL T D LB o AR 2 05 T, 865 B J Tk ER
AT ABCONE R, AZSOM B a& F R B, fh. B, LAIRE AZ8OM
E 4 AL S TR O LB B AR DGARFAE , XIS, I EAGE, RN A
BAEH AL, AZSOM 6 4 Kz X ARG N VR N BH AR R AR S AL R B, BE TR 2R
FANET, BACNBEE T, R (5-1) Fin, XA AL S kit R
FEIKF Sy, SR T HEM S BRI, AN AR F B, B RRGE 5 K
IR FO3 R LA SR AR SR, AR R B 7 32 S pr, sl (5-2) , &
SOOI, WAKRARIR, s (5-3) , IXE8 N 3 3R AR AR BIAR X 35
bG8 T (Mg?) H5/KH (OHD B, JER Mg (OH) L ytiE, w=l (5
-4) fis, SENEESEE SRR — R R, X ERE— R LA L
RIR SRR, 7E AZ8OM BEG & AR A EE 0 3R S A R o 38 23 A 4 1 AOW
SRR AT, Hodh CLRAZFEEN, SmdEk, &t mAyan,
AR A B S BUR S i, TR, HIX s R R RA LR & Mg (OHD
I, 2xfff AZBOM HLHTRER, (2 BUB 0B =Py B FE ok, 5 F I (4
{238 B —F-F467

SRR

R

Mg > Mg’ +2e (5-1)
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0, +2H,0+4e — 40H" (5-2)
2H,0+2e—H,+20H" (5-3)
Mg +2H,0 — Mg (OH ), + H, (5-4)

AR A, 1 282 2 PN 25 S ol o T (M A, B R A 2 T VR o ) — e 2k
F T 438 4 JR 7 f Ak 22 o A2 v B 5 IR TR O R o Rl 2R T DA e
4 HEUR ) HL AL AR R T AN S LG R OR AR AR AT, d e 1 AR R G e AR AL
(), e A RALOCT &R S i B B EUEE, R R AL R ke
TSR RAEE ST B AL AT DL S B T, 7R — e R AT DU BT el
e, 15V v R BE R B 70 JT I 24, e ) DURAEA R i s 221671, [
4-10 Jy AZ8OM BEA 4 BEM 15 1 P BE M A RE AR A 22, DL IR A it e 45 2R
W 4-2 firon, BERF IS vl A A7 B K oN-0.12 V, Tk LN 3.998 X 107 A, Ji it FL it
H5.07X10°A « em?, WAE 3 EHEAIA-0.219 V, EHRA 1.324 X107 A,
JEE IR BTN 1.69X10° A« em®, 0] DL H oy A5 ok A7 R At AT 1 5 ke
FL S S Tk FL IR 2 B, TR AZBOM B & it 1 R 458028 12 X Pl A 2 1 Y G ok v 5
TLREHIE, BBALRMIFESH, BMRE T3 1% S48, ik
/NI AR FEG ok PR T B K, DTG FRATT P FE ok P 98 5 5 et PR 5 E ) R /R
FUWTAA BRI J5 o8, 722 4-2 W] %0, 1KFF 2 (S900-F200) 50 3 (S900-F250)
o b B 5 R ol LR LU BRERE D, IR 2 S5 ORE 3 R e L B B
WFE 4 (S1000-F150) fJEMELIR A 2.46 X106 A, JEMHEFRZEEL N 3.13 X108
A em? iR, MEMVERZE, DI R FE DY 900 rpm,  $it+E Sk Fi ks
JZ 2 200 mm/min I $5Fi BEHEE R SRS I R B X TN SR T MR B i, X2 R O AH
BT Sk v T ol P S 0 S i R B R R X AN 1, IR R X SR
RAEFBIRER, VERERIM IS, SABidek Wi E S, SRR, M-S
BOEHEIX HILERIESE, FEm e X PERE, (HRTHY InvA E06 (], A R T %5 X i
PR S . B2, AE L 25 Ha T3 be B B4 IR OW 45 14 AR IR ZS
(IR A, B T S 10 2 4 X TS el i
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ol —

potential/v

— ::;:7]7,‘[‘;:: —— 1000-150
— 900-20 — 1000-200
o5k — 900-250 0.2F —— 1000-250

potential/v

logi/A. em®

Kl 5-1 AZ8OM B:5 <RI 5 FSI AR ZH0 N i B DORFE I AR AL Hh 2k
Fig. 5-1 Polarization curves of AZ80M magnesium alloy base metal and FSJ specimens under
different parameters
# 5-1 BIA SRR AR AL 205 45 R

Table 5-1 Polarization curve fitting results of base metal and joint zone samples

PERERERE BERRSkATHE R JE o R RMAERE

TS HEo (rpm) MV Ecor/V fcorr/A % Teorr

(mm/min) (A * cm?)

1 900 150 -0.196 1.85x10° 2.36x108

2 900 200 -0.191 1.114x107 1.42x10°

3 900 250 -0.219 1.324x10°7 1.69x10°

4 1000 150 -0.174 2.46x10 3.13x10°8

5 1000 200 -0.161 1.787x107 2.27x108

6 1000 250 -0.178 2.099x10- 2.67x108

[S7%) -0.12 3.998x107 5.07x10°

K 5-2 2y AZ8OM B4 4 BEAF 5340 FST IRRE 1Y) LAk 22 JF i 4 re SR TR S I
52 (a) F1 (b) ANBEM MR E, BRI, HE/MWAEEKX,
IX L B (Xt B RS T R A R SR AR R e, 52 (o) A (d) AiAEE 2
(S900-200) KL, FTLAEH, BWMEEER, K52 (o) M (O Kl
4 (S1000-F150) FEJEIN, s v/™E, MitRm2, KA &K1E ™
Y, CABAPRHRIBTE R0 e ™ I 5
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K 5-2 AZ8OM & & < il 70 1 PR BEHEE A 55 BER 1 R AL 27 SR T T 3 41 4o L4
(a-b) BEFF  (e-d) WFE2 (e WlHF 4
Fig.5-2 Electrochemical corrosion morphology of friction stir bonded AZ80M magnesium alloy
and base metal SEM

(a-b) base metal (c-d) specimen 2 (e-f) specimen 4

5.3 MRS
5.3.1 ERXFTEERBERSEE

I3 5-2 W, BERFBORE L vy T 0 BRI XA, ke 6 P IR i K,
N 66.74 HV, RFE 3 PR /N, A 6231 HV. K 5-3 NREM S BRI
BEXBMAN, R S53ARNFALESH PR RN, B 52 5% 53 74,
AR NEE A RS R-IE (Hall-Petch) 5, SRigifb )i, Sk RV,
AL RS/ B R o BT DAAS SOG BERA 55 45 4 BE 5 R Al 2 e /N 3 S5 1 d
REHRFE 6 R BT AT 5T
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K 52 ANFA T ZSH0N R I -5 BER 2 1 A%
Table 5-2 The hardness values of the sample surface and the base metal surface under different

process parameters

FF5 EESH e
1 900-150 65.00

2 900-200 65.32
3 900-250 62.31
4 1000-150 65.45
5 1000-200 65.30
6 1000-250 66.74
BERF 67.37

Kl 5-3 BE6F 5ANE L ZS 80P iR O R4 2
(@FFF: (b)) BREE 1; (©)bEE 2; (d)iEE 3; ()it 4: (DIRFES: ()il 6
Fig.5-3Microstructure of base metal and connection center under different process parameters
(a) Base metal ;( b ) Sample 1;( ¢ ) Sample 2,( d ) Sample 3;( ¢ ) Sample 4;( ) Sample 5; (g)
Sample 6
* 53 AR TLTZEZHCR T8 ERR AN

Table 5-3 Average grain size under different process parameters

g TEZH SRR (um)
1 S900-F150 5.561
2 S900-F200 5.303
3 S900-F250 6.050
4 S1000-F150 5.525
5 S1000-F200 6.150
6 S1000-F250 4.565
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5.3.2 BiRTERXERAKSBIRFIRTH

VR RBURRAEBE AT NE B YR . B 54 NEIR T M EARTZS
BUN R BRI R A ()R A 2, BER 0 BE SR R EETT AR B, Seidli |-
T, WIRUEME 2 J5 PR R BT e, w5 BE R AR BT B R, FE eI
PRV RHAE 0.25~0.45 2 (8], FEEREUR KN 0.447, /bR 0294, FaENR
2 b E PR BEEE R AN 0373 B R SKEFH Y 900 pm,  FEFLH LA 25
0 mm/min 5 3R75 (1 R BE 45 R Bt T R [RIRE 22 g BRI R B I 2, B4Rk 30
WEPEBOR, BEIS, FEHE R BRI NI — N EURIVEE N AR, SN
1000 rpm UFFAH LU BE 4 R LR E , R 5 BEER RN 0.363: Hiidk kil
5 1000 rpm, RTHEHEE A 150 mm/min i, X EEE REUKR R % ETHE
TR, mUnBanksE, REBEEAECN 0371, XEHTIFHEME, Gr Big i
SEREREEAE T, BT UAIERY BB R B B TY, 2 SR B B Iy, — i R
NERTEENEEE S, WEZ )G, B TRE.

0.5
(a) —

(b)

0.55 |
— 1000-150
0.50

o 0.40

|
T
0 1 2 3 1 5 0

Bl 5-4 FIR TR 5 LZE SN B R 50 2
(a) B}#f: (b)) S900-F250; (c) S1000-F150
Fig.5-4 Friction coefficient curve of base metal under different process parameters at room
temperature
(a) Base metal ; (b) S900-F250 ; (¢ ) S1000-F150
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K 5-5 FIZE 5-3 73702 AZSOM B <i BEA BEHE B 45 B0 (10 41 4o P 1 S L%
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BB (Mg) FIAERIE (AD R (0) LR, IXF MR — X 835 5 A7 3 4k
MRHIRE, 1EIX 2 BES BIRK, AR ER, 1ZIXEAEREREAE,
X 3 RSB TIEX 2. 28 BFTR, B 5-5 BEM SEM EHEAIE 5-3 BEMA
[F] (X 350 EDS 25 5y DAHENT, B 21018 BE B BE UL AR i &2 7 1 AN ) A5 B 1) S 452
AL, X2 R E, REBRZ, RN SAERS, BREON™E, KX

I EON B

Kl 5-5 BEMBEHR AR [A] X 35 SEM TSR
Fig. 5-5 SEM morphology of different regions of friction and wear of base metal 5-3
*® 5-3 BIMAFIXIE EDS 454
Table 5-3 EDS results of different regions of base metal

NEIX LEEE RESH%)
Mg Al 0 HAtoz
X3 1 81.07 6.48 10.37 2.08
X1 2 68.69 5.61 25.69 0.01
X1 3 70.35 5.95 23.71 0.03

K 5-6 (a) JEFMEIFI B T 208 (SEM) BIg, 20 Al WL L2 2 45 A 55
(RIZRAPERFAE, B 5-5 (b) FTE(c)/ S900-F250 5 S1000-F250 T 2Z¥ T AZSOM

£ G TP E P e X EE AR S A SEML MR, AT LIS B 30 77 10 “PAT 1) S B
RIS JEHER . [ (b) SR T SRS A, R IR AR AR R B
b, Bl 5-5 (o) MBS, MR,

= 5-4 ARERE. RAE 3 53FE 6 I EDS 455, REMEE (Mg) S8k
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HKRR (0, 8 (AD FE&EK. 8 3 FIRFE 6 MBS Ea AR, K8
6 KA SR (17.24%) WM RIKTRME)E (25.69%) FHAFE 3 (26.88%) , £
WA 6 MRMAMEEM T HAMMAEE, 5 SEM BRI 50 B4R LA
f¢. 454 SEM B 5 EDS BRI LLE H, iR T AZSOM 864 & 1 BE A4 1
JREVEZE B X 1) BB AR L) 2 BN AR B B . SRS R A L B 5-6 (o) AR
B 6 o AR MBS, 1 BEAT RRAE 3 B4R 5, FE 6 i B M T
WA 3, WS BEEEROR, — MR B PR

S240CH 15 0kY 7 65mm ¥300 SE 0957 € .

S3400M 156 0KY 7,7M M x300'SE 01:18 B 1T T S3A00N 150KV 7.8mm 300 SE 01:20 °

Bl 5-6 BEM 5 AR T2 BEE2 S 45 SEM IR
(@) B () K3 (o) FE6
Fig. 5-6 SEM images of friction and wear of base metal with different processes
(a) Base metal ;( b ) Sample 3; ( ¢ ) Sample 6
R 5-4 BEM SERARE B SR TR TR AR (TR HL%)

Table 5-4 Element composition (wt. % ) of base metal and wear surface of some samples)

VIE EDS 451

REAF WEE 3 REE 6
Mg 68.69 67.85 76.75
Al 5.61 5.27 6.01
0 25.69 26.88 17.24

5.3.3 =i NEZEB
B 5-7 B SIRFE 30 Bl 6 ANRITRE N RS A AU BEI [ 22 AL iy i 2,
5-7 Ca) BRI BER BRI BE I (B AR AL IR T 28, BESR R BOT A I SE ik BT, 2R
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JE BN (8] (RS LIS, AE 200°C N, ke TR E —BUNTE) 5, 7EP
SYBRIT LT B, BEJERRGETE 0.3 A4, 1F 300 CRIZM N2 BTk,
AR B KT, i 100 CH200 CHIZHET, B R BRI R
BORRRE, WA RN AR 3 BEEERHTE 100 CH 200 CHISKME NkshE
JERUR, 300 CHAFT, BEERBUERREHEE BT 5k 6 7£ 200 CHY,
BUFETE 3 /0BT BEHE R B — BEAL TR K, BEJERETE 0.4 i4h, FAdR
TR RHONRRELE 0.2~0.4 2 [A]. M 5-8 AT, BEF 300 C PSR
Bk, BUFE 3 78 200 CRPEEE RMUR N, BFE 6 72 300 C FEEE KA A,

FIUAE Y, mrii s — R B RS R B 0 BE AR HE X PE R, = IR AR A T R
BRBAAZ KRGS,

- g
— 100( 5\ rv' i
0.7} — 200C y

—— 300C ;‘1

P 5-7 ANRDREE T BERF 5 AN R T Z S50 B B 45 h 42
(@B (b A3 (o) lH 6
Fig. 5-7 Friction and wear curves of base metal at different temperatures and different process

parameters
(a)Base metal ; (b ) Sample 3 ; (¢ ) Sample 6
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Fig.5-8 Average friction coefficient of base metal at different temperatures and different process

parameters
5.3.4 =imERERH IS

K5-9 (a) « (b) Al (c) FREMZE AZSO B A & REIM &t BEHUS [ 2R 1H
SEM Elff. M 5-8 (a) 5 (¢) FILAEH, BRI T 53077 147K
PEAGUIR T, X LEJR I H T2 DS BERHE ORI 3 1 g . 18] 5-9 (a) KIH
RGN/ NEIR I, A HIUBIR AN, XBON MRS, B 5-9 (o)
REVLSE B KRG BN, ARIZES, K 5-9 (b) il ISR BIRLY e =L A
IR, SB7m T — i BEAS KRR RS R 2 17, 2 BRI 2 — AN S 2 B 450 1) X3
PEAG I R RFE G RS0, MhT . RIRAVRLERR, fAE RERALEE, O
HENF B IR U B, BT LA H O DX TDRDRE PR, Xt B A vl PR
RECEFER, BEERTER TOCHEN, FIHEREREGETRE, 300 CHIEE
M BEAGHLS FZAF B S REER. B 59 (D . (e M (D) BRT
200 CHAMETRIBURE 3 BBEHIERT, SERMAREL, R 3 BRI E LA,
BERURHE R IR, IR E 5-9 (o) 1, W[ LUE ZIMEHHERUAZL, KR
BUBEWAEAE. B 59 (g) « (h) Fl G) ARE T 300 CEAF T RFE 6 1B
PR . SEM B B HURHMEAI N 8/, RIEEBCONGH, FFEAER 59 (h)
A LA 30— B AN A0 DU RIRE RS P2 T o 435 6 b S I R 42 2 B et ) AR 4k i 28 0
S35 BE i 2R ORI, BRI PR AT 1 R 45 AR B0 B P T R 5 H 3R T PR A T
S A O TARE 3 FIARE 6 FEAN R 2 T 1 BE HE R BB A0 R B T AN R] ) B 451
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BERPATGURE (BB R 4R 1 MR i EnT Ree P 1 AL IR S S
PEZ PR L, JE PRI HTIX LS SEM IR, R DL Ay 3t B AR A 91
T AZSOM B S AERPASEAT N BTy, UM RIS AN AR I m i 22 12k
REFEHIE .

B 5-9 AN [ R R 45 B 451 R T T 30
(a-c) 300 CHEFF; (d-f) 200 CRKE3; (g-i) 300 CitEf 6
Fig.5-9 Friction and wear surface morphology of different samples

(a-c) 300 ‘Cbase metal ;( d-f)200 ‘Csample 3; ( g-i ) 300 Csample 6

5.4 KBTS

(1) WA ks, PRk e T B 900 rpm,  H#E Sk AT 8
200 mm/min 15 250 mm/min B 3845 (1432 452 U J et i U705 g ol FL 9 25 82 LU BERE
N, TR R PELE, BB B Y 1000 rpm,  BERESS AT BEEE Y 150 mm/min
ST JE3 et FL U5 O et P A PR AR, T e B 7
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(2) LA LI T A, F AR BRI E R X R TIEE, 5UFE 6 (S1000-F250)
R IIWEE KN 66.74 HVos, LESEPTT RFEN PR KT B4, T
ZSH NI BRI /N SRS (196 REEAFF S (Hall-Petch) G &, HR T BEM
S5 T2 ST B BE R R I3 X R R BB I (R R 6 R - PEHE AR
BRI FTE, WIIRGME G BEEE R BT %, B R R EUME T R E
i EDS 45 RSB BB ER X, AR ES, BME AZSOM &4
PR BE PR X ) BE AR D S B L B A5

(3) 7E i B IR, BEMTE 300 °C. EHEFE 3 (S900-F250) 7E
200 C, HEHAAFE 6 (S1000-F250) £ 300 C2&A1F T EEEE RECB SR, BRI
HERAARE 3 (S900-F250) « AL 6 (S1000-F250) 4 HBL T I ZIE AT,
F BB R B, SR EBE.
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