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1.1 HREER

111 RESRBROES

B, MM, BB ERCHEEXORMLBEL LB ITHE
D LKL & EHEREL AR, e TH, BEORR - BEM B Z S
HAICHAEE CEASHLETMOFENERKL TW 5D, Fig. 1.1 12,
NEDO SR ML [ BAVEHE Bl o FBEAF 78 | PRk 12~13 )BT
LHEMBEGICET LT — MERORRWICHLELEZ N D RM
HFEOMEEEZRT V. RO EBEMEIOMETIL, RESREOM
BERRLEL, KT@&B/ ®I7Iv 7, @B/ 77 AF v 7 DJAIC
o TWVWD., ThOOMERFICBIT2EMBAEOFTEORET I LEE
WREHZ 5.

419 1% 1%

Metal/Metal
Metal/Ceramic
Metal/Plastic
Metal/Composite
Metal/Other
Plastic/Composite
Metal/Other

I

\

Fig. 1.1 Demanded dissimilar material joints in the future?.




G BMEHEE ORI L @R, B, BERE, (LR RE R ST B
WT, ThThBE L 2METRbbHELZAL WD, THE, &BEA
DFEERElL, BEl, =2 A MOKBOZDIC, MHEAT TEh TN 04
BOMEZMHAEIHADITOR TS, T, BEERBOESL
FHERARTHD. Pl RBIESHWVWLENTWDHBEMETH
LB B EARL T DL, BEBAAOZOOT VI =T A, &M
FotboFry, HEHOLOOH, HEMEOLDOHEH L &L
BMEENH L. Table 1.1 L1V, RbFENZVWEEZ LN TV D R
B OMAERIL, SK(SUSEEL),/ T I =T LANEERD 27.9%% 50,
WWNTER(SUS =& de) 8, Bk(SUS &) FX U DIETH-T=. I
BERALTETAI=T LR ZVY. 05 L, Sl E TV
REUVLAOEAFTINETICELL OMER TR TE TS, Lh
L, SkBAMEL L F &2 0, BB KO S0 RBEEEOEAS(LLT,
BMEA)NCET 28I v RBFSE TS B & 7% B X
WHEEELEDERICER L., TOHABIZOWTIE, ENEN 112 BX
W113 ik~ %,

Table 1.1 Demanded dissimilar metal joints in the future?®.

Dissimilar metal joint % Dissimilar metal joint %
Iron/Al 20.2 Al/Cu 58
Iron/Fe 58 Al/Mg 29
Iron/Ti 38 Al AI/AL 19
Iron Iron/SUS 2.9 AlTi 1.9
Iron/Cu 2.9 Al/other 58
Iron/Mg 1.0 Ti TV 1.0
Iron/other 58 Ti/other 29
SUS/Al 7.7 Cu/Cu 1.0
SUS/Cu 38 cu Cu/other 6.7
SUS SUS/Ti 1.9
SUS/SUS 1.0 other other/other 7.7
SUS/other 58




1.1.2 gk Bt L F 2 VO RMBES
1.1.2.1 ¥ &%

FHEAATE W E & AT VAL B AR X OV A &
ALTRY, ZOREMILTF X AT EL LT ZEHME, 2T
bV UHMICEICHWL NS, [ CIImENE & &b IcEEaE{k
DR EMEOENETHY, @mEEBEIMNE L WO MRS —0FEHEITY
RO b, REREAMEBEENER SN D REMERIZE WD
TEBEREPEREERELR->TEBY, ZhbZxmi-TMEE LT
FEUCEEPHVWOND., £, FX UOENTZ &M ZIEN L 2E
¥H@EbZ W, £7, KDNBLXOWRFNDBERMOAIBEKRKESE D
BR@ELF 2 ), =B (FXUEE)NETLNDE. ODTIL, T L
TEANRT T N EOXEAMTET T MTHEL DOF Z Ul
MEanTWD., 620, BAREKILT T o FoBZHaG s L THRE
FHUEEREEAT2EMN G H D Y. KL T, BEREDOWEKIC
SHLEINDXMEH G ~OEAN T TWDS., LrL, 2O XK5ICHE
NEWERS D FZ 3, MIAHLL, afiRrdeBm b b,
A VAN R S AN AN N S BV Nl = o i 7o TRA 7 3 R
ERAWDZERNEREN TS, 20X 2 @M EATcHE 2 HW5D
DI, SREAMELE T O BRMBABINBRARTH L.

1.1.2.2 SkEHF

B BT EARICTIZIFel COEETHY, ERFMICITICEARAE
DY 72 TJ7 ) BIIEZ #k (iron), i (steel), 3 L OVEESL (pig iron)iZ oy 1T H 1
5 3. CERENIETITIVER A B ICHEk (pure iron) & FE5. @ & o
& TR CIE S L 8RBT B o KB40 1%, C DIEIT, Si, Mn, N 2 8 & 5
ATED, SHICHMIZIE LT, N, CrziZUH & LT Mo, W, Ti, Nb, V,
B 7L, ZL{ OB XENRMNEND. DI, P, S REDFERR
MM THELEENTVD. NSO TLHEORMYE, Rk 5k, B
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HEREZ L > TEHERBEMOMNE, WEMEES XML PrnE %2
AT o2 R ROBMHELPUEINTEY, BALERKQIS)IC
Lo THELEN TV bR T CHLHEERBEOK LIS L. Z b
OB BITHRREZOFE L2 OS5 TIEHEHI N TS, 72, &
BB I ARSI b, Brx O FETHEEA TS, R
WF2e CIEREE MBS LT —MWAICHE R STV D SPCC(— % 4 4T 8
W)E & O SUS304(F—AFF A4 FRATF U LA EEA L. 2h?
NORE#IZKRO L 1Tk,

— B Y SE B AR Y T SE U 72 BRODR o0 85 8 SR G 28 o4 T R EE S AR (445 AT S
#:cold rolled steel sheet) Td 5. WHJEMEHM T K & < 31T 5 & JIS Hitk
IRV ERIND —BEWIEHKR & Z OMOFEZRM LR & 125710 6 i,
— % 3 JE S B D 43 FE o — ¥ & L C SPCC-SB & SPCC-SD 23&% % . SPCC
CIEBEOMEMTHY, &b KR LOTHD. &6 ICWmHEEL
WMOKXRHEDWE DI FIZ Lo TN ZITF oA, SB X7 74 ML,
SD IFX VLIRS TWD., e LTIET 74 Lo i EE
WMiTO-o &M, FUMLomBEEMIBERICHHAIA TS, F
o, REMLOTLZORNIZSIT HNTWND S &V XFIE, HEDOES
WEIRLTWD. F0E & 1308 22 B i M B 2 15 2 72 9 12 8k 8 o #iL ik
WAL T 22T, MEMMOLGIZITRE ANEBESRLEZ —
LTHELE VWY, ZOHEOSITEERE LV EKRTH D 4,

AT L AR 12%LL B Cr 2N L 7= Fe-Cr A41%, =i, K&
T TIFEALEENEIT LR, Z0A84EFTIE Cr BN NT 5125
nNTC, RMBHBLEMCHRRA R BELEREENKTT 5. $72bb, Cr
ERNZVWAESTIEBHVEBEFHAK T AEELL, REER O
PECHENTVWD., 20X, K 12%LL Lo Cr 2854, RENT /) —
R st UL A 2 8 e BRI B 2 X 7 L 28 L e Y, B ISR
LT oMENRHAFZINTND O,

F— AT F A NRZRAT U LVRAM: A— AT F A VR AT L R



(austenitic stainless steel) ® & A gk 43 1%, Fe-18%Cr-8mass%Ni-C (0. 08
massil F)TH YV, FERMEB AT —AT T A FTHDHI LEBRFHTH
H. RFEMMFEIL SUS304 THDH. &— A7 F A MIICER CEMELRE
EMADEMIFE~ALT A b2ELDH. ZO~LT ¥ A R
AETIEO DIREZ Mg s & W, Mg i Ms i K0 miRICEFEEL TV D
F 72, SUS304 @ Mg /L4 1000C TdH 5. SUS304 4l 2 600~800°C (2N
B 5 & M23Ce(M=Fe, Cr, MO) 23 KL ST HT L, R S5 D Cr R BE MK
FTLT, BEAEENREL D .

1.1.2.3 F4 v

FH X, BT ER 22 OHE T, IUPAC ER O E A TIELE 4 &
LHRIZBTHLRTHY, ERAECRETETI2EB LR THD. & 41T
RFF U TN a =T, NT 2T ARNEETND. HEL -
e, Ml ddm <, WiRiCB W CRmICEL RO RERE 2 1k §
HIENLBREICHLTEVWEREIAE T2 L THD. KRmEEX

IR TIXHEREASNTHMHCP)TH D o M, 7o, FFELRRIEE (880 C)LL
IR (BCC)TH D BHMNLEME 25 D,

Table 1.2 \[ZfiF % v OWEAMONHAEE L LR+ 8 AT
REFZUOYBEMEE L, KO X H1Chd. bbb, BAEEREN
AT v L A4 SUS304 DK B0% B LT LI =0 ADOK 25% & /hE <,
WEE D EC R T D5 HESHEREMMB /NS V. BURER I AT LR
ffl SUS304 L HIRETH Y, TAHI U ARV T XV T LAEEIZHRD
& 30%UTEFELI/AIW, Vo ZRITEBMME DK 50% & /S
<, 2OEDLHRTWHEEND D .



Table 1.2 Properties of typical commercially-used metals and alloys®.

Material Density Melting temperature  Coefficient of expansion  Thermal conductivity  Specific heat Young’s modulus
(103-kgm=) (K) (105-KY) (Wm-K?) (J-kg' K1) (GPa)
CP-Ti 4.51 1941 84 17 519 106.3
SPCC 7.9 1803 12 63 460 205.8
SUS304 7.9 1673~1723 17 16 502 199.9
Aluminium 2.7 933 23 64.9 917 70.6
Mg alloy 1.8 903 25 159 1004 44.8
Copper 8.9 1356 17 385 385 107.8

— B AW NS TF X T T ERMTFT Z o LT, RN ot
FELTEIZO, Fe,C, N HREGEEN TWa., TEAMTFZ L, =D
JISHikE % Table 1.3 1" T X2 IC4BEICHEHINALTWS ),

Table 1.3 JIS of commercially pure Ti®.

Chemical composition (mass%) Tensile strength ~ Proof stress  Elongation
Grade _ o
Ti C H O N Fe (MPa) (MPa) (%)
Grade 1 Bal. 0.08 0.013 0.15 003 02 270~410 =165 =27
Grade2  Bal 0.08 0.013 0.2 0.03 0.25 340~510 =215 =23
Grade 3 Bal. 0.08 0.013 0.3 0.05 03 480~620 =345 =18
Grade 4  Bal. 0.08 0.013 04 0.05 0.5 550~750 =485 =15

T¥ERMFZ L OF T, MEFTOLEVLELET, ROGRIEN, P
MBI ORGLRMEELZLE LT LIHETIE, BEEL X OHE LR
T2 NS LEPNH OGNS, JIS 2 s LIS 3 fiL, —iXiC/i <
Mo Ty, "REOBELZRD, homEEz2 7. EER M
1T, MIERBEARM RS Y 2T RO SR Y kT
L. Fl, BIEMEDB IO LEMEEBOREM & LTH AW
bNTWD., FRICHMEZEHT LM TIZ IS 4 ERAfEbALTWD. &



HEABEEDATDICHEMBEIZ TIO ZIRINT AR ED TRV S
TW5 ., RAFETIZILHMED E W JIS 2 fEk 2 H L 7.

1.1.2.4 St E F X CORMESICET L2 I E TOMIEER XM
& R
FENXEEERB OO, EROEMIERE TIX, KA F OEEFE(0),
EH(N2), KFEH)ZWINL T, BRSO RIRICS b Ih b HpE
BTV AT SN T <D, & 612, Fig. 1.21% Ti-Fe @
EHRAER VAR A, F X L SREAM B OV RIS B W T
e BEIGmTH 2D TiFe BL W TiFe: DK I LD 2 &0, B
RRBEOKRERENLENREELL TV EVWIMEZBA TVD,
T, A—ATFA FRAT ULV A TIE CrifRMENZ VW2, 600~
B00CIZMBAT H & o BT L, HFLSEIMESEENKRT 52 &0
b TWb. o fHIX Fe & Cr & BMLA W (CrFe) T, = ® HIZ Mo,
W, Si, Nb, TIEDO T ENEE LD THL. 2056, Tildy 7 ~H
D AEIRET L0, FRUOLEAT UL AMOBEBMIE#H TIIRE R
M-Iz 72 5 10

IO LEMEEMIET DT X EEBEMMEIO#EAIZ OV T
INFETIEEZL OMEREDITLILTWD 132, kA H T2 Huv
bl LT, REBOBRRIEMEHL L2 HME Lz, BEE
Pr 2R EIEIC K D7 Ty R, D WITHERII Y — AL D T
YT A TR EOEGEINE, RMESELRESLI L AN E L
7o, B E— AR D, L — YRR 110 i G 12), BRI 2T
OVEICRIEERESEEN D D,



Weight Percent Iron
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Fig. 1.2 Ti-Fe binary alloy phase diagram?.

Bl z0E, Wang & 0%, FRIB &S L CEEEZ AW TTF ¥ A4 (TALS)
EAT ULV AWMEDEFEC—LERS T, KWNICT X G L
RWHEL, R E AT VL AR A BEET S 2 & TR M A R D
NaHEWRELTWD. L2rL, ZOoOFETEZES L 2&REILAEm DAL
A TE T, BEFORISHICL2FNOMERH >T-. FEL
X, YAG L —HF 2 HWTHTF ¥ > & AT > L A4 SUS304 & O ERE
BEx4T o7, SUS304 LW bfliF X i —VE—LEZBHLEZLEAD
TS, IR WIE S HPH CHEBENAIRE T, R RTAMBEDL &V L
W E L T\, Akbari. Mousavi B 2%, fiF X L AT L A
SUS304 O#EEGICIBEBEEAEZ MV, BRICKDENB R m o MR &M
WMICHEZ DR BEERL, RIEHOLKGETIZILEBRILAY D LR E W
flcExr2eamELTND.



EHWICIE, FE 77y REIE LT, BAREIERE, BREEER X
DCBEFEENFZEREESN TS, L2L, 2D OFETIEHEME
WOHFKRLT o AR NRE N &, BEDEENT D720 0 fH
RIZKR&ERHD DL, 20D, FELUEMORME2 BEEEA TX
HWERESEMOBEN RS LEALTVD

1.1.3 Mk L RO RMES

1.1.3.1 % &=

EEREMICIIZ OMERGENH Vo TEY, WEKESOMERIX
R OVMEREICER T2 2 & 20 b /B A — 7 — 1310 E 4 O B

B, WFEIZINETRMYVMATE, HEHSIIHMAEEARE L CH )
FInZE LAMEMEBT2%ETHY, /NI OMER L T TRE
BRANEHT LN TEL, HARLHEDOHENES TH D5, AW
DEFN V2V, BIEBESLHBREOEWE ZATOHEANTE Z2 L
DR L. MEHKGIIZTOEEL, @BELSZITNLE DD

VPR ZHAAELEL, @R OBEREZY T OIZEBBRE DKW ET
HOHIMMEI R Z RSN TVD

ZOXEORBEMBLELT, TRNETEZOHBHMLEO S S 250
EHERPZ AL TV, LA LIEFEUICBIT 2IEME L £
DA - Bl - A& I3 % REACH %E%U(Registration Evaluation,
Authorization and Restriction of Chemicals)iZ %9 % 7= % i oD gh
7YV —fkRRkOENNTWS., ZZ CTHEESFEPTCHEAIALTWDIHE
BHMOMRBMELE LT, BHFHOEHIEZ X LN TWDH. 5% ITHM
S A O R O M EFECM MR EREZ M L3 572 DIT, kil
MEHE WO RMBESEINIILBERTRTHD. ERILOB SNE,
AR T LB B I B SR B S25C L TR D 64 T X OVE IR &
DRMEBZLICER L.



1.1.3.2 #id kX O & 4

fi 01X fec(m DY HH F)OMMMIELFFo THB Y, HEIX 8.
89g/cm3*(20 C), W HHM P L O E MBI E X Z 4 1083 CTEH LV
1065 CTodH L. #liTmWEREZAL, IR TOMLIANIFEFICES T
5. FTHEENEIN T TOMALEENMEWREZ > TWD . ik
TML LM OBEEFREERELICL s TREIZEK TT 228, L
FEOo@mWsOEEHAET 2RMENMES D, BEX R E LI X DRk
FEILHK 600 CHE x5 A Ic R L, WAEEE T I 28 mI
oD . WO EIXIREOEMIIME > TREIZHEAD T 505, mEHEITH
550 CRREE T TNTL, TN Bl b L ELHWMRTSH. Lo T,
mRI X 750 CH 5 850 COWREHHPE TIT O ONEE LWL I T
Wb HIFKBMELRH Y, BIEREKIEL]FP THAEEHRNT 2 & XX, B
FEARABMS LR BHRCEREZMNAERTOILERND L. £,
FT KRB LOKICR LTI BRERMAEEEFET 5. —KRICARKD
i, RERIENIER S LT <, IMEEITIFEFICE . 272 L, oK
T CO: BRUMEBEOHEIKENZSBRDLMEEITNRVEI L. 2
MITRE AR S, RERBEOERABHIESEND 2D TH D 3,
PHHTERICH S Z WML G 48 TH Y ,30%~40% &L Z BEOHish % &
to. HENIRME L & BITAESDOEIT 40%Zn O 8.39 F TIFIFEMMIC
BT L, #2012 &2 Ml &bdo T, REEMEZ T,
[FIRFIC TR EE NG 5. Cu-Zn B A S LM EEREON 12 2 5D 5.
20%Zn F TILE D A I < FH & FEIZ AL 5 33,

1.1.3.3 $kfAM B L HMWO BMBESICE T2 2 TOMER L OME
I

PREAL B L B O RS O, FICH L oEEIZB W TIE
WHEBEINAREE 720 oF v, 8k & 81X Fig. 1.3 @ Cu-Fe IR pEX ¥
WZRT XD ICHAEDBEEBERND /NS 2 FHSEEROREX Z R L, 22D
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BlR ZE DB O TR E W2 DI, W R 8 TIE, BE [ I 12 AL R R IR
AR OFRIR A RE L, BEFILEZBELST 2D 3
AMESLELT, TAVI oy AFHSTF 2T oe=y e 8ok
~ONBEENERALS N TS, REMICHBE LSS, 2 b8
BROFEHEEBHICIEALCBITER & &b ITht L, MEmEES
MM Z LS/ 0 3%, F72, 20 —J, R B B B E0k
FITRALT, A EIn 25l TR EOMELZAL TWVD.
I 50T, BREIM B E HHH DRIV T, KERMEIXEMF O
e DR TH D, HAFITHIICHHZRMLIZEE£TH Y, 30% ~40%
CL RO EZ G, HEOBEMEETIET — 7 FOBPIC XY @R
LL RIS L CHER3 2 LR & 2 A%, Cu-40%Zn B8 (L T 64 $H8d) D
AR 3K 900 CTH D DIZxt LT, #ehoihmiL 907 CL 64 D
ARIAZIE VIR EE T D, 2 O 72 8 B8 D PRV H2 T IR B 8 12 35 8
O NERMICERE L, HHENF LI L, T oORERL
THI LI D.
ZOLEEMEEMET LD, EHEEGEIRFT I TE . il
1E, Luo & 13 B8 #8825 (friction welding) 2 W T & &R EM O S
NARETE D2 & A2HAE L3 Kimura b b BEEEEAF AL T, &
PLIR KB E S L, BABRBANBEOMRERFT L. Lo, B
BIEEETIE, MMFEREREIEM oL RS =2 MW@ LB
FIZ LR TERLRNVEWVIHIKN S - 7= 37,
UbD X5 MEROROIT, SHMEE EmE & o FEH e B 2
BIEHEEECEBRAR R IEICRESNLTVWDIONRERTH 5.
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Fig. 1.3 Cu-Fe binary alloy phase diagram?.

114 B8 - BB
1.1.4.1 8 - EREDONHE

R - BEAIRIT Fig. 14 1SR T X DT, WAERE, A O RHiE, [
A, MO BEICKRBEND. Sz ZTnnEob O FEH
bHor7rERZHBEINTWD B, BFESOBRICBWT, F4
EHOMEEDIIICERBHLAEMETR LT WHEE TIE, il
BHRIIRECH Y, MHAESSSEBBOBEEREDEELZLATVD

39)
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~ Fusion welding —— Arc welding TIG welding
—E MIG welding
Plasma-arc welding

— Resistance welding  Spot welding
Seam welding
Projection welding
Flash Butt Welding

| High energy beam Laser beam welding
welding —[

Joining and Welding

Electron beam welding

- Solid-state welding — Diffusion bonding
— Friction bonding

— Friction stir welding
~ Explosive welding
— Ultrasonic welding

— Hot/cold pressure welding
— Brazing

— Adhesion

— Mechanical bonding (rivet, bolt)

Fig. 1.4 The classification of Joining and welding®®,

1.1.4.2 FEBEHES

UL EDKRBZEDE FZICE T 2 Mathi RICESE, AW TITESIE
LT, EMHESGTHY, PORMEBEAS~OEMAERGWE SN TW
D EBEBEAICER L.

REEOZBEHESETH D EEEHE S (Friction stir welding: LT
FSW & ) 1% 1991 4Fi2 1 & U R D a4 92t (The welding institute: TWI
EYTEZREINTEZHDOTHD 0. Z o7 ot LA 4 o EHEREE L
FTTHEA™ITOND DT, BILEKEDOEZIALSLEELER R EITXD
ERDOEMBEHEOMB R Z —ZRICILTE D AREEEL b OEE ik L
LCERSATERE M FSW ORE E L TIEMERD T — 7 I~
THEBEEENEDO T/ N, BEGHEOW ERMfHF T, WH
BOEBEEFEEOT A NBHIBTELZ L, BIMMPARETEE
THDHZENPLEAARAMNETFIAX—THDH I L, AN ARETHE

13



b, Ry MERBEG THDLZ R ERETOND. £/, 7—7, &
2= ABLUOMERBEAEALENZ ENOFEERRKEOEB THLENL TV D
. BITETTIIBRE R, M0, MZEERRSICEH S, BEE, g

RSB R E~OBEMAIERPBRFHF SN TV DIEFETH D 1Y),

o7 ADMKEAFHIL Fig. 1.5 ICHEAMICRT Lo, ET 5
2 DD ZEAEE % > a /L (Shoulder)Fs L V7 v — 7 (Probe) > & 72
LH%Y —(Too)Z Rl SR nN b7 n—T28AL LY 954
BFOZEAREIZH LIALEETCYar X kRN T e —7 LEto M cE
BENEAL, ZORERBICE > THE BRI LRE T, BHEEY —
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A: Base metal (BM)
B: Heat affected zone (HAZ)
C: Thermo-mechanical affected zone (TMAZ)
D: Stir zone(SZ)
Fig. 1.6 Schematic illustration of the microstructural regions in a FSW joint*".
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IZ L, CP-Ti & SPCC @ FSW T Xk % BM 2 5BME 2 it L 7.
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221 A EEB L UVEESFIE
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WCZ 7V TERETD.
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RELTZRE(IN BRI R sTERE)ZHERLIEZOBLIZY — LD
BEZHBEL, RELEL —EO#HGHE CEBEHRBES ZITR 2.
BRBHBET DRI TF OB EHILT SO T VI T A%
L72.Fig. 22 IZIX FSW G T O BEE % /R 7.
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Fig. 2.2 Overall appearance of CP-Ti/SPCC dissimilar lap joint during FSW.
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2.2.2 BERAM B

ARWFFE TR & L THWE TREMMTF Z > CP-Ti(JIS2 ffl) B LT
— B IEH R SPCC Db Ffl Ak & Table 2.1 I[Z" 7. T HIEHRHM TH
v, ZoO~FiEE, CP-Ti 3 200 mm(L)x85 mm(W)x1 mm(T), SPCC 7 200
mm(L)x85 mm(W)x3.2 mm(T) CTH 5. # &I H W72 fhili o Ehfk T
OB E % Fig. 2.3 127 .

Table 2.1 Chemical compositions of CP-Ti and SPCC (mass%).

Element

N C Si Mn P S H o} N Fe Ti
mass.%

CP-Ti 0.01 - - - - 0.001 0.09 0.00 0.03 Balance
SPCC 0.04 0.01 0.18 0.01 0.01 - - - Balance

85mm

Fig. 2.3 Schematic diagram of the arrangement of a dissimilar CP-Ti/SPCC

lap joint.

AR THWEY = VONBLEE % Fig. 2.4 (27, @A 4 (WC-
Coyfloy —naHWnWi., Vv— Lo Fa—781F 6 mm, ¥ a3 /LF¥EE
1I5mm Thd. —BICEEGEHFOBEBRBELES CHERELY LET
Tu—T7EOBENWY =L ERWDN, KERTIZESICHRE & F% A
TR =T RIDLODERELID T e —TRIPEVEDO LM L.
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Thbb, ERTHD CP-Ti OHEZ 1.0 mm iZx LT, Yu—7EIX
09,10 BLXM1IImmE L. 27 e—7RINDNESEHICKITET
WELRTT OO THS.

Shoulder:15 mm

Probe:6 mm

=P

FSW tool
(WC-Co)

5 mm

Fig. 2.4 Appearance of FSW tool and its dimension.

BARMIT Table 2.2 183, EHEBE, YV — L RIEREE B L O E
FWLS O DFRETEASZITY, TORELZHRFT L. 2 bidth
ZTNABREIZRKREWVWEEZEXDZZEPAOLNATEBY, GO HR
HEAEMICKELEHBZADLEEBZOND. 0B, F#ATIEY -V EALEZD
BE LA ZHIET DY — ARV ARNBICHAKEFEER SIS, &
SIZY =B LORABREORILEZ LT 57D T7 v T AR
[P TITR o2, £ 7 030 H AFHEIL 25 Limin & L 7=,

Table 2.2 FSW conditions used.

FSW parameters

Welding speed (mm/min) 50, 75, 100, 125, 150
Rotation speed (rpm) 250, 300, 350, 450
Load (kN) 7.35,9.8

Tilt angle (° ) 3
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223 BERMABB X UOERMEKOBE L
T, HMAEMOABRE LT, MMFOXRMBOA LG~ SBHK
X, AW EEREBL AN ORI Z MR L, XKoo 3 A
DWW TR~

AT, A H O T Bk 2 3F Al 9 2 72 12, 8EA 07 )12 e E 722 A Wy
moO~ 7 il IO 7 o lfBlEEITo7. MEMTEICL VM
B R 200 L, B EBIEICH DA R EZITo72. Zh
5OMBRA 2= X U —ifk 400 &2~ 5 4000 %2 X 29 AHFIE 1%, KL
FE3um & 1lum A ¥ES FX—ZX MEHWTATHELITY, S
BT R, PR BAERE 2 VT, MRS 150
rom, B 5 N, AFEERER] % 180~600 s Tiro7=. £ D%, CP-TiB LV
SPCC (X7 v i (HF:HNO3:H,0=3:3:50) CIE R L 7. ER%, =&/ —)L
THEF R EFEZITV, £ 0%, JEF M EE(Optical microscopy: LA T OM)
BB L O A E - M S (Scanning electron microscope: LA N SEM)(Z R
VE-8800)IZ & » THL#BIE 21T > 7=. OM # %2 TIL K% = (100 5 ~500
) THAEHEERO~ 7 v B 21T\, SEM #1%2 TIX, & fF (500
{5 ~3000 f)iZ T CP-Ti OfMIMEM D ZEM, A REMEL LR A R
KigD AR SITHER L TBEZITI L& bIC, =X X =4 X
Ry ¢ 45 & (Energy dispersive x-ray spectroscopy: A F EDX)%& H W Tt

ROMr O 21T o T2,

I 5T, HARE A8 % A & 1 BAK 8L (Transmission electron
microscope LA F:TEM)(Z &i: JEM-4000EX) % A\ C i & = 200kV T#zZ
A H R O WO T 21T o 72, ek, B E O TEM B R
R OFERIE, UTOFIETITo72. £7, #6WAMKEZEH O R
Rz bk &R CFMEIC L= A U —#H 4000 % £ ClRME L 72,
AR A A > B — L0 L8245 E (5 . FB-2000S) % W\ T, s &
J£ 30 kV, BIH LEE 8.2 kV, 5lH LEI 3.2 pA OFMET, TTHER
pr(E6 R m) & & e dE 20 pm, JES S pm, & S 15 um OFEHT &2
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Vo7 L, Ay alZEHlELLE. Ay o lTEHELIRET, Bl58
FEIE2NE & 100 nmICAR 5 ETM L L7, Bz EFREICE 2B
BEEF <720, IMEEE 200 kV TIro72. BIEHAICHW B R
N F 2 BHEM T D B S O BOG E O R S o FE R,
(R 43 B %8 1 #% [B1 #7 (Selected area electron diffraction: LA F SAD){EIZ LV,
b5 KEMP OO N E T BREN G OREMT 2Ty, REICER S
NE-&RBEAYWOHREEZIT-o 7. £ TRESIIL TEM BT 5
EDX IC XLV To7. BAARAV L —DBX_XY VT LA/ TH D0, HH
BREICBWTHTFES 5 FB)LUAKEDOILHEICHOWT EDX SN ATHE T
o EDX o v — AEIEBERBRA LI TH 1Inm TH 5.

2.2.4 B SRARE

BAWMOMSIE, v (/o y h—AMIABREE AV T, AR
A2 B S RO ORE T MICHE L. Fig. 2.5 12, £ OHENE D
WEMS X 2 o=, ME SR, EFATE4AZ 098 N, AmRFH4AZ 15s & L,
0.2 mm [ f&E CTHE = oA 2 I E L 7.

RS SZ AS
CP-Ti

Fig. 2.5 Schematic drawing of location of micro-hardness measurement.

2.2.5 MF5IREALWRARSIE

FSW &6 CHon-EREAMTF OB MEE 23+ 272912,
Instron HRERABAME W C, RIRIC THIETE AW HBR 21T > 7=, Fig. 2.6
2B R ORI K AT S 0BT BB E % R T, Fig.
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TR T X o IcEARICK L CTERE S MIC 3RO EE AW R %
g 12 mm TEE L7z, £, gliRGMEBEREZ FITICT 57201
MF 2 BLOESPCCIZTENENMFEMZI 1T, RS Z2F L L
THRHBRAEITo 7. RBRFFEOSIREE X 1.0 mm/min & L7, FRERA
R OBEELE, JIEMSEEE L THEBE CORRMELFTMLZ. S
5T, BIRMER % OB RO LT, BT E oA KX Y SEM 12 &
LW HBLE 2T > T2,

FSW zone

Ti

12 mm

130 mm

Fig. 2.6 Preparation and setup of the test piece for tensile shear strength test.

Test specimen for tensile shear test

15 mm \_I)

. |
12 mm . Sample 1
I
12 mm : Sample 2
S NN i S
12 mm : Sample 3
I

Test specimen for cross-
section observation

CP-Ti

Fig. 2.7 Dimension and cutting positions of the specimens for tensile shear

test and cross-section observation in FSW lap joint.
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23 ERERBLVEE

2.3.1 BIERESHIR

CP-Ti/SPCC # Gk FIERIC M IZTHA RN OB LB T 272012,
WC-CoflT7r—7RKX1.0mm DY —1ZHWT, fiffE 9.8 KN — &
ELTC, VY VEBEERSLIOBEGEEZ LI ETCHEAZIT .
BoHNT-kE R % Fig. 2.8 (277,

500
450 . o .~ O -
Excess heat input

400 | PR
g 350 | o . O O .-X -
= 300 | Q40 O PR -
i \ e L Q=25
@ 250 i RO, —
g ’Il -~
= 200 f e Insufficient heat input

150 ,,'/ ,/" [0 Large burr and probe tip damaged 7]

100 | ,,"’ //x QO Good lap joint with smooth surface -

50 ,r”,// X Lap joint with inner cavity defect or —
o not formed
0 - 1 1 1 1 | |
0 25 50 75 100 125 150 175

Welding speed (mm/min)

Fig. 2.8 Combined effect of tool rotation speed and welding speed on weld-

ability of CP-Ti/SPCC lap joint by FSW at a tool force of 9.8 kN.

FSWIZEBWTHEAMEHIRA SN D B EqIQR- D)X YD L H ek X
NTWDL., ZTOANAEqEEAHEV TEH L Z LKV, FSW K HEAL
BEARESHTEVOANBE qn3(2-2)NTEIND.
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WEEBAR S, P13 g L FE IS 20 D JE 7 (N/m?), R — L [A] #i5 3
(rpm), V:82 A3 E (mm/min), D:3 = L & &5 0 % i - £ (m).

ZORNS —FIZ FSW TIZY — L [EEEEE R (rpm) & HEAEE V
(mm/min)® . ToH %5 Q=RIV & FSW IZ L 5 ABE (in 1L BI 35 Z & o
O, B EAREESHTZY FSW ABAELZ M T 57 A —% L LT, T
DA LIFLIFHVWL D Y.

Y= Vi HE 9.8 kKN ICEB W T RAREREASMK TG SN D S
X Fig. 2.8 12 R T X912 Q=255 Q=40 D DEB TH-~7=. Z D%k
FEE IV S Q BWINESLK ABEDD R WEHTIIABRRRIZLVES
REICELDOER D D WITHEAERAT LR ol 72, ABIBZ O 51
T, TiNEATICY — VIS L, YU 7 A REICHERKRBENIEA L
7o, Y= L OESERAZONEEE % Fig. 29 IZ 7. FAKLOBRIL,
ORI B N THRES L TN D 2,

Fig. 2.9 Appearances of FSW tool with excess heat input condition (450 rpm,
100 mm/min), (a) before and (b) after FSW.
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Fig. 2.10 |3 1E 82 A& 4514 (350 rpm £ L O 100 mm/min) THE 4 L 7=/ F
O Wi AR A R . (@IEMkFEoWE~ 2 n B E Z 3. (b)id CP-Ti
D FLHE R (stirred zone, SZ) ThH ¥, #hda IR IT — XA 72 FSW & [FIEEIZ B
MEs(IZ e T RIFICMie S CTwab. £7=, CP-Ti/SPCC O #EAR
H(C)TIFIFFEEE TH Y, CP-Ti & SPCC ENHAICHESHh, BAL
TEBBIERBD b o fo. BEA S AT O SPCC 0 #if f KL £2 13 fE A48
@V LD ULRKREL RDMEMICH -T2, THIE FSW il FE o Z 28 2
roreEZOND.

’ (e)—= Base metal of SPCC %
- o bt

o i A

Fig. 2.10 Microstructures in the cross-section of the lap joint of CP-Ti and

SPCC at FSW condition of 100 mm/min, 350 rpm and 9.8 kN.

232 BEEBERICKETHEAEEORE

Fig. 211 127 e —7E X 1.0mm DY — L& HW\ T, #iHE 9.8 kN B X
O — L [EIAE B 350 rpm — & O G T, #4 3 100, 125 & L T 150
mm/min & 2L SO EGMKFNABZ R T, #E5EE 100 B LV
125 mm/min TIE/N S WU 23 RS ICFR D 72 py, #EGEE O
W, EAHOREIZFBICAY, Wb B REAMKTHE 2
2 L.
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Welding
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Fig. 2.11 Appearance of the joints with different welding speeds of 100, 125
and 150 mm/min of 350 rpm and load 9.8 kN.

Fig. 2.12 1ZZ M5 ® CP-Ti/SPCC HEi FSW fk FWim ® OM ¥ L O
SEM IC L2~ 7Bl 7 efifizr~d. WTho#ESHEIZEW
T%H CP-Ti @ SZ iF, BMMMICH X THSRERMMIELL TBY,
TMAZ B LU HAZ IZWREIC IR TE o, #ARmiT ek e L
THEH|THD, CP-Ti & SPCC DIRAGHMMIIBRO Do Tz, BEAH MK
F£ 100 mm/min TIEESGREICO T 2R EREENRBD bR, #h
BWEORME & HI2, REITLV FEELERD, BROICR -T2, BEH
F£ 150 mm/min TlL RS MDA FREICZEARMEBB O vz, £ DR
KE FSW 2 o 82 & i A is 31 2 ABE N K2 L, CP-Ti @ # %
WEIRA AR F I hholcloweFx2bnd. £, WThoEASHEEIZ
BWTH, #AENMEICIT SEM BLER R b 1TeBE LG Y E O FEIE
X NCR A Aol

WAZ, Fig. 2.13 (XA ERICHE 6 100, 125 3 L OV 150 mm/min @ &4
THi6 L7z CP-Ti/SPCC E# FSW ik T Wrm H0# O S 73 A &2 o= 7.
CP-Ti ® SZ B/ DEX X CP-Ti OMMEI LV &S hoTz., ZhiT &
KEHITWD X DI FSW H o> B Y 75 & 1 & 2 F6 kL /b o 72
THd I F, BERBICBWTIE, ELLBELLEEHYIIFELR
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Mol ZHE Fig. 212 2B W T RERILEWREIRBO b Lo T
T m BB R L BT 5.

Welding speed 100 mm/min 125 mm/min 150 mm/min

Cross-section
(OM)

Interface
(SEM)

Fig. 2.12 Cross-sections and interfaces of the joints with different welding
speeds of 100, 125 and 150 mm/min at constant welding parameters of 350

rom and load 9.8 kN.

Ti interface SPCC

190

180 ¢ —8— 100 mm/min

= 170 —8— 125 mm/min
150 mm/mi

E 160 —p— mnm/min

v

% 150

=

"g 140

f

130 |
120 |
110 |
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0 02 04 06 08 1 12 14 16 18 2
Distance (mm)

Fig. 2.13 Microhardness profiles in the cross-section of the joint from SZ of
CP-Ti to SPCC side with different welding speeds of 100, 125 and 150

mm/min at constant welding parameters of 350 rpm and load 9.8 kN.
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233 BEERWHERICKIETHEEREDOEE

Fig. 214 |2, v —7 K X 1.0 mm, {w & 9.8 kN 55 X O & £ 100
mm/min — & &A1 D A AN B K IF 3 [A1#5 5 (250, 350 B K
O 450 rpm) D 2 % o3 Bl #5336 BE 250 35 & OF 350 rpm C i bL B A S 18
TARY OB RBAF 72 G M8 2 & U7z, B EE O I,
BEAWOREITH L 72 5 Mm Z 2 L, 450 rpm TIiE Fig. 2.9 IZ/R” L7 &
NS CP-Ti 3 — /L RN HEAE L, TR M IIT IR K2 584 L7z,

Rotation
Appearance R
speed: 10 i

250 rpm

350 rpm

450 rpm

Fig. 2.14 Appearances of the lap joints of CP-Ti and SPCC with different
rotation speeds of 250, 350 and 450 rpm at constant welding parameters of

100 mm/min and load 9.8 kN.

Fig. 2.15 {2 CP-Ti/SPCC ® &E 42 FSW ¢ FWri @ OM ¥ X ' SEM I &
L7 mEB IO 7w HAkIC &I 9 B3 (250, 350 38 K TF 450 rpm)

DB L T, [AHRHE 450 rpm TlX CP-Ti Y — LV Fm A L C,
HLEWO N0, IR E 2 Lz, [Blis@#E 250 35 X O 350 rpm
TIEHEANEITEIREREE AT 2P AmEZZ LN, Ao RE W
[0] i 38 £ 450 rpm TIX CP-Ti & SPCC N#EHIEA SN/ L 7o 7=,
B IOFEMETITHRRBOIZDIZHFITR SR> T,
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Fig. 2.16 (2 Z L2 AL [al #3250 35 X OY 450 rpm T Sz 2 FEHH
ODREV 2 BESRERETH L i Rims X ORGSR EIcx 3 2
EDX 0 HTIZ & 2 Tidk KO Fe D M7 R 2 7n 3. il 72 826 S (Fig.
2.16-a-1)TiX, Ti & Fe DILBUE IR G BITMR S oo, —F, |
IR A A m (Fig. 2.16-b-1) TIX, CP-Ti 8 — 7 1 — 7|2 L 0 B A IS
R IN T, SPCCHICRGINTZEBZ 2NN MiZERLTEBY, CP-
Ti & SPCCIEBIRIEGMME LTHELTWVDZERHLMNITR ST,

Rotation speed 250 rpm 350 rpm 450 rpm

Cross-section
(OM)

Interface
(SEM)

Fig. 2.15 Cross-sections and interfaces of the joints with different rotation
speeds of 250, 350 and 450 rpm at constant welding parameters of 100

mm/min and load 9.8 kN.
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(a-1) SEM-SEI (a-2) TiKa (a-3) Fe Ka

(b-1) SEM-SEI (b-2) Ti Ka (b-3) Fe Ka

Fig. 2.16 SEI (a-1, b-1) and element distributions of Ti (a-2, b-2) and Fe (a-
3, b-3) at the two kinds of typical interfaces of CP-Ti/SPCC lap joint with
different rotation speeds of 250 and 450 rpm at constant welding parameters

of 100 mm/min and load 9.8 kN.

Fig. 2.17 |2 CP-Ti/SPCC @ & 42 FSW ik T I 1 H 0 i O B S 40 A7 12 M
| 9 [B] #i5 3 FE (250 38 X OY 350 rpm) D & oR 3. CP-Ti @ SZ O & (&
it mn BLGHAE IS L0, CP-Ti ORMBE LD b Em<< oz, £, 0T
NHLPEHEBEGRETHY, HEREITEBWNT, ELWEBLEIZRD L
niginoiz.

234 BEABERIERETY AV To—TRIOEE

IZETRERY AT —TEIEF1I0mm —EEL LR, Te—Tk
SIFELRMFTII TR E OEMRIIC IV ESREHIEICRE REE
ERIETLEEZOND.



Ti interface SPCC
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180 i == 250 rpm
170 | i === 350 rpm
> |
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& 150 | '
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110 | !
I
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Distance (mm)
Fig. 2.17 Microhardness profiles in the cross-section of the joint from SZ of
Ti to SPCC side with different rotation speeds of 250 and 350 rpm at the

constant welding parameters of 100 mm/min and 9.8 kN.

Fig. 2.18 |Zfaf £ 9.8 kKN, Y — /L5 £ 100 mm/min 35 & OV [n] #ix 5
350 rpm —ESH TICB T 2EAHMABICKIETST I e —7 KX (0.9,
1.0B LN 11 mm) OEELRT. Ye—T7EX09K8L01.0 mm T
BELLEMFPFIIBO N 2RE TN DD R WRIGREAGHBLZET S,
Tue—7OEX 1.1 mm THES LT TIE, SURB RS JICHEL
Ta—T7 RS OEMIEY, AR I 25 68MmIZH o 7.

Fig. 219 ICHEAEME O OMB L RN SEM IC L b~/ B LI s
M RIET 7Te—T7E X (09, 1.0 BXO 1.1 mm) OFEE RS, 7
2—7{KS 09 mm TIL RSMOESREICEILXRMBABD L. 7
0— 7K INEN o IC, FSW a2 284 fom {43 o CP-Ti d ¥
PR N AR+l ol eE2LbND. LrL, 7R —T7R3D
Mz L0, R oRERIIEE S Y, 72 —7%m& SPCC & D
BEAMAEM L ERNgNnd B CTHVWEEAERETE T e —7
IX T D SPCC H~FFAI 7ol dIZ, CP-Ti & SPCC N IR
B INT,Fig. 215 TRLIEKX D SR BmITEHR I N> T,

39



Length of probe Appearance

0.9 mm

1.0 mm

1.1 mm

Fig. 2.18 Appearances of the lap joints of CP-Ti and SPCC with different
probe lengths of 0.9, 1.0 and 1.1 mm at the same welding parameters of 100

mm/min, 350 rpm and load 9.8 kN.

Length of probe 0.9 mm 1.0 mm 1.1 mm

Cross-section
(OM)

Interface |

(SEM)
SPCC

Fig. 2.19 Cross-sections and interfaces of the joints with different probe

lengths 0of 0.9, 1.0 and 1.1 mm at the same welding parameters of 200 mm/min,

350 rpm and load 9.8 kN.
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K IZ Fig. 2.20 |Z CP-Ti/SPCC @ 2 FSW ik T I i A .00 i O 1 X /3 A7
RET 77— 0K (09,10 BLXT 1L.1mm)OEE %2 R34 . CP-Ti ®
SZ DS IEF TIZIHR A7 L 5 ITHs s R AL IZ KV CP-Ti O REBS D
SLVE< oz, ¥, e —T7EX09mm 5 1.0mm ~DOHE NI
EbpV, Fu—7 k& SPCC K& OBEMMAR 20, i ToE
BB BB O L, SZ OFEBBIRENHEIML T, PN EF L L
Ezbhb. —F, 7e—7KE& 1.1 mm TiX, CP-Ti ®H/ZE 1.0 mm X
DHEREWED, 7 —75mN SPCC FUTHA SR WERMAW 21Xy
— VIR ENNSWEA)TIE, Y= D a L FEs L CP-Ti £@EE D
EMEENBD L, TO/ER, ABREOHADZ b 725 3 72O I/ bk
BIF/NSL< Ry, IFENLEEEZLND. BB, ZTNUHLDOEMET
FTEESRmICB N T, HELWEALHITE D DN T,

T1 interface SPCC

210
200 F
190 F
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130 BM of CP-Ti .
120 } '
110 f I
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Fig. 2.20 Microhardness profiles in the cross-section of the joint from SZ of
Ti to SPCC side with different probe lengths of 0.9, 1.0 and 1.1 mm at the

same welding parameters of 200 mm/min, 350 rpm and load 9.8 kN.
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2.35 FSW IZ k% CP-Ti & SPCC nEREMBEBATOMMBE L ES
B

INFETICH LN FSW IZ XD CP-Ti/SPCC ELfkF oA S
BRI, WMMERES SRV EERE S HEBEASATEAE O 2
ICHBEINDZEBRHALNCRsTZ. LML, Y—/LffE 9.8 KN — &
DEMETIX, HLRERAGREEATO2MHFTIE, MRROBEDTZD
Bl RmREL2HTLH2MFIIEONRNP T, 22T, HlCITHE
S ET, BROBRREREZAT LM FELR R SN DHE KD
RIEZAT o 1.

Fig. 2.21 [ 725 € L 7= & 7.35 kKN, #& 3 E 50 mm/min, [z 3#
£ 400 rpm, 72 —7 KX 09mmBIOL10mm OEAESLETESLE
2 I ORKW 2 BAE R E A AT 5 CP-TI/SPCC O &EfkF Wik OM
BIXOSEM L2~ 7uBl0 7 nfliBE8ERE2 "y, Yu—7
B 09mm THEA LEMFoESRAmIT R mTHY (OM), 71
— 7l & SPCC Hf & OHEMICIVIERSNTZ B XS5 R
BRrglgsnz, —J), 7e—7KEX 1.0 mm TEA LLHFoES R
I CIXELSIERE SN CP-Ti & SPCC DIRAMMNIEE L IZ(OM). =
DIRAFEE T FSW BT 7 o — 72 SPCC O£ g2 A Sh
T, WS4, CP-Ti & SPCC DA AIZFEE L TR S - E IRk T
& o 12 (SEM). Fig. 2.15 TR L 7= Y — /L fifH 9.8 KN O &k Tk, IBA M
WrRT2EHARNECIHRGRMFERGEON LoD, Y — L fifE
7.35kN O G Ci, BEAHE L BIEEE L OB E{ZITH 2 LITLY,
T —T7ES10mmICBWTRERMFENIGFONTL. 0k, Tu—7
X 0.8mm Ti,SPCC il & 7' 1 — 7 Sl & O MR R 14y & 728 0 ik
FlIRENT, £/ 11mm TEABREBL LRV, CP-Ti LY — L&
DUEAE B FEAE L, Fig. 2.15 & [AER O R K23 Bk S iz,
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Length of probe 0.9mm 1.0mm

Cross-section

(OM)

Interface

(SEM)

SpCC

EATYS 15.'}7_45 1

Fig. 2.21 Cross-sections and interfaces of the joints with different probe
lengths of 0.9 and 1.0 mm at the same welding parameters of 50 mm/min, 400

rom and load 7.35 kN.

Fig. 222 IZ 2B OMREXWMRTEE RO P LEOM S 5/ 2 Rd .
TR 7z e & R BRI R S b O iz L v, WP o CP-Ti @ SZ
DEIH CP-TIRMOBES LV @< oo, £/, 7o —7 K X0.9mm
THEALLEFHEES R mICBW CEREbBIIR DN oo, — T,
7r—7 RS 1.0mm TORGMEMESRmICE N TIE, FLIML
B FEL, @BELEMOFIENR R I iz,
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(a) Probe length: 0.9mm (b) Probe length: 1.0mm

g 100+ Interface g 400} Intermixed zone

= 300 CP-Ti(SZ) SPCC = 300p CP-T1

2 % (S7Z) SPCC

< 200\.1 € 200/~

E —n, = L

m [— \ —_— . m :—4_ — e .

100+ BM of CP-Ti 100 [ BM of CP-Ti
1] I R 1) SN B S
000204 060810121416 1.8 000204 06081012 1416 1.8
Distance (mm) Distance (mm)

Fig. 2.22 Typical hardness profiles on the cross section of the lap joint welded
with different probe lengths of (a) 0.9 mm and (b) 1.0 mm at constant welding

parameters of 50 mm/min, 400 rpm and load 7.35 kN.

INOLOEAERBMDOEH AN = AL EEZERZT D720, TEM IZ X 55
7 Bl g 21T - T2,

FPEERA AR ORE 1T o 7=, Fig. 2.23 QI EEEAS R @ o
SEM B HE %Z/x7 . FIB 12X % Fig. 2.23 @QHF DR\ o &2 Y H L T,
TEM TZOHEAREEZBE L. ##5 KD TEM B E % Fig. 2.23 (b)
IZ7:¢. Table 2.3 1% Fig. 2.23 (b)) ?® a, b B L W c ¥ D EDX 1T X 5 #i4y
Rz nrnd. ZOELY, CP-Ti &£ SPCC oA RiEIX affé b il
DETHLIENMHEINT. 62, EERE TIEO)F OEARKT
P A 72 HE IR (C) D @ % SR BB AR T X 9 12 100 nm @ [ U B JE 28 B 5%
Sz, Fig. 223 (d) & (e)izENENFE LE > @ Ti & Fe ® EDX T M@
SRR EZ R T, ()X B2 (e)d —H o o TPl A 72§53 D 45 K 43 #r A
RThHD, ZNOOHEOMERIVBVWKILEIXZTiB XD ED Fe &
DD ERHERINTZ,
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SEM-SEI | CP-Ti |

@

e &3

The direction —>
for TEM

0.25um o7-:£s_€] i
(c) BF1 P

| 200nm

Fig. 2.23 Distribution of element of the flat interface, (a) SEM micrograph of
the flat interface, (b) TEM bright field image of the interface, (c) the higher
magnified TEM bright field image, and (d) Ti and (e) Fe elements area

mappings in (c), (f) higher magnified Fe area mapping in (e).

Table 2.3 Elemental analysis results at the positions a, b and c in Fig. 2.26

(b)

Element (at.%)
Position Phase
T1 Fe
a 97.8 2.2 o-T1
b 1.8 983 a-Fe
C 14 98.6 a-Fe

Fig. 224 3G R mICB T 2B WRICEE > O TEM EffREH 2R
. £72(b), (c)B L) ZENZEA(b), (c)F L (A /» Iz 5 il R
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WEFHREECLIVEONEEFRENBE T, Zh XV ()B X

()B4 1E Z 24 CP-Ti & SPCC M TH % a-Ti & a-Fe & FE S
L. ZTOMOBAWIRIEIL B-Ti &e&EHEILAEY FeTi LV 7052 &AM
E ST,

Fig. 2.24 TEM bright field image of the non-intermixed interface. (a) TEM
bright field image of non-intermixed interface (b) selected area diffraction
pattern of the position b, (c) selected area diffraction pattern of the position

c, (d) selected area diffraction pattern of the Region d.

WIZ, Fig. 2.25 ([T G Z AT 2 Kl o TEM IZ X % & 65 F4H
B ER@EZTDOEDXHEOHICL D Ti & FeDnENMiz T T (b)B
FOEZART. ZoREIVIEBABIRMEED I 7 2151 Fe-rich #H &
Ti-rich A EICHEE SN TEERIC R > TWD 2 ERH LN T,
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Fig. 2.25 Distribution of element of the intermixed interface, (a) TEM bright
field image of the intermixed interface, and element distributions of Ti (b)

and (c) Fe lay EDX area mapping.

Fig. 2.26 (a) I[CIRABRMBEHE T2 Amo TEM BEEH % /RT .
& 512, Fig. 2.26 (h)B L VE@)IF(@FT D 1 & 2 TR LEZEWEIRE S O
IR TEMBEETH D, £, (d)75>i‘o(g)i§c%h%“2(b(a)ﬂiﬂ@ 106 4D

STV HRHIERT A SAD BT X B FRIEAT 8 2 =9, RGBS o iE
DJRVHR O Ti-rich Jgi% p-Ti fHTH VD, MWEIR D Fe-rich J§1X B-Ti

H L IZERELAEMTH D FeTi & FeTi B 72 b 2 E 0N & IT
- 7.

UEDRER I D, CP-Ti SPCCOHEE R mMIEIL, Fimb LRSS
WEAEREOWTHORREIZEB W T, B-TitH & Ti-Fed: & ML &% 2
BELEZAEEEHEBENO o TWVWDE I ENRHLNITR -7, Ti-Fed
PR AE X (Fig. 1.2)I2 b /r L7z K 91T, a-Ti 131155 KIZEB W TR-TilT A
Bed 5. LIeDo T,B-TinnEEA R IC/FEET 2 B8 I0%, FSWill 2 12 #2
A OIR A 1155 KEL Bicn#han7c 2 &2 Rm L TW5hH. FSWTITm
HHE R N2 DI FEFEHEHRTER LT WRHENH VY, S 5I1CFe
EB-TIHHDLETLHETHDH. 2D &b FSWHICHEE L 7-Fex
B LB-TiIH A, AR OLEECTLENIHELLZEEZLNDY,
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Fig. 2.26 TEM bright field image of the intermixed interface (a) and higher

magnification images of (b) position 1 and (c) position 2; Selected area
diffraction patterns of positions 1 to 4 in (a) are shown in (d) to (g),

respectively.

Wyg A i (Fig. 2.21 ) TliE, R mEICH L72B-Tik FeTinr b7 5 #
LG IE 2 FEFITE ORI L100 nm) 72 DIz, i S BB T V& B M1k
EMOFEEEREBEE Lot BZ I LND.

T CHEEET AB-TidH L a-Fefl & O Coo M L IEEBHE S 0N B AT
5. ZZ T, IMEREDIT,

D= Doexp(ﬁ) (2-3)

THRRIIND. RITKAEEE 8. 314 J-Kimol!, TIKIXIEETH D . £z,
a-Fe T~ Ti, o-Ti fiE L O B-Ti #HH~D Fe DIREETE Do B L ONIE
ML= L ¥ —Q % Table 2.4 (279 7, (2-3)= X v JEHUEE 2 1155 K
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ELTCHEMLUZIEHR 5 % Table 2.4 [275F. Table 2.4 X 0 B-Ti ~® Fe
DILEAREIT o-Fe ~D Ti OIBBE IV IZD NI KRENWD &R0 D
5.

Table 2.4 Diffusion coefficients of Ti and Fe in a-Fe, a-Ti and B-Ti at 1155K.

Matrix Diffuse element D (m2s!) D,(m?s!) Q (KJmol!)

a-Fe T1 1.07X101%  6.8X103 261
a-T1 Fe 1.27X1018  1.2X10% 110
B-Ti Fe 1.60X 1012  8.0X107 126

PIREEREOEERIL, ROXLH5ICEFEZILNDS. £F, ®mIRICH
BEANTE-REEHIICBWT, o-TIiNB-TIlCERE L, o — 74 & SPCC
F Sy D EEARIZ X o> T, SPCCHI A HFe’B-TiFICIEE LT, BET 5.
Z L TCHABBRIZE W T, i LT, B-Tie FeTid b 72 2 5 ik 0 2
EnlcEEZIOND,

—F, RS ShcERE®E R T 2846 REiL~ 7 2 I IXFig.
221 (OIZ/ R L7 L 2IZR300 yumDJE ST >TEY, FiEfmEY
LELLEL Z-oTWND. ZORGHBOEHRBEMIZIKRDO L SIZE 2
b, £F, 7r—T7 ORMMNSPCCOXRMICHA S, HELOZHR
IZ X D SPCCEIRMM & L CCP-TiFIcHE XA TN, BRIEAMEN
SN s., Zo& &, o-THIMBIZ XV B-TICERT L. £ L THIR
OB-TiIMHIZHEE Da-FefERN TS ENTY > A vy FHEEZEKRT 5.
il = O B-TitH/o-FetH D R E IS ITFREOHZE LRREBEALNLD.
EA IR CIX, ABVENSHEIML TV A D ICii ARt S, a-Fe
S M CTFeaTih L < IEFeTi NIEEL S NDZ LB X HN LD, AT
XMool
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2.3.6 BAWBEICRIET FSWEARNTA—FDOEE

Fig. 2.27 |2 CP-Ti/SPCC 42 FSW 2 &Mt T @ 5| skt A W5 & 12 K IF
THEAEEOR B L R, 45 EE 100 mm/min THEA L 7=/t F1X CP-
Ti M 2R L2y, 2hU EoBEaEE CIxES Rmmkkz 2
L, B HE OB L, kT s B I3 R L7z

A
z 6
é Fractured at CP-Ti base metal
0 5 | S : 1
O 0 J Fractured at the interface
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Fig. 2.27 Tensile shear fracture force of the lap joints of CP-Ti and SPCC
with different welding speeds of 100, 125 and 150 mm/min at constant
welding parameters of 350 rpm and load 9.8 kN.

WIAZ, Fig. 2.28 |2 CP-Ti/SPCC HE4a FSW £ &k T @ 5] ik & A Wr od fE
R TEEEE DR EZ T, BlHE#HE 350 rpm TEEA L7k FC
X CP-Ti BE#F SR 2 ~x L7722y, ABENJA L7 250 rpm TiEalE
SRR T L, 28 RN mswra 2 Lk,

e
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Fig. 2.28 Tensile shear fracture force of the lap joints of CP-Ti and SPCC
with different rotation speeds of 250 and 350 rpm at constant welding

parameters of 100 mm/min and load 9.8 kN.

Fig. 2.29(a)$ &£ UY(b)IZ CP-Ti/SPCC FE 2 FSW # & #k T D 5] & & A Wr
W EICKIE T e —T R IOEEL X5 RERER ORI 8 5
HZ,RT., 7o—7KX 09 mm T, #AREMKE R LY, 7o
—7EX 108XV 11 mm TiXCP-Ti MW 22 L. B —
T RS 0.9 mm 28 D R AKX REA RIS EE T D 22 ALK I S R
KEBXONS.
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Fig. 2.29 (a) Tensile shear fracture force and (b) side view appearances of the
lap joints of CP-Ti and SPCC with different probe lengths of 0.9, 1.0 and 1.1

mm at the same welding parameters of 100 mm/min, 350 rpm and load 9.8 kN.

Fig. 230 IO AR T Z 2 L7270 — 7 £ 0.9 mm THA L7k
T OB iR A Wrak B % O ik Wi i © SEM B 5. % 7~ 9. CP-Ti ffl o i It i 2>
O h U RVKRERREPBEZIN, ZODICHRENOHMELE LS
LD,
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Fig. 2.30 Fracture surfaces of CP-Ti side of the tensile shear test sample

welded with probe length of 0.9 mm.

Fig. 231 B L Fig. 232 IZHTLICHE LI HEASKETH HiE 7.35
KN, > — L#& # FE 50 mm/min, [EI#E£# A 400 rpm, 72 —7 O K £ 0.9
mm i LN L.0mm OEESKMFTHES Lz 2B 0 R&E 722 CP-Ti/SPCC
DERQFSWHHtF O DG RE ABRBRGE RS I ORBREORAFABETE
EENENRT. WTHhOMT S CP-Ti M THW L, F:4 & R D 5
RIREN RO, £, BRMMREICH T, #ffFREK TSR
Tl EMBFSWIZ LB EBIZEI2FE LWHILITAELTL TV RN &N
MRS, §7b b, CP-Ti & SPCC O EMBEAMK TN /oM
EExAETHZENHLNIIRoTc. ok, @BMEIEEWE LT FeTi,
H LT FeTi WERLTWAIZE b o T RGRMKFRELRL
FHEEBELT FHEBAEmTIEZIALOEBRALEY N B-Ti &HfFL T,
W BIRICERSh TWwWizZ Lk, £/, BABRAm Ik L
TORMEEE S TK 300 um EJEWIZH020b 6T, &RHELEWILp-
Ti b HEFLEFEVWERTHY, DoOlBHEWERD B-Ti LV KA
T EEERERK L TWVWDL D EEZILND.
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Fractured at CP-Ti base metal
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Fig. 2.31 Tensile shear force of the lap joints of CP-Ti and SPCC with

constant welding parameter but different probe lengths.

(a) Probe length: 0.9 mm

Joint area Fractured at CP-Ti base metal

(b) Probe length: 1.0 mm Joint area Fractured at CP-Ti base metal
"l —

10mm

Fig. 2.32 Side view appearances of the lap joints welded with different probe

lengths, showing the fracture location after shear tensile test.
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2.4 #&

[l

BE1.0 mmd CP-Ti & HE3.2 mmOSPCCH EEFEH#EAILIZ L - T
HTa L, EAfkFIEA, #4050 O fk ds I Ok o BT R IE T8
EEMMOEB R BFT DL L HIC, TOHELEOHEEICOVTHIL -
R, UTokmarsair.

(1) E 72 B2 A 5 F TIXCP-Tix Bk & LT, SPCC% T & L TFSW%
MW ERESIIWRETHY, Mo ERmE2ATLHEAH T, »
Ok F ORI W TCP-TIREM M2 23 5 RAF 2 fkF 20515 5
.

QEEAHRER X OREREEIC LV, FSWH O ABE ITHE S, AZE
ANIE DM TIXCP-Ti SPCCO ERMF TR ST, £2, AR
W% DSt TIXCP-TIiN Y — VI EEA LT, FEIZHER XM Z 3 &
L.

Q) AW E O I F X OE 53 o 0 12 £ v, FSWIl 2 i oo A B &
DI U, kT B R R T L7

4)—EHEAGEHETTE, 7e—T7REIOHEMZHEY, e —7 %0
THSPCCO K & ORI L, @ E OB CTIXHEAITEEIC
WIRRMGERE L., 27 e —TEIRRETHHEEE, TR
TERC S 72 Wy, BV IETE AR S 40 T b FSWal 2 112 #2551 £+ i
CP-TiO MR E A R +4r & 72 0, B8 FLm S b o % VIR KR g 23 %8
LT

(5) FSWIZ L 5 CP-Ti/SPCCE Rt Fo A R mEILX, WHE PRSI N
WA EEBIRA SR mo2EBEICOEI L. WTTh
Dk F b CP-Tik:M THEWT L, REM & RFEDOGIREME NG L L.

6)eREMEEmE L TFeTi, & L IEFTIiNERL TWDHIZE b
CF R MFRELZRLIZEBE LT, FIBERBETIXINDL DS
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BHALGMPB-TIEEFL T, MEVWERICERSATWEZZ &,
¥, BARBRAE CIZAARLE L ToREREE SIT300 pm & JE
bbb o T, EBEMEAEWEB-TIEHTFLEZEVWERTH Y,
DO HBHENEIROB-TiE V> FA v FEEEHEKL TS,
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B3E FSW 2L % CP-Ti LXFT UV LVABMLEDEAME
RTEE OB

3.1 ¥

RECIE, 1 BT, TEMICEERISHARNHFIND
BMMEETHDLIN, TO—-HFTE&BMILAEMERR LT, B
BAEPEHELWVEAE E LT, TEMMT X (CP-Ti)& S8 B & D
MEBEGIZIERL, £ FSW EREARFRMELZHLNCT L2 L2 AN L
LTW5. H2FETIE, £3 CP-Ti L Hfi/ek%EM ThH 5 SPCC & DR
M AEICOWTHRE Lz, RETIix, S B & U Tl & M & OVt
BBV AT VL AMTHDIA AT T A NRAT UL A
SUS304 Z# MY B, A RMDOIEEL LR WEEREESFKEZHLNICT
Dbz, MMFERRTABMBRBREZITY, RIULRMFRENGE LD
BEAREmMEEIEZH OIS, MBIt HE N LEMRMT X
BB E O RMAMMTFOBRSREIC KT TRBELH O NITLE,

3.2 ERGIE

2B T N BEEERESEE A FSW-JWRI-1, Fig. 2.1)%
T,FSW BM ERBEA 21T o 72, FSW #46 &8 L Ok O T il Lk <
WM OFEM GBS 2 BEFAKETHD. kML L THWETL
ERMT Z > CP-Ti (JIS 2 F)B L OEREHA BE & L TH W 72 — % % IE 8
B SPCC, £ — AT F A FHZR AT L A4 SUS304 Db -HLAL % Table
3.LIZ/RT. SPCCIXF AT L AL Dl & L TH W, CP-Ti B &
O B OB BERFIEILEE 1 T2, ZhboiFuvnFhb M Tcb
D, ZoOsHiEE, CP-Ti TIiX 200 mm(L)x85 mm(W)x1 mm(T), i OViZ
SPCC # X TF SUS304 Tl 200 mm(L)x85 mm(W)x3.2 mm(T)CTh 5. #
BERFICHWERAM O &S L O FiE% Fig. 3.1 12x3. Hinikey —u
IE 2 ECRRTZEHEASWC-CoO)ThH D, VL7 a—7&IL6
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mm, > a LA FZI5mmMBLIRA e —T7EIZ1.0mm ThH 5.

Table 3.1 Chemical compositions of CP-Ti, SPCC and SUS304 (mass%).

'l':ul:‘:;e;: C Si Mn P S Ni Cr H o N Fe Ti
CP-Ti 0.0l - - - - . . 0.001  0.09 - 0.03  Balance
SPCC 004 001 018 001 001 - - - - - Balance

SUS304 006 053 098 0032 0005  8.09 1828 - - - Balance

<
=

Y__Y

85mm

Y

40mm

LY
A4

85mm

Fig. 3.1 Schematic diagram of the shape and dimension of a dissimilar CP-

Ti/SUS304 lap joints.

B4 1T Table 3.2 12" 7. #A4HE,Y —VEEEEL LY —L
MEIL, H2EOFRBLIOCENO PHBFERICLY, ZoHEE#S
SE®EEEZRE L. EAFIRY —LBIRY — LRV Z OB E B
T 27Dy = VAL NBIZHEKEZFBRSE, SHICY—LEB
LFOBEAMEBEROBILES LT 27207 VI HARMRH TIT7e -
oo FlT7 VAT T AOFEIL 25 Limin & L 72,
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Table 3.2 FSW conditions used.

FSW parameters

Welding speed (mm/min) 25, 50, 75, 100, 125, 150
Rotation speed (rpm) 150, 250, 300, 350, 450
Load (kN) 9.8

Tilt angle (° ) 3

A TR, 2.25 L RIS BT ABRBRIC LD 1T, 5lERER
% DWW BT R LT, BB E oA K O SEM 1T K 2 il B 5% & AT
- 7z,

Flo, BEAmICKH L TCHREFMOBEBGRELZRFT T 2O E— L
MR T o7, AL, SlREABMRBREFRKRDO A 2 b e G 5E
R ZHNT, 7B 2x2~y RAE—F 1 mm/min T{7o72. ©— /L
BRAIE, SIiRAREBR R & AARICAMFRE 22 H0E 12 mm B X OE S 130
mm 725X )ICHEEGFMICR L TEREICES 3 AORBRFZE0 H L
7. D%, Fig. 3.2 1R T X H TR O CP-Ti M E %2 90 FEIZHT V
g m T L, RBRICH L7e. ©— L aBR % OBk iz 2T, ik AL E
BELOSEMIC X 2Bl %217 o 72,
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Bending g:>

|i3mm

EQ—D V\

CP-Ti | 40 mm

SPCC, SUS304 and SUS430

(a) Preparation of the test piece for peel test

Load

V.

A

10 mm
i > SPCC, SUS304 and SUS430

40 mm

(b) Setup of the test piece for peel test

Fig. 3.2 (a) Preparation and (b) Setup of the test piece for peel test.

33 ZEBRERBLUEBLE
3.3.1 CP-Ti & SPCC B & ¥ SUS304 ¢ D B ELRMKFOEESHEFRD
24 4

ARETHE, #AEMFRERICKETTESRMEOEELRFT 272012,
9, AEMEHEEG TSR L CHEIESES K EZRD . WC-CodTF r—
TEX10mm oY — L EZHNWT, Y —/LfifE 9.8 kN —& & L C,[HH#5
HWEBIOEAEELZZNENELIE . oK% Fig. 3.3
2T, 2B, SPCCICOWVWTIHE 2EOHELZHEBEL TWVDLH. AT
2L DMEFICTEBWTHMHMFIERIT 3 DOBREICHEI L. T2
bHh, NBVRRBICED2BEAGREOELSLRKREAT O KB L O#A
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FEERATTOLDE, NBGEZ O KM T Ti BDEAHICY —/VITEE
L, -8 EFmHTIXEIRKRBOBENED SN, @wmIESEHETIX
BoONREXHEATHDESMNELNT.

(a) CP-Ti/SPCC (b) CP-Ti/SUS304
500 v 500 -
450 r Excess heatinput 0O .70 50 | Excess heat input ‘0O
400 | Pie 4o | P
FREL o .70 PESe ST m] ,6 O
E 500} o -7 E 300 | .
B 250 } e o’ 3 20 | 0’/ -7
B 2 , - 3 2 o o o _.e
S 200 f e e & 200 | P -
- -
£ 10} A § 150} . .7 %
= 7’ - = ¥ -
£ w0 p L g wo} s -
- . - - - . .
Moso o e Insufficient heat input Rosot L Insufficient heat input
0 . : ; : : 0 lez
0 25 50 75 100 125 150 0 25 50 75 100 125 150
Welding speed (mm/min) Welding speed (mm/min)

[0 Large burr and probe tip damaged QO Good lap joint with smooth surface

X Lap joint with inner cavity defect or not formed

Fig. 3.3 Combination effect of welding speed and rotation speed on the lap

joint formation of CP-Ti/SPCC and SUS304 at constant tool load of 9.8 kN.

EHEAREMEITIRBRB R ABARTI A —F RIV TRDLT Z LN T
X, AR TR X 912 CP-Ti/SUS304 1% SPCC DA LV K< I o T,
WTRORMBEATICEBNTH ABRZ L 286 FHEMTIZIEN
CThHote. LLABKRRE LR HERIE, SUS304 (X SPCC L W IEA
BANCHBITLTRY, 2o lc@ERE#HBEESETIALE. 2o
EOWCABBZ OBERBAMEMETICL O TIZIER L 20X, EKR
DCP-TIiOY =L ~DEEFEIZEBLTDHOTHY, FTROEEIT/
ENTDLBEZOLND. —FH, HAEMFRTBERIND 0 E S 0Kt
LT, —E0Y —AmETHL2T 6N TWD P —7 )
THTHHMRERICHDICHEMT 2089 NITEKTFLTWD LB 2
SAL, Z 07RO E LR E B BER T D SR O BVE B E 3 B
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BLTWAHLEEZBND. SPCC B L O SUS304 D Zfr i =R (=R {1 Tl &
L7277 — %)% 0.1178 33 L 10 0.038(cal/s*cm + C)TH 0, &4 & DN
EEBITIE T L, SUS304 i SPCC LV H/hEWETH DL DT, AR
HICBT2ENRKTEHE LN 2DTEEEZIOND.

Fig. 3.4 3 X O} Fig. 3.5 {2, ¥ — /L [A#E@# E 350 rpm 3 L OV A &
100 mm/min —E D ST, THROSMME 2 B SO EAMT
ABlB X OWmE I 7 nflfkr 2z Znr"d. WTIhb N DRWIED
MRS R ANV A B LT,

Appearance (9.8 kN, 350 rpm, 100 mm/min) P

RS i
CP-T1/SPCC '
AS

CP-Ti/SUS304

Fig. 3.4 Appearances of the lap joints of CP-Ti/SPCC and SUS304 with 350

rom and 100 mm/min.

CP-Ti & SPCC # £ I8 SUS304 L ik F Tz Wo b Filg 7286 i
ML, TTIBRARTZEIIICAELEDORMENZ D DIF L
CERFINSLS LB RIZH Y, F—HEE KM T CP-Ti & SUS304 &

DA R HEIREIL CP-Ti & SPCC L OHEAREREIZLIVEWERE S,
CP-Ti & SUS304 & Dk F 25 Fid 06 REm NS IX & & nk D0
M BREAF B OB & H M L, 7 7 — 7 2% SUS304 (ZHfi A T X 72
SltEZEZBLND.
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(a) CP-Ti/SPCC (b) CP-Ti/SUS304

350 rpm and 100 mm/min.

3.3.2CP-Ti & SUS304 M ELRESRAEMMEE L EolE

Fig. 3.6 (Y — /L [al#x# FE 250 rpm, J# 1E 82 A # E 25, 50, 75 B L O
100 mm/min O E#: & S THiA L 7= CP-Ti/SUS304 o T 4a ik T 1T i
D~z rxd. WTFhLoMFLRELRBRENBG LA LD
ThDH. BEEHEE 50,75 F L0100 mm/min THA LT oA R
TR ARETHDL.—F, TVRWESGHEED 25 mm/min TEA L 72k
T OSSR TIIEOICE R S L CP-Ti & SUS304 O # # IR & L #k 23
HFAELE., ZORAGMHEBIZE 2 TR X512 FSW iR HF Iz 7 a2 —
7 e 2% SUS304 O K i FE IR S 4L T, R S 4L, CP-Ti & SUS304 A3
FMAEICHERE L CERSNZBRHA#EEEZ 55,
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Welding speed Cross-sections (OM)

RS AS
25 mm/min
50 mm/min

SUS304

RS AS
75 mm/min - § CP- Tl G e SZ: PRI L

SUS304

RS Sz AS
100 mm/min | CP-Ti , s o s Ok

AD & LAl S o ok BN L e SOOI IR | oo WS A NG | L
SUS304 1 mm

Fig. 3.6 Cross-sections and interfaces of the CP-Ti/SUS304 dissimilar joints
with different welding speeds of 25, 50, 75 and 100 mm/min at constant
welding parameters of 250 rpm and load 9.8 kN.

INLOEAGREOEHREEE ERZT 570, TEM 12 X 25 M 28
REiTo 1.

FTHEEHEE 50 mm/min TR S 4L 72 98 Fom ALk o [ E & 1T o 72
Z Dk ® % Fig. 3.7 75 Fig. 3.10 IZ/"¥. Fig. 3.7 1T Al Xt E 21K %
Gy, EPIIR AR R THLEZL L 7= STEM IC X 2 W B4 (BFI) B L O EDX

LRI TH L. TEM BLEIZ X0 R EIZIEE S/ 300 nm D i g D T
SRR BTz,
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Fig. 3.7 (a) TEM bright field image (BFI) and element distributions of (b) Ti,
(c)Fe, (d)Cr and (e)Ni at the interface of CP-Ti / SUS304 lap FSW joint at
load of 9.8 kN, tool rotation speed of 250 rpm and welding speed of 50

mm/min.

Fig. 3.8 X Fig. 3.7 H o Ftim SO 8 % & T 7R BRI S BT 2 W T i
KRBT R TH D, KOLEMA CP-Ti, £ MI23 SUS304 TH 5.
COREICEIZITEN TR ITHRDORLR D 4 S0 F RIS E R
D BTz, EDX SmHEE AT OR R LV, RIS gL CP-Ti filH b,
(I)Ti l2 SUS304 D FEE4IILFE THDH Fe, Cr BL O Ni BHE# L, EIRE
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L 7= fE % (Position 1), (II)Ti & & O Ni 23 4L L 7= fE ¥k (Position 2), (I)Ti
B IO Fe 23k L 7= fH38 (Position 3), (IV)Fe 3 & O° Cr 2N i1k L 7= fE I8k
(Position 4)IZ ¥ & 7=, 78k, (V)X SUS304 @ R 44 7 ik (Position 5) T
H 5.

o e
x Position 5
Position 1 e
\ u . 23
Position 3 ' R

Fig. 3.8 BFI at the interface of CP-Ti/ SUS304 lap FSW joint at load of 9.8kN,
tool rotation speed of 250 rpm and welding speed of 50 mm/min,

corresponding to the area shown in the red broken line in Fig. 3.7(a).

& \Z, Fig. 3.9 |2, Fig. 3.8 1™ Position 1 7> & Position 5 (2T, il
PR FREHT(SAD)IC K 2 MHIAEZ TR 2 mT. WThoOE
BIZHE W TH,ICPDS I — RIZRR#E SN TW DO WE & L CTHES 2 EE
Thby, FdRoRSHOMEL ALY THELLLMAERL, Fig. 3.10 12
FLOTRT. TORRE, FmbsEIX CP-Ti 2~ & B-Ti #H, Ti2Ni AH,
TiFetH 3 X O TiFe2 tH D IR G, o-CrRetH 6 72 2 M E L M E S L7z,

67



(200) .

.\. - /(Qll}

S s (044),

Fig. 3.9 Selected area diffraction pattern of positions 1-5; (a) positionl:3-Ti,
(b) position 2:Ti2N, (c) position 3:TiFez, (d) position 3:TiFe, (e) position 4:
o-CrFe, (f) position 5: y-Fe.

Fig. 3.10 Identified pheses at the interface of CP-Ti / SUS304 FSW lap joint
with tool load of 9.8 kN,tool rotation speed of 250 rpm and welding speed of

50 mm/min.
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WIZ, TOXI REREHEEDG 72 2 RS8O RISV T,
SUS304 ~® Ti O ¥ I L O CP-Ti ~® Fe, Cr 3 X O Ni D IL#Iz 23
VWIZHEFT L7z y-Fe D Ti, o-Ti H#~D Fe, 3LV B-Ti ~® Fe, Cr
FONIiOZNZN ORENEHE Dok L OVE ML = /L ¥ —Q % Table 3.3
2”7, 723 SUS304 10 Ti DL T — Z 2B L TlE y-Fe 1 Ti LK
(Z B8 D BUfE & 7z

PR %L D I3,

D= Doexp(ﬁ) (3-1)

FOVEHBLEZ 22 TR EFRAEESE 8314 J-Kimol!, T(K)IXIRETH
H. (B-1)R K VIEBARE D TREKFEEEZ R T 20, B OREN
VETHDL., 207, RETICE KRB 2 v T CP-Ti & SUS304
OFRETHE L HEmEERETH D 1258 K # fAViz. 2k, EHEMN
WCEEHRmOIREZFR T2 2 S xR0, JESILATEERR Y
REIZEWATE Lie, 2 ERE M L t# g% Table. 3.3 [Z/R7 .
F 721258 K TI Fig. 311 IR FTHRERK L D CP-Ti AL B-TiIT72 D &
EZbhb. Table3.3 L0 B-Ti ~d Fe, Cr 3 X O Ni OHLEFR %k 1T y-Fe
SO Ti OIEEARE L VT2 02 KRE V2D (3~4 #), TG o Ak
FEOBIZ, 2 LTCCP-Tifllic Fe, CrBX NI EH LEZEE BN
5. Fe, Cr BX U Ni @ B-Ti ~DILHARLEIE Dni> Dre>Der Th o 72
FRlZ, Crid Ni BEL O Fe ICHELHURE DS /NS WETH -2, 22T
VYL B BE x 1X, x2ocDt ThHDH7=8, FSW H CP-Ti ~D It 5% D L
PREEIL XNi>Xpe>Xer E B Z BNLD. ZhIE Fig. 3.7 @ EDX I X 5t %
oA RICS — 8T 5.
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Table 3.3 Diffusion coefficient of Ti, Fe, Cr and Ni in y-Fe, a-Ti and B-Ti at
1258 K.

Matrix gﬁﬁi /11"1]2)-3'1 /m]?-0 ! /kJ 3101'1
v-Fe T1 S61x1016  1.50x10° 251
a-Ti Fe 323x1013 120x108 110
B-Ti Fe 466x1012  8.00x107 126
B-Ti Cr 326x101B  7.40x107 153
B-Ti N1 S58x1012  1.70x10¢ 132

%72, Fig.3.11 (a), (b), (c)& L ’(d)Ic =N = Ti-Fe, Ti-Cr, Ti-Ni
B L Fe-Cr ke Z~4 7282, Z b2 5 Fig. 3.10 T L7224
FIE DTN FERERICFER SN T EIRERLAYM TH D Z &0
R S i,

Temperalure “C

Temperalure *C

Fig. 3.11 Binary alloy phase diagrams

(d) Fe-Cr systems.
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WAZ, Fig. 3.12 1382 A 3 B A E B 0 25 mm/min TR K S 7z R IR
AEREEE AT L2 AmICB N TRENR 1 DOBFICER L TIT-o 7
TEM « EDX i 2y B it B2 & 77 4°. SUS304 728 CP-Ti I & Eh/=H v KA
YTFRMEE Lo TWVWLZERERBILIEDMNDND. 2D XK H7NR
JEREILHE 2 B Tk~ 7= CP-Ti/SPCC ik F L [MEk Tod % . Fig. 3.12 (a) HIZ
AT LB L N2 DILKREE%Z Z L E 1 Fig. 3.13 ()8 L B(b)IZ <7 .
TEM-SAD 2 £ ¥ Fig. 3.13 H O ICHOWTHRE LR EZ RKH TH
AU IRAMET CP-Ti o B-Ti, &JEMIL& ¥ TiNi, TiFe, TiFe:
BLD o-CrFe BERICEZV G- TS, £2EIKD SUS304 #1244
Oy D HLERTIE y-Fe 2358 DAL, SUS304 ARG DIRRE THEE L T
HEZEZOLND., TO XS S Fig. 3.10 Trr L 7z B 722 g i i
TROLNTEHBELRLCThHoTZ. TNHORR LY, Y- O
BHRIZ K - T CP-Ti & SUS304 NS MEICHERD GV, 51T, £
DG THEB AN T 22 TCEBAEMHABPIERLINTZLEE LD
no.

Fig. 3.12(a) TEM bright field image (BFI) and element distributions of (b) Ti,
(c) Fe, (d) Ni and (e) Cr at the interface of CP-Ti / SUS304 lap FSW joint at
load of 9.8 kN, tool rotation speed of 250 rpm and welding speed of 25

mm/min.
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TiFe, TiFe,

Fig. 3.13 Identified pheses at the interface of CP-Ti / SUS304 FSW lap joint
with tool load of 9.8 kN,tool rotation speed of 250 rpm and welding speed of

25 mm/min.

3IIEEMELCRETEARATOEEDHE
3.3.3.1 MEF5IRET ABTRE

Fig. 3.14 |2 — /L [A[#5 36 FE 350 rpm 5 L VA @ EE 100 mm/min —
EDZEMET, THELTOSPCC & SUS304 2 H W 7=k 0 5l 8E 8 Al
fEZRT. REEEILFig.35 CTRLAELYICWTR G FEmRimTh
. WIT L OMT S CP-Ti REAF THEWT L, REAF & RIAR D SRR E & 72 -
T bbb, WIESEA LM TS SN CP-Ti & SUS304 © B 24
MFIX D RBEARELZAT LI LW LNICR ST,

Fig. 3.15 ([ faf B 9.8 kN 3 L OV — )L [al iz & 250 rpm — & S F F I
B D5 ERBRIC X Y HE L7 CP-Ti/SUS304 H 4 FSW £ &k T 0 fif
WromE I MIETHEGREORELRT. WTHLOMFL CP-Ti R4 T
Welr U, B & RO SIRME & 725 7=,

INETORMMFICEHTIBELV ATOoRHEILEWEDE S
DA pm XD WSS ITIIERAE WEFRENGOND Z DD
nNTWwW5s, ZEMEZ R L7 SUS304 OB A, ¥ 2 =Tk~ CP-
Ti/SPCCHtTFIZBIT DL ICB-TimNbEWEEY > FA v TF#HEE%

r\\lr,
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R LR ZREAmNERHEVHEEZETD2IC50rbo T
CP-Ti M2z b7 Lt EZDbND.

Fractured at CP-Ti base metal

Tensile shear fracture force (kIN)

6
5
4
3
2
1
0

CP-TV/SPCC CP-TySUS304

Fig. 3.14 Tensile shear fracture force of the lap joints of CP-Ti/SPCC and
SUS304 with FSW parameters of rotation speed 350 rpm, welding speed 100

mm/min and tool load 9.8 kN.

Fractured at CP-T1 base metal

Tensile shear fracture force (kN)

= N T T

Welding speed (mm/min)

Fig. 3.15 Effect of welding speed on tensile shear fracture force of FSW lap
joint of CP-Ti/SUS304 at constant rotation speed of 250 rpm and tool load
9.8 kN.
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3342 F L —HEE

Fig. 3.16 fif & 9.8 kN 3 L OV — /L [Hl#5# B 250 rpm —ESMH TICH
5 e — LR BRIC X Y IE L7 CP-Ti/SUS304 42 FSW 4 #k T 0 A
WromEEIC RIETHAGEREORBEL T, E— AR BRTIIWVWTDRME
THLESNE CHE L., ViR Ema2 AT 2MFCh o#EAEE 50
mm/min IZHBWT, b EmWEERENGELNT. Zh XV ESEEN
ELTYH, < THE— Vi EIFK T L. #EHEEN 25 mm/min &
B2, HEBRAMME AR T 2/ F T Fig. 3.13 IR L2 XL DI,
ffe55 72 & B b & W g S 2 g 1 CE < A e o 72 S ALk A Rk
T 570, B VBEEEIFEKT L. —0, SEHEN I WY
BT, B EESHTE VO ANBRBEOWICLY, BEAERENBL T2 L
EHICEARE CORFBEBRN AR+ LRy, A RSRBEAH AL
DRMIZEVRENE T LIZEEZDBND.

2.0

L5 -

1.0 F -

Peel fracture force (kN)

OVO 1 1 1
25 50 75 100

Welding speed (mm/min)

Fig. 3.16 Effect of welding speed on peel fracture force of FSW lap joint of
CP-Ti/SUS304 at constant rotation speed of 250 rpm and tool load 9.8 kN.

Fig. 3.17 12 & & = W\ B — VRT3 BE 2 7R L 72, #2853 E 50 mm/min @
PO TS L7z CP-Ti,/ SUS304 @ v — LikBitk ® CP-Ti il L O
SUS304 il o I B i & SEM-EDX 12 K % fHfk B 225565 3R & 7k 3. SUS304 1
O 7a— 7 @i TIE AS fld K OVHIBEmm O I BRI o Ti AL fE Ik
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W B AL, FRICES PR TITRIRICHFIE L Tz, — 75 CP-Ti il T Fe
TR S o7z,

Fig. 3.18 3 L O Fig. 3.19 {2 Fig. 3.17 @ CP-Ti fll®(a)k L WO
SUS304 Ml > (b) THIE L 7=/ 8 XRD OfER L, 2N EF N O
THIE LR 208 T2 239, Fig. 3.18 8 X O Fig. 3.19 O X+ —

F OB AN = ITRBEEK AR LIEERTH D .

FPFENENORHM & L TIX, CP-Ti 5 1% o-Ti 3, SUS304 22 5
I% y-Fe 38 £ OV a’-Fe(Martensite) 23 f Hi & #1172, SUS304 TR S v 7=
o’-Fe |3 SUS304 o Bl y&E it #2 o ¢y [W] AL 55 T 5R0 T 23 il do v I T.5%
O~V T oA NEERELZZDEEZLND.

SUS304

Probe travel zone Probe travel zone
Fig. 3.17 EDX analysis showing alloying elements distribution on the
fractured surface of SUS304 and CP-Ti lap joint after peeling test with load
9.8 kN, rotation speed 250 rpm and welding speed 50 mm/min.

B— LB % O CP-Tifl Ok TiL, M TH D o-TilZIx, Fim K
Ji 8 T o D B-Ti, TizNi, TiFe 38 & O TiFe, D FENFE D 541, SUS304 D
MM TH D y-Fe HDFEEITRD LN 7=, SUS304 Ml O filf iff TIi,
MM Th o y-Feb L Wa-FelZlx, RIS E ToH 5 B-Ti, TizNi, TiFe
BXOTiFDTFENRBO LN, 72 CP-Ti DM D o-Ti DFE LR
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Do, TUNOHDOFRELY, ©— Rl BRICI MWL, &L THE
FGJETAL, —#HTCP-TIRMTHLALTWDL Z R R®BEINT. £
7o, BEA R m OGN Tk, o-FeCr b T O HEENRO LN TV D
23, XRD IZBW T o-FeCr It S e v o 72, ZHid o-FeCr D JE & 73
WO THES,XRD THRET 20PN ETH-T2Z &0, MO ENG D
B —27 LEEL TCBYDEEZITOONRKNETHS D THD L
ZExbhb.

Bmo-Ti AB-Ti ey-Fe oa'-Fe
3 TiFe wTiFe, CTiNi
! ITL n r
<
High sensibility
XRD pattern of s v
o 3 &
CP-Ti side %
A WMW A
E m
o
©
B m
@
S Fractured A
i surface !
peeled face m m -
CP-Ti side A
[
BM(CP-Ti) m m
20 40 60 80

26/degree

Fig. 3.18 XRD patterns of the fractured surface of CP-Ti after peeling test
comparing with CP-Ti base metal, load 9.8 kN, rotation speed 250 rpm and

welding speed 50 mm/min.
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Bma-Ti AB-Ti ey-Fe oa'-Fe
$TiFe wTiFe, CTiyNi

@O
High sensibility
XRD pattern of .
SUS304 side A
g o
0
g a
2 | Fractured
2 | surface
2 | peeled face O
- SUS304 side m L
@
(0]
BM(SUS304) Ag |
20 40 60 80
206/degree

Fig. 3.19 XRD patterns of the fractured surface of SUS304 after peeling test
comparing with SUS304 base metal, load 9.8 kN, rotation speed 250 rpm and

welding speed 50 mm/min.

77



3.4 #ES

WME1.0 mmOCP-Tit WE32 mmA — AT F A4 FRAT L R
SUS304% FEEBIT ¥R EE G IEIC & o THES L Ak F IR AL, 84 L im o Ho il
ki X Ot FIREICRIETHAESRM DO E L, CP-Tik KFZHMSPCCL O
WP LR, T 2E LB, TOEAHBIZOVWTHREL, LTO
R

M EREAELEEH VL Z EICEVCP-Tiz EE LT, A—2F
A FRAT L AHSUS304% N & LICFSWIZ L 5 ST
AIREETH Y, SPCCx T & LIk F D5 E & [FARIZ CP-Tik: A ik
AT RARMFENELLE.

QEEHEEL L ORIEHEEIZ LY, FSWH O A B E (FH 4 =4, A
REDOFETIIERPFEIER IS, /2, ABRZ O LM T
CP-TiZd Y — /VITHEA LT, RMEITER KMz R EL -,

B)EELTLEDHEMENZL NV DI EBAEERII/NEILSRIZEMITH Y
[F] — 8% & 4 TIXCP-Ti & SUS304 & o #% & St 1 1 £ 1Z CP-Ti & SPCC
COBAERBEREICEIVENWEES. 20, BARRE LR DER
1%, SUS304(XSPCC X Y IR ABVUNIC AT LTI Y 3l 1E 5=k S PH I3 A
TILR L7z,

B WTHNOES LB W TS CP-TiI/SUS304 AT ORI, R
I B JE 23 g CAEAE L 7. S RO 1T CP-Ti 22 & B-Ti &,
Ti:Ni J&, TiFe, TiFe2 B8 L ' 6-CrFe DR E LA D LT,

(5) FSWIZ X 5 CP-Ti/SUS304E Rk F o #E G A mILiEIL, m& NIERE S
N WEEREEEBES SN Smo2BRICHEHI T, WT
ALDOMETF & CP-Tikk# THEWT L, M & R DGR E NS STz,

(6) if EE9.8 kNB L VY — /L [H i 250 rpm— E LM TR 5, #4
WEZ LS, A LEMTPICRH LT AR EZITo R IT
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W NOEETHEA N E K L. FineRmE AT 5/ FT
b DA HEESOMM/MINIZBWNT, &RbmWEEBRERN GO, 2
NEVEAHRENES T, B THE—/VREITKRT L.

(7) ©— LikBri% o CP-Ti MO TlX, M TH D o-Ti ITMMZ, fmE
KIS T dH % B-Ti, TizNi, TiFe 3 X O TiFe; OFENE O b i,
SUS304 D4 Td 5 y-Fe EDOFIEILR O b2 h - 7= SUS304 il
Offm TiE, M TH S y-Fe BL O o’-Fe 2z, REXIGE ThH
% B-Ti, TizNi, TiFe 8 X O TiFe; DFEENR O H L T-.
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2) T.B.Massalski, H.Okamoto, P.R.Subramanian and L.Kacprzak, “Binary
Alloy Phase Diagrams Second Edition”, ASM International, Materials

Park, Ohio (1990) CD-ROM.
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BAE FSWIZ XK % 64 HL S25C L DEMERES
Y £5)

4.1 WS

ARETHE, § 1 BECHERELI>CEBEMRILAEDE R LE#HENNED
BREMMHATE L THESGROMATICERL, 22oEHANRBAND
MEHRER R EOEEMME L TRER=—ANH D 64 FH & HEAEIE
MR FEH(S25C) & D BMEESG BN L, ZD FSW HARHESGREEZH L
T L EENE L. BMMRFOZGRMEICEEL KITT FSW
BEANTA—Z L LT, AEMNOBIENOEBERANT A -2 TH 2D H
BHEZ FICImY BT, 6k FORAKER X OEA im0 &
EICKRIEZTEELIRF L, £, FAMCO LD ICHNERESHIE
DY KR Z BT 7-DIT, single pass THEAEHIEZ CEX A2 TIEKRT D H
5% fEt LTz, single pass TEAMIEAILRT H201C1E, v —71#%
(probe diameter:PD)Z N+ 2 HiEAmBO TCHEEEZOLND. L L,
Hii7e PD oMz cid7e <, PD & v a /b ¥ — £ (shoulder
diameter:SD)D L E DO RHEIL O EE TH L. Z D07, BHEAHHIEL LV
BAMEICKITT PD OB LOPD L SDOLEOEEL R L.
ZLT, #ARMOBELLZWHEEESSFEEZHLNCT DL L LB
MEF ol A WRB 21TV, BRAFZ2 MK FMRE NG 6 N 2 84 5 m i
& B 522 L, 64 H8 & S25C @ FSW 2 &k 2 BAf i a4 & Bk &
fiEir L 72,

4.2 EBRFGIE

B2 BTk N7 R R A 2L E (A FSW-IWRI-1, Fig. 2.1)% H W
T,FSW B ER#ESFEREZIT o /2. FSW 84 EBR HFIEIXEARITILE
2 BLAKTH D, AR THREM & L THW IR 64 HEll IO
S25C Db FHRK & Table 4.1 12" 7. T HIEHRM TH Y, £oO-FiEIX
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64 ¥ & 2% 200 mm(L)x100 mm(W)x3 mm (T), % 7= S25C 7% 200 mm(L)x100
mmW)x5 mm (T)TH 5. #EARKFICHWEMEAM O #E B L Tk %E
Fig. 4112”7 .SDIB L PD &5 5D WC-Co > — /L& Hwn
o, 7m—7RE 2. 9mm —EE L. YA BEEL LOEE Fig.
42 B XN Tabled 2 [z R d . #A5%MH1E Table 4.3 IR, #A
HWEBLOY = VEHEHEEIZ N OO EECTHEAZITY, £ O IE
BEAESEHomEERTF L. hBERYFICBWT, HEMETHD 64
PRI Bl E U, HEAE D S25C HRIZ T & L 7.

Table 4.1 Chemical compositions of 64 Brass and S25C (mass%).

Chemical compositions (mass%o)

Alloy
C Si P S Cr Mn Fe Ni1 Cu Zn

Brass - - - - - - - - 61 Rem.

525C 0.25 0.28 0.02 0.01 0.18 0.52  Rem. 0.07 0.14 -

100mm

Fig. 4.1 Schematic diagram of the shape and dimension of a dissimilar 64

Brass /S25C lap joint.
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15-6 158 15-10 208 20-10

Shoulder-to-Probe diameter (mm)

Fig. 4.2 Appearance of five kinds of FSW tools with different conbinations

of SD and PD.
Table 4.2 Dimensions of the tools used.
Tool Shoulder diameter Probe diameter Shoulder-to-Probe ratio
SD (mm) PD (mm) SD:PD
(1) 15 6 2.5:1
(2) 15 8 1.9:1
(3) 15 10 1.5:1
(€)) 20 8 2.5:1
(5 20 10 2:1
Table 4.3 FSW conditions used.
FSW parameters

Welding speed (mm/min) 150, 400, 500, 600, 750
Rotation speed (rpm) 1000, 1250, 1500

Load (kN) 9.8

Tilt angle (° ) 3

BFoONTMFITH L THRAEMOISIBREZITV, HEMEERES
N OAERCIRIL I VRO 5 A\ DV TEAEE L 7.

ORI Z AT 272012, LT O FIE TS % R E %
ER L7z, £9, ERES 217 o Il A o 82 6 5 o 0 BT i & ~
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A 7nvkyZ2—THOVHL, ZhbzBmbREIEELZ H» THEDIA L
HATol. Th bR A 2= A Y —ii#220 7> 5 #4000 THIER, 3~1
um XA Y EL RRXR—=ZA MR TWEIZ LY &t P 21772,
XA X EY RANTHEZ, BHEZEE 100 rpm, ffEZ 5N T—E & L,
WFEERF R IE 3 pm TiL 600 s, | um TiX 300s & L7z, ZH &R BE e
AMONVTHEBZEL, SABHRAE TIIRIE TE2RWNEXMOA 2 51 ~,
= OB A & RE AR LT

fkFEWmDO~ 7 vkl IO 7 e BBl E 21T 5 2O 0 EHT,
NI RMERAE 21T 5 O ICFR LB E Ao FiET, AL,
BB AL B L OMWELZITo . Z0%, ERERK & L THALE — &
KIS (M L% 8 : 1009, =% / — /L : 500 cc, ¥ifi# : 40 cc)Z AW T
5s RAAITV, =X /7 — L THlBEREEREL, LFBEMEE, SEM LW
TEM Z AW CHBRBIZE 24T o 72, SEM Bl CTIE, 4O I 7 v %
Bl AATo T (BIEHEEITHE 2 mERE L), £ 72# 515 (Line-intercept
method) (2 X Y 3000 5 SEM B EH @D 64 ¥4 D a-phase D ki % Hl
E LTz, o, AR mTIE EDX ZHWT R o 21772, TEM #l
S20\C K 2 BB S 1 O UM RS & AR AT 2 ATV, UEREE 2B D T D
LLBICHEAGEMEOMM 21T o7z, #A R0 TEM 8142 1 a5 A
DIFREB L OBEGIEETE2ELRAETHD.

BARORGRFEREZRIT 5720, v — N4 A4 7D K-type B\E
a2 MW TR ERNE Z1T > 7. #46 fmfha ol ERE Tl s
S25C & @ M B & & e A A, IR E 24T o 2. WE AT, B
B LE D B A 3 mm (X727 AS-side IEA R TH D

BEAMOWM X, ~f 7ot ovh—2MIHABRKEEH T, #A4R
M2 B 0.5 mm 25§ & S SEAT R 5 S E L e BE SR E
OffE % 0.1 N, A% 15s & L, 0.5 mm [{ g T <540 &2 Ml E L
7.

FSWH# A THELONTLEREASMHFORBMAIMEE LM T 572012, 1
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v A b RGBTV TR THIREE AW R 217 o 2. Fig. 4.3 (2
SRR B O R I OVRBR T BB & % 7~ 9. Fig. 4.4 1IR3 K 9 108
BARICK L CHRE S MIC 3ARDGRE AKRERA Z0E 15 mm THE L
oo Fo, gliRA M E AT & EATICT 272912 64 Bk L O S25C
WIEZENENHEFEM 20T, B 2F L LTEHBEZITo 2. &
BREF OB BT 1.0 mm/min & L7z, F-RBRABIKROBEFZEN S, FF
fli L7z BlRRr T e KIEW W E CTd 5. X 51T, 5IRABR% O 6 ik
BHZ % L C, MW AL E O A& & O SEM IC X 2k mBl L %217 - 7.

FSW zone

160mm

Fig. 4.3 Preparation and setup of the test piece for tensile shear strength test.

4.3 EFRERBLUOEBE

4.3.1 BEIERESFMHEEK

64 HHHI/S25C HEAMFRMICKIETHEERMTORELRFTT 570
IZ,SD15mMmBELUPD 6 mm DY — L& H\WT, vV— LElzEE R X
CHEAEE B ST THEAETo7-. BONEHEE Fig. 45105,
H2E T L DI, —KIC FSW TIXY — LV [EER#H E R (rpm) & #6
HE V (mm/min)O Lt TH D Q=R/IV & FSW IZ L5 ABEI TG T 2 2
EMNDOHENEARI®ZD O FSW ABVEZF T 5 /N7 A —&% & LT,
IO Q NLIELIFAVWLND. L OEREMHFICEB VTR ER
BEAWMENEOLNDSEEHMEILQ=2.0205 Q=3.0 DO fHEE TH - 7-.
ZOFRMNFEMED S QNS ABRED DR DG TITABARZIZ X

85



Test specimen for tensile shear test

Test specimen for cross-
section observation

64Brass

Fig. 4.4 Preparation and cutting position of specimens for tensile shear test

and cross-section observation in FSW lap joint.

DEG AR Lo, £, ABURZ OS5 TIL 64 FHEIR D RS MIZ
REWANUNRFEAL, ASHNICIHERXMAZFAELT. REBHE 2 BB IV
% 3D CP-TIISPCCHFTRDONTLY — L ~DEFBGITR D b
RN T,

Fig. 4.6 1 SD 15 mm B X' PD 6 mm O Y — )V %& T, [al#5 3
1000rpm —E & L T, A EE L Z{bs¥ T, AE\EmZ%, @iEARE
FOABARRDOENENRENRFHETES LEMFONBIE L X
OMrEEREZRT. ABUBZ ORMETITRE W AU N RSANS, /2%
mIFER RG2S AS IO b, ZoEAREICHE W T, —#4 T
S25C XY — e — T2 XD BRI 64 AP ICEZAEN TV,
L2yL, CP-Ti & kMBI TR b BIRIB A MO FIEILRD b
minote. Fio, BEAREIC MR AVRK LB S, i IE AR
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KETEWHOPREREBIOCEEZEE R AT L 2 LI,

— 77, AR

DERETITHEEGMOEXHITEO N TH D0, BRMEF XK S R

> 7.

Rotation speed (min-1)

1750

1500 F

1250

1000 F

750 ¢

500 ¢

250

Excess heat input

Q

s

e
-

-

=3.0
\,7

4
]

4

-

-
-
-

P

"’t

Insufficient heat input

B Large burr and groove defect
@ Good lap joint
A Lap joint was not formed

300 400 500 600 700 800

Welding speed (mm/min)

Fig. 4.5 Combined effect of tool rotation speed and welding speed on weld-

ability in FSW 64 Brass/S25C lap joint with a tool of SD 15 mm and PD 6mm.

Welding speed (mm/min)

Appearance Cross section

Large burr

Sound lap joint

Lap joint was not formed

250

500

600

5nunJ

Surface of S25C

Fig. 4.6 Surface appearances and cross-sections of joints welded with

different welding speeds of 250, 500 and 600 mm/min with a tool of SD 15

mm and PD 6 mm.
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Fig. 4.7 |3 1E$2 & 514 (1000 rpm £ L Y 500 mm/min) THE 4 L 7=/ F
O W7 T AR AL A A R . ()T FEliE~ 2 v B E A2 87, SZ H#BIX wine
cup REEMCH v, FigEs Rim SNBSS, (b), (c)FB £ U(d)iE SZ#
EE D TE OMMAME TH V, MR AL KA FSW & [FARIC B
FEER ()1 b~ T RIE IS E STz D SZ ¥ o &k db ki 2813 JE H
WZhEL, BH—=Thby, PEHTITMmRMEAMKBS X O THTIZA =42V
> 7 (Onion ring) kAL 23 Bl 22 S A7z, AS Il O FE A RLES (e) 1% RS Il o %
B LV /NS 2o TEY, ZORKEIT FSW T AS il O AE &
ETRSHIABERICL DV DRz EEILLND 2.

Fig. 4.7 Microstructures of sound joint welded with rotation speed of
1000rpm and welding speed of 500 mm/min with a tool of SD 15 mm and PD

6mm.

432 BEBERICRETHEEEDOHE

Fig. 4.8 (2 SD 15 mm B3 L PD 6 mm O Y — L& T, [0z E
1000 rpm —EDFMHFICBIT 28 EREHD OM B LR SEM IZ X5~ 7
kXN 7 a MR & IE 9 HE G 3 (400, 500 ¥ L OF 600 mm/min) D
WE A RT. £ SEMEE ETHIE L7 A m o 64 348 a-phase
DONV-YRi R %R SEM BEPIZH W21 a-phase, B WL B-
phase T& 5. Fig. 4.6 Tk ~7= X 5 1285 E 600 mm/min Tidflt T
R TERN-STZDT, 64 HEAMOLZBE L. WTFh oA K
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CBWTHHAREITFHETHY, REISE TR N R T
Fo, BAREEOBIMIZEEY, a-phase DRSS RIIZHA L. £ DR
KIZHEEREOWMIZHEY, B EAR IOV O ABRENED L
INEGREE MR T L, IV 23084 U TR SR O il & 2 il S vz
HEEZ LD, HEAEE 600 mm/min T 64 O R E T I B W
T, MR AL Sz, ROIRAE R T AR 72 O I A &y
AT ET, Whwd TMAZZELZEEZLND

Welding speed 400 mm/min 500 mm/min 600 mm/min

Macrostructure brass .
of SZ (OM)
[} S0 BN el
{. ’\ 4 7‘(:"\\“41
: ﬁphase 3‘
Microstructure
of SZ (SEM)

Mean grain size of
a-phase in SZ (pm)

35 24 2.0

Fig. 4.8 Microstructures of joint interface welded with different welding

speeds of 400, 500 and 600 mm/min.

Fig. 4.9 |Z 64 B8 D SZ ¥y O S\ & 1F 38 & 3 (400, 500 3 L O°
600 mm/min) D 2 % R 3. 64 O SZ H 4y O X 1% 64 8 O R
k@< ieotz, £, SZ 0 S IIBEAEEOHE MY, BN 7.
IHIEFE<MONT WD L DI FSW H OB FAEMIC XL D SZ 0 fE
KA AL D72 T % . kL & MO /) & D B4R 1% Hall-Petch B
‘“chv, X@LUO)TERFIEND., ZOoBBRITEZRNG2) DO & LR
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PR DOBEMBRICOESRIONS.

oy=00 + kd /2 (4-1)
H=Ho + k'd *? (4-2)
oy VEBEIRIS 77 H I3 EE S 5d (X F¥IRE a7 HO, 00, k and k1A BHIZ K 0
WHDLERTHD D, KFERIZBWTY, 64 H#Ed D a-phase D =¥k £
&S O BFRIE Hall-Petch BIfRICAE L. £ DR R % Fig. 4.10 (278

N

160

—d— 400mm/min
150 | =—— 500mm/min
—@®— 600mm/min

140

130 f

120 f

Hardness (HV)

110

100 f

90

15;;;é;ééﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁm

Distance (mm)
Fig. 4.9 Typical hardness profiles on the cross section of lap joints welded
with different welding speeds of 400, 500 and 600 mm/min at constant
rotation speed of 1000 rpm.
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150

145 | /

140

135

Mean hardness in SZ (HV)

130 I 1 I 1 1 1 L
0.50 0.55 0.60 0.65 0.

T
o

07

w

(Grain size) 12

Fig. 4.10 Relationship between mean hardness and (grain size) /2 of a-phase

in the SZ of 64 4.

Fig. 4.11 |2 64 $54i/S25C FE 4 FSW £ & ik T o 51 9k & A Wr il b faf E 12
BETHAEEREORELTRT. WTHLOEMETHMkFITES N E T
Wr L7z, £72, #6EE QMY Sl A Wk BT T Lz,

,_.
.

_
.

]
=
o
S
o
=
&
=
g or §
S
Z oa i
2
R7
CH '
. % %

400 500
Welding speed (mmy/min)

Fig. 4.11 Tensile shear fracture load of the lap joints with different welding

speeds of 400 and 500 mm/min at a constant rotation speed of 1000 rpm.
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Fig. 4.12 13424 400 mm/min THEG L 72k T 0 5] 3B A Wi il B 4
D 64 M I KO S25C Ml D ki D A BLE H (OM) B8 X UL KRG H
(SEM) T& 5. Wi %, S25C MIFK i 12 64 8 O fF % S B 5 2 IC#l
4L, MR 64 REMES R EEN DM L Ebh b, 64
SO EITMANT 0 TIVRBREE R L, M TH 5 7. Fig.
4.13 % Fig. 4.12(b)¥ X UY(c) D EDX 3 Ml B T & 5 . 64 1 Sl 40 Al W i 12
1T Fe IZAFAE L TW 2R A%, S25C MR I fi 12 1 Cu & Zn 8RR ICER & B
NNTHEY, 64 HEAN Y —ITHFELTEZEEZRL TS,

L4
Fracture surface
i/
= [

Fig. 4.12 Matching fracture surfaces of the tensile test specimen of 64Brass

/S25C lap joint welded with 400 mm/min and 1000 rpm.
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Fig. 4.13 Distributions of elements of the fractured surfaces of the joint with
400 mm/min and 1000 rpm. (a-1) and (b-1):SEM micrograph of the fractured
surfaces of brass side and S25C side, (a-2) and (b-2):Fe, (a-3) and (b-3):Cu,
and (a-4) and (b-4):Zn area maps.
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Fig. 4.14 1Z Fig. 4.2 \Z;R L7 5 fE O Y — L Z2 Hl v T, [E#E3 B 1000
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AT D 64 HEH D SZ OfESRI I M L 7. 21X SD B X O PD
DM, FSW H O ABVEOHEINIC L 5 E b,

Shoulder-to-Probe
diameter (mm) Appearance

15-6

15-8

15-10

20-8

20-10

Fig. 4.14 Bead appearances of the joints welded with different tool

dimensions of shoulder and probe diameters with 500 mm/min and 1000 rpm.

Shoulder-to-Probe

diameter (mm) 15-6 15-8 15-10 20-8 20-10

Cross section

(OM)

Interface

(SEM)

Grain size of a-phase 38 53 6
in SZ (um) 24 28 : :

Fig. 4.15 Cross-sections and interface microstructures of the lap joints with
different tool dimensions at constant welding parameters of 500 mm/min and

1000 rpm.
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PD 10 mm# L 'SD 20 mm®D Y — /LT & » THEA L 7=k T R i D EDX

IIATHRE B & Fig. 4.16127 9. R EICIFILAEMBIZIBD SN o 7.

Fig. 4.17(a)® & OV (b)ICPDE L O'SDAN H 8 D i S 12 M IF T B 2 R,
WTHNOSGEHSZITHHARM LV &, I NELIIEMLZ. PDOIH
MZfEV, SZOM S TR T L7z, RERICSDO NI vy, SZo i & (3K
T L7, Fig. 4181 X215 DOSZD V- & & Fig. 4.15 TR L 72SZDa-
phase D FEJfE bR B DO L FIR O W L OEF{EZ R LI DO THD. MW
FIXE R ICH 0, Hall-Petchd BIFRIC A B L 7=,

(a)SEM SEI (b) FeKa

Fig. 4.16 Distributions of element of the interface welded with SD 20 mm and
PD 10 mm, (a) SEM micrograph of the interface, (b) Fe, (¢) Cu, (d)Zn area

maps, respectively.
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Fig. 4.17 Typical hardness profiles on the cross section of the lap joints
welded with different tool dimensions; (a) different PD of 6, 8 and 10 mm at

the same SD of 15 mm, (b) different SD of 15 and 20 mm at same PD of 10

mm.

- I |
2 140) /
% r [
= 130} ///////
% r [
£ 120} /
= L
-
= 10f =
o 3
=
100

04 045 05 055 06 0.65

(Grain size)'?

Fig. 4.18 Relationship between the hardness and the (grain size)™*’? of a-phase

in the SZ of 64 Brass welded with different tool dimensions.
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THEW L7z, 7ed, BEAHOBEEGMEN I mWHFFETIX, 5lREA
Wrak B i, RS mmod S258: 4 o #h (T ZE 35RO b A To . Ak B 1T I
S25C K M (2 64K i O 25 BB & MBS S v, BB IL 8 A 5 D 6455 6
R 2~ L7=. £ 72, SDI L O'PDOE NI FE VY, 24 B8 23 85 n L
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Shoulder-to-Probe
diameter (mm)

15-6 15-8 15-10 20-8 20-10

Joint width

> <
Fracture surface | Brass
(oM) ‘
s25c |
3 10mm
Joint width
(mm) 4.9 6.7 8.4 75 10

Fig. 4.19 Matching fracture surfaces of 64 Brass/S25C joint after tensile shear

test and the measured value of the joint width.
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O & & B ITHEF W EIXE M 528, SDIC XD ZnEnhlx o
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WEZ R L TR, kTR X AR ot b BRI 5 KT
NHDHZENynD. T7bb, Fig. 4.128 X O'Fig. 4.19 Tk ~7= Xk 5
2, MEFEW I EMSZE TH Y, Z OO ELSHIELAICH Z DSZ
o FREE S A AR EICRAMR T 5 2 LI D, SDOHINIZ, 6%
EOHEMZFELET 208, £O—J, SDEOHEMIZ X 5 ANEE O H i
Fig. 417 C/aR L7 X D IC64EFDSZEH OB S DK T, T7hbb, MED
KFZ2b7b7, Z07DI2, V= LER#FHITE W TIZSDEPDD
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N Shoulder diameter:15mm

14 } ]
B Shoulder diameter:20mm

12 F e

Tensile shear fracture load (KN)
=

Probe diameter (mm)

Fig. 4.20 Tensile shear fracture load of the 64 Brass/S25C lap joints with
different tool dimensions at constant FSW parameter of 500 mm/min and 1000

rpm.
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Joint width (mm)

Fig. 4.21 Relationship between the tensile shear fracture load and the joint
width with different tool dimensions at constant FSW parameter of 500

mm/min and 1000 rpm.
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Fig. 419 C/R LS EHERS X g sk AW HFE A 1E (15 mm)ic X 5%
BAHBI AL EMESEBEY Y OBAME (MPa)Il 5 % 5SDE &
O'PDD B % Fig. 4.221277F . SDB L OPDO H I £E V-, kT8 A i
FEIWA Lic. 2 OB B IXBW AL E 2R 64FHFOSZEH TH Y, I HIZA
BB OMINIZ KLV 64EE DOSZOME RN I 272012, £ DML
DI LEEOEELZLND., L2L, TOMEIXSZLE Y &GS K25 K
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Th o,

160

N Shoulder diameter:15mm
140

|
ol §
L\

6 8

B Shoulder diameter:20mm

Tensile shear strength (MPa)

Probe diameter (mm)
Fig. 4.22 Tensile shear strength of the lap joints of brass and S25C with
different tool dimensions at constant FSW parameter of 500 mm/min and 1000

rpm.
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DT 47NV EEZELTEBY, HEEH»LME L TWD2, o
(ZEE R S25CH 2R O B AL, Z DO Hf 5y TILS25C/ISZA 7~ b Rl L 72 =
Enbnroi.

2D KD IR 72 SZ/S25C K I A KT B D AFAE A, REMREE LV B IR T
L7c8Blm RIS ND. B 286 MM IC A L 7w 2% 10208 B4R
LTWbeE&EIOLND,

¢ s éOOpm ’_

Fig. 4.23 Distribution of elements of the fractured surfaces of the joint welded

with SD 15 mm and PD 10 mm; (a-1) and (b-1):SEM micrograph of the
fractured surfaces of brass side and S25C side, (a-2) and (b-2):Cu, (a-3) and
(b-3):Zn, and (a-4) and (b-4): Fe area maps, respectively.

: e 20pm

B Nt
3 ? o JERSLR A ARG ISy )

Fig. 4.24 SEM images of the fractured surface on the S25C side of the joint
with SD15 mm and PD 10 mm; (a) SEM image and (b) higher magnification

showing dimple pattern.
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PLEDOFEFIZE D, Fig. 4.25@)ICRT L o110, MMFOESBEIXHES
HOWE, SZ OFEMBIAER L OGN EHOXRMICEFEL, RO X 512k
LHEEZOND., T/bb, Fig. 4.25b)IC 3 X 91
PD i w7246

HA IR O X OXRK OB > KRR O X 2 R
SD ##im ¥ 756

FE SRR DN K 2 88 > #6835 o # Nk X 0Kk o b
Lo T, PO EIX, PD 2N HAICOHREML -
ZEBH LMo T

(a) Tensile shear test Grain size
SZ . .
64Brass N8, # Joint width
@ Grain size

825C Joint width @ Cavity

Tool Joint width | Interface temperature | Grain size in SZ | Interface cavity | Hardness in SZ | Tensile shear fracture load | Tensile shear strength
diameter (mm) (K) (um) (HV) (kN) (MPa)

N S 20 2 Y

o1 | 4 A A v v v v
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Fig. 4.25 Schematic illustration showing the factors affecting the tensile shear

strength (a) and the effect of increase of PD and SD for these factors (b).
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RREMET T 257D, 72, NBAEDNEAREHEICH X DEEL B
T 27202, TEM 12 X 2 86 i O MO & AT 2 17 - 72 R £ 8 72 ik
F & L CHESHE 1000 rpm 3 X OEEA @# EE 500 mm/min —E S L& L
C,SD15mm,PD6mMmM B L 10mm O “FEOY — L& H O THEA L
ikTFOBEARmAE G E LT, PD 6 mm AN /NS <, MW
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TR DS, BT A & WAEFETH Y, PD 10 mm (XA R ILIA <
MW7 Af B U WV 2N, T R IR W E R TH 5.

Fig. 4.26 (a)l2 SD15mm B L O PD6mm O — /LI X D AT OB
A5 m TEM B E % 19, Fig. 4.26 (b)-(d)IZ % Z 1 Fig. 4.26 (a)® EDX
THREONMREZRT. TO0mSrORFE LY, 64 FHHll L S25C O
BEARENAMICHER SN, S25C £HE(E S 1T lum)iz 7o —7
IRV HEBIAT, WMk LoEEZOND. Tk FIKD S25C(KED

TRPD)DEMFHPICERO LN, XY = LOEBIRICL > T64HE
HIZIRASRTEbDEEZEX LN, 6T, AR EIZE W THERER
B nm OZEFLR a0 BlEE S iz,

MAG: 7000x HV: 200kV

A G- 7000 HV- 200k | ;.f )

2 pm

Fig. 4.26 Element mapping at the interface of the joint welded with SD 15mm
and PD 6mm. (a) TEM bright field image of the interface, (b) Fe, (¢) Cu and

(d) Zn area maps, respectively.
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WIZ, Fig. 4.27()ICIZ PDI0OMmMIC X 2 FoEA RO TEM B H %
AT Fig. 4.27(0) X (@) O M Ay oA R H OYEKEE Th 5. Fig. 4.
27 (c)-(e) 1% Fig. 4.27 (a)lZ >\ T EDX JC % 4 W15 B 4 12 3. S25C fi
(21X PD 6 mm O A & FERICHAM L S Wik s rRo onicdb =
D S25C KL 1A 64 IR A SN Tz, L L, #A8RmEICH T 52
LRBEIZRRD e o7z, F 72, Fig. 4.26(a)lZ kb X T, Fig. 4.27(a)lZ 7/~
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ZDJFREIX PD OHIMIZ L 2D FSW F o ABEO IV, #6 fE

DAL L, E#EA R EMo 02 RMED L6k <
molttEZAbLND.

Fig. 4.27 Element mapping at the interface of the joint welded with SD 15
mm and PD 10 mm, (a) TEM bright field image of the interface, (b) the higher
magnified TEM bright field image, (c)Fe, (d)Cu, (e)Zn area maps,

respectively.
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(b) Line 1 (short line) (c) Line 2 (long line)
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Fig. 4.28 Results of line analysis of Fe, Cu and Zn elements across the

interface; (a) TEM bright field image of the interface, and results of line

analysis of line 1 (b) and line 2 (c).
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7=, Fig. 4.29 (a) (2B 1F 5 . 1-5 O EDX mAHT O fE B & B+ 5 1] 37 i
REVHEE LRI Z G T Table 4.4 IZ- 7.

LEORERIZEY, #EERmEICIEIRICHETH 22 RBMELE DL
HAVT, 64 HEH1/IS25C O G IL B B O & 4 or EAH B IR EUE O
HRIZLEDHEDTHLZ LRGN T,

Fig. 4.3012SD 15 mmis X U'PD 10 mmD Y — L2 X 2 AT OH#E
R ORI ZB I OREME Z R, k&L EIZ570CTH D,
BEAHOBREZIINLLVLEEVLOEHE SN D ILEIRHDIX

D =Doexp(ﬁ) (4-3)
TEREND. RITKMAEEH 8. 314 J-Kmol?!, TIK)IZIEETH D, £z,
a-Fe fHHH ~® Cu, Cu ~® Fe DIRBIHE Do B L ZIEFMHL= R L ¥ —Q
% Table 4.5 1Z/RF 9,

PEE O MEGRFE %2 1000 K K E L CTHEH L 72 I # £ %5 % Table 4.5 (2
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~9.Table4.5 X Y Cu~® Fe DILHAREIE a-Fe ~® Cu O JL itz &
DIEDEZMNICTRKREL, Cud, T bbb EMT ~D Fe OILEIN FIZHAT L
mEHERIND.

o-Brass

B-Brass

o3

Specimen [ STEM BF ]
JEM-2100F 200kV x120Kk 100%

Comment

Fig. 4.29 (a) TEM bright field image of the intermixed interface, and the

selected area diffraction patterns of positions b, ¢ and d are shown in (b), (c)

and (d), respectively.

Table 4.4 Elemental analysis results at the positions No. 1 to No. 5 in Fig.

4.28 (a).
Element (at.%)
Position Phase
Fe Cu Zn

1 2.4 54.34 43.26 [B-Brass
2 2.26 56.75 40.99 B-Brass
3 2.48 59.96 37.56 [-Brass
4 99.69 0.23 0.08 a-Fe
5 1.52 63.33 35.15 o-Brass
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Table 4.30 Temperature measurement position and temperature history of the

joint welded with SD 15mm and PD 10 mm at 500 mm/min and 1000 rpm.

Table 4.5 Diffusion coefficients of Cu and Fe in a-Fe and Cu at 1000 K.

Matrix  Diffuse element D (m?.s?!) Do(m*.s!)  Q (KJ.mol?)

a-Fe Cu 8.42x1018 4.7x107 244

Cu Fe 7.55%10-16 1.01x10+ 213
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HWEE FSWIZLD2®EmAOEME S25C L o B ERE
A DKRE

5.1 ¥&5

ARE T, HHEEM & L oG e/8k i B E ik F4H o EHLO
ORI E LT, mAEM V& S25C O FSW E B G FEE O i
MNEToT. MBI LEEEAEEFGREOR L O ESG &2 B BT
FTORMGETTHONEEAHOEREBLE, v/ B L0 7 v flik#
22, TEM BLEE 24T\, RAF 72k FoRE 25 O h 2 826 5L i 4500 1% 1& 2 3
H2MZ L, /IS S25C O FSW 2 K 2 BT H: A Mk & st L7z

5.2 ERFGE

F2E TR AN EBEEESPESEE (X FSW-JWRI-1, Fig. 2.1) # A
T, B2ELFAKICFSW RMBEBLRAEGERZIT o M & L THW
7o J1 Rk 1O S25C DL EAL AL & Table 5.1 12”3, T4 6 1T T
H Y, FOSTEITEDEEBELEFA)H 200 mm(L)x100 mm(W)x3 mm(T)
B L O S25C A% 200 mm(L)x100 mm(W) x5 mm (T) T 5. & /I 88 £
DILFE~ v B 7% Fig. 5.1 \Z/RT . &1 TR MR IZ Fe, Si,
Mn BEZ Ni 2O DILEDDRRO LT, & 4 EOMKENORKES
BICHETHEEZLND WC-Co V— L EZHW, 7o—7EIX ERTH
LZENEHFHROKEL VS 0.1 mmBE W29 mm & L. 27 —7
Z1I5mMmBLOYr—7F 6B L0110 mm D 2 FEFEHD WC-Co > —
NaEaRWe, $T#EARICHWTEMEREM OREILS 4 ELRILETHS.
BA 1T Table 5.2 (2" 7. #H5HE R LY — VR #HE 2 2k S
T CEAEREITV, TOMEEA R Z R L 2.
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Table 5.1 Chemical compositions of high-strength brass and S25C (mass%).

Chemical compositions (mass%)

Alloy
C Al Si P S Cr Mn Fe Ni Cu Zn Pb
High-strength brass - 1.2 1.16 - - - 3 0.12 205 568 Rem. 003
S25C 0.25 - 028 002 001 018 052 Rem. 007 014 - -

(i) Ni

Fig. 5.1 Microstructure and element area distribution of (c)Fe, (d)Cu, (e)Zn,

(f)Si, (g)Mn and (h)Ni of high-strength brass.
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Table 5.2 FSW conditions used.

FSW parameters

Welding speed (mm/min) 250, 500, 750

Rotation speed (rpm) 1000, 1250, 1500, 1750
Load (kN) 9.8

Tilt angle (° ) 3

A O EIR A 3 X O T oo W7 w97 B2 T iR R X OV TIEIT
HARLELTHD. HEAERED EDX mE SN Z1TH & & biC, TEM
BLET X0 B AR S O MO AR S ARAT B X OV EE S AR IC O W TRET &
Tofe. G RimE O TEM B4 SRR A OFER I X OB HIEILE
2ELFELTHD.

FSW # &2 X 2 E RS M F oA HEE OFFhiX, Instron J7RER
BREE 2 W TR Tl REAWRERIC L V1T o 7o, SRR A
BREY A X, EFRGEBIOERBZOMEB R GTIEITZE 4 EEFLU
Th D,

53 EBRHERABLUOBE
5.3.1 B IE# A KK

B 71 HIS25C AT IRIC K IETHERFOREERFT 512
WIZ,SD 15 mm B LR PD 6 mm Y — /L& W T, > — Laldgf E 3
FOBRGHEEEZEIE THES LT, FoNT R % Fig. 5.2 17
T T TR LDICHMNEEGRSEVDOABE AT XA =2 L LT,
Q=R/V (772 L, Y — v [EEEHEE R (rpm) & 243 E V (mm/min)) % W
T+ 2L, ChODOERFBICBOVTCREARAERESKENEDS

112



NDEM®EIT Q=2.5205 Q=3.5 DM OHEK TH 7. = OKMHMHE
E0H QNS ABREDODROVFHETITIABANRIZLVES AT L
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TCEDOIRMIZ LY 64 W LV RE K OB S 28U, MHEREN A L
HhollbEEILND.
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Fig. 5.2 Combined effect of tool rotation speed and welding speed on weld-

ability in FSW high-strength brass/S25C lap joint; SD 15 mm and PD 6mm.

SD1I5 MM B L PD 6 mm Y — A2 AW ERESHKFEOBES TR
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V= VAR EENKREL DD TH D, WE AL CITREAH
I RERANYBREEL, ELEQAMORES RIBIZHEHAD L., &6
(Y — VSR O HEARIC LV S25C AR S Tz,

i . A Q0 PIEACE Cross section
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Fig. 5.3 Surface appearance and cross section of FSW high-strength
brass/steel lap joints at different tool rotation speed and welding speed at a
tool force 9.8 kN and probe length 2.9 mm using WC-Co tool; SD 15 mm and
PD 6 mm.

WIS, ERESGHONREXN2MEI 7 offke LT, WIEXRMHFETDH

%Y — Vel 1500 rpm B K OEE G @ E 500 mm/min THEA L 7o 82
A mE X 7 v ARk A Fig. 5. 4 IZ T
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(a) it

Fig. 5.4 Microstructures in cross section of FSW high-strength brass/steel lap
joint at a tool force 9.8 kN, tool rotation speed 1500 rpm, welding speed 500
mm/min, SD 15 mm, PD 6 mm and probe length 2.9 mm using WC-Co tool.
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bole. T TEIEMES5CoRERNELAMFICK LTS, FLPD 10
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[ZRT X DI, PDEZ6 mmA S 10 mmIZE I L THIE DL MR BEAEER
NN, T O/ TR E S HE % Fig. 5.5(0)I2/R-T. B4R IXNT.2
mmTd o> 7. MBI L OSSR I RIIEBLE ST, & 7)o
& S25CHOMERKENES N AIRE Td - 72,

Fig. 5. 617 0 — 7 £10 mm, ¥ a /L& —£15 mm®d [[@ —FRk oY —
VA T2 ) H 8 IS25CHE T & 643 6 /S25CHE F (B4 Tk X2 T —
AVOBEAMEZ L L CRT. B #EA ST, # 48 EI13500
mm/min& [ U CToH 0, (Bl B O A& ) 31812 % L CTiX1250 rpm
6455 8 1t L CIL1000 rpmTdh 5. T 7o H, & IO S5 2364 Hil &
DHANBERL WG TH D ABEDORE VG FHHIIS25CHEF & A
BB N SV IEH/S25CHEF OB G MR E IXIZIER LE TH o 7.
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(a) Surface appearance 15mm

RS Q)'

AS

(b) Cross section

2

High-strength brass =~

<
S aw

Fig. 5.5 Surface appearances and cross-sections of joints welded with 1250

rpm, 500 mm/min, 9.8 KN and the tool with SD 15 mm, PD 10 mm and probe

length 2.9 mm.
< 20
S
5 15 F 9 Q
3 3 °
2
9 10 f
H
S
2 27
2
7 0
= High-strength brass/S25C  64brass/S25C

Fig. 5.6 Tensile shear fracture load of the lap joints which welded with same
tool with SD 15 mm and PD 10 mm, but different tool rotation speeds of high-
strength brass/S25C:1250 rpm; 64Brass/S25C:1000 rpm at a same welding

speed of 500 mm/min.
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gl A ek BR 1% O B W i A b g L CFig. 5.7(a)B L VMD)IZ =T . &
71 ¥ $ 1S25C kT o fil W7 i (a) 12 8 W T, (b) D 6AE S O B A & R BRI
S25CHE i 1T & S &SR A B B 2 IZFH3E L TR 0, 64355 8[/S25CHE T & [A) £%
(R IEEm B OSZEERZEND. W—H A XDY —vE T,
ROV RER/ABBEORMETHEAL T, @ JHEMOBESEIFIZ7.2 mm
THV, 64EHH D84 mmE D b o7z, LnL, &) ORI
643EEH LV b E T2, MXTAYIC, 645 8A/S25CHE T L IZIERIER e B2 S
BREIZ oo EZE 2 DbND.

(a) High-strength brass/S25C (b) 64brass/S25C
T .g +

High-strength
brass

s i

10mm 10mm

Fig. 5.7 Fracture surfaces of the lap joints which welded with same tool with
SD 15 mm and PD 10 mm, but different tool rotation speeds of high-strength
brass/S25C:1250 rpm; 64Brass/S25C:1000 rpm at a same welding speed of

500 mm/min.

5.3.3FSWIZX 2B AFEMESHCOENREMBEBOMMBE L ES
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Fig. 5.8(a)lZ [al#x#E FE 1250 rpm B X OV A3 E 500 mm/min, SD 15
mm-PD 10 mm Y — v Z W T#HE LIZMFOHES R Em O TEM 5 E
% k9. Fig. 5.8(b)-(i)I% Fig. 5.8(a)®® EDX e EH oM iR Z2 9. 1
SEAHFERLY, mAEHLE S25C OEARmMAHB SN, AR
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BA R0 Al Si, Mn IR{IEE 5 Th 2. 2O EDX A5 BT O fE F
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5.10 (27”7 9. Cu, Zn 3B X O Fe O M B IL B LS X 64 5 8{/S25C kT 0 #2
ARELEFRBETH-7Z. AL SIiBLO Mn OBEERBALRRO LN Z
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Interface
Brass side | S25C side

05m o_ 13

®

Fig. 5.8 Element mapping at the interface of the joint welded with SD 15mm
and PD 10mm, (a) TEM bright field image of the interface, (b) Zn, (c)Pb,
(d)Al, (e)Si, (f)Mn, (g)Fe, (h)Ni and (i)Cu, respectively.
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(a) Position 1 ~ (b) Position2 = ' (c) Position 3
- . 2 » -

i . - 0 ol : Ty S

R

Fig. 5.9 the higher magnified TEM bright field image of point 1-3 in Fig. 5.8
(a).

Table 5.3 Elemental analysis results (at. %) of at the positions from point 1

to point 3 in Fig. 5.8 (J).

point Al-K Si-K Mn-K Fe-K Ni-K Cu-K Zn-K Pb-L

1 4.1 71.8 10.3 11.1 0.7 1.9 0.1 0.0
2 8.1 66.6 53 16.9 0.8 22 0.2 0.0
3 20.6 54.4 1.8 14.1 0.6 6.5 2.0 0.0
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Fig. 5.10 Results of line analysis of element across the interface, (a) the

results of Fe, Cu and Zn (b) the results of Si, Mn and Al.
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