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1.1 #¥S
111 BZAEDOERSLUVIRILX—FF

BAEBRAE TIEE B ARKRES (2011.3.11) OFBIC IV EF HREBFOBEINIZIZIELL
L. ZXAF—BRICEAL TPrR—20 b0 REAEENED LI TVD V) BKHTD 2005
FIZBITH A RO —RE=FNX—DEENREFEEREITB T L= X —ig AMEFEE
FNEN Fig.I-1 5L Table 1-1 (7§ 2, AARIEEEF, AZ)7, BEIZRNT—K
TRVF— D MNMEIFE N EL K 2% EE AL TD,

Fo, —RZFAF—ONERELTUL, A, AR BEIORBRIT AL ST LA RELD
BRBEED $ENCEL, FUREAEOK 9 B2 FHENALOEAIRIFEL TWD Y, Bk
D—RTRNFX—L, BRET 25%REH TR T NRE DDA HSCRKIRT A E DA
PREFCIRIZRBIN TO DRI TH S,

KEHHEESCRSIEERE OB EMRET LY —L, Z)— =X —LL TH %
FSNAREIR TIIHLL DD, RIEDFEL ST HNWZERCB M OE 72 E AR T~ &
PREEVESNTERY, JRF NI EIROLIRFABRLEBIRERD7DITIE, FERMAZET
HHDEEZ NS Y,

112 HERREOREEBONETEY

HFICB 2 BT ZEA . SBROPESAVREZEHEEL-T VT HEICBIT 2887 T3
T —FEOEMD RIAEI, 2030 FIZBITHMF OV —IHE EIL 1990 FDK) 2
BICETDEOTFTRNDS Y, Fig1-2 \ TR FFEEE EIRT FVX —FF8 2013 FEICELD
RO INF—EEELNOOHBOTHIZRT Y,

SHTREINOGT LT —RERO MR TR ENICE > T, Hkel 0 B RBRED
iR, KESCKE DTG, IREZh RN AL DHERIRRIL &\~ 7= RIERER BE ~ D RS ZE )R
BEIND, ZHICH LT, K EEO R E AL E R FR Iy M O HIER R BE A (R L
DO FHGE AR PR R A R T 5120 OB RIS E o T0D,

ZZTCHTFEIRERN DL BEEEBICEEN-RAE T, =R B X OE TR O
ANIITRALERRISIC L DM _ERE DS EICHWDIL TN, FigI-3 I X—&IROME
BIOBEF=2— 2w T D, GRELHENS B KERN~BASHZEIRIT, 0% HE)
HOHGE B S I L RAETHE S5, AHEFICETHE, FilY o 1 —CEN
~EAINT R AMER T TN TR RBREN, BETTUOMCAMIEFE LY, BLO
IV AZ R EDHE AL EIND,

ZOIHRTRNF —F 2 — Tl HREEEMOLROT | @O K BEFEICHB TR
X —PHESNDT-O | it SHEEG, BB EEOAEE#ERICEL T ZhE Uk
EHEE R (WDWLIAE) YGE TR TR E O m HERE L~ D B AR - A3 EE L T BT
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%, Fle, BETTMIBWTH, BRSO SR - s R LIk > THEERRE M LTS

D78, FRRICER - S EL, T2Rb bR L~ DB A2 kG L TURETHD,

EAED—RTF I F—HRNIR(2005%) Table 1-1 Ratio of dependence on imports in
D1t . .
A oo major countries of the world
RFAN 87 19%

1.3%

(2004-2005) 2.

794
150%

FEFEICBTAIRIILF—BAKEFE

E=p::]
2517 2—RIFILFX—| AR il ERHR
k=14 474% 153)7 873 99.6 94.5 85.9
1121 E 83.1 97.4 99.6 98.3
21.1%
KAy 65.5 31.8 97.1 83.8
IR 56.6 97.4 98.9 98.0
KAHR 7 A)H 34.1 35 69.0 19.2
705 et . . A¥YR 38.4 70.3 48.8 14.5
133% Ebt:550 5B HaNA A h+4s 16.9 26.9 29.1 4.8
hE 10.0 1.3 48.1 0.0
B RhmREERN D
15 [EA Energy Balances of OECD Countries 2004-2005 nY7? 18 8.2 0.1 1.2
|EA Energy Balances of NON-OECD Countries 2004-2005 B 9%

{84 : |EA Energy Balances of OECD Countries 2004-2005

Flg‘l-l Ratio of primary €nergy COHSl.lIl’lpthIl E—RIFNF—IZEENRDIRFAITOVTIE, [EAOHE TIX

in Japan (2004-2005) % . BEIFLF—ELTRESATOD,

[ 111-1-1] HBREOIZINFE—EBSEAODOKE
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United Nations,"World Population Prospects 2010 Revision”
Energy Transitions: History, Requirements, Prospects

BP Statistical Review of World Energy June 2012
BP Energy Outlook 2030; January 2013

Fig.1-2 Prospects of energy consumption and population in the world (2013)
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Fig.1-3 Energy supply and consumption chain in Japan " .

1.1.3 ERMHOBE - EERiOBEY

e, SREEM, BEIE, S TUMNER A EEIC BT, BE(L, &SRR - miEE
b, BLOZHREIL LD B A TER T 2720 BADME @M BT R E LY LT~
FUT MEEDER NG E-> TS, TNEEBRTDH-0IIE, BEEO & BB O
VB B AL ETHY, JERP DA AR BEAER L UM AT ICEL T, £
SOWFEIMTOITET V3D, REHNBEIEVIREDI0CR T, i —kk
DEEFALBRELHREL , F kR Tt A0 ERICK L BRTELLHIHEND, =
DEEAEETuEALLTROVLNAEE AR OV T, (EEHIFLVLE = 3L
— BEREAERSN T, HIERBE~O B MERSNDZENEEND,

12 AHAEDER

AIEIL1ClE, A =N F—BLOEERLZED D720 D—2oD 7L L T, RfEM R
D - BB BT DO LB AR T, T AT OREITTIE, REM B OREE - B8 H5IFIC
B oA FEE AR L AFFEOBUREFREZ £L 0T,



121 EBRMHEOBE - BERNOWERHR & TK

fefin, SEHE , BBjE, 7T Mol OBEY T, ST AI=U AEED IO
B, EITHEERMEILL THWS TN, 22T, S EIOCHEGRE T, mRIRNZ T
ST ZEEBEMEL T, “BEM B BEER O —T—REMEL, EHONF HF O —
U —RE & et - A EANIC B T 0 O KRB Z MR LTz, 7eds, ZALIRETIE, “&
HE R OB - HEEE ORI OEE - BAaEIL T B i eeT
Do

HRIR SR 7 — 2 N — AT MNATBUE N B IR JST) ks tt o — %
—F ~EBEFE LR R H ST —# X — A (IDreamIll) & AV V-, BBERIT TFEROK
(DHB(7)% AV, 2000451 A 1A LU OB ka2 FiE L=,

(RFEMEH-RESRE) * B +HEE)* (L —3) * (PY>=2000) (1)
(RFEMEHRESR) * B+ * (T —2)* (PY>=2000) )
(REM R+ RIERE) * (B +86) * (R0 * (PY>=2000) (3)
(REM R R E) * (B -+ H6) * B (BHRHE#R) * (PY>=2000) 4)
(EFEMEHRESR) * B+ 86 + E#) * B (PY>=2000) (5)
(RFEMEHEESR) * B +#6) * (BE ) * (PY>=2000) (6)
(B EHRESRE)* (RS * (B1E—2)*(PY>=2000) (7)
B RICLVRBINT G - B EIEO T EE Table 1-2 (2FELHDH, 2T, BEERIEE

A (FSW) Z R BB & O80T, OO R (BEREE 2% 1o DOFE R (FSW D
F) ZB N EE LT, RPFAEDORER ., L —FIEHED 668 hLib <, fit\ " CEERIEES
(FSW) 23 559 i, 7 — 7V LR S (FSW 2 FR<) 2NTIE R D 466 10N 464 14T
HoTo, T 4 DOREE- R IEOEFHI, 2RBEDK 15%E/8-72,

ZIZT.FSW ZR<BEES LT, @FE 056 HEBIROY — /4 EBlER- #E T DB
JEHETHHEEZOND, BEEREIL, Figd-4 \ORTIOMBEEEHAOEED +7 ML
B—IRAL _TEDOT VI BIT LR EEBMOBES IR EEHAINTND
2, LZAN, A EIORIETEREFELSR AR THDEEEE S A (Friction Spot Joining) <
AR MNA#E (Friction Spot Welding, Spot Friction Welding) &V o743k FSW (X3 FES
HRELDON, MREA(D)DOIRN TEEESIZZMILNTWDLZ LD AL, ZaUL,
P HOLNTHEH OF—U —RFPHWLN TN LHEZEIND, LT -> T, 21
RS EAL3 DOEEE AR, T7b bl — VIR, FSW, 7—7E#2ICBAL T, E2M#EE
DIFFEENM A L TICEED T,



Table 1-2 Result of paper research regarding a dissimilar material and metal welding
(from January 1 2000 to July 8™ 2013) .

Welding method Counts (%)
1. Laser welding 668 233
2. FSW 559 19.5
3. Arc welding 466 16.3
4. Friction welding (except FSW) 464 16.2
5. Residence welding 372 13.0
6. Ultrasonic welding 188 6.6
7. Electron beam welding 146 5.1
Total 2,863 100
(a) (b)

‘ SCM435

S45C Inconel713C

SCM440H

(c)

A1100 C1020

Fig.1-4 Friction welding products: (a) wheel shaft, b) impeller shaft, ¢) electric plug *% .



(1) L—¥isiE

LR BICLDBM S T TAISV LGS0 AT LG EL VST B R
b AT UL AE ERER, T2 G8, TTARATF VI BTIvT ALV ST A I BHE
BHEIZONWT, BFRRIEMTHOIL LD,

BETEL LT NI=T WGV XY GO REERHOHS TIX L— T L —
CUTICETAMENMTONTEY, VAV IRMERERICL> TERSNL &R ELEY
(IMC) DFEMERCE S A~DOEENBREEITNEY, HE1 . 2mmDA60167 LI=17 LA AR
EWEO0.77mm D HEER A HlR A . AURIIL72ZnV A Y2 W CA~DEFCL—F 71—V
VT EAT, 220N/mmALFE D BAF R IR EE N ES N TCDY, AR E IIARE0.77mm o H
AT BN RERT &2 IE FIFRE O FREE (292MPax0.77mm=225N/mm) THY . B4 FEIcix
JES10umFE EE DFeAlsZn U DIMCITE LS VT iz, 22T, 3B OREWr AL 1350 L 08
TNR=U LGSR OBEEL T, — B3I FEOIMCHN o7, 723, SR LT /1
=ULEE&FLOL—F T L — 7 ER I, 20004FFI5ENAGRRIN O B B A— 5 THEH
EENTEY, Fig -5\ T 7 7V yRR0 L —T v — A RTREDBEASICERSN TV
B BB RICB VN, TAR=SUAG SISO REEBL —V T L — VU 7B 51
AHME TR OD SEVHYBIZERLShDL O LTINS,

ZOM, AT UL AT NI= T AEEE VST BB B e =TV T T T AT
LD BRI OBEE B RF e E O R EICB W TIFZES TR kit R4
B L TSN QW5 #5870t A% Fig -6\ RT3, L —F T BRIOBEE R
2 VL WREE ITINEAL | RKRHZ T T AT AN — A 08 R oSt [iaaE RBAS
HHZECIY, SR - SEREAEVHL BRI IAT v/ 2@ BREEESEHEVIL
DTHBY, ZIUTEY, FERRATRELE Z BN T BB T T AT v 7 D iR R B 12
BAEZERL TS, IRE2mmOPET Y 7 AT 7 K ESUS304 AT 2 L AFHIRK & D & fafk T+
T, HABREBRICB W TPETAELABE(LL | R 7T 5L 7B -k FIHERE D iR
ENTWD, FfEFETIIAT UL AR O/ LBLEEZ N LT, &R ETTATF VI NR
F B FLULTREATETNDHELTNDY,

Fig.I-5 An example of the steel trunk-lid by Laser brazing method (diode-laser) > .
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Laser heated zone (Higher magnification)

Fig.1-6 Schematic illustration of LAMP (Laser-Assisted Metal-Plastic) jointing

9)
process .

) T—UiEE

T — IR LD BM A T, BET T NETHOVODNAMMEG-CMEVE & 12815
B BEOEE 1P CMT (Cold Metal Transfer) IEH27E % AV 868RA B 7 L I=1
DEER~ I RV DEEREOBRERLEO BEEBMOERE VD200 FFFERL UK
(272 o TCnAHEE DD,

it EAGHSO T BA & 4 D FAE 4 JB VA 2 Tl 1654 B O R TR 7 ek o ik 5 5 14
([ZOWTOHT -SRI DM Thoh ., EEEY ~O A Icm = RapEs L Tna!, —J5,
CMTIEBEZ LD RFES BEHE ClE, BESMICLOERM T — LV OIRIVESC A RS ND &R
BUL AW DES~DFE T OBAVEEIC OV TIFIZEESN TV DY, 7= 4G
SREFER AR OCMTIEE TIE, L—V T L=V T ERERICT NI =T A E & D
UL | SANICMTORAZE I LD ES E R WL TS, o, 20L& E M
{EEHDIEZTTI0umEL TR B WEL TV A, HRE1.0mm D HiEh A §il AR S AR E1.5mm D
AS1827 V=0 WA AR % T i R B T CCMTIAREL 7= 22 & Bk F D Fl % Fig. 1-7\2 1
23, Fig. I-7(c)(d)\ TR 5910, BAFRRIE L E BRI EL L T0D'Y,

ZOM, TAR=T AEE LSO BREE&BIEER OV 7y A3 —RU A Y (FCW)
MEFEENSY | HIREN TS, BVAYIET AIEEBFCW T, BEFEOMIG, CMT, 5
OV —HEOTNIFEERFEE2ZOEEMAFATRERIENFE THS, HKE1.0mmD
AA6022HR EARIE 1. 2mm D 590MPafk GASiNR 2 B MR A FIZ T, L—F B LUMIGT —7
T =V UEEE AR EIC I umEE DAVFeRIMCONERK L, TAI=T A& 4R+
DRk F-LFITRFE DIREENEHIL TN,
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(b)

CMT welding

Al < Steel

CMT welding

Fig.1-7 Dissimilar metal CMT welding: (a) macro-section, (b) illustration of welding

method, ¢) cupping test specimens, (d) crush impact test specimens ¥ .



(3) EEEHEE (FSW)

FSWIZEDEMBEESITB W T, L—IEHELFEIRICT NI LAEE0~Y T RV T LE
LW ST BERBID., SHBLUSHE S, FALBIOTF L A4, REMMOAT L A%
SFTHBGHE S T-KE % 724 BRI DR EIT ST B E#ED T TUNE 1623

FSWIZZ AL EEORMIC, ffa, SE T, BEIE MK, BLOBREE A 722

LICRB W TERESNTE, L L2 5, @A S TSP E O KE 3 1E, 742
=V LEERLOREEHFTHL, EAMEINT NI=ULAEE&THHERIL, FSWY —
JVOMEEL TEREM B2 BIR CELZENRERER THLHEZE X LI, TR EE
HiFCTHLEBIL, V—7OWEMBEENES CThoHlod B2 b5, FSWTIE, V—
SV A AR RE CRESRICIN > TR EIS 5720 L—FIREST — Va3 R0,
RERNBEE T AR OU —IIHER T2, REFRBEEZERTH7DI21E, V—IR
TR WIDITERENZ R L TRO7RITIUI B0, ERfkFCiE, MEZEIT 5729,
72 ERREEILIZWEWSELRAH D3, ZIUZEDT =7 O X RHEZRD | I HA
TR BDEVIOBENR DD, ZDIHRT LD, FSWICEDEM S O FEICBWTEH, 224
HHEFICETHHRENR L0 BERMEFOBEA 2T ER3mm L T CHEREE S AT
D/NSERRIZ IR ESIL T D EWSETA A B 5212,

o, GRS T A A&l mE A R O BRFESBFSW T, BEIIv I/ ARD
pCBN (poly- crystallized Cubic Boron Nitride) > —/L7>, WCXW-ReZ2EDF 72T 3R
—ABANSNTNS' Y, 2 b0y — Ui TR ME-OTR BEFEE 2 & R 9~ SRR
FRINTEY, & LEEWAD, LTER-> T, BadMfFEBIOERMFLEET-mRA
MEHE O BFE L BFSWIC OV T, AT 0V — VAR NSO ER (BUE3mmEL T2
) IZBE T BRI SR IR TN B2,

— 5 BRI BV O B RS RIS T LI = A S D EEFFSWTIL, TAI=T LS4
FOBEFSWY — NV EE 352N AIRETh D, ZOHE | Fig -8R 3 X7 V=Y
LE@i — VOB LG MBI 50, 372 5% 18] (Retreating Side)
[CBLEL ., Y — D7 a—TEIIKE E T A= LA S ~FE AL, $72L O E @bt
EHAI~1202mmP2 E IR LA ATZALE S5, ZAUCkD, 7 o—7 ORIE A & i s A B o 22
AEEAHIY, FrAEENEHL, ZOEZICEEREIL CWDT AI=U AEENEEIN
DL THEAMNERSNSTY, 2O FIEICEY, RENEIZ3.0mmDSS4002AA5052
ZREGEEA L, BONTMFFOEEEE T 2 lmmEIHIBRE LB A ICBEL T, 5195k
FENREINTWD, BB EAEWMESN0.2umbL T OHE IZ1F200MPafs FE O f F58
ERELI, TAR=U AE SR TR LZ, — 7. FESN0.5umfRE T CHL-5
BITIT160MPafE EE (TR E (R T L, RmEAkEr e -72"", 22T, SERBRANICHEA WO T
EA 2 ITmmEIHIBRE LB B 1, T T Fig I-81 R KO/ RSN AL 5720
THY, MEOBRE FO R ENZENFREENZ D,
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(a) Shoulder

Advanci ( :
Side” reating

ide
i

(b)

Incomplete penetration area

Fig.1-8 Schematic Illustration of butt FSW joint: (a) similar metal joint,

(b) dissimilar metal joint '” .

ZOMIZ, FSWAIS A LT- ARy MES ORI RS (Friction Stir Spot Welding, LA
B, FSSWERE ) ICRAL Th | BMBEA O N ZATONTWE, Z0B4E | T
WIXERMF LD, #HEY — VEBEERIZIR > TREISERN D IFLAR Y MNA#E
DEIIRCH B AT DOEEE)NE FH FTREE /2D, U — 7 O & B Ig (L T& %, FSSWO B4 #2
Bl — oA THLHD, BEICERNO BB BEA— I CERALINTEY, Figl-9\ZR~3 7V
=T AR ERNT )y RO DA O AITE A SN TV, RIESCHEIC
B 22 LVERE IRV, BEVERIT T L= LG E RIS, AZnAy58itiz T
WRICEEL . FSSWA1T-TU5, B4 7 ut AT Fig. I-10(a) | TR LBV THY , TTHEEY
— /L O[EER - FEICL ST, TAI=T AEEEEEREIS S, il T, SR E DO Zn Ay
FhEfbst, BHIREI T O T LI=U AGENICEVIAEND, ZHUZKD, SHOF AL
MR EN L 7= T N = AR ENEEINDZEICL > THEANEMRSND, ZOEEXOWiHE
FRZ Fig. 1-10(b) | 2R 703, #2 8 H O L IZIZZn AV X BITFERO LN EL TS, BT,
BIEAORIEEL T, InAYFBOEIRT L A TR T ETAHOE EOEEIZ W T
AT TCND, BIEREIOIERICIVAY X BEIRETHILILLERIE S THY , Ot
EIZOWTHEAWHDIRE LR ICIVTRIEL TLEI D, B FDIXLOXIFTELLLDD,
BEREICREREELEZ72WEL TS, 72720 FSSWENZIIT D EflkE TiROF v
FNZONWTE, D —EBEZBZHEBEE TERRD10 TV AM OREEEEN R A KT
BHHELTNDY,
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Fig.1-9 An example of Al-alloy/Steel FSSW application (trunk lid parts) *” .

(a) ~ Contact of fresh interf:
- ontact of fresh interfaces
Rotation Tool 1 Frictional heat Plastic flow
of Aluminum 1

w2 e L

i
Galvanized Steel U
Anvil : I I Removal of Zinc

Remain thickness

(b)

Fig.1-10 Dissimilar metal FSSW between Aluminum alloy and steel: (a) schematic

illustration, (b) macro-section of the joint *” .
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FIZ, FSWOEMEZEICEAL THOENO BB EA—DIZBW T, FigI- 112~ T X977
aU T T — ADT L AR ET VIF A D ARDBE TERALIN TS0, SRR
FIZRET ALV E X0, TAIS A DANETROMIZY —F U MR B L, TVIA
A B AMANSEIRFSWEIT> TS, A 7 0t A% Fig1-12(a) |27~ A3, BT OFSSWD
BELELILTEY, FSWY — L OEER- R EICL-> T, FTEERAEICTFEET I —T0b
ZHEHIEL, BEREIL TOD T AI=T AR TS5, iV VT, stk i o
FR LB IESFSWY — /W KRR - RS, @B LIStk OB A m B HEREIL TV DT
NR=T AEENEBESNAZEIZIVEAE NERSND, ZOLEDOWE MR Fig.1-12(b)
(RS, TV NS FEICTOEE TAZICED ., A&/ O EZ L, EfE
BEDORAEZSIEL TS, BIC, BAEICL —FRE L, RIMEI AT I LOEE B D45y
MAFHAL, HE CEBRBITAITOZE00 A HEBOELRE T 5V AT LB L T
2, 2L AETAY EICB W THEATONE 2 SRR E T 22N FRETH
D, EETTEALL TENZ VAT ADEEINTND, ol REMBEE LA LIk
R EL T ERAEIE LV H25% (6kg) DR AL 40%DER Sh R EHITEL, 20% D42 & E %
[ b 50%DBLERNE B E HEIRAER TEEL TRV B p ¥ — B ER(bEE
BHL W5,

Z DA, FSWITA EIFHE LI Ofa#E - #26 LHE L T FEBANO20E L\ E 721 L0 D
EEDEWEEETHLH D, B BHFCRESRE~— 2 AW CFSWO B M E)
(AZNTua—) BEOMFHIEA T ARG ZAThb TS, ZOHT, MO EE
FEXHRIEE & W2 FSW =R T AT AL S AT A ClE, FSWHIZ BT 5 WMok +~—h
DENEZEHEBRL, FSWOBMREI O AR IR T TREIL TV B, Y — L5
WRBLOEEE SEORKE, B S OMBHELE OMRFHeE 4% OIG AFFE~D1E A2
HfrEEND,

FSWHELOFSSWO B 613, L EALSNIZEHI D TORnnT | BES
RIS CEAIZATTHMTBE RN B x HEOHNTWDHLO LHERISND, HEIEHEAFSERT
TWI(The Welding Institute) 23 &5 CTHRAL TODHFSWOEARRFFFN £H70<204FE D H]
fRAH %, HARTH20154F1 A IZRKBhEb, Lizno T, ZNERRICE 058 RN
HIENTRIND,

Ul bzgLdrl, BHEEIZEL T 2000 FLIEO STEFAEZAT o 7o fE 5. SCERDS -
L 3 DOWEEE-HEAEIL, L —FIEEE, BEERRES FSW)IE, 7 —VHE#ETho T2,
ZL T, ZNHOM5EEIMIL, LT OLEBY ThoT-,

(1) L—HE#L, OL—F T —u 712k Al &S0 REeRIERL. @4

BT T AT v O BIEMEHER ThoTz,
() 7T —7#EIL. OMIG ° CMT 7L— 0 71255 Al Ba G0 RES B IR L,
QMMEE &0 BIEEBIEHE Th-oT2,
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(3) FSW [T, DAl &at#FORESEEEGYE FSW, OEm@l st Bl £fE &8 FSW
(R -228H) . BLOO@ABEAEED - AELBEENR FSW(#ER) Th-oT-,

Fig.I-11 An example of Al/Steal lap FSW application (front subframe) ¥ .

(a) Pressure

" Rotation

Electronic diffraction

A . o]

Fe Al 5

Fig.1-12 Dissimilar metal lap FSW between Aluminum alloy and steel: (a) schematic

illustration, (b) cross sectional observation on SEM and TEM) % .
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122 EEEEDBRE - HERNOLEK

o, SOE N, BEIE, BLOT IR o7k 2 RIEEMICR W T, &b EEAS
IWCWDIMBHIAT L A% & o8k A B CHY | 2T BIBRE LT E AR DT R
NEHENTNDTZD THDH, ZOWITHERENSZOMENT, TAI=T AEE&THY, HRE
[XERIFTEHT XL T Db DD | ELEDNERIMEI DK 1/3 LEBRETHY, oM ERE ITE
RESNAERL R BEIC ZVIE A F O & HEICEN TODEVI R A4 THD2dTHDH, L
Tno T BRI X— BAEF LA ED DD D FEEEM DO~V F~T V7 ALICEL
T BRI L T R = MG &0 BB EBEA I TH=—XTE W EEZLND P,
AU, ATE 1.2.1 OFFERERE—HL WD,

ZITC, BREREE-BERIEICIY, TR LA &L B2 RE LB EE L&D
LA Table 1-3 (2~ HEUE BIL, O R @EICB T8 REELE Y IMC) D ARE
X Q—HiTHY-VOHELSTER. @472t 0 Ad L, QKET —r ~DIEEN, Ok
AFEEROHK (BZET v =0 — VR T AR ), EWoic AT v A EO# A
MOBEE LT, ZHHOHEIA B IIZEAL T, KHi 1.3 T2 LNG #E#fh o RfE& Bk F4
HELC, SEEE - A EESEME (O:5 &, 0:3 s, Al 2&) CHIFHMEL ., £3 L7128
B, ZEEYTFBLOERMTIZED FSW 23, b\ WA T —bleoT,

UL D, ZBAEHETIC IS B FSW TIE, R EE AN R A ER AR AL 5L,
FIEIIN L& Co oy 2R ET 20 1, UV—r & KiES - CEEADS2E B o FSW i L
AT R A EBAFEE L2 R D7 W EVI RN B D, )5, ElfkFIck s R
TFSWIZOWTH | #E IV — I DT IR WIS R F1EZ S ITRE LT i s
TRNEWBRBENZE T B,
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Table 1-3 Comparison of the various dissimilar metal joining methods on production

Pprocess.
IMC Joining | Auto- Large | Atmos-| Score | Type or shape
thickness| area mation | work | phere |(max25)| of the joint
1. Laser welding AN JAN © © JAN 13 | Lap
2. Laser or Arc brazing A O © © JAN 15 Lap corner
3. Residence spot welding A AN © © © 17 Lap (thin)
4. Friction stir welding O O © © © 21 Butt
(butt joint)
5. Friction stir welding O O © © © 21 Lap
(lap joint)
6. Friction welding O O © A © 17 | round
7. Diffusion bonding © © A JAN A 13 Lap
8. Explosion bonding © © AN O O 17 | Lap
9. Ultrasonic welding O AN O AN © 13 | Lap (small)

©: Excellent (5point), O: Good (3point), : /\: Poor (1point)
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1.3 AHROLERLGZSWIZEM
1.3.1 A3003/SUS304 EnEZEIFES (FSW) OEAXREBM

T A LNG EMA TIE HEOMEKET A I=T LB SRS 7 DRI,
Fig.1-13 {9 IO EEEBMHFELRAVGIL TS, 20 BEE BT, BRI
FEICTDEGESILCNDD, TAI= M54 (A3003) EAT L A (SUS304L) 2 E B2 6
TERWZD, ZORINC Ti & Ni 2T RIS EL TRV 4 BREED VT Rk Lo TG 3637,
IBREREIT, A RN R O L5728 6 FE O R & O B CEEROF
Yy P EBETONENGS Y, B, BAMEEARESELD, FX/—NT Ar FH
AT T 5208E 050, i T EDOEZLD /I ATRLERERLELESN TV, Lz
Mo T, LNG B THWOND 4 877y 2B ET 5720123 E 5T 3 BOfE T2
THY, 1O Ti RN IO EEH @B Z R EL CHERT 2720, FEFICH AN
2o TS,

ZHUCHR LT, H ESITEZEEERE S EICEY A3003 & SUS304L ZE B A LAk
FERFEL TS D, o F LT, BREEEL LR T, AE A2 HEEL, i
Ti = Ni ZHWRNWZETHEERILEZZERL WD, —F, BEZET v /\—WNTOHE L%
Fp7- D BE EORIHIRD DY, LNG BIEAS~D 1 A 13— 5857 ~ D78 A IRV TV
5 40)O

ZITCAMATILEMESEO—FETHY, TFEEEZED COWIEEBBERES
(FSW)ZREL, TAI=U LSS LAT UL AO B RS BEA ICHOWVWTHREEZIT-
7o, 22T, AT HFORMESRE FSW Tl #MFERAICRES IR EL D,
Fig.1-14 \ T X0 ERMFICLDBZERE FSW A HWAZ L LT, FSW B I T
BRI EETHY MEET ICE WHRBREZER LW EEIESETHD, T, AR
BITER-EE- RIFThD, —F, 1.2.1 IHG)TBR/2LIIZ, FSW OZNETOmHAE
BIIT N2 LA ERLOEEEMFENRE D THDH, RESBHEAIZ OV T, HK
MBI DEBIN—1EdD P DB T, FAE LRI TOITORWVRILTHD, LoLAan
5, ZOHETIL, AN F—BLOEEFRCIZEAL TREREENEGLNTEY, 5%
JEARFT O E 2 FSW T35S SHLAUE, KVIEW S B CRIBRO RN EH TEXHL D EH
REsiLD,
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} DTJ*

DTJ * ; Dissimilar metal transition joint

Fig.1-13 The section of LNG carrier and the dissimilar metal joint used.

(a)

Welding
direction

FSW tool

g surface

Fig.1-14 Dissimilar metal lap FSW between A3003 and SUS304: (a) schematic

illustration, (b) macro-section of the joint.

1.3.2 A3003/SUS304 EREZB#HIES (FSW) OMEDRIK L FEER

TNR=Y DB EEAT VA O B4 8 FSW 1T, 24T ICBIL T, WSO %R
Wl PORNHELOD, BRETFITOWTIIAE RZIFONARWRILTHS, £2, BfReA
LT NI=0 LEEORIED Smm L EOGEIZEAL TE, #HBIOMAEEET L= L6548
CERHRAT R SRR CRE M SR ST Ch, BEHE DO E Y LSMT Rz THIARVIR
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WTHD, 72F, BIHE 1.3.1 THlE~7z LNG #E A BfE e Bk F Tl iE 11mm FiE O
A3003 7= AEERDANVGILTND,

ZOIN, TAI=ULEEEAT VLV 2ZMO B EE FSW (ZOWTE, 2R
RLTEY, #AAN AL A I L CREMBBHS N CWRNIERZ N, I T,
ARFFETITLLT O 3 SEMBERELTZEET, ZNOE R R T 57O T2 L 7=,

(1) A3003/SUS304 E 72 FSW #kTF D FpEr) 72 MERE STl

(2) [FIfEFOBE F RO

(3) FIfEFDFEREEY ~DE AigEt

1.4 FRERXDIERL

AW TIL, EAR LNG EWRAR O —F X & IZANWLI WD T A= AE 4L
ATV ARRO BfE e Bk T | BRI M T DS (FSW) EZ vz
FLWEFRIREEL, Eo X —  BERL, RO WNCaAN T2 EB$HZ LA B L
[P QAYS

L7=io T, AR T, TAR=Y AGELAT UL A BFE 48 FSW B2 BIF L,
B2 ok PR E A S 32L 4612 LNG ER g E ~EH T 57 Ot a Eha L 7=,
AL O E Fig.1-15 (R T, 2B, FEDOELRANRITLL TOLBYTHD,

FIEIIHES THY, IFREOE RO NS ZHERHL, KO LEHZ2LNCER
[ZDOUNTIR Tz,

Ho2ETIX, TIAI=ZULEELEAT UL ZHO B RIED 10mm UL ETHLERD
A3003/SUS304 EE4a FSW fkFICBAL €, ZEERZ ik RRFEZ IO C LT,

FIFETIL, [T 05 IRIRE H MURIFEICBIL T, TOREAN =X LERGET D2,
BAEfENT 2 FHE L 7=, B, EED ~OEAZEEL T, ZOUEHFIEIC OV THREEAT
of:o

FATETIL, FMTERE 2 7o CEVLEEL | Z0 L&D R E FFIEDOELE LML,
Fio, FEFOBEE R mEICERIMER L A EREE DR E IZ OV THLRFEITo 7,

H5E T, A3003/SUS304 E 42 FSW EBICRE T DRAGEEEUME Lk 57 S S R AR IE 2 B 5
\ZL7e, BIS, ZOBBRIZI DB OV THLRTTEIToT2,

BEETIX. BB D FSW i T24T5% /XA FSW B2 LY . WO ~HER X
A3003/SUS304 ft FZFRIEL | T OMEFHEREZFFMmL 7=,

ETETIL, BOETRIE-FHMBLIZ% /A FSW #kF4, LNG ERAES (A L2358
A OEEMB IR EMEICHOWT, BB 2 AV CTRELE-,

BB, BEEITMIETHY , AR THLNIRREFLDT,
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"HEDER

18 FH
RO BEEGLTIZEH

F2F A3003/SUS304 Eta FSW #F D R STM
EAAREEELL-ER ISR OH#MFRE SO FHE
EERAICHTEEESMELUICHEDERE
HTEESSRES S T DIRE
BEEREOD LI

BE3E A3003/SUS304 Efa FSW #F D 5|5k EE A MK FHE DR L Z D RE AR E
BERITICLDEIRRERFRIRFEDOREAD—_X LOREHR

B AMSIRRERDERETC K HHREE

AT JLINR FSWiEDIRE LM F 4 RED ST

BB EHICKSREABELDIRE
T—OREICEDFERBEDHE LA
&' FSW RE®D IMC 4 - BRI DAZA

4 4
F4E A3003/SUS304 Eta FSW RED B IEEERE E5F A3003/SUS304 Eta FSW REDE=HER
(KB ETM Y54 ST

IR LS VIR FERERFEO AR EIRE
FREBARSSVHRRBEC L L EOHE

e

\- BB (IMC [EX) 12X B8 E D FHE

F6E Z/NRFSWIZLDKEETE A3003/SUS304 #+F D /E&LZRH4 B85t

- KETE R F O ELHEOVITR I REDETE
- KETERMF O EASERSESS TR
- BUERRATC LS FEREDIRETE

ATV FSWEDERICK AU BB FDIRELBITICE I ERET

F7E LNGERMEE~DERICET 55
CEEBEICKINESHADZETM

roa

AN D= ILE IV K BNIEEHADZELTE

B
1t

Fig.1-15 Flow chart of this study.
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% 2% A3003/SUS304 E1a FSW #tF 0 E BRI FF 14T

21 #%E

PR M AT IC L D80 an OB R LORIBERE O - LV O BLRND BREE B OGS
KT H=—ANEES TN, BEEBEIRHES (FSW) 1X, M EIOIRREL - ki [E 7 0 A% f£H72
WEMBESEOTD a8 R IR BRI a4 (IMC) A LW e Sh B %
O TWDLEEIEDO—2ThD, ERETNAI=ULEELHOSHRIED 3mm LT OEKRD
EH1FSW ICEAL T, BBV EOBEIEEHMICEASIV-EE 1 FOATHLLDDHESIL
THY P 5%0EAIERPIHHFESND,

ZDEIIRIRBUNTHKIL T, ABFFE CTIX N E TR E DLW T A= DB ATV
L 2D ERRIEDS 10mm LA EDOER O EI FSW FFIC oW T, FEparse L ER LR &
1o,k

AETIZERD A3003/SUS304 B4 FSW fkFIZBIL T, ARk FRHEO MR FT 21T

77,

22 HEMBEBELUVEERAE

BEA1T A3003-H112 7AI=UAEEiRETTIRD SUS304 27 L A8tz AV -,
A3003-H112 D224y SR B E Table 2-1 (2579, A3003 (ZHR/E 11mm D3 AL
DEFORMM THD, —J7. SUS304 13 BT AN TIZKYFHE DRIt BT
WE 12mm H5MNE 15mm OH D TH D,

THRIZSUS304. EARICA3003 Z#ELEL . 6 ECEELZ, 7r—7 & 1llmm, 72—
eI 9mm D FSW > — L% AT, Fig.1-14(a)\ 2~ XOICER FSW 24T-72, 7 o—
TIIERUDHEL THY , BEE M ITHEEEE 300mm/min, > —/VIEIESEE 900rpm,
—)VHETEMA 1.5°0 U7, 7k, ALY — VoM E 13X T B4 (SKD61) THY, 7a—7 D
RENIIEBEE T, D DOAT VLA T Dk a2 W E LT Cr RDOIA—T (T %4T 5
77

TERLL 7RISR L CL A3003 D60 B iz akEx (RT) & SUS304 608 E
HRIERER (UT) 217\, BN EAEO RN AR L%, SRR,

FIOIZ, HEE I EE 2B CREE A 2L, ¥ AV ERX—ANCHER, B
BREATV, EFBME T~ /o B LUV iilBl E 41T o7, BRRIZIZ~/7uféL T
WALSR A I/ AL Tr 7 —RiREZNENR W, iV T, A R mELFIcBIT5
A3003 OIESHIERRA FEIEL 72, RBEII~A7ut Y —2 MT-XTFS (R~ ¥7) % A
VY, FRBATTE 0.98N € 0.5mm [HE CRIE L=,

WRIZ, Fig.2-1 |- HEB IO RE =T &5 3RHER A 2 /ERL | A3003/SUS304 HEHia
FSW it FIZIIT HIEAL 3 #l 5 [ O FiR B AR A L7z, BRI IXEAR U AG-G250kN
(BEBRUERT) Z AV, BIE KK CHETET 6mm/min OFE CREEZIT-72, 725,
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Fig.2-1(b) 5 X () D 5| AWl Tk, M ERICIRED AN —HZ2 AW THE R
i EATICREBR AR MER T 2I012FEE L,

Table 2-1 Chemical compositions (mass %) and mechanical properties of an A3003-H112
alloy.

others others N TS YS El
each  total (MPa) (MPa) (%)
0.23 0.37 0.14 1.1 0.02 <0.02 <0.03 Bal. 125 88 45.0

Si Fe Cu Mn Zn

200

(a) e (b)
0= d 2 @

SUS 100 1 |
16 (150) |

30

Al

12

511

11

200

60

[

30

[

15

b= Y

sus |

75 Unit: mm

Fig.2-1 Shape and dimensions of each specimen of the dissimilar lap FSWed joint
shown in Table 2-2: (a) vertical tensile specimen, (b) longitudinal shear

specimen, (c) lateral shear specimen.
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BT, Fig.2-2 |3 e | 3RRER A 2 /ERLL | A3003/SUS304 E 42 FSW HBIZ3517T 51
INEIROTRE R AR LT, BB ATV AV AEMN THEZ VT Imm HRECHERLZ
%, EM LICE O EZRET D20, =AU —HK (#800, #1200, #2000) Z FV N C Ml i 2 A
FEM: BT UT, BBRIZIZBEO SRR AL FV |IRKKF CHEBrET 1.0um/sec DE
ECRBAIT o7,

Fo. FRAEFBMEE JEM-200CX (A REF#R) 2 AT, A3003/SUS304 #2455
ZANEE S 200kV T TEM B LT, BB A IFERAA 0 ©— 225 E FB-200A (H S AT
7/ —X) & RWT, JEX 100nm 2 I/ERIL -,

—

’ 4
< —
R0.25
o &
5 e

SUS {

t=08 unit - mm

Fig.2-2 Shape and dimensions of the micro-tensile test specimen used.

23 ERER
231 WEfEBESE

A3003/SUS304 Eia FSW fkFoOWrm ik 5 E% Fig.2-3 |2, Fig.2-3(a) DWWk~
AR I T, B — L D [EIER 5 [ &R T DS REIC LA DR (LR, AS LFE9)
T, HRINRZ DR R D% B (LA, RS L529) ThHD, 1BFPRAEI (Stir Zone: LA, SZ LF2
T) BLOEA FEITITFINLZERE DO K MEIFERO b -7z, SUS304 HlDEEE FL ik
IZIEMI AL TEY, AS (ZBWCEDMHEE N EE ThHhoT-,

Fio, AR EIHED A3003 Tk AS 1Z/h&72 SUS304 O gLV, ZHDZ
EMB FSW Y —/ /LD elimid A& 7 ae A9 2 SUS304 K AL CWDI LD N HIL
77
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A3003

Fig.2-3 Cross-sectional macro and micro structures of the dissimilar lap FSWed
joint:(a) macrostructure, (b) to (d) magnified view of B to D in (a)

respectively.

232 MBEIHM

BA N EIEICRITS A3003 DS 3% Fig.2-4 (O~ T, S ANDEEORAHEIN
Hv39 F2E THHIOIZH LT, #E8 R EH 5 0.1mm 5D A3003 13, 1F1F Hv42 DL EE7e-
Tz, ZOMEMIEL AS IZBWTEEE THY, BES)S Hv43 JDEEWE 7 (@FBLU) H380
bz,

Fio, FREVEES FE T OE R (S2) 181, ¥ 9.5mm THY, 7'm—7 ik 09
FOLENTKRENST,
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Fig.2-4 Hardness distribution of A3003 near the lap FSWed interface.

233 EXI#MAROMHFHREFMN

B A mE+Y WG e LE X O AL, RIEH(RS) Z+X @ meLiz
Table 2 |27~ T XH72E AL 3 ®lICKL T, ZHEFAT 5 DO F M OMFEELZFHELZ, 3
Bt A Fig.2-5\2F LD CORT, Z2C, 5 9RIREE 1308 % O BALEFE 24 O ORI 8 (i 1))
Tlid7ed, BALHEES RSV OMEHEfir & (N/mm) CEEEL7Z,

ENE B OMTFIRE  T72b B FIBEFRE(Z)1X 845N/mm RE CTh-7=, Fig.2-6 |ZREHT
% OHFBERER &7~ 9°25, A3003 BRI T L TODE S DB OBV, ZOMEIE 6.6~
7.0mm 2 Th-o7z, £, AR OFIBEREE (Z) 75 A3003 OEAFFEE (125MPa) IZFE Y
LHEEEEROMRITA 6.8mm (=845/125) LRSI, FFEOEELLILK—HTLILED I OLI
72, BT, Fig.2-7 12 SUS304 DA LB IR ERER (UT) O R4 7777, SUS304
NS AR SNT-BERIT, BESN W ARWRE TIRIER S T 5720 K&/poa—Lip
DN BEE SN FRE TIE A3003 fI~FZ#E T 57280, ma— Sy, 2k
HENT-HEATBOMED 6.6~7.0mm THY, LFLOEE—BTDiER LT, 728, ZOMEI
Ta—T7 S 09 DR 75% ThH o7z,

|
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Table 2-2 Tensile test direction of A3003/sus304 lap FSWed joints.

I') Vertical tensile strength

II') Longitudinal shear strength

Z) Vertical direction

welding direction

Y-1) Forward direction

welding direction
\

Y-2) Backward direction

welding direction

IT') Lateral shear strength

X-1) AS direction

welding direction

X-2) RS direction

= 1,000
£
Z 800
S 600
C
©
- 400
o
® 200
2

0

welding direction Z
\‘ N /7 Welding
Direction
X
=S N |
=
4 Y-1 Y-2 X-1 X2

Fig.2-5 Tensile test results of the dissimilar lap FSWed joints: Z, Y-1, Y-2, X-1

and X-2 means tensile test direction shown in Table 2-2.
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Width of weld

SUS304

Fig.2-6 A specimen after fracture of single-pass dissimilar lap FSWed joint:
(a) side view, (b) top view of SUS304 side.

Lap FSWed region Tool exit hole
Welding djrection

P T h Py / v W i\ P

——

Fig.2-7 An example of non-destructive test result by phased array ultrasonic

inspection from SUS304 side.
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WIZ, BRI FAT R A M OMTFIRE , T 7220 HHMEE A WEE (Y-1,2) 1%, 545N/mm 2
FECholz, 22T, EHRD A3003 ZHEE FHH~F| ko754 (Y-1) &, 2O 5 H~5|
SRS TGA (Y-2) CRIZDEE /2 -T2, F2, ZOMEIXFIBEREE (Z2)DHK 64% Th -T2,

ZHUTKIL T, BARICE AR T RO FEE | 3 7ebbiit A WRE (X-1,2) 1%, B
A3003 % AS F Al ~5| 53R 72454 (X-1) &, RS HHI~5|25E- 725 A (X-2) IZBWTHL
DIRZEFNGRO BV, I 768N/mm & 934N/mm CTh-o7-, ZD XM FIRE D[
FEUEFEMEIE, 70 —T s o7 OV —/Va RV EFRICBIT D[RO A KR ER
THRENDOLITZ, 7 a—T i o7 £ 09 DY — L& R\ L& O AWERE (X-1,2)
% Fig.2-8 \ZF L TRT, Wi —ALIZ MR A3003 2 AS FH~F|58E- 72354 (X-1) Kb
t, RS HE~F| o3RS 5E (X-2) DF MBI 1.2 @OV IRE a7, ZORKIZ OV T,
BIZEBMBEFTEITOIZELET D,

g 1,000

2 o B
= 800 :
S

& 600

17

§ 400
[}

e

® 200 f
2

c 0

(o

b7 9

Fig.2-8 Lateral shear strength (X-1,2) shown in Table 2-2-1IT): @7 and ¢9 mean
the FSW probe diameter used.
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Fig.2-9 Tensile strength of dissimilar lap FSWed joint obtained from

micro-tensile test.
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A3003/SUS304 E 42 FSW Fitid TEM B2 E L 7o, BIEALEIT Fig.2-3(c)DH ST
W CH5, B BLOEE % Fig.2-10 (2. EDX ST OfE R4 Table 2-3 (<7, #4
FEIE, EE 200~300nm O _JEHEIED IMC 2>DRERRSIVTEY, A3003 {43 AljsFey.
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(1014

\wmm
: AI13Fe4

7

Fig.2-10 TEM observation of A3003/SUS304 interface of the lap FSWed joint: (a)
the bright field image of AS and RS respectively, (b),(c) diffraction

pattern of selected areas.

Table 2-3 TEM-EDX analysus results.

No. Analyzed point Element (at.%)
Al Si_ Cr Mn Fe Ni
Al A3003 1000 — — — - -

A2 Interfacial layer 77.9 1.0 2.7 12 144 2.8
A3 Interfacial layer 72.4 0.4 42 0.5 21.5 1.0
A4 SUS304 — 14 200 09 699 7.8

Remarks: No.A1 to A4 mean the points of A1 to A4 in Fig.2-10 respectively.
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LT e, E72, A3003 D51RESCHAIDER 73S KD ER3DINTETEL TWDHI LN ER
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Deformation

Fig.2-11 Lateral shear test method and specimens shown in Table 2-2-1II): (a) schematic
illustration of test method, (b),(c) specimens after fracture of X-1 and X-2

respectively, (d),(e) magnified views of weld region of (b) and (c) respectively.
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Fig.2-12 Tensile load-displacement curves of lateral shear test before fracture: X-1

and X-2 means tensile direction shown in Table 2-2.
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(a) (b)

SUS304

SUS304

Fig.2-13 Lateral shear test specimens before fracture and the shape of crack tip of
them: (a),(b) specimens of X-1 and X-2 shown in Table 2-2-1II), (c) to (f)

magnified views of C to F in (a) or (b) respectively.

-33 -



25 #E
KETIZ,. TAIZVLAEELLEAT UL ZMOEKRED 10mm 282 HERO

A3003/SUS304 Eia FSW Ak FIZBIL T, MRk R R MEZ DN LT, SO iER

LA TFITRT,

(1) 7e—7 8 ¢ 9mm O FSW YV — /L& RWGE | $hiE T ROMTRE, 37/2b5
FIBESREE (Z) 1 845N/mm & E T 7=, A3003 DR E (125MPa) [ZHE Y 58556
DA 6.8mm THY, 70 —7 iR DK 75% Th-olz, B, ZOMRITEBE HHRE
IZEVBRHATRE CTH D ZEN 3T,

(2) FCSEEBUFATRITMOMFRE, I 72D Ot AWHRE (Y-1,2) 13, £ A3003
BRI ~Bl oSG E (Y-1) LB T ~5l o256 (Y-2) CRIZEDEERD,
545N/mm FRE Th-o7o, ZOMEITHIBETRE (2) DR 64% Th o7,

(3) FILKEARRITEA LT MOMFTRE, 720 AMRE (X-1,2) 1X, B4R A3003
Z AS F~5loiko7235E (X-1) & RS FHA~G| ko736 (X-2) T, £ ZE 1 768
& 934N/mm FREEE72D KT 20%DFREZEDFRO DIV, ZOMEZE 372065 iRIRE
FERIFEIL, 70— Jedm RN B2 D FSW Y —L (¢ 7) DFAICHRBD BT,

(4) A3003/SUS304 E 42 FSW fitF 21T o8 G HHIB D FREE M A sl & LIoR R #281308
9Omm DB CIERR S TEY . BEA T (X=0) ITEED AS ~F-7-481 (X:-2~+1) .
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SZ FSWed

Tensile Fixed
(movable) side
side

z clamp clamp

Fig.3-1 Lateral shear tensile tests model for non-linear elastic-plastic analysis.

Table 3-1 Physical properties used for FEM analysis.

A3003, Al/SUS weld interface SUS304
Young’s modulus E (GPa) 78.160 196.100
Poisson’s ratio v (-) 0.33 0.30
180
160 |
nﬂf 140
2 120
g 100 |
® 80
[O)
S 60 |
= —— A3003
40 | —=— SZ (FSW, X=0)
20
0 L L L
0 0.05 0.1 0.15 0.2 0.25 0.3

Logarithmic plastic strain

Fig.3-2 True stress and logarithmic prastic stain curve used for FEM analysis.
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Fig.3-3 Results of FEM analysis on the lateral shear tensile test (scaling up 10 times for

deformation): (a) deformation and distribution of equibalent plastic strain, (b)

maximun principal stress vector on each node, (c) magnified view of redgion C.
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Fig.3-4 The calicurated stress curve of both sides of FSWed interface: (a) lateral

stress (0 X), (b) vertical stress ( 0 z).
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Fig.3-5 The situation of lateral shear test of X-1 shown in Table 2-2: (1) initial

set-up, (2) under testing, (3) before fracture.
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Fig.3-6 The situation of lateral shear test of X-2 shown in Table 2-2: (1) initial
set-up, (2) under testing, (3) before fracture.
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rEERTD,

ARETYERIL =4 7 VA FSW fEFOHARE Table 3-2 D 1~7 1ZFELD D, Fio, FH2E
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I:I First pass I:I Second pass
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Fig.3-7 Schematic illustration of the double-run dissimilar lap FSWed joint.

TERLL 7=/ FIoR L CL BB2F LRIk A3003 I OO #RiEE R (RT) & SUS304
OO ERFRERER (UT) 2170, FINSSZBRED R MR e 2 sl LT,

Z D%, Wim AR 2R, TS5 ERER. BLOBEA OB/ IERER D& R
L7=, #EFBERBR AW O R B L OSTEE Fig.3-8 177, REB A IXVA Y
B THEZ AW CTOIVHL72% ., BN TICKDEEERET D20 =AU —HK (#800,
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#1200, #2000) Z FV il i 2B BE A BIF U7, 3BRIL5 | 3ER BRI 5505 INSTRON) & A\
T, BERKIHFIZTHEET 50um/sec DIRE TITo7-, 7k, ZHLSAORERIZ OV T,
F2ELFRICEETEMLT-,

Table 3-2 Specifications of the double-run A3003/SUS304 lap FSWed joints produced.

Joint specifications
Symbol for the joint

Joint type”™" r?
1 AS-AS joint (r=0) AS-AS 0 mm
2 AS-AS joint (r=1) AS-AS 1 mm
3 AS-AS joint (r=2) AS-AS 2 mm
4 AS-AS joint (r=3) AS-AS 3 mm
5 AS-AS joint (r=4) AS-AS 4 mm
6 AS-AS joint (r=5) AS-AS 5 mm
7 RS-RS joint (r=5) RS-RS 5 mm
8 Single-run joint (AS-RYS) —

Remarks: *1) refer to Fig.3-7, *2) distance between weld centers of first and

second pass.

A3003
Stirted
zorle

! Wo =22+ r*

WB=8+I'*

3]

r* ; Distance between weld centers of first and second pass

Unit : mm

Fig.3-8 Shape and dimensions of the specimen for tensile tests.
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332 EER#HR
(1) BrEiRRERES

BTNV RAFSWICIOIERLL 7= 6 FEFED AS-AS i TF (1=0,1,2,3.4,5) & 1 fE¥H D RS-RS ik
F (=5) OWrE ~ /B EEL Fig.3-9 (O~ T, BEMEREICIT, ©—NMAl(EFH) &84
Sl (R 5) (23610 DR (SZ) D5 I RAIZFEL T,

ATV BEFRFEIK (S2) 12DV TH | BN ZERED R MBIFFRO bV -7z, £o, 77—
ARSAELR T RSN I DA WO M BERE r 230951206V, SZ DIREIEINL TV D
ZEDHERRS LT,

First pass Second pass

First pass

(b) AS-AS joint (r=1)

First pass

(c) AS-ASjoint (r=2)

Fig.3-9 Cross sectional macrostructures of the double-run A3003/SUS304 lap FSWed joints.
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(d) AS-AS joint (r=3)

First pass Second pass

(e) AS-ASjoint (r=4)

(9) RS-RS joint (r)

Fig.3-9 Continued.
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ZZ T, B XX FSW fkFoWrm ~ 7 akiifk Cld, SZ OFER AS TITHBR Tho727h5,
RS CIIRRRHE CThoT-, A RIERILIZZ 7 LA FSW ftFTiL, AS-AS fkF0 SZ
BERIIMNDEE (1=0~5) 1. Fig.3-9(a)~ @)\ IOl Ch o7, — 5.
RS-RS #FD SZ 51T, Fig.3-9(@)\ T ISR Ch o7z, Tz, 2O/
BEETIX, B R/RRICED AS DER A, BEH R0 TED%B%‘ IZHERR CT&T,

UL EDZ LMD Z 7 /3 A FSW T E - TREEI (SZ) O MG 236 1T DIERFRE D S8
ST Z &N, WAL 22 I LD O BT,

(2) HFRERER

T AR 2 A ESE LT &5 T FEEOX 7 LS A FSW kR 08 | iEREBRfE 524, 2.3.3 1E
DBE/SA FSW T ITHFIBEFREE (Z2) LB L T, Fig.3-10 (2R ¥, 22T, 5IRREIX
H2ELFRICBEALBEA R SO E (N/mm) &, BEALEE 4 YO R R E (MPa) D —-2>0
BT CEHLT-,

Fig.3-10@)>5, % 7 V73 A FSW fEFOFRE (N/mm) (X, AS-AS fEFIZHB N THEE L
FIEERE r OEINHE, T DRI, LT2D > T, AS-AS #EF (=5) Tb =
WEREE DGO, B SAHETF O 1.64 fEL72 o7, ZOMEI, BB A ~TEE W 28 1.63 f5L7e-
TWLIENLR Y RMETHLHEE Z HID,

ZHIUTHL T, AS-AS fiEF (r=0) T, BEARHFLIDS 13%RERWVIRE L7, BT,
RS-RS##F (r=5) Tl B SAMEFITH L T127FIREEIML=b 00, #26 H0 R
B r 3[FIC AS-ASHETF (r=5) LHE L T, 30% IRV ME CTho70, ZAVHDERHIZ DUV TR,
RIECTELREAT),

— 75, Fig.3-10(b)7>5, %7 )L /N A FSW ff FOIREE (MPa) 1%, AS-AS fkFIZHB W THEE
U BT EERE ¢ 2% 2mm DL EE725 8 115MPa f2E TIRIE—E Lo 7=, ZOfEIT A3003 £:4F
DFRE (125MPa) LVENNRVME TH 7=, 3.3.20) TR T D912, BEAFEIK O v &)
ISR E I A B 72D | RERFERTHLEZZDND,

LEDZENS, X TN RAFSW Tld, AS-AS #FOEET r 2 2mm LI EQ=r=35)IC
TAHZEDBEN THLIENAGI 72T, 72d6 RMFZEIZBITHX 7 /L /XA FSW Tl r &
6.8mm 2 (6.6~7.0) LA LT 5L B TEIRO FRITREES TN H AT DR REMED DD,

Fio, EF B IRRBRI ISV DRk R DRER A K% Fig.3-11 \Z~9, Fig.3-11(a),(b)35 X
(gD AS-AS #ETF (r=0,1) & RS-RS T (r=5) TiL, BEAEH I T A3003 & SUS304 7374
R W 2D REI AN R D HALTc, ZO FE T L /- I O EFE X, AS-AS #EF (=0) >
AS-AS ##F (r=1) >RS-RS fTF (r=5) DINRIZKELRY | Fig.3-10(a) |\ 23317 Dk F58 FE DMK
WIEFFCHho7z, 7255, AS-AS fETF Q=r=5) 128\ T, r OBIMEILITHETIEE M
LHEHIL, SZ OYERITH, A3003 BT T H5EIE LI 57 2B 2 Hvb,
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0
Single-run r=0 r=1 r=2 r=3 r=4 r=5 r=5
joint (2) AS-AS joint RS-RS joint
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joint (2) AS-AS joint RS-RS joint

Fig.3-10 Tensile test results of the double-run A3003/SUS304 lap FSWed
joints and the single-run joint (Z) in Fig.2-5: (a) tensile strength

per unit weld length, (b) tensile strength per unit area.
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(a) (b)
A3003

First
pass

A3003 Second
First pass

SUS304 SUS304

+ AS-AS joint ( r=0) + AS-AS joint (r=1)
(c) (d)
A3003 " 23005

Second
pass

First pass

SUS304 3mm
*AS-AS joint ( r=2) *AS-AS joint ( r=3)
(e) ()
A3003
First

Second
pass

SUS304 SUS304

+ AS-AS joint ( r=4) + AS-AS joint ( r=5)

Fig.3-11 Fracture positions of the double-run A3003/SUS304 lap FSWed joints: (a) to (f)
mean =1 to 5 of AS-AS joint, (g) means r= 5 of RS-RS joint.
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(9)

Second
pass

* RS-RS joint (r=5)

Fig.3-11 Continued.

(3) HEEERMUINMERDIRE R IE

B UL HIEERE ¢ 233512 Smm D AS-AS ffEFE RS-RS fEFICBIL T, #2245k OTREE
TR LT, FEAEEN T2 LR L, 77— AN SARE DR SADEEAS LD F
% X O S (X=0) L LTz, fEHR% Fig.3-12 (27,

AS-AS #ETF (1=5) TlE, X 23-6 72H+6 O 13mm ORI TR DN ERL IV TV, £ 0
FaE DR (-5 =X=5) 128 T, A3003 T L7025 REF7efE BB EONT, F-, A ERK
O W ES (X=26) 1L 60MPa Hiif2 OIRV iR EE 27~ 9 53R EEMTE T Ch o7z,

—7J5. RS-RS #TF (r=5) TIE, X 23-5 3H+6 OIE 12mm OFEB CHEANERIN TV
HLOD, BEEEF R ((1=X=+2) Tl A3003 & SUS304 23FEAEHEIL , (KFRE CTh -T2,
A3003 il Wr 720 BRAFRBE G DMT O HEBIL, ZDOIMAID-4=X=-2L3=X=5D22D
BeWEIRIZIRES Nz, 2B, Fig.3-10 33X Fig.3-11().(g) DIk TF5IEREBRORE R L
BL—%L, ZNEEMITLHRRERoT,

-50 -



(@)

X Base metal fracture

6 5 4 3 -2 1 0 1 2 3 4 5 6

Distance from the bead center of the double-run FSW, X (mm)

140
T 120
o
= 100
=
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C
2 60
(2]

L 4
2
& 20
0
(b)

140
©
S 120
S 100
£
[&)) 80
C
=
»

0]
5 40
o
Q20

0

+ AS-AS joint (r=5)

X Base metal fracture

Distance from the bead center of double-run FSW, X (mm)

+ RS-RS joint (r=5)

Fig.3-12 Tensile strength of double-run A3003/SUS304 lap FSWed joint

obtained from micro-tensile test: (a) AS-AS joint (r=5),(b) RS-RS

joint (r=5).
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3.3.3 SIRBEARKFEDOHEICHT LIER

AS-AS fEFTHEA TR r 280 & 1 OFIERBRICIHBW T, FHEEERT R T A3003 &
SUS304 735 i hk b L7 fEI S5O Bz, 2D ORER FIZk1T5 SUS304 IO i 4
Fig.3-13 \Z"7, Fig.3-13(a),(d) |35 O2EKFTETHY , RV G THEHATZE S,
A3003 THEWTL7Z 5B TH D, 125 0 5 T ITHEIIL 72281280 A3003 SR 288N 722
DD, EDOMDKIZL, (@) L@ BT HEMEIROILKE TH D,

Fig.3-13(b),(c) CTlL., SUS304 DR IZEE 4 725 MO M MRFED BT, A B0 FSW T,
BTEAA 1.5° ST LA K SZADO#EES H 0 (Weld center: L. WC E3290) f+F
I IZBNTY— /173 SUS304 SR A <Al 583 2 b, AS-AS fiEF (=0) TiE,
77— ANARE I R SANE U AW T NGB DT 77— AN A TIRE IS S
= WCIHLBEOREIR, i 7 A HOE IR /SAIZEDRHEROTLEW, KR E O S
W2l o To LHERESILD, TERE(B),(c) TRODNIZEE DML, 77— AN REED
VRARZZBWT, 220D EDBY — /LA SUS304 SRR LR CHLHETFHEEIND,

o

(a) AS-AS joint (r=0)

(b) Magnified view region (1) (c) Magnified view region (i)

Fig.3-13 Fracture surfaces of SUS304 side of the AS-AS joint after tensile test.
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]

(g) Magnified view region ( v)

Fig.3-13 Continued.
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F72. AS-AS fETFE (r=1) TlX, 77 —ARREE IR /RAOREED Imm TH5H720 Y —
JL7N SUS304 FE T Heh FR< BRI~ 2 84528 Imm 352kl B4 FEm A IMAl~ 1mm /&
NDHT=6 ., A3003 FET9-2 BRI/ B A MEE A I L -b DL HEREIND, 12720, BEE T
JTiE, AS-AS #ETF (=0) DGE LFEERIC, 77— AMSATREIZHESG ST WC D
FEIRAS, W H AN R ARZIVFERONTLEI D, LR K (). ().(2 2 A5
DI EREEN e o Te SR SIND, Ieds, 77— AR SAD WC (2, BHR/NAD WC
NERSNZFEEZ ., [WC+WC]fEE LTI 2L e1 5,

B2, RS-RS #tF (r=5) (12T, 25 E R THREIRWr &> 72N 53R A O
SUS304 (DR i % Fig.3-14 \ZR$, ZHHOREE Tl RO KREVVEE DO MR D 5
Nz, ZOEIE, 77 —ARAD AS _EIZ, BAUR/RAD AS NERSLN-MEIH THD, LL
. ZOREIEZ [AS+ASIHEIREFE T, ASITY — /L ORI EEFEE HANRL THAH-0D,
WC X RS IZHART, HEHF OB N RENZENFE2EDFERNG D> TD, 207
B, AS-AS ##TF (1=0,1) D[WC+WCIfEI L FIFRIC, RS-RS MFFDLAS+ASIFEIE TIL, 7
7 —ARNZATCHRENCEE S SV IR W H AL D I R/ARAIZIVHE TGN TLE
W KR EE e SRR BT I A o T LHEER S LD,

PLEDZ LD XT3 FSW TlE, DESH.OMERE ¢+ 2VINEWGEE (0=r=1) D
AS-AS fEFIZBIT2EE OO ERDE ([WC+WC]fEE) . <° 2) RS-RS fEFI2811D AS
& AS OEARVE ([AS+ASIFEIEL) T, (KR E 7 R ik W L 72 5 AT R S LD &E 2 B
B

R
| First pass ~ A 2 '-"‘; Second pass
| direction BN ESEPENSEEE BB dircction

1 AN

£ RS
First pass [§ N = Sccond pass
direction 3 AN direction  {

=0 - X=1

Fig.3-14 Fracture surfaces of SUS304 side of the RS-RS joint (r=5) after micro-tensile
tests: (a) and (b) show the specimens of X=0 and 1 shown in Fig.3-12(b)

respectively.
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3.4 #E
ARETIE, A3003/SUS304 E 42 FSW kT 55558 E H R FEMEIC W T BitE{T-

oo HONTRERELLTIRT,

(1) B AMERBRD BRI EE 7 MK AEMEIC OV T, ZFDFAEAT = X DA S B R 2 A
THALNI LT, B AMEER T, 515& (FTEh) RI10D A3003 LIESRHAIDHE A 5 i Db
BFIZ,BZA (=R 1) 053RS IMBAEL, 2O ORENBIGA T D52 L3 D>
HEHNTZ, 22T, FE2EDFERDD A3003/SUS304 EAAFSW fETFiL, #248 FAICHL T
B IER R E R LA FF O Z LMo TND, LIZ3o T, ZOERSy 73 B 58 EE 72 Rif e
1 (AS) DEEITILEFRE T, W IARERE 2% B0 (RS) D &L, IRIREIC72 D2 L
ZEABGHNZ LT,

() FEFOSIIRRE T AR TFEEA W ET D HEEL T, 2 BIOE FSW fit T2 50
PRADEE TR A A R CEBESET2Z T L /RA FSW IEN, B THHZLAHERL
77

(3) X7 N/ SAFSW Tl #EE O LEIZ AS L7205 AS-AS MEFOFERET, #EH
OREEREr 2 2mm P EE T 52 Q=<r=5) 28, EFRRED M FICER THHIENR LD
77,

(4) T NSAFSWIZEBWT, )7 7— A AIZBIT28E EIE O RTER] (AS) B2, &
VRRZDORTHERI (AS) ZERDHZE ([ASHASTFEER) R0 2)7 7 — A SRIZBITHE T
D (WC) iz, B R/ SADEA .0 (WC) ZEHRDHZE([WC+WCHEIK) 1, 20
OB EFELE TSIETCLEIZEN D o72,
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¥ 4E A3003/SUS304 Eta FSW REDBEBEREIC X 55 E5HE

41 HE

ZHUET A3003/SUS304 E 2 FSW fkFICBAL T, Tﬁ}/—\@ii@%tit%ﬁ%% Sl
7o, Ak P2 — B E O L THER T 5720120%, 7 — 7B E OB E %17 T
fERINLZENTRRSND, LI T, En':L%E@#UEE LEDEEIZOWTH, HLNIC
TAHIERMETHHEEZBND,

ZZC, AETIE A3003/SUS304 B4 FSW HA#E 2 725 CEVLERL . ZD L&D S
R DZEALZBAGNI LT, F7o, RIEBICEBRITER L) DB EEBREORE IOV THIR
EIToT,

4.2 A3003/SUS304 E£1a FSW RE QML T &5t
421 HEMHEERAE
ARETHWMERMEHT, FH2E LRI THD, /ERLT- A3003/SUS304 Eia FSW ik F
(2L T METESIE OEET—E AT L) ZHWT, IRE 723~873K (450~600C) | K
[H 60~3600sec DHLFH CEFEFAD B ZAT 57, AR, IR 823K, FEfH 1800sec DFAH:
TEULEL7-388 1 %, (823K-1800s) Bk i D IHIZFL T 2&ET5,
ZNHORER A A FICEERBE COWL, 4 1Y ELRX—ANTHF R, v~/
BELO SEM MEIEALEM L=, 22 C, v/l T bek IR CERLIEEZITV,
SEM B2 CIIE B AT 70> T2,

422 EEB#ER

A3003/SUS304 Eia FSW #kFOWE ~ 72l 6% Fig.4-1 \Z~7, Fig.d4-1(a)lx
FSW A ZBULER 24T > CUOVRWEES DO FE (FSW O EF) OFERETHY | [FXI(B)~ (@)} i%:h
ZIFSW BV 21T > 72 (773K-60s) . (823K-1800s) 51 T* (823K-3600s) nft%ﬁ)#@,fﬂ
wmThHos, mﬂ@n’:ﬂ-ﬁﬁk ZHRWThH, B (SZ) BLOEEAE R mEIITEIN 2R E O K

IFRDBNI o7z, 72720 FSW O FEFED (a) LBV AT >7-(b), (c)@rﬁﬂﬁﬂtﬁx ESEELES
IAFFEE 2L CWADIZH LT, (@)D (823K-3600s) 3#BR A DAL Tl B IZREITRL
T-BHREEI (SZ) B D AS 12BN THE SR RLOF RALDNERD BT,

WIZ, FSW D FFED A3003/SUS304 il D SEM 5B % Fig.4-2 2, {54 CHULHE A
{To7-[F 5 E D SEM B B% Fig.4-3 |27~ ,

Fig.4-2 |27 33912, SEM 2L ~UL Tl FSW O FED A3003/SUS304 #2424
B LS (IMC) TR OO oT-, ZHIZx LT, (823K-1800s) 3 Hk / Tl
Fig.4-3(p) ~ @)\ IOIES 3 um BREOBEZ IMC B2 FEOLIZ, 20 IMC )ﬁ
AS 75 RS IZIE- T, AR EDIZE I TSI T,
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ON

A3003

SUS304

A3003

SUS304

Fig. 4-1 Cross-sectional macrostructures of lap FSWed joints: (a) As FSW, (b)-(d) After heat
treatment (773K-60s), (823K-1800s) and (823K-3600s) respectively.

[FIREIZ, MLoo3BR A2V Th A3003/SUS304 FEAFEMIICEIZZ LT, (723K-60s) Bk
N(773K-60s) #BR A Cld. Fig4-3(a)~ () (R TINIES0.1 pm L TFDOIMC 23 FIESIZ
JSTELTHY, (823K-60s) BR Fr B L O (773K-1800s) 3BR A Tl R (g) ~ (1) B L Vi(m)
~(0) \TRTINTEEEE R AS OFFHIZFE 0.4 BEW 0.6 u m BREOHKRE IMC
AR STz, (723K-900s) 38 L T8 (723K-1800s) 3Bk H s A4 . FIK(s) BL V@
RT3, FIEBZ IMC 28 EFEL Cue, — 77, (773K-300s) 38R f. (773K-3600s) B LT
(823K-3600s) &k fr DFERZ | R ()~ Wm0, TNENES 0.5, 1.2 BLN 3.2
m FRE D IMC B ARSI T,

Fio. Al BE&DOR R E725 873K (600°C) TEVLEEZ1T - 72 (873K-60s) 3R F DifiE 5
% Fig.4-3()~ W\~ T, BEAE TR TIIHE IMC BABIZERSNDEHIZ, A3003 RIICHE
BOBRARDERD SN, ZORARIL RS ICBWTHIERSN . RARTEED AN =X LR
B CH DM, 823K LL T DS CHMLER L 7- 3Bk /i CIIFRH LI TN ZEN D, A3003 D
Al RO B ICIRS NI ZE DL TV DD DRSNS,
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F 2, (853K-1800s) 5Bk Fr oW~/ i OV ek 5 E% Figd-4 |7, 728, 2
DOBESLFRSAE T, 3B 910 H U IZ A3003/SUS304 #24 REAFIBEL 7272, TIVHL
7oiRBR A AR RO L C | ML IS L7, Fig4-4(a) D~ 7 ik Tl 1B #E#ERk (SZ2)
DOFEERIEIH AL L TRY, ZOREIXRHR LIz Fig.4-1(d)D (823K-3600s) 5k /01
REDoT, FH(@BLO@WIE, EnEnEs F 0 (X=0) BLUOEEH 0225 RS ~ 4mm
TITALE (X=4) D SUS304 (HlDI 7wl ik T, SUS304 FriE D EHFIZ4~6 um FRED
IMC BB DHIL, WEBIZEX A DR AL COBEFTLRO LI, —77, RX(©BL U@L,
ZTNZEN(@)BLOMEIZIERNLEIZRITD A3003 |07 ok T b, A3003 D FEH T
1Z. MR FEFE IR ELIRS>TODHEDOD | IMC BITERO b7z, T2, FXK(b)ITEE
U075 RS ~ 10mm 72 REBEAALE (X=10) ® SUS304 i THD, ZOERSITIE IMC
JEIIERO LI oTe, ZNHDZEND | 3R A OFIBEITRR L2 IMC EB& A3003 DT
ALTELDOEEZLND,

Table 4-1 |2, BFEFBLIRFLZOLZBEINT IMC BSOBREFEDD, 22T, 8l
LZIN72 IMC 1T, SRR LTI RED B D ONRIEL | 72387 AS X° RS O#]
B EICL > THEINREL-STCN, ZOTRDARR T, HEP R (X=0) L, ZI05 15
m @ T AS BEUNRS HFRI~ENEN 2 TRTBENT- G ET 5 FETOALEIZEHITD IMC ES
ZEHAIL, TOFHEE IMCESELCEEL, 228, B 010 H U ISR mE ASHIBEL 7=
(853K-1800s) #ER A 12 DWW T, ERAEE A IEMERR IMC ESDRFHAITE e oTzlzdh K
RITZ T2 o1,

L EDZEND, A3003/SUS304 B2 FSW SifEid, B4 % ICEVBIEA =T HZ LT, SEM
BIEL L TEHAIFTREZR IMC 2MERC-ARL  SRESRE MR T (FBE) 75205005
iz,
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(a) as FSW (X=0; weld center)

10um ’

(b) as FSW (X=-2; AS)

(c) as FSW (X=2; RS)

Fig.4-2 SEM images of the A3003/SUS304 FSWed interface as weld.
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IMC (thin) IMC (thin)

. P 10um [
D17, Gm

(a) 723K-60sec (X=0; weld center) (d) 773K-60sec (X=0; weld center)

IMC (thin)

CDI7.Gm '

(b) 723K-60sec (X=-2; AS) (e) 773K-60sec (X=-2; AS)

k 8
; 7, B 10“ — . g © © o OHM |
(c) 723K-60sec (X=2; RS) () 773K-60sec (X=2; RS)

Fig.4-3 SEM images of the A3003/SUS304 FSWed interface after heat treatment:
(723K-60sec, 773K-60sec).
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IMC layer (thin)

IMC layer (thin)%

v . & ? .4‘ » *
N 10.m
WD IERNOmm

- DA Am
: A

(g) 823K-60sec (X=0; weld center) () 873K-60sec (X=0; weld center)

IMC (thin)

IMC (thin)

- 8. em - ; ' : " e wm\zg i
(h) 823K-60sec (X=-2; AS) (k) 873K-60sec (X=-2; AS)

IMC. (thin) IMC (thin)

;)ids | / |

: B )12 -l"lll‘ A " . i o ! .‘WD-1;..r7nlr;lv L
(1) 823K-60sec (X=2; RS) (1) 873K-60sec (X=2; RS)

Fig.4-3 Continued: (823K-60sec, 873K-60sec).
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IMC |
A IMC layer

. -

D17 mm E WDIS S mm “

(m) 773K-1800sec (X=0; weld center) (p) 823K-1800sec (X=0; weld center)

IMC layer IMC layer

i <

WO o 1O|Jm ISl 10|Jm

(n) 773K-1800sec (X=-2; AS) (q) 823K-1800sec (X=-2; AS)

IMC layer

A

07| T 1oum_
WD)/ mm ¢ W05 e 10|Jm

(o) 773K-1800sec (X=2; RS) (r) 823K-1800sec (X=2; RS)

Fig.4-3 Continued: (773K-1800sec, 823K-1800sec).
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| hi :
el IMC layer

G iy 10p

(s) 723K-900sec (X=0; weld center) (v) 773K-3600sec (X=0; weld center)

IMC (thin) IMC layer

(w) 823K-3600sec (X=0; weld center)

IMC layer

0um
S L

(u) 773K-300sec (X=0; weld center)

Fig.4-3 Continued: (723K-900sec, 723K-1800sec, 773K-300sec, 773K-3600sec,
823K-3600sec).
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(a) Weld center (b)

(R-es}n)

A3003.

SUS304

IMC layer : % G IMC Iayéf o

SUS304 PR (Oum | SUS304 B 10um |

N

Fig. 4-4 Cross-sectional macro and micro structures of the lap FSWed joint after heat
treatment (853K-1800s): (a) macrostructure, (b) SUS304 side (X=10), (¢)
A3003 side (X=0), (d) A3003 side (X=4), (e) SUS304 side (X=0), (f) SUS304
side (X=4).
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Table 4-1 Relationship between heat treatment conditions and IMC thickness.

Heating temperature | Holding time | IMC thickness | IMC type
Remarks
T (K) (°C) t (sec) d(um) (shape)

1| 723 (450) 60 0.04(0-0.1) | dots Fig. 4-3(a)-(c)
2) 773 (500) 60 0.06(0-0.1) dots Fig. 4-3(d)-(f)
3)| 823 (550) 60 0.42(0.3-05) | layer Fig. 4-3(g)-(i)
4)| 723 (450) 900 0.16(0-0.3) | dots Fig. 4-3(s)
5| 723 (450) 1800 0.28(0-0.4) | dots Fig. 4-3(t)
6)| 773 (500) 300 0.48 (0.3-07) | layer Fig. 4-3(u)
7 773 (500) 1800 0.64 (0.2-1.2) | layer Fig. 4-3(m)-(0)
8)| 823 (550) 1800 298 (1.8-3.5) | layer Fig. 4-3(p)-(r)
9| 773 (500) 3600 116 (0.1-2.3) | layer Fig. 4-3(v)
10 823 (550) 3600 3.24 (2.438) | layer Fig. 4-3(w)
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(b) Test type-II

. >z >y pass B
4 "pass @
ol gg o< [ hass @
v =) \ = 1pass @
x e pass @)
Welding direction (MIG)
A3003 ] |
g ’ |m
= Data logger
Thermo-couple (type K)
(a) Test type- 1
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- pass
] of & => 52 | pass
— = pass @
N Welding direction (MIG) ™ pass @
I ©
[ﬁf, = N[
A3003
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) ]
Data logger
Thermo-couple (type K)

Fig.4-5 Schematic illustration of heat cycle tests by MIG arc welding.

Table 4-2 MIG welding conditions and heat input.

Heat input Curent Voltage |Welding speed Bead shape
No) Q (kJ/cm) [ (A) V (V) w (cpm) Width x Hight (mm)
(1) | High 10.0 315 29 55 W18 x H3.5
(2) | Low 6.4 285 26 75 W13 xH3.0
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Welding direction (MIG) Section (2)

Section (1)

Fig.4-6 An example of a heat cycle test piece by MIG arc welding.

Table 4-3 Test conditions and results of the heat cycle test.

" MIG Welding condition® Temp. between | Maximum temp. of
Test type™
No. Heat input Q weld passes A3003 bottom
I-1) | type-1I (1) High (10kJ/cm) | =<323K (50°C) (370°C)
o-1) | type-I Q) High (10kJ/cm) =323K (50°C) 562K (289°C)
I-2) | type-I 2) Low (6.4kJ/cm) | =373K (100°C) 517K (244°C)

Remarks: *1) refer to Fig.4-5, *2) refer to Table 4-2.
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(Test: I —(1), Q: High)
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Fig.4-7 Results of the temperature measured in heat cycle tests.
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Fig.4-8 Macro-structures of heat cycle test pieces.
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ZITUEMAEm LR —0 DEEZEETE FSW OFE R DB U254 AFZED 508
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Fig.4-9 Relationship between the thickness of intermetallic compound phases and

square root of holding time on A3003/SUS304 lap FSWed joint.
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Fig.4-10 Arrhenius plots of growth rate of A3003/SUS304 lap FSWed joints compared

with previous reports

57-60)

-72 -



Table 4-4 Comparison of Ky and Q values™.

Test type Temp. Ko Q
- ) Reference
No\ | Material™ | Welding method (K) (m*/s) (KJ/mol)
1) CS/A1 Roll bonding 773-873 | 2.50x10” 116 | Oikawa et al*

2) CS/A3 Roll bonding 673-873 | 2.76x10? 174
3) CS/A5 Roll bonding 673-823 | 5.68x107 176
4) CS/A1 | Diffusion bonding | 773-873 | 6.01x10° 235
5) CS/A5 | Diffusion bonding | 723-823 | 1.87x10 210
6) |SUS/A3003 Lap FSW 723-823 | 6.90x107 210 This study
Remarks: *1) CS: Cold rolled steel, A1: A1050, A3: A3004, A5: A5052

SUS: Stainless steel,

WA AAFFROEIAFSW EEIEHE S O FICREL T, el ER K SiEMH b Lr¥—Q
INFERRFE ISR 1o 2 e A B 295, —fRICFSW Tl YV — M kB EM B L OB ERIEH DO
HC | R (SZ) B LU B (TMAZ) IZIX 2 D ERCEM N EAIND, —
7 B TIIEA R E N EBPMER T 50D FSW D X578 AL DE A
WIRNEEZBND, LTS T, IS ZODBEAIEICRBITD Kpk O NREE Th-o7-28
(%, AFFFECrERIL 72 A3003/SUS304 B2 FSW kT O G E (IMC) (25§52 SCERAL D
BN DI EHEERSND,

F72.X@-3) POEHINT IMC BOKERE S OfER%E Fig4-11 1277, 22T,
AlFe #HEEFREDO IMC BEEIN 1~2um ZBx5E&, REBENMET TSV H@E
DA 1503038 5, R LD, IMC EEA 1um LLEICHEET D 7-02i%, IEE
FE 723K (450°C) ~CT#J23,000sec, [A 773K (500°C) THJ 2,400sec, [l 823K (550°C)
THJ 330sec DIMBVREFIFNMECTHD Z LN ginoTz, —F, Hifi 43 THELE
MIG B L 2 BVERE L, mEIRE D E 4% 673K (400C) TH Y, = OLRFFFFRIL 1sec
R ThH o7, LIed-> T, AR THRLE L TODERD A3003/SUS304 Hia FSW
HFETIL, EEREORICE (IMC) NWEHEABREIZ L > T ES lum L EICHKET S
i hnweEELI NS,
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1 10 100 1,000 10,000
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Fig.4-11 IMC thickness of A3003/SUS304 lap FSWed joint predicted from equation (4.3).
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Fig.5-1 Shape and dimensions of compact tension (CT) specimen of A3003/SUS304 lap

FSWed joints: (1) with fatigue crack specimen, (2) no fatigue crack specimen.
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Fig.5-2 Specifications of AS and RS CT specimen.
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Fig.5-3 Specifications of compact tension (CT) specimen of A3003 base metal: (1) test

direction of L and T type specimens, (2) shape and dimensions of the specimen.
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Fig.5-4 Fracture toughness of A3003/SUS304 lap FSWed joints and A3003-H112.
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Fig.5-5 Effect of test temperature on fracture toughness of A3003/SUS304 lap
FSWed joints and A3003-H112.
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DOFEFEOFER T LHE L C Fig.5-7 1277, (773K-60s) D RS 3ER 13, A O EED RS
Bk Fr L[R5 OREINEE Ki 23557,
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*1) Fractured at cutting the joint off.

Fig.5-6 Effect of the heat treatment on fracture toughness of A3003/SUS304 lap
FSWed joints.
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Fig.5-7 Effect of the heat treatment and test temperature on fracture toughness of
A3003/SUS304 lap FSWed joints.
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Fig.5-8 Fatigue crack growth curves of A3003/SUS304 lap FSWed joints.
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SUS304

(c) FSW-RS (123K, R=0.5) (d) FSW-RS (123K, R=0.1)

Fig.5-9 Specimens after fatigue crack growth tests.
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THZEEIeD, LTdo T, &7 RSERER T D da/dN 13, AS DFNERIREIZ/2Hb D&
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FSW RICBMERZAT ST B A Ik L L R E R A E L 7o, 3ABRIZHE L7
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B2 R LT (773K-60s) 3B 7 C, ZELER TS RS 225 AS & L7425 RS RER A ThD,

REAE RA  BULHEZIT> CQORWESDOEED AS BLORS B A, FI1Z A3003 A5
R L C Fig.5-10 (2R 9, BMLE AT 7= RS RER A 1%, #2860 FFD RS B A L1F
IE R D R Z R L, SR RAREES P K 235550 OMPay m Bi#% ORI Cld, AS BL O
A3003 RER A LRFRE OB ChoT, BULERZ{T 572 RS 3BR B L0 A3003 3B fr
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RERGEONBIEELY, TN Fig.5-11,5-12 |27, Fig.5-11 {28\, 2w LI
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UHLO0, R BEOENICAE Y, X248 A3003/SUS304 #4 FmEH 5 A3003 Il K
TV T, BN IIRIRBE ISR DI ENHEN DL, -, XEERVIIICELS
da/dN DZEIT, Fig.2-9 |\ IR U R EOMRE S AAICLVIA TE5EZE 2 HiLD,
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1 10 100
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*) Heat treatment condition: 773K-60sec

Fig.5-10 Fatigue crack growth curves of A3003/SUS304 lap FSWed joints.
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+ FSW-RS with heat treatment (RT, R=0.1)

Fig.5-11 RS specimens with heat treatment Fig.5-12 A3003-H112 specimens (RT,
(773K-60sec) after fatigue crack R=0.1) after fatigue crack growth
growth tests. tests.

54 A3003/SUS304 E4a FSW RED TR ERFHEICEHT HER
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B OFERES a1, N1 6.5mm BLW 7.6mm FEE CThH-7z, Fig.5-13 1Y, A3003
1F=IR (RT) BL T 103K (-170°C) L EMIEL T D3, FSW fiEFIT =R (RT) TEE
EEL | 103K (-170°C) TIERLEMEEL TWODBILENGD, ZDEEDOREW 1 DRER A4
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FCHY., Al BERE ORI 72T 1 TN Tlholz, it U C, FX (@), ()2 A3003 FEAF
(L B Ok Z RT3, 2O ERIUERIE Th D, ZAUTKL T, VD ().(9).(1).(n).(0)
X INDERIBDO R DT 47NN ThoTz, X, iR (RT) THRERL- RS R OTX
ZLTEETHY ., Fig.2-9 THHA L= A3003/SUS304 B2 FSW ERDOIRE /34 1B T, K5R
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% Table 5-1279 %7, A EUFEAL- A3003 i3, HI12 $1 THY, FT D O #+& H14 ¥ DR
DREAFFOEEZ DIND, O & H14 B O OFAEMIZ OV TH | iR (RT) 22HIRED
KT I DIEEHRENHEIL TNDIED3h D, BIT, A3003 LT SUS304 (T4 —=
TFAMAR CTHY | ARBMEELZ2WZER MBI TS, £72., Fig.2-10 OFEREND
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FEODEN D X REMICBIT DET RN —2FE L. JoX° CTOD CTRHMET RETH 5,
LNG ESIC AV 535 BAES BT Tld, IR (RT) & LNG #A (8 110K) O CTHeb
BEUIREZEbEZZIT, ZOREZEICILBYS R ARTELTERT 5, R TiE, 2D X
OB AEEE L, iR & IRIEOMENME L EERIC—DOOHEEREICE &L O, K, THE
flidsz L& LT,

¥, AW THER L7 FSWfEFi LN A3003 B CT #HBR 1L, KGE2)ICRT
ASTM #it& E-399-90 THLE SVt O BRI RBR O B 2l 72 L Ty,

B 22.5(K./o,) (5.2)

ZZTC, BIXRBR A ORIE, K N IRHEENEAE ., o, |ZFERIG T THD,

SEELN KT T, RS2 &2 THKE B 1% 15~20mm BE LD, ZO%E
TEERLL 72 A3003/SUS304 E 42 FSW ik OIEHE CT 3Bk A B2 38R A3 g 22k
INTEIRN, £ZC, BUYERTREZRAY 1/5 PARXDORER L, A3003 R IZ OV THIiett
B9 D7/ —H A XELT,

14

2 / N A3003 (103K)
10 / FSWAS (103K) - A3003 (RT)
gz / '/j’m' _ FSW-AS (RT)

s A
02 %//f/ FSW-RS (RT)

FSW-RS (103K)
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0

0 1 2 3 4 5
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Fig.5-13 Tensile load-displacement curves of fracture toughness tests.
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(a) FSW—AS (RT) (b) FSW—AS (103K)

SUS304

SUS304

Fig.5-14 Examples of the facture toughness test specimens after fracture: (a),(b) the
side views of FSW-AS (RT) and AS (103K) respectively, (c),(d) the fracture

surfaces of (a) and (b) respectively, (e) to (g) SEM images of E to G in (¢) or
(d) respectively.
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(h) FSW—RS (RT)

(K) FSW—RS (103K)

SUS304

SUS304

Fig.5-14 Continued: (h),(i) the side views of FSW-RS (RT) and RS (103K) respectively,
(4),(k) the fracture surfaces of (h) and (i) respectively, (1) to (o) SEM images of
Lto O in (j) or (k) respectively.
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(P) A3003—L (RT) (q) A3003—L (103K)

2mm - ' 221

(r) A3003—L(RT) (S) A3003—L (103K)

Fig.5-14 Continued:(p),(q) the side views of A3003-L (RT) and A3003-L (103K)
respectively, (r),(s) the fracture surfaces of (p) and (q) respectively, (t), (u)
SEM images of T and U in (r) and (s) respectively.
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Table 5-1 Tensile properties of A3003 aluminum alloy plate in high and low

temperature(ﬂ).
Temperature A3003-0 A3003-H14
TS YS El TS YS El
T(K) (C)
(MPa) (MPa) (%) (MPa) | (MPa) (%)
78 (-195) 230 60 46 240 170 30
193 (-80) 140 50 42 165 150 18
243 (-30) 115 45 41 150 145 16
298 (25) 110 41 40 150 145 16
373 (100) 90 38 43 145 130 16
423 (150) 75 34 47 125 110 16
478 (205) 60 30 60 95 60 20
533 (260) 41 23 65 50 28 60
588 (315) 28 17 70 28 17 70
643 (370) 19 12 70 19 12 70

F ARRFERICEVED TR S R R E da/dN & TERDE BRI BT — 4 % L
LT Fig.5-15 _ma“o A3003/SUS304 Ei2 FSW #tFD da/dN-AK HifRIE SUS304 &
A5083-0 DOEIMMROT —XEHBHNITEE SN TWDHIEN 0D, 22T, S EIORBRIZE
WCEROHIE S ERIEE da/dN INE->T-7 —4 ?“foazb%@{m(RT) BIT5 RS RABR
FOTF =2, FIULER RD)IZEBITDH AS5083-0 LIZIZFRIZETHLIENHEND LT,
AS5083-0 [FARAR-BRED LI OEEYITE Hﬂéﬂ’(i@@ ASEIORBR THWE
A3003-H112 LB LT, 5I5RFREE DMK 2 % (=290MPa) | 0.2%ifif 715359 1.5 f% (= 145MPa)

DOMREE R HSENT-T N I=U LB L THD, ZDOZEND, A3003/SUS304 B FSW ftF
D da/dN 1%, 53 FERRIREFHREZIHZ TWDELDEE XX D,

FZ, JREE 773K (500°C) | FRH#ERE 60sec @%1¢T%ﬂmﬁb7‘:§iﬁ%ﬁﬁ@E&%&ﬂﬁfﬁk%&“
FEELEREE X, BEOFEORBE T OZNLLFERETHY, MK TIXFED Lo
Too =77, 4.3 B CREZE L7= MIG 88212 KL 2 BVE R I, Hf.%?mr;#%/zmsl( (400°C)
T, = ORFFFEMIT 1sec %??E’C“X?)Of:o L7eh3 > T, A FSW ffF OMIEEEE2HT
(O S XELEREE L BEEAVBRIC L AR EEZ T Wb DEEXHR D,
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R [ 5083-0 (113K, R=0)
4 @ 5083-0 (113K, R=0.5)
R A 2024-T3 (RT, R=0.06)
@ 2017-T3(RT, R0.06)
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A SUS304(RT, R=0.06)
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O FSW-RS (123K,R=0.5)
A FSW-RS(123K,R=0.1)

Crack propagation rate da/dN, (mm/cycle)

1.0E-08

1 10 100

Stress intensity factor range AK, (MPay m)

Fig.5-15 Fatigue crack propagation curves of A3003/SUS304 lap FSWed joints
compared with some kinds of aluminum alloy and SUS304 stainless

steel®®.
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55 #%E
ARETIE, A3003/SUS304 Ei2 FSW EBOAERIME L9 57 S SERFHEZ G LT,

BONTAERELLTITRT,

(1) A3003/SUS304 E 42 FSW flf FOREEEIMAE Ki 13, R TEROFEICLHZRITFE
LOYSY AWAvIES oY i

() THEEEIEE Ki 13, SHOER T HBATER (AS) 2> H%IRMHI (RS) ~ER T IG5 L,
ZDRFFD RS 6 AS ~ERTDHIGE TEENBFEOLNRD T, LIz3-> T, FSW ik
B Fr OIEMEEZIEATRFUL, AS & RS TEENPLRWIEN D oTc, —T7, TDHRDER
HERRIX RS T AS K0@#ED o7z, LIz3o> T EHEERFBE AR OTZEREGUL. AS ©FF
23RS IDH RENWZENR o7,

(3) EVUERAAT o7 R F ORERI SR L 57 SR BB A F M Lo/ 5, 2VLEiR
FE 773K (500°C) | FREFEE 60sec DFRER A T, M FHEROE TITFR DL -T,
— 77, [Fl 823K (550°C) . 1800sec DFRER Tl FEELEIMAE Ki 2369 13% (1.0MPay m)
BT L, ZOZ8E, #EEREORIGE IMC) A 3um REICKRELZIENFELT
WHEEZBND,

(4) MIG B2 X 2 BVEREIL. AR LV RmiRED E 2 673K (400°C) T, PREFFFAIX
Isec R THDH EEZBNDTZD, K FSW HEFORZEERIMEEZ 25 DN 97 & i
HEEL, AR L OB L TR o,

(5) FSW #kTF (AS/RS #Bx /) & A3003 RS OAEEEIIMAEE Ki TlE, =iE (RT) BL U 103K
(-170°C) DT DEHAED A3003 DI NRKED -7, ZOZEIE, FSW kT TIHRFEE D
A3003 I BEF AT T, ERREAERRI A3003 B IV NSKpoTlzb b EZ D
N5,

(6) FSW ##F (AS/RS #Bx /) & A3003 R ORZEEEIMEE Ki D%, =8 (RT) LvH 103K
(-170°C) TREL 2T, ZOEAIL, A3003/SUS304 i D it g IMC) 1%, =i (RT)
TIX A3003 L0H EFRE CTHHA, 103K(-170°C) TIXA3003 LV HIERFRE L e b7 &
Exbhb,

(7) [FIHETF OO 97 X 248 B da/dN 1%, AS 735 RS ~EEINERTHEE L, FDORKTD
Ba T, SRERBYHICBWTENRELLILOD, SZHEREOMANICHE, TR
A3003/SUS304 6 5N 0 A3003 ANV TV | SRR EILRD 2L
DTz,

(8) [FIMETDIE 7 R B E da/dN & TERDEBIMEL T — 2% LB LT FE 5. =R (RT)
235175 RS ORI IZIEFRURBRSEMD AS083-0 LFRIRE TH-o7o, LIzA-> T,
FSW £ FD da/dN 13-+43 ER BV ERCERIZH A TWDHI LN 7m0 o7z,
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F6E Z/INXFSWIZ&k S XKEER A3003/SUS304 #F DIERIZEEY SRt

6.1 #E

ZIVETERD A3003/SUS304 Eid FSW fl#FIZRHL T, Ak~ 2ot FAEZ OIS,
AR FITHE SO R RAHTIZIBNT, A 37e57 . A3003 MR+ B84 08
BRIV, L L3 n, ZO&FHIFH EH 5 FSW Y — L D7 o —7 S5 ns ¢9 &
S & IZIIE 6.6~7.0mm (¥ 6.8mm) F2 E OFEIIC R ES DLV FRED BT,

ZZ T, LNG B O X2 KA E Y~ A2 E LB S . L RERME k%
B4 HBEMPEFRMLETHD, ZTNEERT 27201213, B EIOER FSW it TATTV,
AR NS AZENMERAI R ThHEE ZHND,

BURZ OIS 7238 Tk, BRIEBERTESHOVONTEY, BE<BEERERICIVEWE
LTS 27, LLiandn, i TISIEEL 0/ onye@ Ee i BanELsh Y 4
PEMEIZRRRE N 8D, —F7. FSW BTN TICHEL 7= B VE D=0 fEEE O EITILS
TWENLEL, BEMERES LV A IRH D,

ZI T RETIIZ /N AER FSW iE4 HWC, Wk ~HENRKEZV A3003/SUS304 fikF%
RNEL . O FHMEI OV TERH - METL 7=,

6.2 H#EMHLEERAE

BB X, A3003-H112 7 AI=U LEERETIRO SUS304 A7 L AR CTH D,
A3003 [IAR/E 11mm & 40mm O R(HM T, #E 1lmm 132 AN O FE, [ 40mm #1312
B IITHEMAN TUCfE A L7z, SUS304 13 |3 K OMAIE Z286m0n T2 k0, St
g A EFARE 20mm, 18 130mm OO TihD, A3003-H112 & SUS304 DALZEARAL
BRI REES Table 6-1, 2 \[ZZENEIUR T, ERLIZ FSW Y — LB L OSSR,
F2EBIOEIELFL THD,

Table 6-1 Chemical compositions of A3003-H112 aluminum alloy and SUS304

stainless steel.
(mass %)

Si Fe Cu Mn Cr /n C P S Ni Al
1)A3003 0.23 037 0.14 1.1 0.02 Bal.
2)A3003 022 045 0.12 1.1 0.01 Bal.

18.00 8.00
SUS304 =1.00 Bal. ... =200 ... =0.08 =0.045 =0.030
-20.00 -10.50

Remarks: 1) 11mm thick plates, 2) 40mm thick plates
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Table 6-2 Mechanical properties of A3003-H112 aluminum alloy and SUS304

stainless steel.

Tensile strength Yield strength Elongation
(MPa) (MPa) (%)
1)A3003 125 88 45.0
2)A3003 126 — 36.6
SUS304 >520 >260 >40

Remarks: 1) 11mm thick plates, 2) 40mm thick plates

ARETIE, Fig.6-1 \ZWrEmRE R~ 4 FEEHD A3003/SUS304 it F., 97205 FSW i F
Ia, IIb, MaBLOMb#FEL SABERFSW ICIWERL7-, 22T, M F4 D2 XFH
(ZHD a BELO b iL #EETHNETFL, 372D HMRE FRIDO R A 7 HE LISk
T ROEAETINEHIZLIZM T CHAZEEZNEIVURT, FSWHET Ta 1%, A3003 &
SUS304 DR [El LA B RGO, fFFHRAMAITICENR FSW 28072, —F ., 2Lt o
FSW f#FTi&, SUS304 D 3= OF AN TS 7z A3003 (Z&- T, Ml bk
FRIAENTTEIR T, #3835 MIG I O B3 ICE R FSW 2807, /-, FSWikF b
& FSW i F b DEFE M, Fig.6-1 (23 LBV THY, fEFHIRNOOEL FSW OfLEN
EAHIZ Smm T TN,

I
( I a) ® Welding direction ( b) @ ®
(AS/RS) (RS AS) (AS/RS)
130 152
- 20_1010 1010 20
7 / Al A L Al
97 SUS _§ ™ sUs
(IlTa) ) Welding direction (Ib) ©)
(AS/RS) (RS /AS) (AS /RS)
152 152
1010 _25 1010 _25
) A A A L] A
S j S 130 Sus S :ﬁ S 130 SUs |
I\l 7)
| \ L
Unit: mm

Fig.6-1 Shape and dimensions of the multi-run dissimilar lap FSWed joints.
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2B, AEERLUZFEFOESIITNL 500mm THHA, /ERTHFOESHE R
L7eGa ., AT ME alb b LT 528 T/ AMREM 2N Cx, AEMNZ M ETE5L%E
7_%%50

F- REIZBITAFSWHE T T, & FSW /SR8 A L ERE 2 10mm UL E&L .,
33 EiCHREILI- A SO EE (X T SAFSW) T EL 2D o7, ZAUTD RS2 8
TRYRERWrE TEEZF SR BMFLERT L0 THY | EMaMmETEL THZ T
FSW O/ SARNCREESTE, T7hbbNESHEE TIHMFLL,

O, NERLL 72 % /X2 B I FSW T3 LT, A3003 M5B it i im sk ER (RT) &
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H GRS C 3mm/min D E CTRER L 7=, — 5. A RERIL, TV —R ¥ 7 il
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440
Unit: mm

Fig.6-2 An example of tensile test specimen of the multi-run dissimilar lap FSWed

joint.
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6.3 ER#EE
6.3.1 FRHISISREER

% /S AE I FSW ICIO/ERIL 7= 4 FEH D A3003/SUS304 fikFL. ZNOHDOMMFELAT L
AHRR DHEDZE LN MEFEE R FOFRIRESL Table 6-3 \ZHHGL CORT, AIRFETEHE
f#F1L A3003/Ti/Ni/SUS304 D 4 OIS TERY, £ TORBERE R mIZHWTaE
THEAIERSN TS, Z/3A FSW f(FIb OME X, BREEFEMRFOZUICHLTH
95%DIETHY NIXFEThHoTo, ZOZEND, fEFRIRIBL FSW 20, fifE&E, 5
2@ B LT 2281280, /)2 E FSW CHFE -HED K EVY A3003/SUS304 i F41E
BTEXDHZERHONI 2Tz,

FSW flkFIb SBEFEHE N T OIG ) — BN X% Fig.6-3 27”7, It J1{E 40MPa 2
FT, MEOHMBITIZERCMEZTHLIEN DD, TDk, 60MPa A8 2 7210075,
FSW kT Ib OEML R KELRD, S%DFRE DAL TS, F7o, FSW fFIIb O ifRIc

BWC, AR EKREIZEZEL-%, BEICETL, TOBBFOKFEITEMMAE M 5
ENFBOLND, ZOBGIT, MIG EHERE TIChHEI FSW SO ICHEETL . 2D
ZONBNZHDHE FSW SIS SMRZED BB - 282 R L TWD,

W% DA RBR T DEE% Fig.6-4 | TR, 1BREEFEF O LEIL, Fig.6-4(e)DL

T A3003 BEAFE MIG EREEN O L HE 2R - T L Uz, Z3USHT LT FSW k0%
AU, Fig.6-4(a)~ (d)D X2 s A3003 81D MIG IS HEERIE. T IZHHE 4 FSW HCik i
LWz, 72720, EAa FSW BRIE Ak Cidzn<, SUS304 f8IIC A3003 235%% SZ fiirC
HoT7,

Table 6-3 Tensile test results of the multi-run dissimilar lap FSWed joints and an

explosive welded joint.

. Joint strength (MPa) Ratio"™?
Joint type™”

Ave. (each data) (%)
1 FSW I ajoint 44.5 (45.5,44.6,43.4) 61
2 FSWIIb joint 60.5 (60.6, 59.0, 61.8) 84
3 FSW1lla joint 65.9 (66.1, 65.8, 65.8) 91
4 FSWIIIb joint 68.6 (69.5, 68.2, 682) 95
5 Explosive welded joint 72.4 (72.8,71.5,73.0) 100

Remarks: *1) refer to Fig.6-1, *2) compared to the explosive welded joint.
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Fig.6-3 Stress-Displacement curves of the multi-run dissimilar lap FSWed joints

(FSWIIIb) and explosive welded joints (ExW).

Explosive
welded joint

Fig.6-4 Tensile test specimens after fracture of the multi-run dissimilar lap FSWed joints
and an explosive welded joint: (a) to (¢) mean 1) to 5) shown in Table 6-3

respectively, (f),(g) magnified view of the white frame in (c) and (d) respectively.
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6.3.2 BEHEBET

EAS | ERBR CRELEWVIMENELN-% /A FSW #EFIIb OWEHEGEEEOF%
Fig.6-5 |24, BB LT- 2 TOBHRE (SZ) 128\ T, 224 0 R IEITERO b
72inoTz, ¥72. Fig.6-5(c)(d)DFEIK L. MIG EBICLLBVBIREZ S 1= B CHDHM, &
eI DR KA SR TERD DR -T2,

Fig.6-5(e),(H'Z A3003/SUS304 FLmdDMRIA R T, AFEIHIZISVN T, fEsahi O RAL
HIIFRD SN T, F2 2 ODFSW /S ADRT Fig.6-5(0\ = X7 B A ORI
BESNTz, 2T FSW O XA EEREAY 10mm CTHHDIZHL T, 1 B FSW fii T2k
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PR DB S IR O TEIL 2.4~2.8mm Tho7z, FHESNOIREAEIROMEIL 3.2mm
(=10-6.8) F2ETHY, ZNIVL/ W& o7, ZOFRHIT, ZOERS 3%/ SAFSW fii TI2 5
FSW Y — /LD alFZnbEELT 2 BEONEZZITT-IENEEL CWDHEREEIND, T
FUCEY, EBRIZITEEE L TRV A3003/SUS304 FE ORI, RENT B BELI-LOL
Ezohb,

2B U EOZEF D SAFSW fEFIZ OV THRIEOFE R Th -T2,

F (2, A3003/SUS304 &2 FSW S D TEM #8184 £ 7=, BN EIT Fig.6-5(e)D
AT CTh D, FIRE B L OEITE{E % Fig.6-6 |, EDX 3Hr Ot 8% Table 6-4 |27,
BA S EIT, EEX200~300nm O _BREED IMC ORERKIILTEY, A3003 {H]53 AljsFey.
SUS304 18123 AlsFe, Toho7z, K BOEIIIMiLh 100~150nm F2E THY, 2, FH2E
2.3.5 IHCEIESNIEHEABREE ST QR W B/ SAD FSW L S22\ VR C
HoT7,

6.3.3 WIHH

A3003/SUS304 E 42 FSW FUE T EIZ 51T 5 A3003 DREX /34 % Fig.6-7 \Z/R7, HL/NA
FSW D& LFEER, 2 ANOFEORMEEIN Hv39 FRE THHOIZHRL T, SUS304 K
235 0.1mm _EJ5D A3003 Tl 1EIE Hv43 B2 A E I R LT,

— 7, B/XAFSW Tl Hv46 UL EIZEE (L D818k AS IR > T2, Z%/SAFSW C
X RS & teT L Z MR FEB CBIES -, 202 8T, WEHERREIZERIC BT, RESEHD
TSN EBRIO O RBIEINT-ZELFUBE T, /XA FSW i TIZEYD FSW Y — /LD =
NEINBEBELT 2 EOMEEZZ T T-IENEEL CWDHEHEREIND, FEBE Fig.6-7(a)llF
VT, A3003/SUS304 Friia 2D AI~BIEE T 58 REEG RO BRI SR BT
STWDIENGIND, ZDZEIEL, FSW i TEDHEANIFE Y, BIEINAD LT T, #
B LTV A3003/SUS304 Fiif DF A& TEINR I LD > TOKZEA R L TUNVD,

LLEDZ LG, /S AFSWEFD A3003 Tl B4 S U O IO FEIRIZ I8\ O CRE EE
EHNET, MIG EBEICLAEBVBIEA ST T-%b | L F ORI D LN oT,
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Fig.6-5 Cross-sectional macro and micro structures of FSWIIIb joint shown in Table

6-3 :(a) macrostructure, (b) magnified view of the white frame in (a), (¢) to (f)

magnified view of C to F in (a) respectively.
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SUS304

Fig.6-6 TEM observation of A3003/SUS304 interface of the lap FSWed joint:
(a) bright field image, (b),(c) diffraction pattern of selected areas.

Table 6-4 TEM-EDX analysus results.

No. Analyzed point Element (at%)

Si Fe Mn Cr Ni Al
1 A3003 - — — — — 100.0
2 Interfacial layer 53 147 24 27 02 747
3 Interfacial layer 0.2 21.7 1.0 53 24 694
4 SUS304 06 743 02 17.6 7.0 0.3

Remarks: No.1 to 4 mean the points of 1 to 4 in Fig.6-6 respectively.
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Fig.6-7 Hardness distribution of A3003 near lap FSWed interface of FSWIIIb joint
shown in Table 6-3 :(a) macrostructure, (b) magnified view of B in (a), (¢)

hardness distribution of the black dot frame in (b).
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6.3.4 EFARERER
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T5, 728, Fig.6-9 DiRER 7 & kB35 L. Fig.6-9(a) D FSW f#F1b Ti. A3003/SUS304
SRR (K RED) 838055, ZOZENEMTFOMEZICERL VDL O L T8
b,

F7-. FSW f§F b LTMb 1%, FEHRBROFE R, H B B2 SR oT, 202k

i, ffi T_E FSW /X2 JHL \u il Smma“zht THEFREITE DLW EZERL
T\,
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Fig.6-8 Fatigue test results of the multi-run A3003/SUS304 lap FSWed joints and

explosive welded joints.
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Fig.6-9 Fatigue test specimens after fracture: (a) FSWIIIb joint, (b) explosive

welded joint.

6.4 HEMITLEER

% /XA FSW fEFIZHBITHMERREEZLE T 5720, AIRESRE (FEM) 12X =Rtk
B R 2 E i L 7-, ZEAEHTIE MSC NASTRAN (ver.2012.2) Z VT, JERRTE R C%
/A FSW kT I, I 3 K OVBE R EHEE T IC R DU VBT 2 FE L 7o, 22T, Z%/3A
FSW ftFTiX, #6875 M (ab) DiEWEZEEL THEHT, 1 /2S2A%DD A3003/SUS304 Eia
FSW #DiE4 6.8mm STz, F7o, EFEEZEMFTIL Ti & Ni OFHEITE . A3003 &
SUS304 NEFEIZEBWTHEBEEEL QN DLDLLE, Ay ah A X3 BSOS
FETEE 1mm 2EIC, TOMOES % Smm fREE LT, FRITICRW AR EE
#3F LRI Table 3-1 Tihb,

T R WETFO Al &@&MIIZ 30MPa D5 | iRATRT A 52 1L EOEMFFITBITHEILT)
UMV % Fig.6-10(a)~ ()23, (AIADOHES A3003 |0 MIG E#H:ER)5 SUS304
D MIG EHEEIZ B> T, ZDORIZHD A3003/SUS304 D EZA FSW Hidb D HEFIE
B AN L CL IS IMEENTOI TS, Fig.6-10(c) DIR3E EREM TN FARRY IS G
ERETHLHET DL, F(@),b)D FSW kT I, T TiX, FSW S AR RESEH N FET
BT ZOES TS MEENM TN T, i FSW EICIXIY RERIS N BFAEL T
o

ZOLEDEBEBIOES R EIAER T 2801E (2) F O E A% Fig.6-10(d)~(f)
2T, 0B AR TITMFOEE &L 100 f5IZHERERL TS, Fig.6-10() DT+
T, A3003/SUS304 5 CIE D AARIRIE S153 0 &7 DIt LT, R @), (e) D>
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Fig.6-10 () FSW #k= 11 Tl JEFEHEETF D A3003/SUS304 S THeb KE725T)
(67MPa) BMERALTALEIZ FSW /SANHFEER T, ZONMEIL FSW SA()EQ)DE EA-

T2, 2D, ZILH 2 DD FSW /R A KE 72 S TIMER L, FSW 2R Z23) DA i3/ 72
I TNBZEN 3o T-, — 5. Fig.6-10 (e)? FSW #EF I TiL, AT DALEIZ FSW /3
ZQ)DHY KRG TN REZZRICSIDMERT 200D ZOWMHID FSW 7SZ(1)FBLTU3)H8
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FRRUBIBRIRE DR EISN, FSW kT I <FSW Mk F I <BRIEEH T L2700 EE 2D
N5,

o, RIS IRRBR TS FSW TN ORI E X, Fig.6-4(c),(d) XV, FSW 7XA(1)
DOERFSW & (K5 OF) Th-o7z, 22T, A3003/SUS304 E42 FSW #iIZiX, ASERS T
5IERTREE 5 MR AEME (AS>RS) RO EME2EDFERINL > T\D, LTeB3> T i
BEOREN AS L2572 F7 53 RS DFE XVE @V IRE N BONL LRSS, 2 FSW
WFIb 23, Flla J0LEEELRHIEE THHEEZDLND, FEEE, Wk F O M E
Fig.6-4(f).(2)\Z TS T2 &, BHEED L 5 CTh D FSW /XX (1) DO NAINS AS E72 5T FSW
EFIb OF D, 2D RS E7pb [ Ma KOG IEPERIIZALETL TRY | miRE Ll o7 B H )
B TED, ZOZEND, FSW RO FaE#ETHZ LR, fkFOTRE W F LA RE
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Fig.6-10 FEM analysis results: (a),(b) and (c) mean the principal stress vector situation

of FSWII, FSWIII and explosive welded joint respectively, (d),(e) and (f)

mean the deformation and vertical force (Fz) situation of FSW I, FSWII and

explosive welded joint respectively.
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Fig.6-11 Shape and dimensions of the FSWIV joint using the double-run FSW.
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Fig.6-12 FEM analysis results of FSWIVusing the double-run FSW : (a) the principal

stress vector situation, (b) the deformation and vertical force (Fz) situation.
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R DOFEHEE B TR > THRWTL T e, 202800, R+-FHkF O 1S D&
F9EBIE A3003/SUS304 E 42 FSW FUiE ClI W LA RS Tz,

(4) BIRESRE (FEM) 12X, /XA FSW ik FD I TR B2 BB AT LT, fEHTHRE SR LD,
FSW /SADALEDHETFIRE G 2 DR EA T, FRAISRE 36 L OYE 57 7R B O B G
RAEMFECET,

(5) Z/XAFSW HEFIZH TV /SAFSW iEE WA ET, FSW S A E IS I %
SRENWE TEHI LD BT IZEVALNC LT,
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E7F LNGEMmEE~DERICET S5

71 #%E

RETIX, £/3A FSW kF4 LNG &R O A — T 5 7HEE~E T 522 LTz,
AMFRIZBITHINETORMEND, F B7I2%/ XA FSW #FORAKIL, FSW FIVTHD
ZEMG TS, LLARNE, AikFIT 6.5 Bi CEEMEITZ RO TRFLIZOA T, E
BIIEERE - Bl UMWy, 2T, 22T 6.3 B EIFRBR IS W T &b B2 R
21572 FSW #EFIIb x5z,

FOEDFEF, FSW it FIb 1I1EFAEFE OB EHEM T LIl LT, BRI 2T
9 95%., FEFTTRE IV TH) 85% DAk FMEREA A CWDIED o To, 22T, IBHE
Bk IR G AR ME D 2 (5L EDOSRELZH 35728 Z/SAFSW A FIZOWThH, A |
7R EEE L TWODLDEFEIND,

LSR5, /X AFSW #kF1, FSW O/ X ARNRBA T, T 732bbEZENIEL TV
HEW) | BFEEEE R TIIT  EER e A R T D,

ZZ T, ARETIE, LNG EHAROERSUEPNIEESHA G2 DB OV T, BEMET
RV TRET T -T2,

7.2 fRWTAE

BAEFARMTIZ Marc (ver.2007R1; MSC software) % FV T, #/INEFE O = IR ST IE B8R
#FERiL7-, FEM fEHTIZH\WN=ET V% Fig.7-1 \Z7~" T, Fig.7-1(a)l%, LNG &Efn 7 —=
52 I REEDBRTRE T L T s, ARG, 20 REEBRFEBOIKTHY, H6ET
AL, b Bk ERE NS SN/ SR FSW i FIMEL7-, 22T, FSW —/%
2B OHEEFEIROEIL 6mm EL7-, ZIVETOMNTCIE, F2EDOERFE R THOLN
6.8mm & I TE72A, TREV DL NTES RO BEFHIT 5720 ThD, £z, uod
FSW /SAD SR G HRICBIL T, T DD & RIIIC Fig. 7-2 (R K07 mkb & 52
77

MREEAT 572 LNG IZWAROBERA ST, 1) EHHMTH U ZICLNG 2 L=, HE
i[> THAT T 2 EFEEEEF &, i) EEHHICLNG Z2E# T 5r1cATO A =2 v /L7 —
N HRD2RERRE LT, 22T A=y VT — A Z T b, 24 BEERRE ORFEZ#T T,
LNG W —aZ /i a~ AT AEHTEETRAIHHTHLTHD, ZNETHTIC
110K (-163°C) @ LNG Z BRI T 5E, 227 DULHE (BUS ) 1280, o7 B &0k s
DR EDIRL CLEBNNDHY ., fERTHD, Fig.7-31Z LNG HEBAITER (CFIT D7 —
L IREED I B I OIS IS OB 27~ Fig. 7-3(@)l -4 8912, -163°CO LNG %
FEE T HIELITED | BRI X 713G L | AR R L OBEGEIIIRERBIS A MER T 5, [
X%, ZOLXOVERE - BEAEREICB TS TIRERTHY, ¥ 7 FOONANILEE
B AT RIS DN, FOHZIMANZIZERMEIS IAMERL T\ D,
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DTJ * ; Dissimilar metal transition joint

Fig. 7-1 An example of FEM analysis model :(a) LNG cargo tank structure, (b) magnified

view of the dissimilar metal transition joint.

14 12 10 8 6 4 2
- nhn - A \nnnoa
S oy | i | 15
HETA ;ji HEHHHH:NHH\HII\j’LHi H HMH,H HHH ”“HMH i&;;pﬁ
Edi sl o ] 7l s B s fild
/i%__\_)__\l ||:\\|\\:I\\\I \\\\\:\ T } T1T T 7T TP
18 e 17
Inside R
B , FSW region
* Number means the crack tip number to clarify. crack tip

Fig.7-2 FSW pass positions and clarification of each clack tip .
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(b)

DSCALE=20

Inside
e

DTJ * ; Dissimilar metal transition joint

Fig. 7-3 An example of FEM analysis on LNG cargo tank structure : (a) Deformations before
and after LNG loading (scaling up 10 times for deformation), (b) Deformation and

stress situation on DTJ (scaling up 20 times for deformation).

FTo, EFIEE (WAT) ISR T MIT &ML LNG 2 #ES i, Mg E 2 Rtk 5
0.14G., £ 5M 0.73G, BLOP ETHM 0.71G &LT=,

BUERENT X, 1ZLDICAY Y 2 A X 1.5mm OHNET LERAWT, EWISHAMERT S
FSW EiZ a8 L7z, IRIT, SIS DEWFSW ED Ay 2 A X% 0.25mm (ZHSEILIZET
NERWT, ZE B O EiiL7c, Z0&E, A3003 & SUS304 OfEE RUSNDOEFRT
X, B A BT, JVBL O SR CRIEES RO ELZFTHM L7, 7o, MITICHWZ
FrEMAMEEIL ., ZAVECTLFAE Table 3-1 £L7T-,
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7.3 BINHERLEEER
731 TEEEEKRIZLLIFE

Ay 2P AR 1.5mm OHNWET IVEFWIZIEE O K TIS 5% Fig. 7-4 (=7,
D FH 18 BLR 2 IZBWT, @MWVIN IR RETHIEN mhoTc, 2T, &R 18 &
2 HIRERIZHF O FSW 8%, Ay 24X 025mm [ZFH5EL ., B O FEM gt & EhE L 7=,
FRALIZET V% Fig.7-5 (27,

AT OFE RINDELNI IS ERIRE K % Fig. 7-6 \ZF2 05, T &Elx (1T) FOFF
AT, T72bbh—a X 7LEH L. ING OEE, BIOUWEICIABUS 1B E HE
WIS TIPERFR S K 13, &2 16 THRK (Kmax) 720, 6.87MPay m Th-o7=, 22T,
Fig.5-5 \ORUT-3B5ZED EBRFE R LD, A3003/SUS304 Eia FSW I OBIEENMEE Ki 13,
103K (-170°C) ORRIRIZ I\ TH IR (RS) THEHIE 8.5MPay m, F/IME 7.95MPay m
THY, Kmax JVEEWVETHS, L7 -> T, EFIEIH OFRIERIZEL-> T, NEXZET
FEMERREE L 72N B 2 D,

FIZ, EFEE (WT) FOBBATRT, b bIlEENDE HSIDIE TIIERERER K 13,
EEL 2 ONLE TRKR LD, ZDEIT 0.56 MPay m Tho7z, LIzi->T, ZOEXDIGIIHE
KRR EHE AKmax BE OIS R 13, ZHE 4L 1.12MPa/ m (=0.56x2) &, 0.37 (=
(1.23-0.56)/(1.2340.56) ) L7025, ZZC, A3003/SUS304 E42 FSW HOMBKIRIC TSI HEH
HERIEE da/dN 1X., Fig.5-8 JVIREEN 123K (-150°C) , IS /IEE R 23 0.1 &£ 0.5 DHEITDOWN
THAFL TS, RETIHEL T RIS AIEREREE LI Ky, 13/BOI TN Fig.7-7 12
FUNT da/dN 73 10 mm/eycele 72 FTHMELZ AK DIEIE. Ky J0INSKB5HEEZ BN
% 10 ZOAEEIL, IS R 23 0.5 DA T 2.35 MPay m BE THY, AKmax O 2
ELL LD LD, LIzd-> T, EFEET OB ARICEI>Th, WESZITERLARVG
DEEZBND,
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Fig.7-4 An FEM analysis result of coarse mesh in steady marine operation.

EEgpEEgpEN Inside
e

Fig.7-5 FEM model of fine mesh for steady marine operation.
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= 10
5 O Static load (cargo weight + thermal stress)
S @ Dynamic load (acceleration)
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Crack 1 Crack 2 Crack 16 Crack 18

Fig.7-6 Results of stress intensity factor on each crack in steady marine operation.
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Stress intensity factor range AK, (MPay m)

Fig.7-7 da/dN— /IK carve and the stress intesity factor range calculated by FEM analysis.
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732 AZxI—ILTOVICKEEE

ATTE 7.3.1 LRIBEO FIECTEAEMENT 2 EML 7=, T AV 2P AKX 1.5Smm OHNET L
WL RTINS 0Hi% | Fig.7-8 (TR, Fig.7-8(a)& (b))%, TNENA=2 /LY
—NWE T BERTR 13 BLON24 BRI OIREETHY, (@) T, 9 TETE WIS IDRD
HIDH, (b) LB TREAIARY VS /1508 Th o7z, —F ., (b)) Tl TR 18,17 BLT
9 IZBWT, BUWISANEROHLITZ, Z2 T, INHDOIREEIZEFD FSW #i%, Avi =
PAX0.25mm (ZFESEIL, FFONFEM M2 EE L7, BEA LT V% Fig.7-9 |27~ T,

AT ORERNOEONT IS TIIERIRE K % Fig.7-10 \ZEE05, A= X VT — AT
CHOBISENNLRE S KL, 24 BEEZ OZR 16 THRALEARD, 5.34MPay m ThH-7z,
ZOfENE, BITE CHE M L2 FE AR IC L DI IIE R D I KAE Kmax J0b/NEh o7z, Z
IT A=Y NI —VE T O K X, Z3 15~18 DIHRE WIS ITBMER T AL EICD
W, B (B ) EFTHEIIL . BRI E 7R IC BT 2B AT OE~ITS\ T
WSS DEHEESIND, FTo, A=Y V7 — N F DU HICRERAIS T3, A3003/SUS304
A FSW EZHATHIEITRDO LD -7z,

ZI T A=TUXNT—NAE T %I LNG ZE# T 528, T7hb b E FEERROFIEA
IR AT O G 6 OEXFERELREFTT 528 LT, Fig.7-6 TIGTIERIFE K %
R EZIHL T ERHEIN 0.5~1mm OB ETOMRIELE N & ZDLED K O
WS % FEM fEATICEVE H U=, Z2C, XZLERMATIZIX Fig. 7-7 O LR THY , ZZ4LE
JRHFE N H L Y A5083-0 O F — & TVAAfE I LT-, b it 5% Fig.7-11 \ TR, SZ4ER
NEEHIRWVEZL 16 1BV ThH, BEDY Imm FEINT 2D 9,000 [E O RLNLE TH
o7, ZORIRUET, 18 LNG Z 2 Ml CREEL . HE HA~ERE L 722 L Th, 100 44
OEMAHAM THEORRE (52 H /4 X100 F= 5,200 [E]) THD, L7Iz23->T, EEM LHE
RNHDEE ZBILD,
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Fig.7-8 FEM analysis results of coarse mesh in initial cooling down condition: (a), (b)
show the principal stress distribution at 13 and 24 hours after initial cooling

down, respectively.
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Fig.7-9 FEM model of fine mesh for initial cooling down condition.
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Fig.7-10 Results of stress intensity factor on each crack in initial cooling down

condition.
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Fig.7-11 Schematic illustration of heat cycle tests by MIG arc welding.
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= = 8 7.95
3] ] -
N ¥
s gggggggﬂg PSR cccceeececccsecesceteecciccs XXKKXXKXK
S 05 8
= > 4
o IS
3 ;
5 o

0 »n 0

0 2,000 4000 6000 8000 10,000 0 2,000 4,000 6000 8000 10,000
Number of cycle, N (cycle) Number of cycle, N (cycle)
(9)/1a-N curve (crack 18) (h) K-N curve (crack 18)

Fig.7-11 Continued.

7.4 #£E
ARETIL, FOETRIE G L 722/ SAFSW kT %, LNG &M OB —I 2 sk

~ERAT I EERRIL,

(1) EEELRFOFHOARN, LA FSW Ik TFIMONE SR~ 5885 ik
PrCRVREt Lz, T ORER. ISHIEKRRE K b RESROINEEZHTDH,
6.87MPay m Toh-o7-, ZZ T, HEEDERKE RN A3003/SUS304 B2 FSW #HiD
103K (-170°C) (B DAEEENEAE Ki 1% 7.95MPay m THY, ZOEIVLEMETH-
7o LT o T, BEF BT OFNAMNICL s TNEXZIIMEEREL 2B 2o
%R

Q) EFEEFOBPAR N, /XA FSW HfFONTEEHA~E 2 L8 ELY | FILEE
FENTIC LD BRET Lo, ZORER. IS HIEREHER K DR REVWERHTYH
1.12MPay m(R=0.37) T o7z, ZZ T, HEEDFERIE R D A3003/SUS304 EHid FSW
R 123K (-150°C) 12813 D AKy 14 2.35 MPay m(R=0.5) LA EEEZ B, ZOED 2 %
UL EThote, LT T, EHEEF OB AR > TNESZITER LN EE X
SY (R

B) A= %NV T —NFT B L0 LNG BE#EFFZBIT 5% /32 FSW ik FONTE & &
~OEE L | FRIUSHIEMRNTIC L VR Lz, ZOfER, AKX Ky J0bREL720,
FHTERTHLOO, TOEREEIIHD TUNSKER EBER N EREND D
77
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AAFFETIL, TR LNG BRI O N —I 2 7RG I WS COET LI =T AE 4
ATV ARO BfE e Bk T2 | BUEOBRIEEM T DEER S FSW) EZ
PRI T HZ LDV TREEZATV, ZOHE AR LT,

AR TELNIERIT, FEIEICEHL QDN 22T ERLH B2 LT ICREE
SRR

FIEITHES THY, FEOE R NS Z /L . KO LEHRL N EBY
IZDOUNTIR T,

F2ETIX, TR LB EEAT UL ZHOEMREN 10mm LA _EDOEH DO E 12 FSW
FICBIL T, Ak R A DN LT, BN RA2 U TICERN T,

(1) 7a—7 % ¢ Omm O FSW Y —/La W =54 $nE I OMTFRE, 377205
FIBETREE (Z)1T 845N/mm FEEE Th o7, A3003 OEMFREE (125MPa) [CHE Y 45144
EOMRIZA 6.8mm THY, 71— SO 75% Ch-o7c, BT, ZOMRITHE B R
EIZIVBRHFTRETHHZ LN o7,

Q) FICEERIT AT M OMTFIRE , T 7Bt AWRE (Y-1,2) 1X, B A3003
RN ~BloE-T2 5 E (Y-1) LB T ~5loikoTcia (Y-2) TRIFEOMEEZRY,
545N/mm FE Th o7, ZOMEITHIBETRE (2) D 64% Th o7,

(3) RICLEARUITEA LT MOMFTRE, 720 AMRE (X-1,2) 1X. B4R A3003
% AS I ~Bl oo 6 (X-1) & RS HFRIEoiRo7256 (X-2) T, £ILE 4 768
& 934N/mm FREEL72Y K 20% D IR EZENFRBD O, ZORERE, T b e iR E
FEURTEMEIL, 7o —T R B2 % FSW Y — 1 (¢ 7) DFAITHRD BT,

(4) A3003/SUS304 E 42 FSW ik FIZII1 o S HI DR E oAl E LR R, #8138
9mm DB CEEMRSNTEY ., 8410 (X=0) ITED AS ~MF-7-481 (X:2~+1) T,
IEIE A3003 DRFAR Y OFREENHFONTZ, — T, AS DEh (X =-3) BLO RS DS
(X=2) TlE. BEDR THAROONTZ, ZDIEND, HEEEBOIRE S5 IL, AS TIER
A OREEL (X<-4) DA IZFREE S I T A3003 ORAFFREIZZEL , KAHI RS T
TR A DOEIE (X>4) D722 DN RESHEANL T A3003 ORFEEREIZEL WD
ZEDNGINoTe, ZOHE AT DR E /30 DI FRMED . _RFRG) DR A KR
D8RS MRFEDJR K ThhHLHELE SN,

(5) A3003/SUS304 B2 FSW OFEEE R HEIL, FUGBES ) 200~300nm 2 2 0 g i#iE D
IMC OAERLSIL TV o, ZIHLORERIE, A3003 25 AljsFes, SUS304 fHI73 AlsFe,
THY, TNENO IMC EXIE 100~150nm FRE CIEFITHEL Bk ch o7,

HEIETIL, B AWIREE D B8R 5 MR FEMEICBIL T, ZDFAEAN =X LEMEET 57
D BB 2 FHEL 7=, T2, EY ~OEAZEEL T, TOBEFIEICOWTHIRET
AT o1z, BONIFERE LI TIZERN T 5,
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(1) B AWBRE OB BES EURIFIEIZ DWW T, ZORAEAD =X L% BB f#TZ VT
BN LT, B AMERERTIE, 515k (FTED) D A3003 LIIECHRIOEEE S DO . F
12, BIEEL (B—R 1) OBRIG IR FAEL , ZOERS I OIENBIMG T HZ LD DD
iz, 22T FE2EDFERND A3003/SUS304 Eia FSW H#ETFIL, #2868 HMICKL TE
5 FE R IR BE R A 3 D T LN 3o TUND, LTSN T ZODER 43705 i 5 BE 7 BT A
(AS) DG EITILRETRE T, WFITARTRE 7212181 (RS) DA ITIT ARRE IR D L%
BN L=,

() FEREFOBIIRFRE F K FHEL2SET 5 ELL T, 2 [EOEA FSW i TIZB T 5
IRADEE FEI A 4 Rl CEESET2F TV /RA FSW EN, B THHZLAHERL
77

(3) X7 NV/RXAFSW Tl A HEKOMENILIZ AS £70% AS-AS ff FORRET, #aH
DR r 2 2mm UL EET52L Q=<c=5) 2, FHRE DR LICER THLI LN 0
of:o

(4) X T NIRAFSW BT, 1) 77— ARMSRIZEB T 28I O RIEM (AS) ki, &4
VRRZDORTHEMRI (AS) ZERDHZE ([ASHASIFEIER) ° 2)7 7 — AR SRIZB T A4 T
D (WC) iz, B R/ ADEA F.0 (WC) ZERDHZE ([WC+WCTFEIE) 1, 0
OBEARELE T SECLEIEN o7,

FAETIX, R F2HE 2 2R TRWLEL, 20L& REEIEO L EZHLNICLT,
Fio, REFOEE R EICERIIEALODGEEBVBREOREIZOWTHLHALIIL, 15
DI AERZ LT IZER T D,

(1) A3003/SUS304 E i FSW it FiI, #ERICEBVBIREZZ T HZL T, #E6 R mORICE
(IMC) MR- AR L . FEBEIME T 528030507z,

() FfEFIZHTD IMC ORI IR R OEERIHE, HFIEE K BLOEE L~
FILF—Q DEIZ, ZNZEH 6.9X107 (m%s) . 210k]/mol THHIEMNS -T2, ZHHD
EITEEE S ICBITHESIZZFRRRE Thol,

(3) [FEHkFLIEIEREAHTFICBITE Ky BIO O NERE Tho7r=Zebh ., AAFZE TIERLL
72 A3003/SUS304 EHFA FSW fkF DS E (IMC) 1ZxF 7% FSW 7' e R{Z LD ERERAL
DEBITVIpNEEZBND,

4) [EEFTD A3003/SUS304 FLEIIXT 95 MIG {REOEVEIREIX, 1 A H D &4 673K

(400°C) T, = OIRFFIFENIL 1sec R TH D Z L NFBEERIC L VEND BT,
L7e3> T, A FSW fkFo#E R HEm (FUGE) 8, EHEEAVEREIC L > TEE 1um B

FEOIMCRBIZHRET S Z EiTenEEXLND,

5 TIL, A3003/SUS304 E 42 FSW HIZBE 9~ DR L 77 S FLERFFEZ IO
L7z, B2, ZTORBREICLDEEBIZ OV THRFE(T o7, BON T RE2 L FICEN
SRR
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(1) A3003/SUS304 B2 FSW fl# FOMIEEEIEAE Ki 1%, 5 TEHROF I HZRITR
DO ST,

(2) MEEEEIMEAE Ki 1. SHOERTT M AETER] (AS) 2 D%IRMEI (RS) ~ERT 56 L,
ZDORXFD RS 16 AS ~ERTD5E TERE DO Tz, LIz3-> T, FSW ik
B DIEMEEFLIEAERIE, AS & RS TEENRWI LN G oTc, —FH . EDH%RDEEH
HERIX RS T AS KV#h o7, LIzio T, ISR EZOEZERESUL. AS D F
23 RS JOHRENWZENR0oT72,

(3) BVLEZAT T[T O EEEN LB L o7 S ZLERRBR 2 M L7 6 5. 2VLERE
FE 773K (500°C) | FREFEEE 60sec ODEfCEﬁ)#“C‘ \AEFHEREDIR TITFE DI T,
— 75, [A] 823K (550°C) . 1800sec DFRER A Tl MHIEELIMEIE Ki 7349 13% (1.0MPay m)
KTz, ZOZ8iE, AR EORGE (IMC) A 3um FREICKRELIZIENEELT
WHEEZBND,

4) MIG EB2CIHEVEREIT, AR LR SIEE D E 4 673K (400°C) T, FAEFRERIIL 1sec
ﬁ%{%fz%éé:%z%ﬂét&b AR FSW it FOREEIMAAEZ R D ONTE 77 R R 13
BRI LD B Z N Lo Tz,

(5) FSW #kTF (AS/RS #B% A7) & A3003 FIAF OREEEEIMEAE Ki Ti, =18 (RT) BL 103K
(-170°C) DfTNDOHED A3003 DFFBRED T, ZOZEIE, FSW kT CIIRIEE D
A3003 L FAET T, FEFARITN A3003 B L0 /hSleoTcleb B 6
N5,

(6) FSW #£F (AS/RS #Br A7) & A3003 BEAf OREEESIMAE Ki DT, =B (RT) L0 103K
(-170°C) TR EL 72 o72, ZOEHIT, A3003/SUS304 S HE DG (IMC) 1%, =i (RT)
TIL A3003 L0 EFREE CTH DA, 103K(-170°C) TIL A3003 L 0 HARFREE L /e b= L
Exbhd,

(7) HfLﬂi@rﬁ%W I da/dN 1%, ASH)HH RS ~ZHPNERTHHEE L TOK KO

& T, TE Jﬁ%ﬂﬁ;ﬁ WCBWTENELDHLDOD, XELEREOREMICHEV, &N
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