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ool Steel for induction
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W 980~1470 hardening
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TRIP-DP steel
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TRIP-DPsteel

Ultra HTSS ERW pipe
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HAZ softenin@tance steel

HAZ softening resistance ERW pipe

",
t 780MPa class HTSS for rim of wheel
590MPa class HTSS for disc of wheel

Tensile
Strength
(MPa)
400~ 440 NN
490~ 540 .
590 N
690 N
780 N

BH : Bake hardening

TRIP : Transformation induced plasticity
HTSS : High tensile strength steel

DP : Dual phase

ERW : Electric resistance welding

HAZ : Heat affected zone

Fig.1-1 Application of high strength steels for body and underbody
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Carbon FRP
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CO, eq emission by 1kg material production (kg)

AHSS : Advanced high strength steel

CO; eq : Carbon dioxide equivalent

Fig.1-2 CO; emission for raw material production
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Fig.1-3 Basic

elements of fatigue design process for automobile




1.2 WEHHFMFMICBET 2 EBEERWFIE

EF i E T TOEHHMTHICONT, WEFHFFICH LR EARHFE DY
kX5, Fig l-4 ([T HFMTHOEARNLRBFT 70 —% 17 .

T, B AR THDBMERMHOMEDICONT, BRENL & 72 2 REA 5
b L ILEHER R COBEAEICE L, SN iR, EN diBR, JE 57 & R R W E kT
% daldN-AK OBREZERT — 20T — X RXR—2A R ENLRGT 5. EEO KM E
RO EMIEN T 2R MEIT - ERECTCHLI L ITENLTHD. EHME
WOV TIE, BERECOMEZN, SFEESHORGIE, BERETED
BN ANY — PO REIND. RESNTEEMAEREBICESE, HERE
FEATCHE R T OIE NFT 2 I XY, B RA~AR S W2IS IRE, FHIS
NEFEFRFEFECIOVFEMCHET S, 3B SNEZZHENRBOMAS DRI
LT, FHISHMECHEMAENZEE T 2EENZEA L, B REEITH
HANCE S W THE T HEmEHET 5.

EESNEHICET 2BV OO FERRRERLTWDE R, REHRE
FHWEFREE L LA 7 —ERDD. LAy 7 —iE3E 0T HAERTY
VAN—TEZBELTUSA S LT OTHAOELBIEL EMICHEETE S HikE LT
Mo, MESCHEMPHBRRERLAWMZZ T LA, ATV VAL —FRNEHKS
5. bAoA r7a—iEXRARIE R ORME A ME S mice D, WAKDERE
WMNHE O LDRWICHZ, TRXTOMENLIRICHIENZHRBSEE AT U A —
TOINNRIAINTOEHETHZENTEDLHFEETHD. Figl-5iEv A 7m—
BICEDWHHED —HTH D . Fig1-51CR"T X2, 1 b ELAERENIT
1—>2—>3a—4—>5a—>6—7a>8 LJHIZIAILTWVWE, KOMKMOMH 923 1 L0 /hEn
fFEIE L, 128 DS ALV IREEESNDS. RIZ2HLRAHM LIENEZENRIE. 3a
D AT CBEICRZEN RN T T WD), 3a TIEIEL, 3-3adih Ly
HEEhd., ZOFIEEZKEVIESTZ L TEBHERTDRL.

vy

il
PRI R RS 97 $H & HI (Linear cumulative damage law) (22 C, Fig.1-6 (Z/R7 .

BEDIETIRME LIV 041,000, * * 5001, * * D IS FTIRIE 253 O 3 O High THaR L A LT S



NI E O HFHFM%E NNy, -+ ,Niys o & U, I VSV DSEFHRELLT O O H
MAMBREZ 25, BREEZHEGU TIE, KRRV SV 64,00, .04, D
niny, g BAM I N L E, BN DREIZE VAT 2ETHEEGITHEKL K
ni/N; & LT, &I IRIE VST 5 ni/Ni,ny/Ny,- -+ ni/Niy- - - DFRFIIC T RIEHE
B DAEERL, DEN 1ICRoT2 X ITEFWENRELL B X, LFOXTE
b,

D=3%n/N;=1 (1-1)

ZOBBRIF AL LY~ A ) — (Palmgren-Miner) HI & L < iZ~ 4 F —H| (Miner
rule) &EFRIEND. ~ A F—HIIX Fig.1-6 O it o> J& ) IR EE D 2> 30 U 1 ff B IR 08 8
ZELSGELDH L. Fa TSRO NIRE L NAVNFT N TEGREL LT, &1
AL D i TR U AN e s & <, R ) IR R oD 28 il A DR A3 B U S B Y e ol U &S
BTH L5 IITBEREOEEGMH DT 112825, LrLaens, Ea
HCIHWEHRELLTOWR/NE %2 L GATEY, W/NSIIDNESFEMICKELE
RHTEHLHBILTWD., FEHREL FOW/NS HIREICR L CHEEZ AEb 56
B Hike LTBEIE~ A+ —Hl (Modified Miner rule) A LX< HWHHIDH. Fig.1-6
WRTEOIC SN MO FREMBE TCOMKREREFRELLTETERE LEZEMRICE
O, FEHFRELLT OISR 5 RABA Rk LN Z2ERL, EY
AEG L. £, 1HETISNRELZZNIED 2EERLAED X S ITELH
DHIRNIGEITIX, &, KIS DIRE O AMIEF I &V EEEE O DEN SRR >TSS
BlbdHn., ~AF—TIE, AWERFCICHAMHEAEIERNORZEZT LR WE DL R
LTWb 720, FIENRECTCO®EFBEITE2ICMIE LTS, LirL, EE
HEFCTEMEMEAEEALRDY, v FT—HIEZLTLEEEL 2V EAZ . L
BNo T, EBEOREFMAFFICTE N TIE, WENECLEEME D 2@ UICEELT
HW2ah, RO SN MRZOLOEZBIETIHENH D, I HIEES IS R
BEICEBT 2 EBME IR T, & LVIROAROEEIZ K0T RER

FEBLOENUTORNICELZBEN —ERET — 0o ESNLDI DO LY KX



K725, 20Xk ) REFHEEOFMITEL LT Figl-7ICRT X2 ICEHIEHIC

D e KIS JTIRIE amax DR Z AL LT, Z 0O R HEEREK B (=tandy/tand,) %
Avy, —ERBME FO SNHBRLEVEEORERIH LWL SN#l#HREZRD D, Zhic Xk
DRSNS T 2MEER LB N 2 REG Y, MBENELZITY, REHRE
xR 5H=a—7 2 (Corten) - K7 (Dolan) O HiELMFITN LB ELFENS H.
i, HEOBEELTI RELBHWEICEENIHEKNIEN TR, 10° 2L 107
VA I NDOMOHLRELY, TOREEEL LT SN iRz ETLI 7 AT
% — )L (Freudenthal) -~~7 — (Heller) O HFEL|B SN TWD. EEHRE p OE
ELTO7205 095 NHEREEINTWDN, MENAY MBI TELAESND
e, EBRBICKROLGELH L. EHREULTOISNHEENKRE L, ISHEH G
HEVHETRVWEBHMEOLEICIT, WITMELLTOISNICLDETHREGITS %
WREL 26T, BlEE~AFT—AIT WWAELV T E256a0H0. Z0X)
%56, Figl-T DM CTRT KIOICBE~A T AL VBESCHREE 2 FHFOEMT
EIEF 5 /~A 73w s~ (Haibach) @ FERH 5. HHREL FOMEE y* 2>\ T,
HIRFMmBE O SNMBROMBEENy THIHIHAE, yF=2y-1 THIEL TN 5.

P97 TR IX IS DIRIE R < BT 208, FHRNIC Lo THE T MEILELT
L. EBWEIZEWNTIE, BAREE & BICFEHISHBENT D LD ZEDRE
EEETLOMLEND D, —RKAICHE — O IRE TS 2 &, FHIS N OMEN K
TWEEEEMERD., ZOZLEBEL, EHREIZE T DI IRIE 0, & TS
7l on DR E L TR LEESREMK (Gerber #IX,f& IE Goodman ##[X, Soderberg
M) BNdDH. Fig1-8 1, WHMEMRKXZ FEMOLGAEIZBENTKRELELDTH
L. FWHMOGE, M EICHERY OREFIRE ow (HDWITREFRE) O %,
M EICHIRBE op b LITBRIEN oy 2 & > TEOM A Z EM TH S, KITIR
E#MEZ WX, EEDOFEHIET) on PEMT 256 O ITTRE ow ZHER T 2 2
ENTE, —IICIE, BIE Goodman M X< Wb 5. BEH O ¥R 7 #fi
ERZHOWTIE, SO EIEZEE L TEYIS D &R T IRE O B4R &2 K D TH I R E
MEIZTmy bL, TOFry FLEAZERTHEATETRERKE TS, 20
MK DR & 2 FBISNIRE LB A2, BHESOFEHE DM ECHVDSER L.
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Fig.1-4 Fatigue life prediction
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Fig.1-5 Example of rain-flow counting
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Stress amplitude, 0,

SN curve under constant
amplitude loading

0,1 Miner rule
oaz /
Oai Fatigue limit
o - S N N N ) )
GW S Modified Miner rule
aj AN
! ~{/
Y >

N, N, N, N}
Number of cycles, N;

Fig.1-6 Miner rule and modified Miner rule
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Stress amplitude, 0,

a,max

ai

3

SN curve under constant
amplitude loading

\( Corten-Dolan modification
G, Haibach modification
/ \‘
07 \ \\‘\N‘. !
\ N
Yy~
NN, Ny

Number of cycles, N;

Fig.1-7 Modification for SN curve
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Stress amplitude, 0,

Gerber diagram
Modified Goodman
diagram

A

Soderberg diagram

Mean Stress, 0,

Fig.1-8 Fatigue limit diagram

14

Oy : Fatigue strength
Ov : Yield stress

O3p : Tensile stress
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1.3 BHEEBEEROKFERFICET SUERDOHFE

o

T4, CAD (Computer Aided Design) 7 — /L O & PEREAL <0 A PR B 55 vE 4% & A7 4T 1L
YN ANR—DRFEICLY, BBHEIEEZIIUD ETHHBMEED O, HEd
RHERONTITOR D Z &N —BMNICh o, BEFHRITIS D, £F, WREEE, K

RN L, Z<oBERFICEH SN TS, AEIEELRORE IFEIHITH WD
T, HMEfATix, SN ik, ENHREICLDEFEMFEMEITOHEG, ZRT R
I, OFTHERD DO OIEHEN, BREBMITICHVWOA TS, £, #
RN E ORI L LI HROE B 7 a 77 5 DiEfladb
B C, HRDOWE T M ANEFEAMM 21T 9 CAE (Computer Aided Engineering) Tk 23 5% 3t
BGICHER S TW5. BREBEORIE THER, =X FHIBOB AN S, 950
DCNE % W Bl 70> O 8\ BEAR 40 BT T RE 7R BT PR OMEE N R E o, M &2 A L
TR MM PRI S LR AR ENLECTH L. BB HEOBMRET ST, KM
ENT-HMB A ARy NEEST — 7 BEHETHES LEEERM 22 V. 208G
TR NDERPLE L, RHBRE LOAREFTITESMICRLIZIENFLALETHD Z
EMD, ARy M, T — 7 WO 7R A AR T AR O TR 5 @ A2 4T 5 LT,
CKICHETHD. UT, BBEEERRFEZHEEZ ARy VEHE, 778 #D
e 57 BRI BT 2R DI L T DR RIZ DN TIHRARS .

ARy NEBE ORI REFICE T A< H D, Bl A, PR
BB OEPN D ARy MEESOAFEEIR ) (RKEIST)) ZFFM AT 2 —
ZLLCHAWE FOESTHMFMERFTLEZLORH Y, Rupp 5 'Y, s 7,
BLOABEEHSESEEETMEES WAEBLTWD. ABBESTEH D
e, AMER, RECKFETIZER WIS TFmPBEHETE I EHREINT
W5, ABHEEIS N DOEZHIL, ARy NRERESBEAG LR, T— 7 BER
DEFFMTEISHWLENLA Yy FARy M HOBEBIZEHLE L TWD . AMEEE
JRE, R TIE2S BENRIRIERTERLTEY, RIGCHWEERET 55T
M NTA—=2ThHD. Fig l-9ICRTHITETNERET D &, AFMES L, F
Ty MEERIKE LIESEOT Sy MO RREISEZRL, ARy MEHEHICE
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A+ 208 ME (X< HREF, HFTE—2 2 M M, FAMGE F,F, 2LV
TE—AU M) &, WE, Ty NRA, 7T VMR D e E O KBRSk
SWTHIEIND., ARy PAEAT 2 0AERICOWTIE, ARy MEERN %
BAR (%) #H, b LIV VU vy FREHETET VL, FEM M €7 VI E D faf
BEEHSETRDD. ZOFiEE, EEEMBEET L ~OREMNE, EHMEOBLA
THZTH Y, HiR O I N 7 10 275 A (MSC 1 MSC.Fatigue, nCode £t FE-Fatigue,
Steyr-Dimler-Puch fi: FEMFAT) 72 CICEH & 41, —#, EHE O B B 35 F R A R E
WZEH A TWD. Fig -9 IZRTHMTET LV ZAMRICEN SN AMEEIS ) 0 g
DREERE LT ICRT.

O s =Max(0,1,0 ) ) (1-2)

2 2
(O-rsum + O goum ) * \/(O-rsum ~ O gsum ) + 4T03um

Op19p2 = 5 (1-3)
O rsum = CpF +CB(—My cosO+M, sinH)—CS(FZ cos0+F, siné’) (1-4)
O Gsum =V rsum (1-5)
Tooum = CS(FZ sin@—F), cosﬁ)— CrM, (1-6)

xzzn(%Ju (HV)M(Z]H {1_(ij2} (1-7)

16



2
)
D 6 (1-8)

Cp = —
O

I+ —

D

1
Cy=—o (1-9)

7t

2
Cp=—t (1-10)
(ER

Z 0 pl1 Vi%jﬁj‘:‘ﬁ;ﬁ, 0 p2 ﬂiﬁ%d‘ﬂéﬁ;j}, V&izﬁj?yythf%@’ O rsum>

»—»—L
— — =,

0 gsums> T rosum (SBIEIE RIS T 2 FET WIS, MITIST, EAMIEITH 5.
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Local stress F M
distribution

d : Nugget diameter
D : Flange width
Fy,Fy,F, : Force acting on spot weld

M ,My,M, : Moment acting on spot weld

Fig.1-9 Analytical model for spot welds
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Analytical model

Local stress F
distribution

Nominal
structural

stress O,,q

d : Nugget diameter
D : Flange width

Weld nugget

) e = = e B
Bar element

1 B+03 1 BEH04 1 E+O5 1 BEHO6 1 .E+07 1 E+0B
Number of cycles, N

F\,Fy,F, : Force acting on spot weld

M, ,M,,M, : Moment acting on spot weld

Fig.2-1

Procedure for fatigue life prediction
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TS joint CT joint TT joint

(a) Spot welded specimens

Single hat ‘ ! |
\ — -
L] ] L] L) . 22 [ ] L] 6—1 | :
° . \. ‘o . . \\ ° . r v
45 !
Double hat 5

(b) Hat shaped section structure

Evaluated spot

Out of plane bending

(¢) T shaped structure

Fig.2-2 Schematic of spot welded structure
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Schematic representation of FE models

Fig.2-3

31



224 RHBARERT —F L TRIFEMDOLE

FHAM AR Y NEEM T O TR ERE R L TR Z LB L F AR
(Mt 2y 7 & 925 LN R IX) % Fig.2-4~7 (223 . FHIFMMEIC OV T,
FE-Fatigue % W72 T HIAE R & JSAE JE 7B MM & 0 R R F1E 2 vz 7 HlH
RERLTWD., F797RRT X5 TPHRBREIERERLEEFIT -HLTHY,
FE-Fatigue & JSAE FIEO PRI E O ZEIZIE E A ET V. TTHFLAIZ OV TIE,
TRIRE RITEBRE RIS LIREMRUOMEMICH Y, TTHRFIZOWTIX, @mFaflo
o 5. Thid, RBEER CHMRmEOE Sz LT HmoABHEDZRIZONT
WAL, KEFMITHEHTOIEBIEIZREL WY, ARy MNEESICEHRT

DIEFHEMER D Z RN SSABEb oL EEADLND.

oy MR E A TR W T FRGE S M O U7 AR R BRAE R & TR R A kL
W Lo s FHa AR (LN #RX) % Fig.2-8,Fig.2-9 IZ/”"$. 7 Z 7B R"3 Ko T il
FER L EBRAERITIFIE - L CE Y, FE-Fatigue & JSAE T D FHIKEE O #=1X
EAEEN. F, BAKME (F, F,) < HimE (F,) NAMNT L5 AR
v MEEMKFIZOWNT, THRR & EBRGE RO LKL Fig.2-10,Fig.2-11 (Z/~7 . ff
Sy AR v MEEM T T, Fig22(MIERTHAE o« DRKE LR DUV, GRG0
ARy MEEEHIAEN T 21X BEATE A AN % . FE-Fatigue & JSAE FiED
TR R T FEEREMEZ R L, a DAEN 15 ELUSNOHMKFICOWTIE, THFRLE
RBRAERENKES B AR o, ZORKNEFIAFATH LD, TETLICBWTEEL RN
ST BEESEMORERER LTI bDLEERD.

B oW FRBRIERER L PR R LR EICET 5729, FE-Fatigue TH
U7 AMRES S TR L7z HFmRX (A o.-N#HX) % Fig.2-12 12, JSAE
FHETHEH LA EIS ) CEBE LT HEmMIK (A o.N #EX) % Fig.2-13
CRT. WEDZ7 T 7R8FT LY, FBRALARHEICEGR < ERT — 213
WA RIECTHANR—RA T4 Bl LT, THRIMRIT, EBRER
WCIEIE — L CW5b. £/, FE-Fatigue & JSAE FEDO THIKEOEITIT & A L
WZ EDRDLND

32



10000 . . :
TS joint 1.4t i _ Line: Prediction
< /}L i Plot: Experiment
N~ \
\ﬂ\
~ i i \ké: R
=~ ~ [ \\~§‘-—.
\[_]~ D \\\55/
Z. TS joint 0.8t ~ \'II: i \ —
2 1000 N g T re=—
=) = \ - )
8 : Z_A A
e} T A
g A~ NI X
— I A -
i \‘O I
:\.."O CT joint 1.4t
CT joint 0.8t O_*
H O I R
100 L Q

1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Number of cycles, N (cycle)

Fig.2-4 Comparison between predicted and experimental results for TS joint

and CT joint by means of FE-Fatigue
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Fig.2-5 Comparison between predicted and experimental results for TS joint

and CT joint by means of JSAE method
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Fig.2-6 Comparison between predicted and experimental results for TT joint

by means of FE-Fatigue
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Fig.2-7 Comparison between predicted and experimental results for TT joint

by means of JSAE method
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Fig.2-8 Comparison between predicted and experimental results for

spot welded structures by means of FE-Fatigue
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Fig.2-9 Comparison between predicted and experimental results for

spot welded structures by means of JSAE method
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Fig.2-10 Comparison between predicted and experimental results for

spot welded semi-structures by means of FE-Fatigue
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Fig.2-11 Comparison between predicted and experimental results for

spot welded semi-structures by means of JSAE method
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Fig.2-12 Comparison between predicted and experimental results for

spot welded joints by means of FE-Fatigue on A ¢ ,5-N curve
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Fig.2-14 Schematic representation of arc welded lap joints with weld start

and end points
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Fig.2-15 Schematic representation of three-sheet arc welded lap joints with

weld start and end points
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Table 2-1

Chemical composition and mechanical properties of base metals

Steel Thickness Chemical compositions {(wi%a) Mechanical Properties*
(mm) C Si Mn P 5 Yield stress | Tensile strength Elongation
440MPa 23 0.14 | 0.01 | 042 | 0.011 | 0.0054 306 430 36.5
Class
32 013 | 0.09 | 0.76 | 0.018 | 0.0035 323 474 34.7

*Unit: Yield stress and Tensile strength(MPa), Elongation(%)
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Fig.2-16 Residual stress distributions 2 mm apart from weld toe
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Fig.2-17 Photograph of typical tested specimens on arc welded lap joints
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Fig.2-18 Fatigue strength of arc-welded lap joints with weld start and end point
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Fig.2-19 Schematic of arc welded structures studied by JSAE
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(a) 3 dimensinal solid model

5.1942+00 i
) (c) 2 dimensional plane stress model

2. 09de+00
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for the weld toe

(b) Principal stress distribution r : Distance from the toe on the flank angle

bisecting line
O : Principal stress
K : Local stress parameter

A : Local stress singularity index

Fig.2-22 Schematic representation of FE models of arc welded lap joints with weld

start and end points for obtaining o *
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Fig.2-23 Comparison between predicted and experimental results for

lap joints (L=30mm,W=50mm,t=2.3mm)
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Fig.2-24 Comparison between predicted and experimental results for
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Fig.2-25 Comparison between predicted and experimental results for
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Fig.2-26 Comparison between predicted and experimental results for
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Fig.2-27  Ao-N curve with experimental data of arc welded lap joints
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Fig.2-28 Comparison between predicted and experimental results for T-joint

with P1 load

65



Experiment

® Thickness 2.3mm O Thickness 3.2mm
Prediction
Thickness 2.3mm === Thichness 3.2mm
10 . R T R ——————
Rl ! A | | A A |
Broken line : Prediction based on default of SN curve
— : A
é \ Q S -~ \/
£ o Q ~
a ~~‘~~. .
g | \. : 7 *kq
2 ,
e} | /
s |
o
—
Solid line : Prediction based on modified SN curve
0.1
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Number of cycles , Nz (cycle)

Fig.2-29 Comparison between predicted and experimental results for T-joint
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Fig.2-30 Comparison between predicted and experimental results for flared joint

with P2 load (t=2.3mm)

67



Experiment

O T-joint ® Flared joint A Lapped joint
Prediction
T-joint = Flared joint — Lapped joint
100 —— —
Broken line : Prediction based on default of SN curve
~ T ol i
Z / T — o -l
T S e IR Ens A ) T
:: A 7‘ A, T — ] S
g 10 / EEa
= | \
o / \
g \
% / ~- O (3 — o &/
— / o ———T [ il S ESRE
A “‘."V'. o~
e =0 e
v —————ia
Solid line : Prediction based on modified SN curve N 0
0.1
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Number of cycles , N2 (cycle)

Fig.2-31 Comparison between predicted and experimental results for
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Experiment
m T-joint 2.3t, P1 load A T-joint 3.2t , P1 load
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+ Lapped joint 2.3t , P1 load O Two-sheet arc welded lap joints
® Three-sheet arc welded lap joints
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Fig.2-32 Ao-N curve with experimental data of arc welded lap joints and

arc welded structures

71



Actuator

i Cyclic load
1 +£6.0kN

1

1

1

:

. 1
Chassis component '
:

1

1

1

1

1

/ Lower arm
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(a) Chassis component fatigue test
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(c) Penetration checking result showing

crack initiation at start and end point

(b) Principal stress distribution around the bracket
of arc welding

Fig.2-33 Comparison between the experimental result and the analytical results
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BEBETOBRIT RSN o7z,

78



Table 3-1 Mechanical property of evaluated material

YSs TS T-E! n
IMPa IMPa 1% value "o r'45 790 "'m
386 620 27.7 0.19 0.778 0.795 1.052 0.855

79



400

w
a
o

300

/
O
4

250

Stress amplitude (MPa)

200
10000

100000 1000000
Number of cycles (cycle)

10000000

38.0

R17.5

5.0 | |7
10.0 98.0

Unit : mm

Fig.3-1 SN diagram and configuration of specimen for fatigue test
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Fig.3-2 Configuration of tested member
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Table 3-2 Spot welding condition

Current Electrode Squeeze Welding Holding Nugget

value force cycle cycle cycle diameter
/ KA / kKN / cycle / cycle / cycle / mm
6.7 4.12 25 14 10 4.7
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Vickers hardness/HV

500
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400
350
300
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Nugget
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-1

Fig.3-3 Hardness distribution around nugget
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Tested member

Fig.3-4 Overview of fatigue test
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Spot model

Closing plate

Fig.3-5 Model of spot welded rectangular-shaped section member
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— Stress amplitude
S

Elastic analysis under torsion load

0
—> Meanstress | Time ——
Sm

Elastic analysis under springback

Fig.3-6 Fatigue analysis considering residual stress

90



34 EBRFERLHAEEROLE

341 ARy FEEFBEEBS ORI

AR b R R TSR O L ST TR O BRE AR AT RS SR 2 AR B 7m0, ST TR
DR BEAR DR & M TH O EHM IR IT OV T, E R & FEM AT 15 5 % ik
L7z, BWRBIEIC O W TIE I Y b a @M =)o B RAESRZ W TITo 2.
Fig.3-7 12, 7' L X s 1% o 6 B I i % A4 BLAK o0 v e T i L2 > T, ERNB AR & i
Mk & e U= —flZ7~k9. Fig.3-7 1Z BHF400kN (28 5 7 L A B #% O M E
WThod., BHEBREIY, EEMOT7 T VEHOMAEREL 0 ZFH L, FEEHEZK
¥ 7= & Z % BHF400kN Tt 6 = 7.2°, BHF800kN Tlx #=4.5°Th »>7=. —J5, FEM
f# HT C1x, BHF400kN Tl 0 = 7.8°, BHF800KN TiX 9 =4.7°L72 0, 77 IO
AEELICOWTIE, EBREEFEMBETIBR & L. Fig.3-81%, A& v &
BRI S OERO KD IRIZHOWT, WEEAMAEICKIE L 5 22 gToBrimicEs
B ERRE R LT R O e 2 R . BHF400kN THIE L7=8M I A 7Y > 7N
v 7 BENPRKRENTZD, EROKY ®IL BHFBOOKN O34 X0 b K&\, MR F X
FRFER L VSN EOOMEERT N, AR OEMEZ LS HEHLTWD.

U EORERNG, AT RIE, FREBmSoRRICEEUL Tk, 27 7
Ny ZJIZXD22ARy "EEHOKRBISHE2BRBUORBFBEHL TWD &KL L.
Fig.3-9 X s B g It R M 2 Mk L, RSP s oF A mmpRk s = L7
BEThHD. fifdfMaRETL2ZLICEY, MIRLACYWMEMEHLZEZ AR
Wrimi A IZ PR E L, A7 7Ny 7R Z R L TV D 2 &0 b Il B D [,
WM A~BREIS N PIERH L TCWEZ L 2R LTS,

91



Relative height (mm)

Experiment
° 1 | |
Flange angle
10 | ge ang
FEM |
-20 ) N
\
-30 |
_40 | | 1 | | | |
-80 -60 -40 -20 0 20 40 60 80

Distance from the center (mm)

Fig. 3-7 Sectional configuration after forming under BHF 400kN
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Fig. 3-8 Sectional profile of closing plate
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BHF 400kN

BHF 800kN

Fig. 3-9 Sectional configuration after disassembling
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Spot weld failure

(c) Penetration checking

Predicted spot weld failure
250.0

(b) Crack propagation (d) Calculated maximum principal stress

distribution

Fig. 3-10 (a)-(c) Photos showing crack propagation after failure and (d) calculated

stress distribution during fatigue test
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Torsion load (Nm)

100 \ﬁ\ BHF 800kN Prediction line
-=£l
3~/ O
/// l_\;‘ - \P_
O
| BHF 400kN Prediction line
Experiment:
O BHF 400kN
O BHF 800kN
10 | [ T T TTT]
100000 1000000 10000000

Number of cycles (cycle)

Fig. 3-11 Experimental and predicted fatigue life
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Table 3-3 Calculated nominal structural stress and stress ratio under

torsion load 60Nm

BHF Max.Stress Min.Stress Mean .
(kN) (MPa) (MPa) Stress (MPa) ~ Stress ratio
400 920 552 736 0.6
800 820 452 636 0.55
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Normalized variable amplitude loading pattern based on the standard
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Table 4-1 Chemical compositions and mechanical properties

Steel Thick- Chemical compositions (mass %) Mechanical properties
ee
grade ness
YS TS EL
(mm) | ¢ | Si | Mn | P S
(MPa) | (MPa) | (%)
590MP
1 209 0.04 | 0.66 | 1.89 | 0.009 | 0.001 554 612 29
class
440MPa 2.3 0.06 | 0.02 | 1.35 | 0.018 | 0.003 343 455 35
class
2.9 0.14 | 0.02 | 0.51 | 0.011 | 0.005 287 443 38
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Table 4-2

Welding conditions

i 1di A 1di
Steel | Welding | Shield |  vire | Welding re | Welding
rade material as diameter current Voltage speed
- ° (mm) (A) (V) (cm/min)
J1S
MPa-
5901 73312 €0; 1.2 225 20 70
class YyGwiz | &8
JIS
440MPa-
01 73312 €0; 1.2 190 23 R0
class YyGwi2 | &8
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Strain gauge

35 |-

Load direction |
2.9t l y ! Strain gauge E
T /—' T
|
|
Spacer Weld bead '
200

Unit : mm

Fig.4-2 Schematic of arc welded lap joint
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Strain 'galige : @13x8
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- - :' 1150
40 100
( ) ____(97L
Weld bead
' 230 -
Thickness : 2.3mm"
Load direction
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Ly | o140
i i
H 1 1
Weld bead : I l40
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! L\
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B 300 ‘
Unit : mm

Fig.4-3 Schematic of T-joint(T-shape-type arc welded joint)
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Vickers hardness (HV)
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—/— 590MPa class lap joint
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Fig.4-4 Hardness distribution around weld bead
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Bracket

Strain gauge

Fig.4-5 Overview of fatigue test
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4.2.4 HREBRER
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Fig.4-6 Fatigue strength of lap joint under constant amplitude loading
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Fig.4-7 Fatigue strength of lap joint under variable amplitude loading
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Fig.4-8 Fatigue strength of T-joint under constant amplitude loading
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Fig.4-9 Fatigue strength of T-joint under variable amplitude loading
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Fig.4-10 Transition of strain range of T-joint under variable amplitude loading
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Fatigue crack

Fig.4-11 Fatigue crack of T-joint
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Structural stress range (MPa)
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Fig.4-14 Fatigue strength of T-joints and Lap joints
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RGBT C O R BAE R LB E~ A F— (Miner) Al & F W 72 5 HE @ 55 R % 1
L7227 T77Thb. P OWBITATE TR FIECHM L Fa#EEz Ry,
FraHEEM L, BT HICIE W T, R R LD O00m Kekl & 72 2 1m TH - 72,
440MPa #LEAAR B T PRIV BEHE T 122> T, Fig.4-16 ([CZ B R IE 77 & F T DK 55 ik Br
R HEMMEEH RO A R, BERMBARERT & REIC, HFaH e mizn
AT L TR KA & 722 o 7. BT IOV T, BBRIREH E O & OKH
L BB EGM D OB A Figd-17 ICR-T . BEHEHEO K KENEL 20, I RE
WO ERBRS NI, DEX/NSI LS REmMEZRL TS, £, T FH
WHEME T O DI RN BRI RO 0.

EIE~ A F— (Miner) HIIZ, fif EAH A AR 0w B A MIEF & I3 ERERICABBG
MDD HEETHID, FEHREEFBICEL > TIED =112725 L XWHMENEL D
EIERLZRW. ZoXd s, KESNMBREBEEL TEMETEZITY HE'Y R
REINLTWVD . G DIRELFEHIE N NHEICEH T HMETIE, &AL DISH
AR OB LV ETRETFEOR LN VISHIC K L2BER —ERIKBDO SN 7 — 4
NHOWEINDILGELYRKELS Y, ZOBREHEX-EESEELTa—T v
(Corten) - R 7 ¥ (Dolan) ® HFiENH L. = OEIE FiE% Fig4-18 1Z/x7. &K
S NP D R EIE LRI L TEIEMRE B (= tanb, /tand;) Z MV, HE A KRKE W
S SN AR 2 IR E T D . A B 7 AR BRI T V) 7o 28 B f E I A R R E 28 R
B EICAEB L TBY, 2 —7 2 (Corten) -K 7 (Dolan) O k% M\ CHE
FmAEE Lz, EBIEFE gl o0 TiE, #HEEEN 0.7~095 LTk h, KH#HEE
TIHEEESWAREL, ZRUloFMEL2 =07 CHRIE L. KEHEMKFICHO
WTC, EYESNHIBRABIEL CHEHRE LZHFmECIEE Fig.4-15, Fig.4-16 (2 £
TR L., BEREAEEKTFZ, OW/NMMeERoL2MloRFmAEEMELE o7
2, T FRIEHARFIC OV TIE, FafdiE e ERMETIZE-BLEL., Zhid, 4
MO EM L ERMEO TR MEMAERS - BRE L THBELLZILEZRETD
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Lo LB b D. Figd-17 THRTEIICERBREBREMKT & T PRRBEMKTICBD
TRBEHREMD ICE Do b, MEMAEMEHIZ, FPEFEXOBEWIZLDE
RO K/PMIEEIND LHREIND.

Ll b, ZEHETF CTOMEMKT — 7 WERBREM OB HEHICONTHEL, B
Mzl EBRECHEEIND DMOER Y — 2 CORHFET, L SN iR
BT A2BEERE LB EREROBFEREIZOVWTIE, S LRIBEPLETHY,

SHBOBIIERRE L L.
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I O 590MPa class O 440MPa class

\

Prediction

Prediction with
Corten-Dolan method
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Number of passes, N, (pass)

Fig.4-15 Comparison between predicted and experimental results on lap joint under

variable amplitude loading
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2 Prediction with
2 Corten-Dolan method
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=
£
>
<
=
|
1.E+03 1.E+04 1.E+05

Number of passes, N, (pass)

Fig.4-16 Comparison between predicted and experimental results on T-joint under

variable amplitude loading
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10.0 ;

a V O 440MPa class T-joint
o A 590MPa class lap joint
TE O 440MPa class lap joint
: £

£ 10 o A
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2

=

=

S

0.1
1.0 10.0 100.0
Maximum load (kN)

Fig.4-17 Relation between cumulative damage value and maximum load value
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Stress amplitude

[ =tan6,/tand,

Modified SN surve

Number of cycles

Fig. 4-18 Corten-Dolan method
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eI b & o7

=
590MPa #% &

Y

i

(1) EREARERKT, T PREEMRFICONT, SRFELELGM Ny TERAELL
IR

44

4.5
KHFZEICBW TR LN ERMAZ UL TIZRT.

WHRBRT — X%, M7 7 7 ETCoOBEBREIRHRICK L,
HRMREEME TR T — ZI2oW0 T,

WA koo Eiz,
MR Bk F & 440MPa Rk Wik FTIZIE B Lo fm e oo
(2) THFHEEMRFORTABRTITVWINLT 77y ha—F—0E#ELE
Z O FE AL B 1T A PR B FE AT R R 2SR S I KIS R &

LT ERPFELELTEY,

BRIEAE — CTEFIRADN R D, T FREEMTF & 5N 5k F
IZOWT, MERHFATERTLL, SNHEMIZIZE-HTI2/RLE R o7

RN B S TR B R B8 T 8T O 9 5 3B R & 55 i HE

— % L7z
(3) M&
B RT3 L Tovl Kk & 72 - 7=
(5) =—7 > (Corten) -7 > (Dolan) ® FiEIZ L v U SN thiff 2 E1E L C,
. EIER

P

EL-EZ A,
2]
By R

(4) BELE~AF— (Miner)
7 i HE EAE 1
BEE~AF— (Miner) RIICE S X, HEFMMETE LR, ERMRBABEKT I
T FRIEEMKFCIIEMMETHE & EREXIIE-S L
EHESR L T

i /NEEAT & 7R D
ROERITMFIRICER UM EREAENO
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w58 EHWEFCOMRERBRT — 7 WEMT OEY
EhICRIETHERELIEROE

5.1 #¥&S

BUEHME 525 BBEO S v VEHMAICB N T, T2 BB T EN
HMRL7 77y FEOMBHLOESICISHVWLEATWD., THIZBITLY v
i ~OE L EAMNIL, —ERECTHD Z LiEADRL, RE, FEHmENEL
THEBWETHIHANEZ Y V. ZRETOMETIE, ¥y VEMOM TG
EFETMME LM EZH T, #FEENXN, E—FNBRREOE T RE~DEEL
RAE LB PR b 5. £, ARy NAEMTOLEDWE TICBT 2K FEE
R 2 AT o 2 AFgE Y, SkEEm A EBEATO 7 Ly T 4 v TR RIE T A
NOEBERF LG VR’ b s, T EEMICEL, £EBMETFICBT 5
PRI DWW T, REMICRET LS H T A

B4 TONE OICBWT, EmESEEMKE T — 7 R TS LM TR
MaERv, BARAB)EMFIETTOEEMNLE CORMBBEEMNT —FICESEHREL
TEHREME FTOERTRAREZIER L, TORFTEIHHER . oI, LR
g ff B R O TR REBEIE~ A4 F— (Miner) HlIC KV HEm#EE L 25, #
iy T R B RS R TR L TR R KA & 7R o e R IR IE R T ) S
EETHMECTIE, @LXAVOIRNARMOEEICLY, FHREIHGORK L ~SIVIS
X HEEN, —ERIBEDO SN T—F0bHEEINDIHA LY KEL 25 M EM
HIEHZZBETHOXLENTHRIND. FHA4EONIETH - T EZB i EHIT, fof HIRE
DB ICZT L TRY, WEMAFEHNPHEEME L ERMEO RO —HKNTH
D EHES LT

AKHFZETIEL, WMEMAAAEANT — 7 EHESORTHEMICKITEERICEAL, &
SR (440MPa #k) PMEHM Z RM T A ERBAT -7 BEMKTFEZH VT, =
B LA M EIC K 2R BRZFEm L, BIE~ A — (Miner) HIICHK S < B
BEHEEEZOEHWMEREOBEBICOVTERNVICHRFT T2 28 HMELE.
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5z, B % S EGLIEIYT (EBSD : Electron Back-Scattering Diffraction) k% H W
T, BEREAT -7 EERFPOHRT S HZBETFEZBLE L, AR Z & B

BEMOBEBRIZ OV TR,

52 RBRGik

52.1 HtRAMB XL OHRMKF

fEE 8 1L, Table 5-1 IR TALFMB L OHBAKEE AT 25 2.9mm JE O
440MPa L EGEFE SR TH Y, E ML 7 = T4 N Th DH. WHELMF % Table 5-2
AT WEEHIRICIE CO, 7T — 7 A AV, ERMNERENETZ REL 2.

Fig 5-1 ARBRICHAWIZERBAREM®KFORRERT. SHELEZHES OTH
EOEMMEZRGET D70, BHEILGETIHGICS YR E Imm O OT A7 — 2 % Qi)
L7-. Fig.5-2121F, B LV 025mm OE I BT 2EE L — NIEMEHAALEO B
B — AEE AR % T . B OEE R 2 8 EIXK ISOHV Th Y, wHEE R O M
JEITA 200HV S L TV D, BESMED, SRR F CHECR &ML O
MICEEEEZNH DT ERBEO LI,

£, BEIEHELS Imm BN ZMEO 3 » FFICOWTHERIS 2 XBICL 0l
E L7z, BEREED O EEISJ)X-100MPa~50MPa CTH ¥, EHKOEET TR
NWDBERIE T LRV OBIRERE IS )X MR S N7 h o7z, Fig.5-3 1%, ARBMF O
RS RRB O R TH VO, HEEIT55RAE, BEERBME T ICx T 2R BREO 7
7 Ay ROENZ 9. 5198 58RO 8 W & Ini s s o M T d o .
Fig.5-3 £V, KRABRMFORKIEMEIL26kNRETH D Z L PRI N,
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Table 5-1

Chemical compositions and tensile properties of steel used

teel
S es Chemical compositions (mass %) Mechanical properties
grade

YS s | EL

i p

440Mpa | © St | Mn S| (MPa) | (MPa) | (%)
1
S5 1 014 | 0.02 | 0.51 | 0.011 | 0.005 | 287 443 | 38
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Table 5-2 Welding conditions

Wi Weldi A Weldi
Welding | Shield e elding re elding
material as diameter current Voltage speed
- : (mm) (A) (V) (cm/min)
JIS
23312 CS: 1.2 190 23 80
YGWI12 &
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Strain gauge

|
|
|
35 | ool L e 20 ]
|
|
Load direction |
29t l E | Strain gauge E
s T
% i
|
Spacer Weld bead '
200
Unit : mm
Fig.5-1 Schematic of arc welded lap joint test piece

138

Spacer



Weld bead

300

[\
9]
(e

200

150

Vickers hardness (HV)

100

-2 0 2
Distance from weld toe (mm)

Fig.5-2 Hardness distribution around weld bead
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— p— [\ O]
S W ()

Tensile load (kN)

W

o

Fig.5-3

5 10
Displacement (mm)

Load-displacement curve of arc welded lap joint
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522 REREANWEORE

EBwE R COMMBLHELRET 256, EBEIHESMICESEET L
fblicrm 7 7 LBBIEHR, M2 BB EI NI L THE STV D RERD
RABIGH A E = EEHWT, T RBREET2HA0 20 . KBS TIX
ACR R B AR OB W THLIHAET 2720, AWmEELLT, &
LAV ERE APy &K L LR EARNE APL A S bW s B R LA B E A
MW7z, Figs5-4 1 “BEIR LEABMEOKRIBZAZRT. ny, nld, 1 70y 7 OEE
WBWT, ML BIMERLVANAUMHEINRBRMFICAWMINTZZNEO#IE L
BaETRT. Figs5-4IZR-T L9512, 1 7ayv 7oL, MK L3 57EREEOKY
A I NVIEFBOE LV EREEZ 1A 7 VAR L%, EHREL FOMEZ
F IR L )V AR MR A 10 23 5 10000 Y A 7 LV O CTAM T D84 — v & LTz,
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ny ny

APyux2

AP %2

Load, P

|

<= I

Time, ¢

Fig.5-4 Repeated two-step variable amplitude loading pattern
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52.3 RBFRARTE

PR A AR o F7RUBR I D W THE, B A & 100kN o MTS 84  + H —
AR T RBEEE VT, iR, KPP THEML, #Hik L®EE 10Hz THlikEMmELY
BRMFICEN s, AMERIWERE THY, —EREME S BB LE
B EO EOMESEE L, MEKZ 0.1 & L. AMKICRET DT 0@
EREWMND/NSL T, Fry ZHICREDO/NFTAX—% %A T, ELMA
WHM T2 BRI A Lie, WHRRT, BELERTSICHESLEZ0TRT -V
KO —EEATCOTAHHEEAT - Z2WGE L TCOTHRBEREZE Lz, o, EEIZ
AWM IR LA EOERES — MM TERSG L, BE I L7 fr B2 Bk I E
MLTWD Z L aMR L. EIFEMAEAIEIT OV TIE, O 7 i P 25 #) 501K 7
0% T L7 DR L2 & RIEAEFM Ny & L 2, Nyo 2 BRIk T 0 9% 05 5 My
EER LT, WWHEERMEWRE O RBRT O 0 B4 500 E & LTz
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524 BREBEEEOHE

AHEBEMED, IRV~ VA EICE 2 BMEBEME D IOV T, —EREMRE T O
WHRBRERICESE, BEE~AF— (Miner) Al Z AW T, XGB-1), G-2)icky

BH L.
D = (nu/ Nuzo+nr/ Nizo) * Npao (5-1)
Dy =(ny/ Ny ) Np2o (5-2)

T AT NppolZ, 1 70y 7 @O Bk UZA B 823 & R AR A E TITHM S 4L
7olE gk (i LS 23%) THD. Nuno, Nigold, fif EIENE APy, APy & — E 1R fiE fif &
TORGARRERNPOEGEONLEREFALVHEES NS RBELEEMTH D

5.2.5 EBSD &£

W G W L 7 SABRAk F IS oW T, R O Wi o & RFEAETEE A2 EBSDIZ KDY
WE U7z, TSL 4k SRE & 5 O ff A %5 18 2 Bl L 7= A AR E 1 4 e ik 4t A 2 A
B AV, B EmICOWTIEaa S F s ) ik i@t BB EZ 4T
S WEE y FIE 0.2um, JIE Y 4 XX KL Z 200umx100um & L, 1Q (Image
Quality) KB X O i Znma M S, Mok e LTHR T 5 ED
RARMIX 15 L Ui, £72, HMREIC oW Tl A RS+ %48 (SEM: Scanning

Electron Microscope) T X 0 Bl L 7.
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53 BIFABRBERBLUBE

53.1 RIFABRMER

Fig.5-5 (I — EMWIE W E F CORBRERTH 0, #Htlho BT ERIE AP, o
B AT R 72 & IR R CTOMIK LI Ny 2R3, KRBT — 213, Wx
777 ECOBEBRBIFRICH L, WBEIEL &0 nWipifik /a7, Fig.5-5®
B ERHEOXZ L IR T.

AP =4+ N’ (5-3)

2T, 4=T71514, b=-0.259 ThH 5. #ifli Tl REEEGME D OFH I HW
72 Nuzo,» Niaold, R(5-3)L VKD 7=. Figs5-5 0EHT —Z 6, ARBRMKTORET
FREE L, faf EHARIE AP =2.0kN TH 2 Z L AR S 7z, Table 5-3 1 ZE R LA
M E COETARMGEREL AT, MERECHONTIE, @V ERE APy =
50kN & L, KLU _LGFE APL % 4.0kN 705 1.75kN £ CTOHPMHTEHL L. KL
AL fi AR E O MOR LB n IZ DWW TE, S0 A 2 LB KT 100 H A 7 v 0 R
THEM L7, Fig.5-6 IZIK L XL A ERIE APL & REEEME D oK 2 R, KL X
RTEREN /NI SR, GLUNAMEEOENRKELS RDICEY, DEIZKTT
LEMIZH L. LI, BV VA ERRIESEGTREUL N 255G, D HER 1.0
ZRELSTED, 03 LRV EEZRLT. i, WMEMBEHOREELE Z LR,
ZTOZEICEHL CTITEBSDBIEMHRZE E X T, URICFHELIERD

Fig.5-7 13 Bt R LA EE TRBRICB W TG L e kimp Lo o7
HEFHOEAE R L2V 7 7 Thb. Figs-8 TR O AW RE & = O i %
RT I THY, MESKMEITOWTIE, APy =5.0kN, AP_=1.75kN, n =500 T
L. MR RO & T O E R0, ERBAERL, REFRIZE
WNHER L, B mEL2E LTl LB 25 5b. Fig.5-9(a), (b)ix, O3
HFLPH 2SI HIRAE 2 & 20%36 & T 40%(K F L 7o e il TRlBRBE 245 1k L, Bk F o
WHLmSICBRE LS HEZH{EE LA~/ e BEHTHD.
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A TITWT NS, ISHETPAEAC 2 HEILGETRBTES 03mmBEOR S
D~ 7 B iRERNBBEEL, WMEHA~ZHAPERTLIRETHL. THOFEIZX
D, XHmEFEOIS BB EINDT2D, Z00THEMITEHOERL &Ik
WK T3 %. 985 C, Fig.5-7 27T OFT A& OIK NI, v 27 vip & & N i
FELKREFm~ERTLI2EELEZE2OND. £, v/ uREHRBEET TOHM
W, BEGHEMORKEIE T2 HED TN LRRBOLND.

MEMAHAFERICOVWTEIHICFHFELIFHARD 2D, KL~ 0fif B R 08 2 9% 7 (R 2L
TEL, TOMBEHELEZE L CZEHXRLALHWE COR TR ZFEmM L. W
BEREICOWTIE, @ LA ERE APy = 5.0kN, K L~V fif EIRIE AP = 1.75kN
&L, Ry AL EARME O U n, 2 & K 10000 1 7 LETRELL. 5640
7ok BR % 5L & Table 5-4 [Z/8 3. £ 72, Fig.5-10 {21 L L faf SR IE O #K U ny &
RREBEGHE D oK E Y. BEEBGMHE DX, KL LA EOBRIK LI n 2380
THICHENERHT L. £z, n=100 1BV TR HIEKW DEERT A, n =500 %1
7 V&0 DL ER Lo =10000 TIEDEA 3.0 EE R LMD TEWEEZ R L.
Table 5-4 O Dy AR K 512, ny 23 1000 ¥ 7 VL BIT7e D &K L)L fif B O M
FEixm< e, TOHRBEEEDN 90%% 8 1, @\ LV EOEBEEE A T IC
INEL 2D, oD, BERNZTL52EN2HBEGEIZETL, mWDHEEZRL
b EEZD. ZEMEICEOWTEGREL TOMEMENGW EEITHEEGTH
FVRKEL ALY, BE~A T TEEFEELZBRCABELIHEANH D 7.
HiAs 5 % S15C,S55C REAIC BT D/NE S EFRELL T O ) O% 5 R 15 R
FEICELTHEL, B/NMNSHOBELICE SR WEBHEOT HAENED T 252 & 2
RBLTHEY, DEMBRICRSZ —EHEBTWSE., —F, WAL X0 HEER)
MR RDRRFMAEANCT ESZE T 0 77 2RABREITV, /S O L
WCOTAHERER, ML L2MBomIERAEZDE RTINS, KRABRIZHENT
b, BMUANAMEOHERGWHEREICENTEINALOEHNEL, DEN R
RiIZ oL H 20, BEBHIZOWTIIASRILIIHARLETH D.
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Fig.5-5 Fatigue strength under constant amplitude loading
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Table 5-3 Results of fatigue tests under repeated two-step variable amplitude loading

APy APy nL
/e (kN) (kN) Nezo (cycle) b
4.00 1790 8.95x10* 1.370
3.00 4660 2.33x10° 1.282
150 2.50 3539 1.77x102 0.544
2.00 6075 3.04x10 0.516
1.75 7994 4.00x10° 0.517
30 1.75 5385 2.69x10° 0.348
4.00 570 5.70x10* 0.853
2.50 2715 2.72x10° 0.740
1/100 5
1.75 4300 4.30%10 0.407
1.75 3205 3.21x10° 0.303
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Q O n =50
g o n, =100
g

I 070
-
s
=
g
S 0.1
1.0 10.0

Low-level loading amplitude, AP, (kN)

Fig.5-6 Relationship between low-level loading amplitude AP and cumulative

damage value D with APy = 5.0kN
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1.2

(]
2D 1 <
e LU
=
'§ ‘l—z" 0.8 B APL
N A 6.0KkN
=704 |
é O 5.0kN
> 02 | 040kN
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Fig.5-7 Transition of strain range under repeated two-step variable amplitude

loading with APy = 5.0kN
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Fig.5-8 Arc welded lap joint after fatigue fracture with APy = 5.0kN, AP = 1.75kN

and np = 500
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— o Imm

(a) After the strain range is reduced by 20%

——o Imm

(b) After the strain range is reduced by 40%

Fig.5-9 Fatigue crack in the vicinity of weld toe
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Table 5-4 Results of fatigue tests under repeated two-step variable amplitude loading

with APy = 5.0kN and AP = 1.75kN

nu/ny, Np2o ZnL Dy, D
(cycle)
10 14080 1.41x10§ 0.085 0.572
11678 1.17x10 0.070 0.474
150 7994 4.00x1oz 0.240 0.517
5385 2.69%10 0.162 0.348
11100 4300 4.30x10§ 0.258 0.407
3205 3.21x10 0.192 0.303
1500 2104 1.05x10: 0.632 0.705
1596 7.98x10 0.479 0.534
111000 1394 1.39x102 0.837 0.885
2380 2.38%10 1.429 1.512
657 3.29x10° 1.973 1.996
1/5000 626 3.13x10° 1.880 1.901
1110000 > 592 >5.92x10§ >3.555 > 3.576
> 500 > 5.00x10 >3.003 > 3.020

153



10.0
Q i

5
=

§ i , . cyz’)
< ()
o] N \0\43"
.g L ="

= W,
=

g

=

O 0.1

10 100 1000 10000

Number of cycles for low-level loading, n;

Fig.5-10 Relationship between number of cycles np and cumulative damage value D

with APy = 5.0kN and AP = 1.75kN
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5.3.2 kB
SEM Z MW T, &ERMkF oMm L Ao a@ligd LR % Fig.5-11,Fig.5-12

\ZR 3. Fig.5-11(a)l%, 3 597 BRAH T O @& ¥ A 7 AR B O — 7 #2108 faf 8 A P=2.15kN,
Fig.5-11(b)i%, MWrskix L 3 FRIRE LR LKV A 7 V&M EO — ERIEME A
P=5.0kN # A SH /A OBEEE TH 5. Fig.5-11(b)I1 Fig.5-11(a)iZ tb =T MY
MWEWEHEZZLTWND.

Fig.5-12(a)l%, APy = 5.0kN, AP = 1.75kN, n_ = 5000, Fig.5-12(b)i%, APy = 5.0kN,
AP =1.75kN, n, =50 TOBREETHDH. WEOMEIZ, HPoARAEITRT X
N IEHA N TFA ==Y a V EERGMICHTEROKNT 7 F =088 I,
Fig.5-12(b)® A b 7 4 =— 3 3 > DIREX, Fig.5-12@)illkXTok&<, £z,
Fig.5-12(b)I¥ Fig.5-12(a)ICtb X TMMAZ W Em 2 2L TWaD. ZilE, mL
W EIRE APy DBEZEICI D2 b0 Bbh 5.
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(a) Constant amplitude loading

with AP = 2.15kN

(b) Constant amplitude loading

with AP = 5.0kN

Fig.5-11 SEM micrographs showing the fracture surface under constant

amplitude loading
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(a) Variable amplitude loading with APy = 5.0kN,

APy = 1.75kN and ny = 5000

APL = 1.75kN and ny = 50

Fig.5-12 SEM micrographs showing the fracture surface under repeated two-step

variable amplitude loading
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5.3.3 EBSD Jl|E# R

TR ORBRAKFICONWT, SHBEMBOFEOBRGRELZFLIMNDL7D,
il 1 W im0 EBSD I &2 4T o 7=, Fig.5-13 (ZHI @ Wrif &2 /R 9. JE 5 L 7= s BRofk
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Observation area
Fracture surface

/

/

Observation section propagation

Fig.5-13 Observation section for EBSD analysis
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Weld bead

Weld toe

N

Fig.5-14 1IQ map around the weld toe for the initial state specimen
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Crack initiation Crack initiation

Crack
propagation

(a) Constant amplitude loading (b) Constant amplitude loading

with AP = 2.15kN with AP =5.0kN

Fig.5-15 1IQ maps for specimens in Fig.5-13 under constant amplitude loading
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(b) Variable amplitude loading

(a) Variable amplitude loading

with APy = 5.0kN, with APy = 5.0kN,

AP = 1.75kN and n,, = 5000 APL=1.75kN and 7. = 50

Fig.5-16 1Q maps for specimens in Fig.5-13 under repeated two-step

variable amplitude loading
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Black line =—— : =15° misorientation

Red line —— :3° ~15° misorientation

(a) Variable amplitude loading (b) Variable amplitude loading
with APy = 5.0kN, with APy = 5.0kN,
APy = 1.75kN and ny = 5000 AP; = 1.75kN and ny = 50

Fig.5-17 Subgrain distributions with >3°misorientaion angle for specimens in Fig.5-13

under repeated two-step variable amplitude loading
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