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1.1 AFROHE R

BREMEAEHT. BEhEL, . MU ORISR D 5 WITEE ELOBR E Vo o/
M & LTRIASHER SN TE Y | S IZB D TR AT R WIEEMTEI O —>Th
%, BRTHETIE, 2 mmEll=—XDEmE VIZ L > T, mIRESMOMFZEINER
ENTHEY, Fig I-1[IRT X 912, MOMERBHRICLE X TEIMREZ A L 2fE R
BRI L~V E B N—F 5 T ENEREIR VLT A MERRIC BT A AFSE A B A IC T
TW5, BE, EH STV 2 BBV O 5558 <13, %9 0.3 GPa~1.8 GPa ik £
TIRVIREE L~ L OMEIRERb SN TRV 2], B2 EMEMA % T 5 LT, #&
FMENC T D~ T YA MR D J1 PR T LB A R0 2 E N EHETH
2,

~NT A MO TH . RFE(C)ED 0.6mass%ll FOHIM EFEANT S Z LT
"HoND T ASAT YA ML, @REMO LS LTRSS TRy, <
MBS DIFFENR SN TWDTIZD, T AT YA MERRICEE T 5 724 Eeoi b
BRI OW TR RAFIE RN ER— S LT D, BRI, BARFICEE L7z C I X D EiR
mikix, 7 A~ 7T oA MEROEELRBGKTFDO—>TH Y | Fig. 1-2[3]3F L O Fig..
13[4NIRT L DT, CEDEIMINE->T, By —AM S, GlRM S, BERICT0.2%
WINBEEMT %, £lo. COREDHRET, FA Ty 7 Nry b [BA—ZT
T A BRLF L W o T2 BETE R TSR O FEAE([S), [6], [7], [81, (81, [91, [10], [11], [12]] & 58{E
HFELTHELTNDEEBEZLNTWDS, FAYIAT A M, AR X 5 IZH4E
REEEN T ZA L TVWD 2 &b H Y, MabhEOERDAME L (T8> TRy
W, X7y MR T B v 7 £ & ORIC Hall-Petch OBIRA RN T 5 [13], Flr OHFZE[[7],
[10], [11], [12]]TlE. 7= v 7 BERD AL OEE 5 L TR REEY & L TE 2 &

MH, Ty JERPAMEARETHDLEDRT b H D, £z, 5lIERRARIZEK T 5%



RZEE T, AR OB AN AL IR USRI BRIR 3 2 M B 5 (5], [6], [7], [81]H
HINTEY, 7 ikl NP RENBERERZ R > TS 2 L0 D, S,
L7 RO FITIE, BT AEERIC L > CHAINIC@EEBERIBA[14] b E T
HZ b, B LEERBCKTO—2>THDH, 20X, BHEOMLRER -1 EE
FICB . IO OBAINELI T~ 7 A b OB Him S T &
7oo LU, BTk, Fric2fbikl 7 o—o L LT, KBS SIORE[15], [16]13 8
INTW5D

i <IE 1950 RIS, Muir B[17IT & o TG 23 ) PRI RAE 3 R8s S h
TEY, AN IALT A RARTRWVENEFR(300MPa~500MPa)iX(Fig. 1-3 ZH), bt
AU K DG BRRTH D LR L T\ 5D, F£72, Lesile & Sober HI1E[18], Hitk
B OB T 5 T EO@mWIN TR LRI, RSO E TH 5 Lk
RTW5, T T, Hutchinson 5 725[15], [16]]. 3 2 vk ISR A 22 7 B8 it )1 24
FRIA N TERE S E A BREFVEMATIC L - T, BIERBRPICIIT 2~ T %A b o
FeRZEE 2 WEICRBICTE, S HICEIREREOTHEFRIFE TR LN EHFTE—2 D
FEXESCE — 27 OP/IMEEZFBTEHZ L2 HELTWD, LILRRL, RGN
DIARFEBUENE 2 EEAVICEHN L. ZAD ) PRI RT T2 WAE Lo fl, R
721720,

T 2T LIE, T YA MRS AT D AR e R RS ) & T BRI R
L. ZOFBURE & 20U D D PRe il . R, (RIEMEMER S~ D B 2 it L 7o

HLOTH D,
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Fig. 1-1. Strength levels of various transformation products in steel. Figure based on

[1].
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Fig. 1-2. Hardness of as-quenched martensite in steel as a function of carbon content.

Figure reproduced from /3/.
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Fig. 1-3. Stress-strain curves of as-quenched martensitic steels with different carbon

content. Figure adapted from /4.



1.2 BREIDOESR L EDOWEFIE

121 ERHBREIGS & RS T

RIS INISN ) 2 BB L2 TOIENIIFEIET 250 2 L TH Y . Hooke DikHl
WZE o TR 2 BT OT R REOT B L RS, RIS NIT, MEERORY
iR, FHERER E. RPTRERN AL —IECTEEEICRET D720, KIS OS5
F—HETIER, 72720, WIROTFERRREZ e T 5720, KRR IS T1THY
BOMEZR > TEY, ZOZENOREISHEMFIEND Z L bH D, AUFETIE, Z
DISTI DY HWIZFHE B LIigim a7 2 720, UETIINEIS /) &0 9 FERRICHE— 3
2

A BEANT S MEIOR T & NI CIREAED A U, RiEIZEL TN CRRY
REEo TN T A NEEENEL D, ZOL I e~ T A NEREOREH 5
AT K 2 2 RITHM R In B R RIS 12 726 L, BERRLOIE T RO T
E MERIZDRND ZENRBL BN TND, ZOX) e~/ T oA NERED
R 72 b NCHATIC K 2 2R EZBET 5L, v T oA MIA—RATF A MR L
RS A L LTRSS —AERT 29 2, lxO~ T oA FERITEAOEROT
Ha LTI fhdkLY A A THRNESANIET L L FRIND, BT, XV
AR R Tl R LTcfilx O~ T %A MEBREET 2 04\ TRy —22 0
HEEDH U BFAEERIZ L > TEAN SN b L A 7 — /L CONERIG ) %3
ESED, Thbb, AT oY MEETITIE, S RmEICEET D L) REHRNR
WEBIS NN Z, X 7 m R PICAEE T DI 2R NS ) b NET 5, 246 DNE
JEE, EEICR S A7 —/MSE U T3 DI INTEY . REWIEX Y Type-l,
Type-II, Type-II & FEIEA5[19], Fig. 1-4 12 o F8 & B FHA Bk D LA bk T T O PNELS
JIRAEZ IR, Type-lid. BEDRESRLIZ 7z > TRHIPHIC /AT 5 BRI 72
PERIS S CTd 0 INER - IS RE)— CRIM7R IR A % R OVR BRI I CAF(E T 2 Ui

NI TAZ K> THEASNDIERIC TH D, 20D, AndD L5, w7



YA NERROBEIFIRIC X > THE U D X5 228ip KR AT 2 51 IRPEEG /1% Type-1
DONIBIEINTH ST D, —FH T, Type-llid, H—DHEEBINERIZIAAET 2 IR 72 i
INEIG A 2 B L, ZHUEE 2 O~ VT oo MBI 5 A O RO 4
SRR L7=PES Y 4%, 2 LT, Type-IIIZAR T KK OIS 72 ik T
REJ =240 W Z2NEIG 1 CTh D, 8%, Bt mm A — & — 2L OB <
RIKEEY D BRI 72 )R E 2 78T 2556 . Type-IIX° Type-ILOD NER I /) I3 R S 4
LMD L8, 7 mMRS IR RE B 52 5 L EaBETH L. I
FRRI AR TFE LT 5 Type-11d> 5 T Type-IILOD NERS 11728 115205 I B % B %
LZEEHLNTHD, DX, MEIORECHBIEA I = X L %273 5
[CERAZ2PNEIE ) & B 2 7200 Tid e < L BRI AR LI RS kg2 3%

B LT, MEOLREECRERIEE 2 BRZT L LAEETHS I,
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Fig. 1-4. Schematic illustration of Type-I, II, and III internal stresses in a two-

phase polycrystal material.



122 PERREZRNERIS S350 A0 (38 L 7= JIE T

EJE 7 EOREMEHT I T 2 NERIG DHE Tlk, X EF-# 78 & oErEZ v
TeFEDIES VWS TWD, FRZ, PEFEEIHEIR, P RAE 2 R0z,
B K> THELES N D X FRUTHAD LFmMERE WO T, MBI OFEE IS T % E
TELHELE L THEASNTWS, Fig. 1-5[2011%, HPEFREHHEIC X > THIE S /- id
BRI OWNEIS 10 ar~d, 2O X, WEREY O L 5 M2 ko B
7R NERIL IV DD D Type- IO NENS ) ZET D ETIIADRFELE AL, £,
B OESHLRCIRNEE /R ED X 7 a iR 12 L 7 P T CE 5 2 &b,
~ VT A MO BRI R B TR EO R B 2 B0 BT, IERICEE
RFETH H[[21], [22], [23], [24], [25], [26], [27]] LA L7Zedd B, X MREHES ik 7-[H]
Prikie E OB — AT KR E <, ZOEMOMERENMMENTZSD, T AT A b

FARED K 9 72 X 7 mAHRRITARAT L TR — 2 CTe NG A3 DZERI s i 22 R E T 5 2

iy

SIFEEL VY, SHIS, INOORIET AT, AL 2 D BOFAIRREIZ ST 28 7 HH
FRSLEIRT= D, T CICEEE O T Rt a GTe L 5 7~ T A MRS S &
DI OITIE, BRe X 7 nilficRiB 2 BET 24 E N HLH, £ T, ETIE, 20X
I IRREE TR A7, R A 42 B — A (FIB: Focused Ion Beam)Z & 2 BN i &
ST, 278 AT —/VIlhMm L2 O B2 G 2 FEAPHFE STV 5 [[28],
[29],[30]], ZDF{ETIX, Fig. 1-6[31ZR"T L D12, FIBIZ L - CRBIEREIZY v 7k
DIEZMLL, MBHRAZRET 22 & THREIS 2T 5, £ LT, R—H% C@l
BENTIMTHEIEO SEM 4% i 425 Z & TN TN OERE O A& %2 % L, Hooke
DIERINSNEIS ) ZFHEL T2, ZOMIZS, FIB Z W2 U v MINTIER2]R0%
FUEB3)R EX 7 u A — /WIS ) 2 f il 2 FIEPHZL SN TN D, T bIEE
B EICB T D2REISNDAEICRESND DD, T AT A MO X 572
2 7 aFHERICIRAT LT JRPFTR 72 NERIG 1\ o D Type-IIO NERIES 11 & | 5 _ETI3Aa%h 7

FETHD, T TANIIETIE, ZODOHEEZFIH LT, RREO< LT ¥ A b

-10 -



\ZIFIET D Type-IDNERSE AN HE S &2 Y CRfsE2tEd D 2 L & Lz, T7ebb, i
7o E ORIl 2 D~ VT A R T ANICTEIET D Type-lIOWNERIS I & %15 L L
THELT, INHENE LI LY KE QYA X TORRANFTIS N OWTIRY S Z

LiZEE SR,
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Fig. 1-5. Distributions of (a) residual strain and (b) residual stress in welding joint.

Figures adapted from /20].
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Fig. 1-6. An SEM image showing an example of the FIB ring-core milling

technique. Figure adapted from /3/].

-13 -



1.3 TASNT YA MNEROR R T FR R
FREMEHI BT D~ T A P OGRS & RIS T1(0.2%I0 /7)1, o2 REfHA

IZHARTEL, KFEAEITHH L THTEBRABANIEMT 5, LrLReRns, JEA

NEFOERPREFMCTHEOND T A~ NT A hOSEERBRFETIL, K 300MPa~

500MPa O FEEEHOMRSE ) TRER L (Fig. 1-3 Z ), £ ORICKE 2N TR LR THIEATY

T OMRIEREH 2T Z ENMONTND, R, IS TIZRIT 5 IR BLS (K

BEMERR)DFBUZ OV T K O S TEB Y . FIZ, LLTD4 DDA = A LRE

ZHINTWD,

(1) BANEDO= LT YA FHICiE, @EERERMAER SN D720, EISA T T
RS BB T D R A TFIET D,

Q) BEA—ATFA MR~ AT UV A MRICHEELTEY, B THIEEA—AT
FA FPMERIST FTRIRL T 5,

() BEANEDO~ LT A FHIIRRBE DB R IR D720, JRFTRICHEE 72505y
B RIE L TRV . AMRHICIZRZR 205 T CIERER T2 0T, #KE2R
o IZB W THERIG ) T CTRART 2,

(4) BEANBZEDO~S VT A FHIIIERBIC N G A TE YD . £ MEIG ) T TOIH
MRz B RS 2,

DX, 4DODAB=ALPREINTNDLN, WITNOET L —E—ENH
Do BIZIE, DDA T =ALTIE, CRFDO XD REANUF A DR ILT A MT
LIS TE D HDOD[35],[36]]. +531C C & A LI HFEMR & TITREANERIZIE W
T, C RPN & O RIGIZRIT LT D 2 EREGE DT b A7 m— T fiRHr[[37],
BINC L > THE N TWDH DT, Cottrell [EHFIZ L > Te L AWALIFZERICHEE SN T
WHEEZDDNZBITE bR, £12, QDA N =ALIBNTL, BEA—ATF
A FBEEAVEATCRVMEIRFE LT A R T, £HE BV, )

Allain & [4]D 7= TEgiE S 7 7 2 —F(Continuum Composite Approach: CCA)| E7 /L

-14 -



LT, ZORUHENRENTVD, HHIT, v AT oA FOEIKIZBNT, B
RIBENARERNCAL)—TH D5, T b0V R D IR U TIRBIEIR 2 7R~

L. ZOBEERRER N L CRERT 52 & T, mWINLE(LEA RS 2 L 2 R7E
L7co ZHud, w7 %A FAOREE R RBOMPERBEDRAZELSED &
L, BEANEE~NLT YA FOGIREENE Ny T —FF KB TE LT a2l
oo LU, RFTRRESMZRRDTOICE I N /A T T —va Uil
TIX[39]. CCA ET /NN THRELENDIFEFEDTF JTHEDONRTHE N, TRTEHH
ANZR T 2 DITEE L E S, (IE. A TlEL, Hutchinson H[[15], [16]]iZ & » THE
BENTWVDEAN=ALTHY, vV T oA NEREIZL > TA U D Type-IONE I
WESLSARROEEGET ANRSIN TN D, #51E. 5IREREOPIEFRITER ST
Wi SN TWBEITT 7 7 7 A L OFR/IME[[24], [25]]5° 8 — 2 OIERIFRE[[26], [27]]1X 2
T LU BEBMEEORBDICERIT 2 O Tidie <, 84 OFMEN TORBIG R & R
— R OTHOFEICL DO LML TS, LoLans, EBENIOI 7 a2
VIR S ATIRIERCE DR BIEREIZ OV, 1ZEAEER STV ARY, kDX )
W2, AT oA NOTFRE R BT D BT, BRA DA =X APRBINTND

WL RIZICH — LA GO TE LT, Mmoot T\ D,

-15-



14 <07 YA MERROKIRatEmkEE

& HDIRELLLT T MRS SEME R R ) O Wt R e B E~ L B L, 13 A EH
PET 2T, BUTHEE LT K RDBIGZRREMME L VWO, ZDOBRIT. bee 1
IR hep WS 2 FF OB B BHI A B AL, RN O ReE DR dhifi (-~ B )2 > T
B2 Lo TEY . FrZ, bec wBIZRIT 2REAR~ZBAMEIZ{001} TH D Z
ERHEESNTWD, —KAIC, bR a /NS <35 & Bt ER IR DMEIR
MNZER T S0, RIEMEMESIGISND ZERHESNTEY, 7274 MREED
1213 Hall-Petch HI] & FERLOBIFR[40123 5% W S Z E ML N E 72> TV D, UL, fE
BRI~ EBE HOFAEIIK L TREREE LR DO EBEZHLNLTVD

2L, ZA=T YA ML, A, 7my 7 Xy b IBA—=ZX7F A b
B & o 7o flix DR E S OFAFRHAL HERL SN 2 BEEH TS A A LTl . &h
b FHVRF IS U 7o fb g b R DM RS D780, ~E BRREEIZ X 5 A kG db kit i3
Bx REEm e SNTWD, —EIIC, FIR TOSIIRRER ClX, BMUEERRO LG
B < BRFERIIUE, T ey ZERTh D Z M STV A7, [10], [11], [12]]e
Flo, WHERRETIX, ~AT7 oA ATy NOEBIR ChHH{011}1A TV iHEE L
THERMIZE < & TV B DTS, [6], [7], [81]. BB T iRk o -CHB A T 2%
I RERWBE G2 5Z2b05, —H T, ERRTRLIZE DT, bee DT bet
WG Z RO~ T A N ORIRMEMERE T, {001} ISR > e~ m A ifie & Sh
ThO ., MertkmdE o3 2 A 206 mRiERIE, Bain 7V — 7N EBERERI 2 FFO 2 Ll
HENTVWA[41],[42]], 2T, Bain Z/b—7F &%, Fig. 1-7 1R T X 912, BN
(face-centered cubic: fec)ti& # FF DA — 2T F 1 h(A)D<001>5 F T JERME L. [1-10]a F7
[f] & [110]a FTANCAZIE L TR 5 Z & T, 07 J5 (body-centered cubic: bee)f it
& B WIERLIE J il (body-centered tetragonal: bet)f i 2 o~ L7 ¥4 FBEL D KD
72K (Bain A& T %S KT 2 AR bl i 2 7”97, 2 D Bain #& 7o id, b AR ERY

WA 72 3 DD<001>4 (ZKHE LT3 FEEGFEL TV DD, —DDIRA—RAT A ML

- 16 -



W2kt L 3 20 Bain ZV—7 0N FEET D Z LD, KRFEMOMR TR E LTEL
5 31 % Kurdjumov-Sachs(K-S) D BEIFA((111)a // (011)wm, [1-10]a // [11-1]m) [[43], [44], [45],
[46], [471) & 7= 9 [F]— Bain Z /L —7NDO/NU 7 > MO AT 167 & LRk
INSWDIZRE L, #7225 Bain Z/L—T DY T 2 NEIOWLE G ZEITK) 557 L RE W
7o, Bain 7 V—3 7 AEE AT o~ T A MHROARA T A M OARIRMEPEA
BITIB T D~ ZBIEEDOF RRE AL & LT < L STV H[[48], [49]). LanL7g
Do, ~EREHEDAT Y MEFRIZBWTRE I L, S 51237y M A XOMHME
P> THEME-MEMERBIREE MR T T2 S W ORI D . 37 v MEER A~ BRI
LTCHMREE L 725 EfE SN TVDHI50]HH 0 . RIZITH —HI721G L THZRN

Jﬁ%%b \O

-17-



[001], // [001],,
[001]4

(@) (b)

[010]a

& [010], // [001],,
[100],,

[100], // [001],,

Fig. 1-7. (a) <001> austenite(A) stereographic projection showing directions of <001>
martensite(M) having K-S orientation relationship with austenite. The open and closed
symbols are austenite and martensite of <001> pole, respectively. (b) Schematic illustration of

Bain lattice correspondence between austenite(A) and martensite(M).

- 18 -



1.5 ZAFIXO HE L UM

KiwL TR, $R~T oA FTRAET L I 7 v fliRIHAT LTz Type-UDNERIS )
AR L, ZOWNENIS D) FREIC RIT T 52, Fric, (RIRME I~ D
BIZOWTHRFTT 5,

KL S Eb 72> TEY | ZTOMRITLL FIZIE <5,

F1EL FmThh., AFEOEmE iR~

52 BT, C e EORARILHEZ 5ERICHEBRT % 729 Interstitial Free(IF)? Fe-Ni &
SEHANT, FARNT oA MERETITFET 297 Type-IlD NS ) %
FIB(Focused Ion Beam) & DIC(Digital Image Correlation)Z /] L CHllliE L. & 7
ELIE13T7£(Electron Backscatter Diffraction, EBSD)IZ & > TH & 11 % il S RO RH 4 & o B
ALz, SbIC, FETFEITEE EBSDIEICE - T, ~7 2 37 0D@A1D
B RE L, f5 G L RO T AOBMREERE L, £ LT, WEISI DR
KD F /HEOEETE L, v T YA NONEIS R IIFRIEIC R T RBICH
WTEBL LT,

F3ETIE, CRORRDLF~X D Fe-C-Mn &% AT, w7 oA MEREIZL -
THR ST Type-lIOWNENS TN, T A~ LT P A b O~ BIEEIC RIET 22
L7, V¥ VB —EERBRIC L DT — R I TO {001}~ BIRGEE 2 & 15 07 8L
[EHTE(EBSD)C & 0 FEMICFHAG L. PRI ZERBINER I 1 OB D & G i FRIRFEIC
< {001}~ BRAkEE O B & fEE LTz,

54T, FRIOREE BN R & PisRAA R 25 V5 (e Xtended Finite Element Method.,
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Fig. 2-1. Schematic illustration of Bain lattice correspondence between austenite (A) and

martensite (M) lattices.
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Table 2-1. Chemical composition of steels used in this study (mass%).

Steel C Si Mn P S Ni Cr Ti Al o N Fe
IF-
0.001 0.02 0.77 0.001 0.0002 1585 0.01 0.136 0.024 0.0025 0.0004 Bal.
martensite
IF-ferrite 0.0004 0.003 0.003 0.002 0.0003 - - 0.024  0.004  0.0023 0.001 Bal.
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Fig. 2-2. Calculated EBSD patterns of bct phase with different lattice parameters.
(@) a=2.847A,c=3.014 A, c/a=1.059
(b) a=2.847A,c=3315A, c/a=1.164
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7 L7z, 320 Bain 7 V— 7 I3EHEICHEL TV D OO, ZOHEMEEAIXIZIER LT

HDLZLERDND,

-36 -



Fig. 2-3. Optical micrograph of as-quenched IF-Fe—16%Ni martensite.
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Fig. 2-4. EBSD result of crystal orientation analysis for lath martensite formed within a prior

austenite grain. (a) Inverse pole figure map, (b) <001>y pole figure and (c¢) Bain map of bec-

martensite.
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Fig. 2-5. (200) diffraction peaks of IF-martensite and IF-ferrite by neutron diffractometry.
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Table 2-2. Respective lattice parameters for bec and tetragonally distorted bece in IF-martensite

and [F-ferrite measured by neutron diffractometry.

tetragonally distorted bce

bcc
Steel
a(nm) a(nm) c(nm) cla
1F- 0.286898& 0.28644 0.28794 10052
martensite + 8.0E-7 + 3.8E-6 + 3.9E-6 ‘
. 0.286622 0.28657 0.28667
[F-ferrite 1.0003
+ 6.0E-7 + 6.0E-6 + 6.0E-6
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Fig. 2-6. EBSD maps showing Image Quality and microscopic c/a in (a, ¢) IF-martensite and

(b, d) IF-ferrite.
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Fig. 2-7. Distribution profile of microscopic c/a evaluated by EBSD analysis in IF-martensite

and IF-ferrite.
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MTACE DX URETIE SN TND OO, #EHE IR o B RN Taif: <
JRFEICHERF STV D 72D, FEEE D= DIC fRFTS ATRE & 72 > 72, Fig. 2-8(e)lZ., NN Tkt
REERIZB T D~ AT A R D<001>pe MK 2 R T, <001>pe MAAKICIE, K-S BFR
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milling step 1

Fig. 2-8. SEM images (a-d) showing the fabrication of a micro-pillar by FIB

processing. (e) <001>pe pole figure of the martensite being the micro-pillar.
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Fig. 2-9. The results of DIC analysis showing the strain released by the FIB processing. (a, b)

shows the directions of two principal strains at individual analytical points on the top surface
of the micro-pillar with SEM image. (c) is <001>p pole figure indicating the orientation of

Bain correspondence in the micro-pillar.
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(a) after FIB processing before FIB processing
\ R 0[10%&096//<§9
\ N
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Relaxation strain (%)

1 2 3 4 5 6 7 8 9
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Fig. 2-10. The results of (a) the in-plane strain on the top surface of the micro-pillar, and (b)

the development of the principal strains as a function of FIB processing step.
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DIEEOT AN ESND Z 2B ET L&, T/ HEOK TR OT HOMAITE

K¥osbnlEZOLND,

-50-



800 L before FIB processing — |
. after FIB processing —
Z
3600} .
Q.
S 400} _
@)
-

200 .

0 1 1 L | 1 | 1 | | 1
0 20 40 60 80 100 120

Displacement h (nm)

Fig. 2-11. Load-Displacement curves of nano-indentation test in IF-martensite before and after

the micro-pillar fabrication.
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Fig. 2-12. Changes in nano-hardness by the micro-pillar fabrication in IF-martensite and IF-

ferrite.
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Fig.2-13. Schematic illustration showing residual stress and strain on the surface, and showing

actual residual stress and strain inside the material.
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Fig.2-14. EBSD analysis results for martensite within a prior austenite grain. (a) Inverse pole
figure maps of bct crystal with ¢/a = 1.010, (b) [001 v pole figure shown by integration
density and (c) distribution map of bcc martensite shared the c-axis with the <001>¢ of prior

austenite.
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Fig. 2-15. Schematic illustration of the generation mechanism of internal residual stress
originating from Bain strain on martensitic transformation. Martensite and austenite are

defined as a’and v, respectively.
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BIE AT YA MHOERNEIG I L 5~ BAREED 7

3.1 &S

TASNT YA ML, RIRFWO~ LT YA NEREB TR IO EEHKTH
V. ZFOEOGREE & EIMED b E i ARG O MR & L A< HVW LR TS, &6
725 R AL - I DT 0T, T AT YA MR L RAOMEE O BR & K
VIR BT 2R HY . ZHETICSZ L ORI ITONTE T, BRI BT,
~ T YA NEREIZ X o T T (foe) DA — AT A M (A)DMELAL TS (bec)
F RO IE ST #EE ety D~ LT YA FMICERE L. 21 5 O MIZIE Bain #-%it
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JRZ KD KT EIT Lo THRAET 50T #(Bain 0T )ITIEFIZRKE WD, OFT A4
FEAIBERE & U CRBMIEE 2 1 O B AELIER AT 5, £ OREE. Bain # XG0 3
SO/ Y T2 hBain 23 72 b)iE, Kurdjumov-Sachs(K-S)? BAFA((111)a // (011)wm, [1-10]a
/I 11-11m) [[11, [21, [31, [4], [N & i 7= 24 FREHO AN Y 7 o MIIRET 2 L EZ BTN
B, FEEE, ARNRFBITHEKT ST AT oA M, IBA—ATF A ML TK-S
Rz AT AEARDH Y, RO Ty Nt 578y 7 RkER A AT 6
HONY T FTHEERESND 7y hE WS T2 K-S U 7 o b THSIT B b FEER
T E RO ENMBN TV D,

FARNT YA FTIE N7y FPRORER TH 5 {011in 23T~ & L TEER
(B < Tooh . BEREI T ERALAR 2N IR PRI AR TR 5 B T K & T B e 55 2 D [[6], [7], (8],
91, — . 8R~NLT VA FD XD 72 bee #EE FFO&ECA AR D MaltEfiEs
I {001 IR > T ~ZBIBIENS AL L D 2 L3 B TRV [[10], [11], [12], [13]]. FFiZ~
VT A D {001 hwm AKIE A~ & BIAEE Tlid Bain /N 7 0 R OVEE/REE AH S Z 2
AR STV D, H ED[[14], [15])1F, BER LTAARRFE~ LT oA FZ VT, 7 X

YT YA S OEBABIERE 2T {001 ~ZFIERIT. HNAED/NSNERRD
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B2 ERRNEIC D FET 22 aE2 DL, FASAT A FD{001}m~EH
ARG D Z EDNTRREND, 72720, v AT A MR~ A T4 T
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ZE D I 7 1l Type-ll DWNERIS I DRI OWTIIE & A EWFER 720DV ENF
Th b,

2T, AWFETIE, EIT 0.1C-5Mn #l(mass%) & VY, /0T oA RERRIZ K 5T
FHE SNz Type-Ill DNERS SIS, T A< LT oA b O~Z BRI RIET HEZ it
L7z, BARRIZIE, v v E—EBHBRIC LD E— R IRMETO {001}~ Bk E D R
TV 7 % 7 BGELIEITE(EBSD)IC & 0 FEARICREAG L, {001}m ~ & BRAkEZE D 51 %
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32 EBRGE
3.2.1 FBHERL

AWFFETIX, FoRBEANMEZ R U, NetEE 2 Bk S % YT Smass%? Mn %
VRN L7z 0.1mass%C—5mass%Mn #i(0.1C—5Mn $if) & L7z, bbbt & L CTHED Ti %
YR L 7= Interstitial Free(IF)? IF-9mass%Mn #f & 1 ¥ C D&V 0.25mass%C—
1.2mass%Mn #fZ2f L7z, FEM 72 b7 #0R % Table 3-1 (2779, 0.1C-5Mn #liZ, Mn O
27 R A D S D T2 OICEMEERERS 1473 K T 72 ks OB EAVALER 2 i L 72 7%
10 mm JZIZHIEIE L7z, SETHFSE[[20], [31]]12 2512, WM 5 X 5 X 55
mM(IEXEEIXES, mm)DV T A XDV /v FfF& o v L B —FEERER 7 (Fig. 3-1)
UV Lz, 2ok, B ORFFMNELET W, V /v FIEDBRIZ 70 &
TIZ72 5 K512 Lz, Y10 H U738k % 1373 K C 1.8 ks OVEMALALELITHE L7214, 7K
WTHZETRANEEDOT A VT oA Nk A 572, Lo 2 DD i ¢ [F
FROBULE Z i L7=, 7pds, KD~ LT A NEREBRIAREWMs), B4 —RT

FA MRk, 7 a v 7Y A4 X Bain Z/b—7F YA XL Table 3-2 IZF & 7,
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Table 3-1. Chemical composition of steels used in this study

Steel C Si Mn P S Cr Ti Al 0 N Fe
0.1C=5Mn 0092 0004 496 <0002 00024  — — 0034 00032 Bal
(0.1C)
9Mn-0.1Ti (0C) | 0.0010  0.12 9.5 0.0010 0.0034 0.010 0064 0019 0.0030 0.00090 Bal.
0.25C-1.2Mn 025  0.0060 1.0 - - - - - - - Bal
(0.25C) ' ' ' a
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Fig. 3-1. Dimension of a test piece for Charpy impact test.
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Table 3-2. Martensitic transformation temperature (Ms), prior austenite grain size, block size,

and Bain group size for each steel used in this study.

Prior y grain size Block size Bain size
Steel Ms (K)
(um) (um) (um)
0.1C=5Mn (0.1C) 529 237 8.9 8.8
9Mn-0.1Ti (0C) 500 171 46 47
0.25C-1.2Mn (0.25C) 519 265 7.2 7.1
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3.2.2 ARRBAIEEHIE

ARERRARIRE (M) T, 7 # —~ A 7 —ik B (Formastor-F2, & T THEMR IS L)
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AN K DBWEITO Z LT, KIS Bl o RS E bz E L, ZL T, BHohik
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ToEAICHEIRCTEM Lz, FHY 7 U =7 HmWiml 9IRS KA RUERT) 2 A C
ERMEXBRE=L— L, AL—V V7R BFED ) A R brE Uiz
PR AR, 7eds, AL—V U ZWBIZ L R ENZE A EEL LW & &
BT, vy e —mREHEREORENT, EXNIiO-X 2179 2 & T ZR#EL.
B9 2 A T AERT I OAHAR A 22 00 JL OV B T RLARAT IR L 72, B8R Ni 9D - E 1213 150
gL' NiSO4 + 6H,0 + 15 gL' H3BO4 ¥AZ &l Ni #i & vy, B E 10 Am™? T 21.6 ks Db

o TR S hE LT,
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3.24 FERREIE

F B ORRRB 2 TR R E A B 7 WREE (FE-SEM, JSM-7001F, H KB FHE
218 ERAVWTHEIE L, 323ETRLENI D& CHRE#ESHEREE, 774D
v Z—"CHIWr L, SIS B & 72 5 K O IEEMEORIE (7 LY 7 — U x R UK
. Technovit5000) (IZHEDIAATZ, T DFELZ#220~#4000 D= A U —#HETIANK ., @A
BEL7-#, RirB 12nm DA X ) B aFERE LT, HEMFERIC XS 3.6ks
Ot BB ZIT o1, D%, TV —F I ANEZEG EIZ L DM AN Z1T >
Tz MIESRMIL, MEFEE 15kV, (FEIEEAE 15.0 mm O THIEL ., MIEFEBICG DY

T B R AL S Al 36 KO fEWT i O — IR B A7,

3.25 fERGAEIE

KRB ORE L NI ERATI, B TR 5 HGELIEIHT(EBSD)AIZ X 0 f##HT L 7=, FE-SEM(H
KRBTSR, ISM-7001F) % A C, MEEE 15kV., (FEHEERE 15.0 mm D54
T, BIEERISCTAT v 7Y A X% 0.1~04 um ([ZF%E LHIE L7-, FE-SEM (ZH5#;
ENT-HAMHERC L > TEBSD /"% — > % L, Z#1% OIM Data Collection ver.
T1OREREAETSL VY 22— a V XE)NZ L W i#thr4 2 2 & TR a2 e Lz, £
D, BT —# % OIM Analysis ver.7.3.0 Z T, Wil RXNZHE U 7= g A~
» 7’(inverse pole figure: IPF map)ds KX O AX & LTI/ L7, 7235, EBSD #llE H#E

. 324 BCR LEREHE AL TH D,
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T ARNT YA NHICRAET DIRH 22 NG ) ORIE X, FIB-DIC 15[32]%
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W, BAHFEE U7, HEWFER TR 12nm O o A XL Y T, 3.6ks T EEIT(E:
FFEZITO, BREHERIC KL 2 REOOTAEFRE L, 7 —ORMIN LTI, FIB
HEE () & DT R A TR - BAPEE(FIB/FE-SEM : Scios, FEI ¥ ¥ /XU RS th) &
ML, IEEE 30 kV, HETER 0.5nA O T ML Lz, ZOFE 1 EIOINTIZ X
HIMTIERI DK 0.5 um & 7225 KON TR Z 5% Lz, FRBEIG 1 OFHMmsEEdx, 508k
RO CHIE L, B 10 um OfER~A 7 o7 —L, FASALT A RO
Bain 7 /V—7NIZ, RE 5.0 um [ZFET 5 E T L7, FIB I LO/H% T, MMEEEL 10
kV. TEEhEERE 7.0 mm OS5 T C. fRGEE 1536 x 1024 pixel O SEM H A5 L. GOM
*EASBH%E L 7= GOM Correlate Professional ~ 7 ~ 7 = 7 % i\ 7= DIC fi#dTic L 0 . HAERR
~A 7 vt T — b D IR OT B & IEMECRIE L7z, DIC fift TIXEGARBE D729
2T B LN — 3B T2 FIB N LANCEEN 2 ATy F o7 L, A
7285 32— &R LTz, DIC fiftrid, 7k v b¥ A X% 148x148 pixel(~2.5%2.5
um) & L. A7 v 7T A —X % 9pixel(152nm) & L 7=, SiZffiH L7z FIB-DIC DET
U2 7B EOFERICE S EATHIE33], [34]ic LD L. ET—FR2 1.0um £ v K&
Y. FIBIZ K DGR 0T RMEICH EV BELHE RN ERpho TV
b TIZT, ABFETIE, BT7—F% 10um & L, A5 1.0 um 2RV 2T — i

I PR 3BT DIC #2172 7=,
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3.3 EBRER
331 0.1C-5Mn #liCBIT 5T A< /AT A b OFESRERREE

Fig. 3-2 1%, BEANE ED 0.1C-5Mn #D 2 7 vk % 7~9 EBSD it R CTH 5, 1A
F—AT FA MR & S 15°UL LD @ AR & 2 L2 Bait & BER TR L TV
Do BEANEFEOMENT, HEONRY TV baffEd T AT A MikEZ 2w TR
LTBY, Try 70Ty bEWo EBEER R IAA—2 T 4 MRINIZ L <
HELTWDLZ ERbNDd, TAl TRTIBA—AT A MLCBITH~AT oA b
U7 v b ORI 73 {001 b AR [Fig. 3-2(b)]ik. K-S BIFR[[1], [21,[3], [4], [51]1 T4
BT oNLREMAN i E R L TWD, DFED, BA—ATFA e~ T P4 b
DN K-S BIFRASERNL L BEAILE £ OFKKIZ 24 FEEHO K-S N U 7> RS T
W5, ED7, Fig. 3-22(b)IZIL K-S Bfe 6 TSNS IHA—RZAT F A FD{001}4 &
24 FEFHD K-S v /LT %A R U T2 MZHHET 5 {001 m 2 E L F VR & AL TR
LTCWb, SO~ T oA MERBICBWT, 24 FEED K-S NY 72 ME, A—AT
F 4 FE{001} &I T2 320 Bain 23U 72 h({001}a // {001}m) BIRE LT NY T
NeBlpd ZENTEDH, 22T, BAKIZHES T, [HA—ATF A FD(100)a,
(010)a. (00D)AIZIBIB L L HATR{001}MEH T2~V T ¥ A bR T MethZh
Bain-1(7%), Bain-2(#). Bain-3(f})IZ/7% L., Fig. 3-2(c)iZ 3 2D Bain /N U 7 > b D43 AR
% Bain 7 /V—7~ v 7L L CER LT, Bain 7 /b—7 <75, 350 Bain 7 /b—
FIRFEFR CrAERTHREL TR, AEmSEI UREEE TR 72 Bain 7 /0 — 7' O
B A R 1opm TH-o7-, Z O Bain 7 /b— 7%, 2 3 TR L7- IF-16mass%Ni #il(Z
BIFLTZASNAT A FOFA XL BB OENIWMIZZ2->TEBY, 2L C oM
2 & o TREEMEDMAI L L, Bain 7/ —7ORE I DT 5 & W9 FEATHFEDORE R

[[2], [35], [36], 3711 & —EF %,
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Fig. 3-2. The results of crystal orientation analysis for lath martensite obtained in 0.1C-5Mn
steel. (a) is IPF map for bece phase. (b) and (c) indicate the {001 }m pole figure classified by
Bain orientation relationship in the prior austenite grain A and the corresponding Bain group

map, respectively.
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332 FASNAT VA MIRIF S Bain 0T A X B2 ERENTIL S 0 RI5iH
0.1C-5Mn SDBEAILE E~ /LT ¥ A MZBWT, FIBINLIZ K DN T o—6 %
Fig. 3-3 12" ¥, —DODIHA—AT FA Mhra IR LT, (a)bee-IPF, (b) Bain 7 /L — 7"~
v 7 LTERRL, ZRUTKIST 5 {001 m G A ()12~ d, FIBANITAIZE Y, HA—
AT FA NRINO LK 72 Bain-1(ZR) 7 /b — 7 NIZERE 10 um O~ A 7 v 7 —)3

B ESN TS Z EPERTE, FIBMLEZEO~A 27 vt 7 —0 SEM Hf(d)H BT —

!

SR OMTIZ IS T D X VSR RN E R 0D, S 62, BT —0/ St
BER SRS FICH - T EBSD 8182 2 @I TV, ~ A 7 B 7 —NO~ /LT oA
N A 3 ROTHIZRRIT L7252, ~ A 7 v B 7 —NERTC Bain-1 ORI R 03K 81% %
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001 101

Fig. 3-3. The results of crystal orientation analysis for the FIB processing. (a) Inverse pole figure
map, (b) Bain map, and (c) {001}wm pole figure of martensite within the prior austenite grain. (d)

The SEM image of the micro-pillar after FIB processing.
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Fig. 3-4. The results of (a) the in-plane strain on the top surface of the micro-pillar, and (b)

the development of the principal strains as a function of FIB processing step.
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Fig. 3-5. Load-displacement curve obtained by instrumentation Charpy impact test in

as-quenched 0.1C-5.0Mn steel.
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Crack Propagation Direction

Fig. 3-6. Optical and SEM images showing the fracture surface of 0.1C-5Mn steel after Charpy
impact test. (a) is an optical image of the brittle fractured test piece. SEM image (c) is the

magnified image corresponding to the area surrounded by the dotted white square in (b).
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>

Sub crack

Crack Propagation Direction

Fig. 3-7. SEM image showing a vertical section of the fracture surface near the bottom of the V-

notch.
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Crack Propagation Direction

Fig. 3-8. Crystal orientation analysis results for the area surrounded by white dotted line in
Fig. 3-7. (a) Inverse pole figure map, (b) Bain map, and (c) (001)m pole figure of martensite
within the prior austenite grain y;. The white lines in the Bain map (b) indicate the trace of

{001 }m planes.
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Table 3-3. Fraction of {001} wm cleavage fracture planes of martensite within the prior austenite

grain yi. The resolved normal stress for {001}y was calculated by its normal direction in sample

coordinate system for Charpy impact test.

Fraction of

Number of
cleavage fracture =~ Resolved normal
measurement L. .
] within each Bain  stress, ors / MPa
point, N
group, F
Bain-1  (100)-1m 57 0.13 1
(100)-2m 80 0.19 101
(001)m 296 0.68 1099
Total 433 1.00 -
Bain-2  (100)-1m 32 0.43 927
(100)-2m 18 0.24 269
(001)m 25 0.33 1
Total 75 1.00 -
Bain-3  (100)-1m 54 0.25 335
(100)-2m 81 0.38 698
(001)m 78 0.37 191
Total 213 1.00 -
Others - 101 - -
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Fig. 3-9. Schematic illustration of resolved normal stress ors generated in a normal direction of

{001} wm in Charpy impact testing.
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Fig. 3-10. Relation between the fraction of cleavage fracture within each Bain group F and the
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Fig. 3-11. Relation between the fraction of cleavage fracture within each Bain group F and the
normalized resolved normal stress onr for interstitial-free 9Mn and 0.25C—1.2Mn martensitic

steels. The open and closed symbols correspond to (100)m and (001)wm, respectively.
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Fig. 3-12. Relation between the fraction of cleavage fracture within each Bain group F and the
effective resolved normal stress o*.s. The open and closed symbols are before and after the

consideration of internal stress, respectively.
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Fig. 3-13. The mechanism of {001} cleavage fracture of lath martensite considering the

anisotropic internal stress generated via martensitic transformation.

-97.



35 £&¥
BEAILE E D 0.1%C-5%Mn % VT, 7 A/LT A hO~ZBIIEIC RIETE

RENFRIGC I OB A AE LT, BONIHRIZUTO®Y ThH D,

1. A~ T A FTIH{001  ~ BRI L D IRIEMEME AR EE 2 4 U, Bain 71— 728
B E LCTERT %, £ LT, UL Bain 7 /L—7I281F 5 {001y ~X B
MBS 1345 {001y W63 2 0 R FEES S 0 B & & BIZITHFIEIN 2 Z & e
5. {001 ~ZBRIREEIZ T L LCE— FIE TR Z 5 Z L AVREN T,

2. Bain - %PISIZ D bl TNAFATIC &> T 4% Bain 7 /L— 78T D~ BAlEE
1Z. (100)m IZEE_TO0)M TR VBIENAE LGN ERBHLNE oz, ZORFMH
EFFo72{001 M ~EPHIREIL, CERAROER LA T A MATHLAEL D,

3. ERAA U= L LERET VX VBB BN OMAGDEIZ LY . 4 Bain 2L
—IZBNT<001>y 2 Fiil e LT, WEIS AN RGN HEET 5 Z LR Sh
7o £ LT, [001Mm (S AT2RFISINE, D 2 DDOFISTT LD KEV,

4. Bain 7 V—7HORNTICSIORIGHEZETH T & T, (001)m & (100)m D~ = BHfil
EEAEE O BN TE D, ZHUE, Bain O AT 5 AR 22 ZEREP RIS

71 LSRRI & B BRI AR ERA DE TR TH S 2 L AR LTS,

-08 -



3.6 ZEIRR

[1] G.V. Kurdjumov, G. Sachs, Uber den Mechanismus der Stahlhértung, Z. Phys. 64 (1930) 325
343.

[2] S. Morito, H. Tanaka, R. Konishi, T. Furuhara, T. Maki, The morphology and crystallography
of lath martensite in Fe—C alloys, Acta Mater. 51 (2003) 1789-1799.

[3] H. Kitahara, R. Ueji, N. Tsuji, Y. Minamino, Crystallographic features of lath martensite in
low-carbon steel, Acta Mater. 54 (2006) 1279—-1288.

[4] N. Takayama, G. Miyamoto, T. Furuhara, Effects of transformation temperature on variant
pairing of bainitic ferrite in low carbon steel, Acta Mater. 60 (2012) 2387-2396.

[5] T. Furuhara, S. Abe, G. Miyamoto, Anisotropic Ferrite Growth and Substructure Formation
during Bainite Transformation in Fe-9Ni-C Alloys: In-Situ Measurement, Mater. Trans. 59
(2018) 214-223.

[6] M. Michiuchi, S. Nambu, Y. Ishimoto, J. Inoue, T. Koseki, Relationship between local
deformation behavior and crystallographic features of as-quenched lath martensite during
uniaxial tensile deformation, Acta Mater. 57 (2009) 5283-5291.

[7] Y. Mine, K. Hirashita, H. Takashima, M. Matsuda, K. Takashima, Micro-tension behaviour of
lath martensite structures of carbon steel, Mater. Sci. Eng. A 560 (2013) 535-544.

[8] K. Kwak, T. Mayama, Y. Mine, K. Takashima, Anisotropy of strength and plasticity in lath
martensite steel, Mater. Sci. Eng. A 674 (2016) 104-116.

[9] K. H. Ryou, S. Nambu, T. Koseki, Effect of carbon content on selection of slip system during
uniaxial tensile deformation of lath martensite, Mater. Sci. Eng. A 777 (2020) 139090.

[10] E. Bouyne, H.M. Flower, T.C. Lindley, A. Pineau, Use of EBSD technique to examine
microstructure and cracking in a bainitic steel, Scr. Mater., 39 (1998), 295-300.

[11] J.W. Morris Jr., Z. Guo, C.R. Krenn, Y.-H. Kim, The Limits of Strength and Toughness in
Steel, IS1J Int. 41 (2001) 599-611.

[12] P.A. Davies, V. Randle, Combined application of electron backscatter diffraction and stereo-
photogrammetry in fractography studies, J. Microsc, 204 (2001) 29-38.

[13] P.A. Davies, M. Novovic, V. Randle, P. Bowen, Application of electron backscatter diffraction
(EBSD) to fracture studies of ferritic steels, J. Microsc, 205 (2002) 278-284.

[14] T. Inoue, S. Matsuda, Y. Okamura, K. Aoki, The Fracture of a Low Carbon Tempered
Martensite, Trans. JIM 11 (1970) 36-43.

[15] S. Matsuda, T. Inoue, H. Mimura, Y. Okamura, Toughness and Effective Grain Size in Heat-
Treated Low-Alloy High Strength Steels, Trans. ISIJ 12 (1972) 325-333.

[16] J. W. Morris, On the Ductile-Brittle Transition in Lath Martensitic Steel, ISIJ Int. 51 (2011)
1569-1575.

[17] J. W. Morris, C. Kinney, K. Pytlewski, Y. Adachi, Sci. Technol. Adv. Mater., 14 (2013) 1-9.

-99 -



[18] S. Morito, T. Hayashi, A. H. Pham, T. Kawabata, Relationship between the Effective Grain
Size of Brittle Crack Propagation and Microstructural Size in Low-carbon Low-alloy Bainitic
Steels, Tetsu-to-Hagané, 102 (2016) 286—294.

[19] T. Tagawa, N. Takayama, S. Imamura and S. Igi, Crystallographic Microstructure Analyses
below Cleavage Triggers in Bainitic Low Carbon Steels, Tetsu-to-Hagané 102 (2016) 295—
303.

[20] M. Tsuboi, A. Shibata, D. Terada, N. Tsuji, Role of different kinds of boundaries against
cleavage crack propagation in low temperature embrittlement of low-carbon martensitic steel,
Metall. Mater. Trans. A, 48(2017) 3261-3268.

[21] B. Hutchinson, D. Lindell, M. Barnett, Yielding Behaviour of Martensite in Steel, ISIJ Int. 55
(2015) 1114-1122.

[22] B. Hutchinson, P. Bate, D. Lindell, A. Malik, M. Barnett, P. Lynch, Plastic yielding in lath
martensites—An alternative viewpoint, Acta Mater. 152 (2018) 239-247.

[23] F. Archie, M.Z. Mughal, M. Sebastiani, E. Bemporad, S. Zaefferer, Anisotropic distribution of
the micro residual stresses in lath martensite revealed by FIB ring-core milling technique,
Acta Mater. 150 (2018) 327-338.

[24] Y. Wada, N. Nakada, S. Onaka, Internal stress of plate martensite depending on aspect ratio
via fcc-hcp martensitic transformation in metastable austenitic stainless steels, Mater. Trans.
61 (2020) 61-67.

[25] D. Fukui, N. Nakada, S. Onaka, Internal residual stress originated from Bain strain and its
effect on hardness in Fe—Ni martensite, Acta Mater. 196 (2020) 660—668.

[26] A. Pineau, Local approach of brittle fracture in metallic welded structures, Yosetsu Gakkai
Shi/Journal of Japan Weld Soc., 80 (2011) 70-83.

[27] S. Raoul, B. Marini, A. Pineau, Effect of microstructure on the susceptibility of a 533 steel to
temper embrittlement, J. Nucl. Mater. 257 (1998) 199-205.

[28] Y.C. Lin, S.C. Chen, Effect of residual stress on thermal fatigue in a type 420 martensitic
stainless steel weldment, J Mater Process Technol 138 (2003) 22-27.

[29] C.G. Matos, R.H. Dodds, Modeling the effects of residual stresses on defects in welds of steel
frame connections, Eng. Struct. 22 (2000) 1103-1120.

[30] D. Deng, FEM Prediction of welding residual stress and distortion in carbon steel considering
phase transformation effects, Mater. Des. 30 (2009) 359-366.

[31] M. Rieth, B. Dafferner, H.D. Rahrig, C. Wassilew, Charpy impact properties of martensitic
10.6% Cr steel (MANET-I) before and after neutron exposure, Fusion Eng. Des., 29 (1995)
365-370.

[32]J. Lord, D. Cox, A. Ratzke, M. Sebastiani, A. Korsunsky, E. Salvati, M.Z. Mughal, E.
Bemporad, A good practice guide for measuring residual stresses using FIB-DIC,

Measurement Good Practice Guide 143 (2018) 1-182.

- 100 -



[33] E. Salvati, T. Sui, A.J.G. Lunt, A.M. Korsunsky, The effect of eigenstrain induced by ion
beam damage on the apparent strain relief in FIB-DIC residual stress evaluation, Mater. Des.
92 (2016) 649-658.

[34] A.M. Korsunsky, J. Guenole, E. Salvati, T. Sui, M. Mousavi, A. Prakash, E. Bitzek,
Quantifying eigenstrain distributions induced by focused ion beam, quantifying eigenstrain
distributions induced by focused ion beam damage in silicon, Mater. Lett. 185 (2016) 47—49.

[35] T. Maki, K. Tsuzaki, I. Tamura, The morphology of microstructure composed of lath
martensites in steels, Trans. Iron and Steel Inst. Jpn. 20 (1980) 207-214.

[36] T. Ohmura, K. Tsuzaki, S. Matsuoka, Nanohardness measurement of high-purity Fe—C
martensite, Scripta Mater. 45 (2001) 889—894.

[37] A. Stormvinter, G. Miyamoto, T. Furuhara, P. Hedstrom, A. Borgenstam, Effect of carbon
content on variant pairing of martensite in Fe—C alloys, Acta Mater. 60 (2012) 7265—7274.

[38] K. Honda, Z. Nishiyama, On the nature of the tetragonal and cubic martensites, Sci. Rep.
Tohoku Imp. Univ. 21 (1932) 299-331.

[39] N. Maruyama, S. Tabata, H. Kawata, Excess solute carbon and tetragonality in as-quenched
Fe—1Mn—C (C:0.07 to 0.8 mass pct) martensite, Metall. Mater. Trans. A 51 (2020) 1085—
1097.

[40] W. L. Server, General yielding of Charpy V-Notch and precracked Charpy specimens, J. Eng.
Mater. Technol. 100 (1978) 183—188.

[41] J.H. Chen, G.Z. Wang, S.H. Hu, Mechanism of detrimental effects of carbon content on
cleavage fracture toughness of low-alloy steel, Metall. Mater. Trans. A 32 (2001) 1081-1091.

- 101 -



4=
<)V A MO ZERENER IS SR LT
BL7 )~ & BRAEE O ) S ARAT

-102 -



BAE <NT YA MAOERBRNEISICER Ui RITHI~E BIRER D 14T

4.1 HEE
Uy L —EERERIL, BSOS Z LK A P TRMETE S L
5. LEMNTIAL K LTWBIL, 121, [31, [41, [51,[6]]. & ZC. %3 =T, ity
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R GMEZ 6T Z L2 L, MIEAY R ZERBINES 1723 Mode-12:F: T D

{001} ~ZBHfEZ BRI D 2 L 2/R LTz, LInL7edn, ~ /b7 %A MMillE&Te bee
& B DBEIRFRE N K & 22 OF AR 27~ U BEESIVEIRIC & AL 722 O Aok
RAFVEL[T], [8), O FIET D Z L BT 5 & WEEE L m/s[10)ICET 5V v L e
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42 FEBHE
421 FEHER

ARFE T, %3 E LA L 0.1C-5Mn(mass%)il 2 fiiidt & L CTHV /=(Table 3-1), #5445
&, EEARALELD i S 72K 10 mm SR OMIES 5 10 X 5 X 50 mmi(iE X JE S X &
S, mm)D =SR2 000 U7, FEMZRRER R Y X% Fig. 4-1 12”7, 72
B, BT, a=5mmBERUIREZHLLTDANTHY , R OEFHANE
FEJTIA], BRI R & DSRB S & SATICR D Kol L, 2ol %, 1373 K T 1.8
ks DML Z i L7, KL THRANEED T A~ LT oA N E—fHikE 15

7':’
—o
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W =50 mm

B=5

Fig. 4-1. Dimension of a test piece for 3-point bending test.
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AG-X)%& AT, =i e A F2hi L7z, =i RRBE. B iRk =R i1
INZIRIE LN HRBR 21TV, ZBA0EE 1 mm/min (89 0.017mm/s) & L CEE L7, 2D
B, ARIR COMEMEMEENE & TV D Z L AR T Do, /v FAHTICEE R 2455
L. B O IR B 20 A2 Mg A S IE LS %0 Lz, =B ok, &
KNI O EEATH T & TR 2R L, %R 3 2wk feWria O FHRBIZR 36 L O ab {7
FEMTIZAE R L7z, FEMENi - X 121% 150 gL' NiSO4 + 6H20 + 15 gL' H3BO4 &I & #li Ni

WA VN, B EE 10 Am?2 T 21.6 ks D8 - X WL Z Fhi L7~

423 AFARREIE

FRBL OB T, P BB A St = a A =7 U 7 X LVIS0)B L UVE
S HBEAE - BMEE (FE-SEM, JSM-7001F, HAE f#iat) ZHn @izl
Too MBBIEMREHE., 77 A vy X —FHOWTEREZ 0 L, S 23 8ls2mm &
725 X O ITHIIRICHDIAATS, Z OFEHE#220~4000 D= A U —#EClEK, WA L
Tete, R 12nm Oz v A VU 2R E LT, HEWHERKIZ X5 1.8 ks Dff:
TR AT, WS 5% A2 — VIERIR(EEE © =%/ —/v =5:95) TR L%, #l
2 L7z, SEM B MFEHT. JEBHAIRURI O MERLTNE & [RIAR IS H AR DI & 1S, B
WHEEIZ KL D 3.6 ks DA EIFWHEZAT o728, 737 —F —ICANHZEG Z I K DA A
ERZAT T2, ZOBR, Ni Do & D3 S V72 BHI DWW CIREE MR OB VY 7 —
U NURRREEE, Technovit5000)% V2, Z 4D OFENZ ML 15 kV, HIERED
TEENIERE 15.0 mm DS THIEE L, WEBBICE DY CHEMA RS, B LD

At T 1A 0D YRR G A AR T
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EBSD)EIZ £ 0 FEfii L7z, FE-SEM(H AE RS, JSM-7001F) % VT, JEE
JE 15kV., TEEIEEAE 15.0 mm OFM T, BIEERIIECTAT v 7 A X% 0.1~04 um
ICE(L X CHIZL LT, FE-SEM |ZH5H SN 7= BEHMHHERIC L > T EBSD /¥ — > % f&
L. Z#1% OIM Data Collection ver. 7.1.0. (R R&4E TSL V' U = —3 3 > X2 L 0 fig
W9 252 & TR AN AIE LTz, D%, 1554727 — % % OIM Analysis ver. 7.3.0 (£
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MRERIMERABR I 31T © S RFEE - EIRZBENOLEMAT & LT, ILRARIEHREE
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® FEM THW O NRBIEIC A~ B FEBR EZILFSEDLZLITLD | EEDOR
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[AA—ATF A MRIZEBWT, 55172 Bain 7 /L—7"~< v 7 L {001} Hi 5 X & FE 12
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I A RTIE{001 v ~EBRAEE N SCERL TH D Z L BN FHMER TE D, 22T, 4% Bain
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OB Y, ZADEEICR ST ERMN R MEEIS IS L > TRESND Z L AR
SND, UEDRERNG, BIRREGERBRD 572 b T RAIREGEABRIC B W TH, v T
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(ZRATTREEEET D,
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Fig. 4-2. Load-displacement curve for 3-point bending test.

- 110 -




Fig. 4-3. SEM images showing the fracture surface of 0.1C—5Mn steel after 3-point
bending test. SEM image (b) is the magnified image corresponding to the area

surrounded by the dotted white square in (a).
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Crack
propagation

Fig. 4-4. Crystal orientation analysis results near brritle fracture surface around notch. (a)
Inverse pole figure map, (b) Bain map within the prior austenite grain surrounded by white line
in (a), and (c¢) (001)m pole figure corresponding to (b).The white lines in the Bain map (b)
indicate the trace of {001 }wm planes.
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Table 4-1. Fraction of {001} v cleavage fracture planes of martensite within the prior

austenite grain in Fig. 4-4. The resolved normal stress for {001 }wm was calculated by

its normal direction in sample coordinate system for 3-point bending test.

Fraction of

Number of
cleavage fracture =~ Resolved normal
measurement . .
) within each Bain  stress, ors / MPa
point, N
group, F'
Bain-1  (100)-1m 27 0.12 378
(100)-2m 97 0.42 745
(001)m 104 0.46 332
Total 228 1.00 -
Bain-2  (100)-1m 234 0.77 1250
(100)-2m 27 0.09 115
(001)m 41 0.14 26
Total 302 1.00 -
Bain-3  (100)-1m 15 0.11 247
(100)-2m 19 0.14 61
(001)m 101 0.75 1065
Total 135 1.00 -
Others - 175 - -
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Fraction of cleavage fracture
within each Bain variant, F / —
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Fig. 4-5. Relation between the fraction of cleavage fracture within each Bain group F'

and the resolved normal stress oy for 3-point bending test.
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432 $RIRATRESR(XFEM)% i\ e & S EBART

Fig. 4-6 |3, XFEM fifhr T L7257 VO KX 279, ATT i, = mihiF iR
BRR, EFROOICFFE THEI SN TEY . ENENDNEERR B LICIREBO E £,
JEF DZENCHIENT K > TRE A NDIS IR 24T o 72, 7eds, BT & ZFRITEaIE
ELTZDIZH LT, BB 78 E=200GPa, "7 YV U tv=03 O%HHEMER L
Uiz, £72. o FIETIEA v a2t A X2/l L, FEHED 1878 25~40um 2
J§ EA2a Bain 7V — 7 A RIS T2 K012 Lz, fel T, BN 2 EAT 5
72, oy FitE L RAERD TR S D BEIBICAFET 22 TOEHEITKR LT, Fig. 4-7
TR x0-x3 JEIEERIZEB W T, on(IR. Group-1), oxn(7. Group-2). a33(Fk. Group-3)®
WFILDAY 400MPa & 72D KD IZ AT LT, T 2T, 400MPa (355 3 B TR L2 UG
BT L2 OOFIEHDOESITHE L, WFNOERIZ EDIS G 2542 5
I%. Excel N T > & ABIEIC K A 8L E WV CTEAEZIZIRE LT, UL EOBREIL, 3k
JERE R & <001>y it g AT R 3 — B 2 IRH ITHLR 2 1 DDIRA— AT F A MRsilli i
AT 2R L. TONEICARER A v ¥ 2 1CFH %7 5 Bain 7 V— 7 B EICHH L
e VT A Mk EET ML LI b D LRI T ZENTE D, LLEOWIMISM %%
ELTcte, EFIRBE/RD IO ORI ZIT 72 L 2 A IR TIDEID GG % ji 2
T 5 X OICAREIC N 25 LB ERITE Ly, BBA 206D E A LR L
NZ E AR LT, £ LT, JETICR L TROKRT 0.15mm OB & 1595 2 & T,
TUER E LS ISR 24T o T2y T D & & FIE2Y 1000MPa[151% 2 - EHE % 2

BT A FEAZBRHAL, TnERVIRT 2 & TEREHEL B L7z, Fig. 4-8 1%,
0.15mm DEN & 52 72D /7 FUHAFITIBIT D on o DA & & oIz LR Ok T
ZRLTEY., @NEISOENES L O)NERIS 128N LTG5 O R 2 22l
RLTWD, WEISHOFEELRWET V(@) T, /v FIEERICIHR S HER R
SAV. ZAUT &Ko THER L7z E ZPNZITEHRINC B ~MERET DR, EFIC il &

ZLERN AU, 2o b, EZEDD o 51T 1000MPa F2EICELTEY ., REL
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TBEROGEEFRMIC L > TERADPBE L Z LT 5, izt LT, WNEIS
ZEAL7ZET M(b)Tlid, BELHENMNE LT, SZANRHANRE LN HaE L T
HEET AR TE . WIHINERIS I OA I L » TEAEHEFB AR E S BT 52 L5
BBk igolz, 2T, WERIRSIMS~& BRE O BGHICRIE TR 2 £ 0 I
BT L5720, TETALO)ORRICK LT, ERADERLIZETAVNORTOESE 2
L. ZRUENHEMEICB N T3 2D 7 =T DONTHICBRT 502 HE L, 20k

IR LI I N — 7 OREEEESES % Table 4-2 IZF LD D, 02 78 HNT o33 BT ITKE
L CHNERIS S 2MERT % Group-2 & Group-3 (28 1) MBS REKIL, T EN 90 BWHE L
V9 BEHRTHY ., BIED30%REL LTz, £O—J57T, SMBERIZ Lo THIFIS T 23ME
7% o 12k LT TONEIS %2 AT) L7z Group-1 TOMMEZERZHIT2IED 40%(111 3
FVEEHDTEY, v AT VA MEIZEBW T, BIIRONERIE I MFET 5 (001)m Dk
TSR AN\ &0 D EBRIE R A L L T, b b, XFEM & W 7 5T ic
K0 WHBRERRNES ) & BRSNS I O ERDEIC Ko T, Mtk & RRE
AT 5 ENARETH D Z LR E T,

— T, WO TERUREZRI LT T IS ) OB Fig. 4-)0THER T2 & NG
NOFIEC Lo TEHRPRE il U, MR 7 2 ZEHFBR T x =03 ik sh
TR NS, ZIUL, BB OGN0 & ZURIERET A B 2R A WiE -
TEY, EERNBISHEZATDHAMNEEDT A< LT ¥ 1 ORI L
NI EERLTHDE L, 7272 L, Al XFEM 4T CiiZ 2410 Bain
TN—TICHB T HREMEEREZERTETEOT, ZORR, {001y~ BRAEE 2 L1
& LTINS ) DR Z SERITHFE T E TV, A%, BEAILZR b NIEER LA
BENT~ T oA RO KAE T ZERENERIS ) OB R 2 X 0 3 E RS
B0, {001 ~ZBAREEICINAZ T, T AT VA b OY A RO Bk 2 Rk L

1AM SR BB T A 9,
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Fig. 4-6. Configuration of the XFEM analysis model simulating the 3-point bending

test.
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Internal stress (MPa)

X Bain Group Oi1 Oy 033

X3 B Group-1 400 0 0
B Group-2 0 400 0

B Group-3 0 0 400

Fig. 4-7. Initial condition of the XFEM model to calculate crack propagation analysis

introducing transformation internal stresses for 3-point bending test.
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Fig. 4-8. XFEM model in the vicinity of the notch after crack propagation. (a) and (b)

show the results of the model without and with internal stresses, respectively.
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Table 4-2. XFEM model in the vicinity of the notch after crack propagation. (a) and

(b) show the results of the model without and with internal stresses, respectively.

Group-1 Group-2 Group-3 Total
Number of
Ambero 111 90 79 280
elements (-)
Rate (%) 40 32 28 100
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TH{001 M ~F BT L LCE— FIBE TR Z 5 Z L VR ENT,

2. XFEM % W2 BUEMATIZ T BIGVEA R o T i 22 2 Re RIS ) &2 38 A4
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FTHEENERIG T, EROMAZIHET D Z ERBEmNICH LN -7, OF
V. XFEM Z HWW BB IC K 0 | iR 722 ZZRe PRI ) & AR RO 72 SN 1 D
HREDOHICL - T, etk 2 HEHBELEHT LN AMETH DL Z RS h
72

3. ERERNENS ) DIFIEIC Ko TEARPKE RIM LR SRR L, 72 & 2UsHE
WRETTZ R LF =PRI ND ZE2BETH L, v T A MR OLREN

IS S RIGHEER A /O L AR H D Z L 2R L TND,
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