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Fig. 1-1 Schematic illustration showing chemical free energy of austenite and

martensite as a function of temperature®.
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Fig. 1-2 Schematic illustration showing critical stress for martensite formation as a

function of temperature??.
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Fig. 1-3 Schematic illustration showing inhabitation of crack propagation.

® : Retained austenite
® : Martensite

Fig. 1-4 Schematic illustration of the TRIP effect?.
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Fig. 1-5 Schematic illustration showing typical heat treatment diagram and change of

carbon content in TRIP steel.

Fig. 1-6 Light optical micrographs of a color-etched TRIP steel microstructure showing

a clear difference between the micro-structural constituent.

a:ferrite phase, ag: bainite, v;: retained austenite, an: martensite
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Fig. 1-20 EBSD orientation maps showing changes in the orientation of embedded
austenite grains before and after deformation. The black rectangles in the EBSD

orientation map indicate the embedded austenite grains which have rotated during the
tensile test!”).
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Fig. 1-24 Texture evolution of the ferritic matrix and austenite represented as inverse

pole figures reconstructed from the ODFs for different strain steps at a temperature of

293 K (a) and 153 K (b). The scale is in multiples of random distribution

23



1.4. = VT P A b ORERFRIRK
121 ICB W T LFHER~ VT A MZOW TR 720, — A 8RR,
Bt~ 7 o4 NEREIL., /O 5 (FCOEE 2 H/ T HRAMHA— AT F A b
5. LN FBCOMEE S L ITHRLIESBCHEEE BT H~/AT oA bR
BT D, 2O E BHEA—ATFHA M~ T oA NORIZIE, &DFEE
OFERm TN BN IFET D, REITIE~/LT YA F ORIz DV T
[RBUNE RN

14.1. =7 %A PEBIZRIT D a5 EEER

~ VT YA NI =T A N ERREORE R T RER AR LR D
AT D, 51T Kurdjumov-Sachs(K-S)B94% 34, Nishiyama-Wassermann(N-W)
BA4% 39, Greninger-Troiano(G-T)BAf% 30 & MR 5, FEMA DL TNIZRL#E T 5,

K-S B4 @ (111), //(011),, [101], // [111],,
N-W Bf% @ (111),// (011),, [112], // [011],,
G-T Faf% : (111),~1° from (011),,, [10 1],~ 2.5° from [111],,

K-S BAtRIs L OVN-W BItRiZ, @O mEATEREZ A L TWD 205, HIPATRMR
IZZEBRNDH Y | WE I SSRIEDOENGFET D, G-T BRIZHE O OE
fRLmoTD, K-S BfRICEWT, HTERZFSm & LT(111),, (111),,
(111),, (111), D 4 HZED Z ENTE, Fig. 127 1nT X5 b7V ol
mikE LTCRESIND, FAlE—20mIZo&, 6 FBEFEL, 2 2T DN
M Oxf % 72 LTV 5 (Fig. 1-28 (a)), xf & 725~ /L 7 A MIAWITWEERIC
b, LIzRoTL 1 OO —ATFHA " BAELD T A NOfEE AL
BIfRIL 4x6=24 00 HDHZ L L7e D, ZD 24 FHEOKE L% /XY 7 2 M (variant :
SLEBAE) & RS, 703 N-W B TIRH T O X NFIE L7\ ieh, ZDONU T v
NE 12 F¥E CH 5 (Fig. 1-28 (b)), XU 7 2 MTHOWTIE 1428 CREM 2 7B
T2,
Z]"“—X']‘T4 N=nT oA FOERIZE, BLFE-CORSE &> TV
\75>T?f]./ R & I TV A, BRI~ LT A D OB RERR L
n‘ﬁﬁ}i . W OWFEENFAET D (Table 1-1)°7, fEmE X, ~v7 WA b
ZETE T%ﬂﬂfr CAEEEOE E RS LTEY LT oY A PO FICES T
éfﬁ%u HEER A WD BRICEZEA STV D
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B

Fig. 1-27 Schematic illustration of Thompson tetrahedron. Each plane of ABC, ABD,
ACD and BCD corresponds to (111)y, (1-1-1)y, (-1-11)y and (-11-1)y, respectively.

(a) K-S relationship (b) N-W relationship
Y [112],
[1o1], _ [211], R,
[011], '

—

[110],

Fig. 1-28 Schematic illustration of shear direction on (111)y.
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Table 1-1 Features of plate, lenticular, butterfly and lath martensite’?.

Martensite type Plate Lenticular Butterfly Lath

A% 2

Ni concentration in Fe-Ni alloy  High » Low
Formation temperature Low » High

. Twins + Twins + _ .
Substructure Twins Dislocations

dislocations  dislocations
Crystal orientation relationship ~ G-T G-T, N-Wor K-S N-W or K-S K-S

{31015}, or {557}, or

Habit plane {31015}, 259, 11y,

{225},

1.42. v VT %A NEBONRY T b

141EBTELRRZ L9 1 ODOF—2AFF A " bAERKT A~ LT oA
N OFE ST OFERE L, K-S BRI L OVN-W BRICB W TEN T 24 FlikE &
12 FSEFAET D, T4 EBSD IEOFZEIZHE, Hx DO~ LT A R ED
NUTV MIESTINERFET DI EICKY w7 YA NEREEEOME
FANGRA HILTWN D 3839 Z oY 7o MEdE L LT, M XE 40005
<~ bV 7 RE DRERHTOND, ZOHETIIMSAKEOHKE LT 2~
WNT A MZBWTKSBEREAT 5N 7 FOFEMIZOWTREHET 5,
Table 1-2 [C 24 FESED K-S NU T > b DA —ATF A b+ & OfEEL T BR %
T D LT YA FERRE LTI RIR, RNEZ T T AU, LR,
BOIRDIFN HAL TN D 203, KO ELERHFE SO BEANE CTH D 7 A~ LT
YA NI EORNENTH LT A, A—fm i aH 357 A0EHATH
L7y A —ATFA NeoIGlRERNFRE LT vy 7 OEMTH D37
v EMHRD T ENRMBENTND P, ENUT U RO T oA T AR
HETHZILET1IloOT a7 %, RO}y 2G5 6 FFEHON
U7 MBIZIE, (11)y THIUT VISV —2D 7y MIEL TV,
Table 1-2 H DS L ONAl#FA (X, Variantl (V)2 FEHEL L7z & &, &0 D 23 &
HONY T2 MNV2~V24) % VI IZERGDE S & Zodghlkis L O eEL
AERLTND, 24 FFHONY T 2 R &2 (001 MK EIZH#iVW= 1 0% Fig.
1-29 (T, SN ORI AN 7o hOFETHDH, MEKETIE, £
EBSD ICEVHIEL=HH NN T O~ T ¥ A b2 VIICERD LI
(00 D)o f2,5 X BIC 7 7y b5 (VI KL, IRIZEHIDD~ VT %A ba VI kL L
OFEREMRE R L E EMARIIC 7 1 > b L BRAE AL & i35 = & T
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V7Y NESERIET D, 728, MLIZEEL TIX, 24 FEDONY 72 hOfE
g 7L 2 001y MRS X EICHi< 2 & T A—AT A FOT YR EDORFRE
IR TE B 4 M), 72 VI~V6 DA% % Fig. 1-30 [Z/~"$, V-
V2, V3-V4, V5-V6 [T AW 23 MR TH D . VI-V4, V2-V5, V3-V6 IdL%
NZN S SRR L 725, Fig. 1-30 1I2B W T, 21 BRTH B8 7 2 b O
RIS Z e b0 s, ZN6o/NY) 7 > ME Bain 7 /Vv—7 EFRS I,
1 DOF—ATF A MRFIUIL 3 RS 5, £37 y ME, w7 o
A NA—=ATF A N OHRE H 1T (Close-packed plane parallel)B6% %2 345
HEEE E AR ED NS, CPINLV—TEHENDZEHH D,

M7 B X0 ISR OT BRI 5 2 & T 2N Tk~ LT o3
A NTIE, BARANY T o MESIAME X | SRR, BRRICHE D OT B &%
FEEDLLI RN T BB T D22 ERFESNTND P, K
HTIEZONY T > MRANZEET DK+ & Z DRI OV THAT 5,

Table 1-2 Twenty-four variants in K-S relationship*?).

Variant | Plane parallel Direction parallel Rotation from Variant 1

No. [v1/ o] Axis (indexed by martensite) | Angle [deg.]
Vi [-1OT}/[-1-11] — —
V2 [-1OL1]/[-11-1] [0.5774 -0.5774 0.5774] 60.00
V3 (111)y [01-1/[-1-11] [0.0000 -0.7071 -0.7071] 60.00
V4 (011’ [OT-T]/-11-1] [0.0000 0.7071 0.7071] 10.53
V5 [1-10)/-1-11] [0.00000.70710.7071] 60.00
Vo [1-10)/[-11-1] [0.0000 -0.7071 -0.7071] 49.47
V7 [10-1]/]-1-11] [-0.5774 -0.5774 0.5774] 49.47
V8 [LO-1]/[-11-1] [0.5774 -0.5774 0.5774] 10.53
V9 (1-11)yy [-1-10])/-1-11] [0.1862 0.7666 0.6145] 50.51
V10 (011’ [-1-10)/]-11-1] [0.4904 -0.4625 0.7387] 50.51
V11 [T 1)Y[-1-11] [0.3543 -0.9329 -0.0650] 14.88
V12 [OTT)-11-1] [0.3568 -0.7136 0.6029] 3721
V13 [O-1T1]/-1-11] [0.9329 0.3543 0.0650] 14.88
V14 [0-11]/-11-1] [-0.7387 0.4625 -0.4904] 50.51
V15 (-111)y [-10-1)/-1-11] [-0.2461 -0.6278 -0.7384] 57.21
V16 H(O1)e’ [-10-1)/-11-1] [0.6589 0.6589 0.3628] 20.61
V17 [T10)/]-1-11] [-0.6589 0.3628 -0.6589] 5193
V18 [110)/-11-1] [-0.3022 -0.6255 -0.7193] 47.11
V19 [-110)/]-1-11] [-0.6145 0.1862 -0.7660] 50.51
V20 [-110]/-11-1] [-0.3568 -0.6029 -0.7136] 57.21
V21 (11-1)yy [0-1-1)/-1-11] [0.9551 0.0000 -0.2962] 20.61
V22 (011’ [0-1-1)/-11-1] [-0.7193 0.3022 -0.6255] 47.11
V23 [1o1y[-1-11] [-0.7384 -0.2461 0.6278] 57.21
V24 [TO01)/-11-1] [0.9121 0.4100 0.0000] 21.06
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100y

Fig. 1-29 [001]a’ standard stereographic projection of one of the K-S variants (V1) on
which the [001]a’ axes of 23 other variants (V2 to V24) are plotted as solid marks*?.
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(DT1)

[1 1 1] “" TI Variant 6
% Variant 5
Variant 4 4}\ @
&5 o
E »\ ‘ [111],
Variant 3 §
S [111]a,
<«—[10 1]},
N
< . , i
[T TO] - Variant
7
) 7\/ Variant 2
Variant Misorientation
from Variant 1 (V1)
V2 twin relation (X3)
V3 10.53° from twin relation
V4 10.53°
V5 10.53° from twin relation
V6 21.06° from twin relation (X11)

Fig. 1-30 Schematic illustration showing the orientation of K-S variants in a packet*?).
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1.43. N7V MERANCEET 55860 T

14252 Cv T oA RERBOANY 7 2 MZOWTHA L7, #7KE
2B T DIEAERCHARRIZE WA T HERROT ALY FFEDONY T2k
DMESEHNCAER T DBERBZ Y 70 BRI T MRENDTH B ¥, NU T
Y NBPUZ LV R — AL O EBFIDEAER T D & %< OEENER L TH K
FINCKARLRDIER S VT, MRRBGILIC T 5 LieWizs, HHERREZFIH LT
AR 2L T2 ETRY 7 MBIROBMIIETE L 22 5720 Hx efiE s
T Tng ¥, Z ZTlik, FEHRE - ST 2 b — I 2 RS
E B COBARKIZEIT 530 7 2 MBI KON LHELREICH: S N
U7 v FMERIZOW TR T 5,

WRED/NE W E & RERLR S e IS BB R A b & e D REFRRE
I, W ORIk U TREE OfG T LB 2 FF DB B T & B 72
D RIN KD HAERAREZR/NY 7 2 NI, EERIZITFRWVL Y 70 R R
DEE, BRONTZNNY T2 ORI LER LR, 2L 7Y T2 b
BN < DIX, BAERFFO B = x L X —8IN %7 5 ~_</hE< Ly
WOIRH R G ORI R EZHET ALY T MR ERESNDHTZ0D
T D, i OESEA R T & 5 fEm AL 2% L O TIZiEnA Y 7 v
D 5B R TNLBR & BT 22 WO BRORHI O RFRIZ DU T b REE Ot dia 7z B
BN DOTNNTELENT /NS 72D L5730 7 MMBIERNIZERIRE
D2 ENHLTIRS TG 4O F = A EIRZ R 272 Ol C b A R
MBS D Z & bIEf ST D 47,

— ., INLHERERRIZBIT 5NN 7 MEBIR T, WA 7 MERDBH
HZEDERINTHD W, F9° KEDONY T FMERCAERT HBH &
LT, B 7y MNEATEREROT HEZEMNT 5 H OEEENH L P, £
7o BAWTRIZERE ClE, AR O B U = 1L X — #5272 5 <M E
<L 2225 XL L ORBRAZHEE T2 Z LITMA T, BROT H A HE
LT WA T MREBEIREND ZENRHALNE RTINS YO, X512, 1
THFHE~LVT A MILTROEICL DN T MBIREZZIT 5 2 &R fER
S TWVW5D, Miyamoto Hi%, A—AT7 4 —L%&Hi LI=A—ATFA MAINT
<IT YA NERENELBHE. ()VEDOERBRNA—ATFA FOEDH D
WMIHEE T R I AT TH D | QAR M M)A EB L O3
o e T H )T P MEENCERT A L EWE L
TWA(Fig. 1-3D)Y), £ THE~LVT oA MEREA K Z 3720120, 1k
SEHISREN ) ORI A A 5 720 OFSREOERE) ) 2 B & 3% 50, 5RIG I (00) %
LIz 2D~ T oA NERRICKH T DM AIEXE) /)X, Patel & Cohen
ICEVIREINTHELTOX(12)TEREND Y,

30



1
U= an{yosinZGO + &(1 + cos6y)} (1.2)

ZZ T, yold~nT oA NEREBREO fE E OB AW OT A, go i XA
AR T [0 O ZERETEE O A, 0o 100 1l & IR AR T MO AETH S
(Fig. 1-32), v /L7 %A PEREICE VA CDZEREROTAFIANY T R LI
BIGVERH D70, BRAEREN ) U )T T LIRS, UBKREWD
EE SN ARBHZAER LT < 2205 IROTHEZEMTELNI T MT
HHEWVWRD,
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(@) 1 /a1y (01D)a’ // (T1Dy
[T11]a’ // [1T0]y j

[111]a’ // [110]y

(b) conjugate slip plane
(111)y

primary slip plane
111y
[110]y

Fig. 1-31 Schematic illustration of martensite lath (a) and variant restriction by both

primary and conjugate slip plane*”.

e Tied sivess
nottial diteetion TFE o ooeo - G

to slip plane 4 applied stress axis

U

Fig. 1-32 Schematic illustration showing relation between applied stress axis, habit
plane and transformation strain. yo is the transformation shear strain along the
transformation shear direction on the habit plane, and €o is normal component of the

transformation strain>?.
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1.5. AL E BRY

AWFFECrL, HENEHEHINR & L CEMAL ST D TRIP SO L TEEEH) & 5%
A —AT A s OERREICEET 2 BN L LT, BRNL 7271
N BEAR 23 R EE AL O e b9 2 ARIESR F TOREFFHICI T D TRIP D 7 =
TA NE—=ATFA NOZFHMOREZE LB A — AT A FNOHELEEDOE
Bz B L, Rk 31T 5 TRIP SO L ZEE), 4 OFREA—AT A4 D
EREZENS L O LR EMIC KT TR IOV TIHAE L, BRI 254
— AT A FOKREEIMTFHRE~ LT oA NEREET 2Rt 52 L2 AW
L35,

AL S WD > TR, ZOWIZLLTO X 512725,

F1EIIFRTHY . AFFEOERITHO VTR,

¥ 2 ETI, BEA—AT A FEORERS 2 FEO TRIP #i% VT 77
K~293 K D EFIFIZ BV TRIRS 1 IRRBR 217V & 0L ZE) & R BRnig o
WA — AT A4 PEIZOWTHE L, Z0ELNT-MAERI D IRIEEIZ T
LR LR A — AT A FEOBBREFIT 5 & &b ITRIRIKICE T D
TRIP %R DB SOV TR LT,

3 E T, KEA— AT T4 FOHEENMEIZRIETHFIZ2W T, EBSD &
BLODIC EEZHWT, A —AT T4 OFEME. M L OOT
HOATIRBE DB OV TRl A L 72,

94 2T, PERBRRTH OFLRE 2 EBSD I X Vi L, &2 OFRE A —
AT A FOEREFEENIOWTIHAE L2, FFIC. 7= T4 MRINIZAFIET D558
F—ATF A NOFFRIREREEEFIIFH L, V=74 MINOEREA—ZTF
A FDERA = AL ENY T 2 MEENZOWTRE LT,

S ETIE, K= COMIEMEREEZRE LT,
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H2E TRIPOEIRT REMZEE L REA—AT A MEORKEM

2.1. IIL®IT

&4 TRIP SHOEA 7o BRI I3 AR Ch DA A — AT T A
N DA REF L M _iéﬁU&%%%GMPﬂ%ﬂ%%ﬁ%ﬁ%%tbf%é
D3 TRIP SO ETEFENL, 7= T4 M EEREA— AT A MA+XA T A
%W@W%ﬁf#itiﬂﬁOfA%’tlbf%é?éﬁ%ﬁﬁ&%mﬁ~
AT F A MO TFHERZRBICER T 2 NS D ofEf &N TEFE~vT oA
kimﬁm_iMémétb“Jmmﬂmﬁ%é%%ﬁﬁﬁéif%%ﬁ~
T A SO TFHREAEREREE L EENIEFICEER D LR D720, TRIP
PR OO FEME DIRE DD OT Bl 9 O M kpF D AKAFMESIRRE A — AT T
A N OMLEEMEICE LXK T 7 EOfkx AR ST b
ARETIE, 7= T4 MHEAEBRE O T 2 EIEE ) S EIROIREH
IR ITA 7274 R EERE A — AT A4 FOFHRB O TREZE - R 4
— AT FA FOFEEMHOELIZER L, KBRICBWTEEA—AT A1 b
BOR D 2 FEOKAS TRIP x4 W CHESREE L 52 5, £ DED
TRIP $f D 5 | EFFE DR RS L OV T b 2$Eh L R A — AT A FOE
REEDBRIZOWTHAE L, REIRICE T 251 REEHFE LR H A — AT T A
r DEENZ SN THET LT,
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2.2. EBHE

2.2.1. HEEAGH

HEEAEI L, A —AT A FEORRLIKE 2.5 mm O 2 FHEHOKAE
TRIP $fC & %, Table 2-1 (2 &SR DAL SRR A 7R3, HEERER T, 7 A7
7274 F+A—ATF A N TAHIR(790°C) T 300s fRFF% . 400°C T 600s [H 4
— AT UM AN LTz, LAT, BEREA—AT A hEODI2NE D% Low-
vy #. Wt D% High-y # & FR9 %, Table 2-2 [ZHSHOEE A — AT F A k
BERBIOEEA—AT T4 N[ C 27T, RBRFVTOEREA—AT
F 4 FEBIOWEE C &1 X #RIEHr(X-Ray Diffraction)i:1Z & 0 15 & 7= 5
HREH U, BERIT Cu-Ko F A& W2, BEE C B3NP L v EH L,

a, = (0.3553 + 0.0001) + (0.00105 + 0.00002)C (at%)  (2.1)

Table 2-2 (2739 & D IZHIHD C & FR <ALFHARRE L O A —AT T4 b
DOER C EIFIFIFHELL 2o TEY, WIMEROFE OB LV CREDEN
ICE DR A— AT T A FOREMICKITTEE VAP L Th D,

Table 2-1 Chemical composition of the test steels.

Steels C Si Mn P S Al N
Low-y 0.15 1.73 1.48 0.005 0.0010 0.008 0.0014
High-y 0.31 1.74 1.49 0.006 0.0010 0.008 0.0014

Table 2-2 The initial volume fraction of retained austenite and carbon content austenite
of the test steels.

Steels Volume fraction of ~ Carbon concentration
retained austenite in retained austenite (mass%)

Low-y 94 131

High-y 17.2 132
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2.2.2. 5|3k - FUTRBRSEM:

HERAEH & 0 | Fig. 2-1 1277 & 5 20 FATENR & 30 mm, EATERE 4 mm D5|
iR 3Bk F 2 RD(Rolling direction) J7 [A] IZ AT 1272 5 K 9 I NC(Numerical
Control)7 A ¥ 77~ MHCEIM THEAZ AW CERIL 7=, BRIt 2R, 5l3E
5% /i ND(Normal direction)[fi 35 J2 U8 TD(Transverse direction)fi z BRI FE 14
BILOWMERERT ¥ ) — & AW ERFEE (253K, 31V, 30sec)Z & 0 K%
B 72, 51aREER IS OV kR (2 13 B L ERT L > AUTOGRAPH(AG-20k
NIST) % 7o, BRI IED 72D, ATHICOT AT — TV &5k L, ZALD
& 2 30 L 7=,

SRR X OB T IR Q93 K). @EIT v a—1 71233 K, 193 K)B
FONEIRZEHE (7T K)D 4 5:f, —ED 7 1 2~y NEE 0.5 mm/min(#)HI O
P HHEE : 2.8x107% s THEfE L7z, Fradi Tl |RB L OWAEIT La—u
HC 1%, 3%, 5%. 1% E THEHEOT L2 ENENME Lo, 2B 11%0T 4
I% High-y M DIRIKREZF OB HONE FREDOOTAHATH D, KIRIZTHIE
RERA ERT DS, FARBRIEE T 1 IR L2, R A EM LT,

Thickness: 2.5mm TD

16

. 16 30

€ > ” >

74

A4

Fig. 2-1 Configuration of the tensile test specimen in the present study.

2.2.3. MBI

AR 2203, e P B S (Optical Microscope : OM), & & 7 WA M &5
(Scanning Electron Microscope : SEM, % — = 28 fIEET 10kV)E L OVESR
HH A AR 7R - WA 85 (Scanning Electron Microscope with a Field Emission type
gun : FE-SEM, HAEFH, MEEE 20kV) & AV CTEM Lz, fHRkEIZRIE
LT, #BRA TD mizkt L, =& U —#FEER(#800, 1200, 2400) % T 0.5
mm~1.0mm FEEMBATEZ Lo, ARR b7 248 o B B AR AL E
(L7 brAR— 5Tk, mERmT s ) —VRERE . =% /) —/1=9:1)
CEMIFE 21T\, Rl 282w A B, EAATEE S Table 2-3 127" 9
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ST CTEM L7, OM 3 X O SEM (T L 2 Ak E 22 Tl BRI EA LT,
FA L= (= X ) =)V R =95 : 5) & W Chim 2 8 & L7-3 02 =,

Table 2-3 Conditions of electro-polishing.

Electrolytic polishing voltage (V) 31~34
Low-y  Electrolytic polishing temp. (K) 253
Polishing time (sec) 15 X2 or 3 times
Electrolytic polishing voltage (V) 30~33
High-y  Electrolytic polishing temp. (K) 253
Polishing time (sec) 15 X 2 or 3 times

22.4. BEA—RAT 54 EOHESM

A — AT F A4 FPEAEIL 2215 Tilk~72 XRD {ELSMT 2 FFHOFIE
ZRWTE L7, —>HIX FE-SEM (2 X W &5 5 1% J5 %L (Electron
Back Scattered Diffraction : EBSD)[X|JZ % TSL £L:#4¢ OIM(Orientation Image
Microscope) > A7 I CREMNT 21T 9 EBSD {EIC351F S HH~ » 7' (Phase map)% H
WTCTHRH L7z, BEHEIREBR T OB —E %2 L W ARER T OFATHEZ, 7 7 A
YH A —FHNTYY H L%, TD HE 2.23. O E5M & RS T
Ferm & SR oA P72, EBSD HIEIX TD mlZkt LTV, AT v 791 X%
0.050 pm., f#HTIZ1Z Confidence Index(CDE AN 0.05 LA DT — & DI % FIV =,
2 OHOFEFTFHEAEITEL HWTZHE TH 5, A BT ORIE TR
JE 855 - N3 2% Jiti 5% (Japan Proton Accelerator Research Complex: J-PARC)N Dy
g - A SE B i 5% (Materials & Life Science Experimental Facility: MLF) ™
BL20(iMATERIA) ' — 1 T A o D92 T L 7=, 3E DA % Fig. 2-2 12,
F =R O 177 DB ER] 9% Fig.2-3 179, RBRIZ. Low-y B &
O High-y #112%F LT, REFERE, 293 K IZB1T 5 10% O AAF 5448 X OV 29%
O (W% O FRER 7 AT D ¥)— AR O 3 S 0B 712t L TN
L7z, B OFRIL, REFHITE 9mm, £ X 60 mm OHCIROFRER % 24
WFRE DR 77 A > By Z—I2 080 H L7 0% AW, BT
Fig. 2-1 |2/ L 725 iREER i O PATH OB —ERIEHEBN OGRS 15mm & 725 X
B L7 b D& Wz, HIESRMFITEIRQ3 KICBWTE—L/NT —
150 kW O B — L% A LA TOWETEHTE R~ 7T LAOFERRFMITIEZHIH T
w15 57, Q{ﬁ/H’T 3008 Lic, E—AL ARy b A KT 20mmx20mm & L
7o KERITEONZEYTE X N7 Z A2k LTY — bUL Mgl 2, MAUD

39



V7 T WERWTIT) ZE TR L,

Diffraction beam Observation point (OP)

SE bank

BS bank

T e e ey

\ y, | Diffractometer xs | Sample

.....................

Incident beam Diffraction plane normal, y coordinates coordinates
Y
z | X5 Zs ‘ -

Fig. 2-2 Schematic illustration of detector positions of iMATERIA instrument'¥.

Fig. 2-3 Appearance of test sample. Laminated sample attached to sample holder'?.
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2.3. EBFER
2.3.1. FIHHERR

Fig. 2-4 33 X O" Fig. 2-5 (23RBS AKE 4 TRIP 8 o #IHARLAR 0 2218
MEETER L SEM EE A2 N ZE1URd, Fig.2-4 LV | (a)Low-y. (b)High-
y & BITELE S AN EATIZ Mn ORATIZ LD Mn /N> ROTERDHER S 7=,
&4 TRIP S OHMLIX. Fig. 2-5 LV Wi bR 7 =74 FEFE _MHTH
HIREA—AT T A PBLXORNA T A b TSN TV - A— AT T A
MI7 =T A4 MHFEORINI LRI EIZ08 L Tz,

Fig. 2-6 |Z (a) Low-y #3 X T (b) High-y #® EBSD i L W 5 5=~
TEENEINRT, i~y 7D b SEM BIERRE, A—ATF A M afHD
RIS KOS B2 8L T\ D Z L 3HERE S 417-, Table 2-4 |2 XRD [RIHT,
H~y 7B LOFETFEIF N OELNTVEE A —AT A FEZE LD
7b D %77, EBSD JIiE L VSN A— AT A F&EIX XRD [\l
HFLNTRERLIFEHL T\, 2070, RFTHZREROERERTH 5
MEBIETHD EEZ DD, —F, THEFEIT L VGO ME, W&
H XRD B L WEBSD DfE L Y & @V MEZ R Lz, FEFEHTIE XRD X° EBSD
LU CAFHAZRETE L0 AU v FR3H 25 19, D7, itk E
DEVMERG O D Z EDRIFFSN D, EHHETREITIIE— AEERE <,
IREED BN T2 FEFRITH R R A — AT A M OWTHHETE 127
W, XRDX°EBSD IZLAWELY bEWVEEZ R LTZEEZLND,

Fig. 2-4 Optical micrographs of the Nital-etched (a) Low-y and (b) High-y samples after

heat treatment.
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Fig. 2-5 SEM images of the Nital-etched (a) Low-y and (b) High-y samples before after

heat treatment. ar is ferrite, ap is bainite and yr is retained austenite.

Ii]‘)RD B o phase [ v phase

Fig. 2-6 EBSD phase maps of (a) Low-y and (b) High-y in the TD section after heat

treatment for red zone is o phase and green zone is y phase.

Table 2-4 The volume fraction of retained austenite obtained by XRD, EBSD phase

map and ND (neutron diffraction), respectively.

Steel XRD EBSD ND
Low-y 9.4 % 10.3 % 11.3 %
High-y 172 % 16.9 % 20.4 %
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2.3.2. J571-ONT A Bl

AWFSE T A2 Low-y #4365 & OV High-y #1 O AFRIG J1 — AFRONT 2l #1 % Fig,
2-7 33 L OV Fig. 2-8 ([ZZNE T, F7- Table2-5 [ZMSADSRFHEZ £ &
b DETRT, 193K~293 K IZEBWTHiFHE ICEIEEZ R & & bic, iE
DR TIZHENSIEREIX EH/ Uz, R A — AT A NEOEWIT L DIEMEA~
DEBITIZER NN > T, —J7, SIIRBEXESVEEA— AT A M &%
A4 % High-y M D578 193 K~293 K IZB W TEVMEE A LTz, 193 K~293
K OIRFEFRFIZEBVT 0.2%I0fi /11% Low-y # TIFKIEE OIK FIZHEV, T /s
N5 EH- LT =23, High-y M TILIREE O T2, 0.2%I0 /123K T 9% i
TERFEMEZ R L T2, 77K Tl 0.2%0 /138 L OB EMREE & 612 Bk
ML &L UC ES- UL7es, ONTmid L. Bk 2 2 L7z,
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Fig. 2-7 Nominal stress-strain curves of Low-y at low temperatures.
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Fig. 2-8 Nominal stress-strain curves of High-y at low temperatures.

Table 2-5 Tensile properties of the test steels.

Stacls Test temp. YS TS u. El t. El
(K) (MPa)  (MPa) (%) (%)

293 381 678 32.0 359

Tony 233 396 803 30.1 34.0
193 420 962 26.1 34.6

77 613 1134 20.3 203

293 491 876 335 36.2

High-y 233 473 1084 7] 31.2
193 427 1152 26.2 35.1

77 625 1277 10.8 10.8
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2.3.3. INTAE AR

Fig. 2-9 J5 £ U* Fig. 2-10 (ZM# O EIE ) — B O Z il TR bR D 281k
EMATZ S O&EZNEIFT, Wil e BIREOER TS, I TEERT B
LT . Highy M TIEZ O FRNBEEICHER SN, 293K T, me b
3%OT AREE TRERBD 2R L TORITBD DN E R | ARWE
B E b EOT I E TR T 2B M EHN TVWA, 193K 38 L T 233K Tl
Low-y #, High-y # & & ICEARANTIN TR L TR Y | O 4 10%52
EETOERHME TRV LE(LRZHER LTV D, 77 K T, AR
(2~3%OF )OI THALENIER KX VS, O, I THELZE O 1348
RMERY | BEANZEIZE ST RN L Cuie, Mg oI X5
TR LB DO LA KB A — AT T A FOMHLEM LOLRRE & BhdE-S 1T
ENDEEZDBND, ML 243 TRk T 5,
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Fig. 2-9 Work-hardening rate and true stress — true strain curves of Low-y at low

temperatures.
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Fig. 2-10 Work-hardening rate and true stress - true strain curves of High-y at low

temperatures.

234. BEA—ATF 4 FEOE4K

Fig. 2-11 35 X O Fig. 2-12 IZONT AZxF9 % EBSD 5O~ v 7 X051
TR A—AT A FEOEEELEOTELDERT, 193KIZLDY 78R
RLFRCIIEH & HIRE A — AT A POERRITIT L A BRI o T2, —
. 77 KAZET 5% 78 T High-y M TIX 4%FREEDFRE A — AT F 4 b
BORD PRI,
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293 K TlX, 3%OTAETIEEALEEEA—AT A4 FEITZ/LL TV
mote, EDKk, 10% 0T A E THEHMINRE A — AT A4 b&anEd LTn
720 10% T A LD HEOT AU TITEAAS— AT A4 FOERRITALIZLS <
725 TN, Tt D) —ETEE(28% T H) THI 1.8% DFERE A — AT F A k
MFRAE L CUN e, 193 K~233 K OIRFEIL Tl 1% 0T A OB CARE N = &
Lo UCHEIT LTz, 233K Tl 10% 09 A F THEBMIFERE A — AT F
A FEITED L, 10%0TATIREETERE LTV, 193 K TiE 5% 07T &
~10%DERETIZIEETOREA—AT T A b3~ T oA FEREL TV,
77 K TiE, 193 K L0 b I HCEEMEE S, 3% 0T HOEEETE2RD 8
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NOEREIXIFEALETZT LI LR EIN5,

High-y #4

203 K TlE, 1%OTAHATIHIZFEALEELRELTELT., 3%0THND 10%0
T HDO MR % D LTz, AT O 25— IR (29% O T H)IZ BV T 6%
EV@%mﬁ~XT%4%ﬂ%ﬁLT%t@NBK%iUZBKTi Ferd A
— A7 A FEOEITIFZFEETH Y . 1% 0T HOELMET 293 K &t L
T%%ﬁ~x%%4%@ﬁ9%ﬁk%#ottb BENMET L2, 7%
A —27F A4 NOBREMENMET L.~/ T oA NEREMEEINT- & 2
LD, TDH, 10%O0TAETIZIFEETCOERES—AT A4 "REREL T
W2, 10%OT BRLUBE TR A — AT A4 MIUFEAEEGF L TV RN &
B ARIRIZI T D mIEE~D TRIP 21RO FLHIIAHAKE TH 5, 243/ TIK
TR TéTMP%%@%@uowfﬁﬁﬁé 77 K Tit, 3%0THET
WIZEETOR-EA—AT A PP ERELTBY K- A— AT T4 NOMEE
EMNEFELIETLTNDZ &wﬁménto

MER D 293 K 23T % O ¥ — 2RI I CT—H R 7 L T2 5%
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Fig. 2-11 Volume fraction of retained austenite in the Low-y before and after straining

at low temperatures.
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Fig. 2-12 Volume fraction of retained austenite in the High-y before and after straining
at low temperatures.
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2.3.2. 85|28 T High-y $F DOBEIRIET1(0.2%IMi 77) D3 iR AR T 2R3 2 &
Z {54 L 7=, Fig.2-13 |Z Low-y #/3 £ O High-y # O BRI I2B1T 5 0.2%
M 1% & & Db DERT, Low-y M CTIXIRE DK TIZENRZ T 0.2%ii /7
I3 B LW 523, High-y B CTIRIEE DR FIZEOED LTV D, 0.2%I 7143
R BRI 2 R T BHRIZELRE R A — AT A b EHT MV TH R
T ERHESINTWD DB EES— AT A NMAOLA ., RERIEE N
Ms JRUZHED NT2, BRIS DT 5, ZAUTIREOIKTIZHEV, 4 —
AT FA FOREMEMET T2 & CINTHELREMEESND Z (v LT
VYA FONR—Z MR A ER)ICER L, BREICLY BT Eo 0.2%
MAPMET T 5720 B2 HNTWD, RIFFETHWEO Ms SUXLL T O
ERHWCEHEE LY,
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A MIEEHE L THDICAEIC 2 mH 25 Z EBREH S Tn52, 77K
TIET7 =74 MEOFPEE L 720 | BEEA— AT A FRIZELT, 727
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Fig. 2-13 Temperature dependence of 0.2 % proof stress of the test steels.
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Fig. 2-14 The volume fraction of retained austenite before and after straining at 293 K

obtained by EBSD phase map and neutron diffraction.
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Fig. 2-15 Work-hardening rates and true stress - true strain curves of the test steel at
low temperatures. Red dashed lines indicate tangential components of work-hardening

rates in the early and final stages.
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Fig. 2-16 Volume fraction of retained austenite after straining at each test temperature.
Red dashed lines indicate tangential components of the trend line of volume fraction of
retained austenite. The range of tangential components of 0’1 and 0°2 in horizontal axis
represent the same range as the tangential components of work-hardening rate in early

and final stage in Fig. 2-15.
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Fig. 2-17 Nominal stress-strain curves at (a) 293 K, (b) 233 K and (c) 193 K after pre-

straining at 77 K.
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Fig. 2-18 Work-hardening rate-true strain curves at (a) 293 K, (b) 233 K and (¢) 193 K
after pre-straining at 77 K.
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Fig. 3-1 Schematic illustration of interrupted test and cyclically unloaded test.
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Fig. 3-2 SEM images of cyclically unloaded test that observed the same field of view
at (a) 0 %, (b) 4 %, (c) 8 % and (d) 12 % strain at 293 K. (e) and (f) is magnified image
in (a) and (d).
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Fig. 3-3 EBSD phase map of cyclically unloaded test at 193 K and 293 K that observed
the same field of view. The value indicate the volume fraction of retained austenite.
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Fig. 3-4 The volume fraction of retained austenite at the surface and interior of the
deformed specimens at 193 K and 293 K.
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Fig. 3-5 EBSD phase maps overlaid their image quality maps of the deformed specimens
under (a) 1% strain, (b) 3% strain and (c) 10% strain at 293 K. Arrows indicate

deformation-induced martensite near bainitic region.
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Fig. 3-6 Orientation maps of retained austenite phase under (a) 1% strain, (b) 3% strain
and (c) 10% strain at 293 K. Their inverse pole figures are shown in (d)-(f), respectively.
The orientations near the <111> zone normal (tolerance angle of 15°) are highlighted

with the ratio.
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Fig. 3-7 Strain distribution maps (exx) obtained by DIC analysis after (a) 0 to 4% strain,
(b) 4 to 8 % strain and (c) 8 to 12 % strain at 293 K. (d) 0 to 4 % strain, (¢) 4 to 8 %
strain and (f) 8 to 12 % strain at 193 K.
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Fig. 3-8 The relation of standard deviation and strain obtained by DIC analysis.
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Fig. 3-9 (a)The strain distribution maps separated into 4 class and (b) the EBSD phase

map of y phase in same region of (a).
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Fig. 3-10 Volume fraction of retained austenite in each 4 class strain region as a function
of true strain at (a) 293 K and (b) 193 K.
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Fig. 3-11 Volume ratio of austenite in each 4 class strain region as a function of true
strain at (a) 293 K and (b) 193 K.
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Fig. 3-12 Volume ratio of retained austenite near the zone normal to <100>, <110> and

<111> with a tolerance angle of 15°. Shaded area highlights the increase of relative

ratio with <111> austenite.
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Fig. 3-13 Orientation of retained austenite in Low-y (a)-(c) and High-y (d)-(f) normal
to RD obtained by neutron diffraction measurements under tension at 293 K: (a), (d)
0% strain, (b), (e) 10% strain, (c) 27% strain (fracture) and (f) 29% strain (fracture).
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Fig. 3-14 Volume ratio of retained austenite near the zone normal to <100>, <110> and

<111> with a tolerance angle of 15° on the specimen surface without crystal rotation at
293 K.
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a tolerance angle of 15°. Shaded area highlights the increase of relative ratio of <110>

ferrite.
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71 60 THIFE - T=BRD BN 18 72 ) OREMRAOBRE) /1(Ulog) & L CTHEH L 7=,
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Table 4-1 Twenty-four variants in K-S relationship.

Variant | Plane parallel Direction parallel Rotation from Variant 1

No. [v1/[a’] Axis (indexed by martensite) | Angle [deg.]
Vi [-10T}J/]-1-11] — —
V2 [-10OTJ/-11-1] [0.5774 -0.5774 0.5774] 60.00
V3 (111)yy [OT-1}/-1-11] [0.0000 -0.7071 -0.7071] 60.00
V4 011’ [O1-1)/-11-1] [0.0000 0.7071 0.7071] 10.53
V5 [1-10]//-1-11] [0.00000.70710.7071] 60.00
Vo6 [1-10}/]-11-1] [0.0000 -0.7071 -0.7071] 49.47
V7 [10-1)/-1-11] [-0.5774 -0.5774 0.5774] 49.47
V8 [10-1)/-11-1] [0.5774 -0.5774 0.5774] 10.53
V9 (1-11)y [-1-10]/[-1-11] [0.1862 0.7666 0.6145] 50.51
V10 01’ [-1-10]/-11-1] [0.4904 -0.4625 0.7387] 50.51
V11 [OT1)//]-1-11] [0.3543 -0.9329 -0.0650] 14.88
V12 [0T1)//][-11-1] [0.3568 -0.7136 0.6029] 57.21
V13 [O0-11)/M-1-11] [0.9329 0.3543 0.0650] 14.88
V14 [0-11)/-11-1] [-0.7387 0.4625 -0.4904] 50.51
V15 (-111)y [-10-1)/-1-11] [-0.2461 -0.6278 -0.7384] 57.21
V1o IOl [-10-1)/-11-1] [0.6589 0.6589 0.3028] 20.01
V17 [1T10)//]-1-11] [-0.6589 0.3628 -0.6589] 51.73
V18 [T10)//[-11-1] [-0.3022 -0.6255 -0.7193] 47.11
V19 [-110}/]-1-11] [-0.6145 0.1862 -0.7666] 50.51
V20 [-110}/-11-1] [-0.3568 -0.6029 -0.7136] 321
V21 (11-1)y [0-1-1]/-1-11] [0.9551 0.0000 -0.2962] 20.61
V22 011’ [0-1-1)/-11-1] [-0.7193 0.3022 -0.6255] 47.11
V23 [1O1)/[-1-11] [-0.7384 -0.2461 0.6278] 57.21
V24 [1T01)/[-11-1] [0.9121 0.4100 0.0000] 21.06

5..
7 ® 020

100y

23® 010
LN
18 15

Fig. 4-1 [001]o’ standard stereographic projection of one of the K-S variants (V1) on
which the [001]a’ axes of 23 other variants (V2 to V24) are plotted as solid marks.
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(a) (01Da’ // (111)y :i (01Dea’ // (111)y
[111]a’ // [110]y

[111]a’ // [110]y

(b) conjugate slip plane

111y
primary slip plane
(111)y
[110]y

Fig. 4-2 Schematic illustration of martensite lath (a) and variant restriction by both

primary and conjugate slip plane.

1 : lied st 2
normal direction applied stress : ¢,

to slip plane 4 applied stress axis

TN

Fig. 4-3 Schematic illustration showing relation between applied stress axis, habit plane
and transformation strain. yo is the transformation shear strain along the transformation
shear direction on the habit plane, and €o is normal component of the transformation

strain.
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MR DWW THENT L 725 5 % Fig. 4-4(¢) 3 L O\ Fig. 4-4(d)IZ7~ 3, Fig. 4-4(c)
B LW Fig. 4-4(d)IT {111}y & {110}a ZERZRAXKE L O<110>y LW
<1>0 ZEREBAKEZNLENR LTS, KFO1)y £(101)a B LW
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A MRIR LICFET DEEA— AT T4 PBLONA A MEERNICFET
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Fig. 4-4 Microstructure of as-received TRIP steel sheet on the TD plane: (a) secondary
electron image, (b) IPF orientation map normal to RD, (c) pole figure of {011}a and
{111}y, and (d) pole figure of <111>a and <110>y. The plate-like austenite marked by
square in (b) represents the variant of {111}y satisfying K-S orientation relationship
with {110}« of the ferrite matrix in (c) and (d). Arrows in (b) indicate the other two

variants.
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Fig. 4-5 |2 77 K (&8 T D kWi OFRER - FATH TD ¥ — Akt
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Fig. 4-5 (a) Secondary electron image, (b) inverse pole figure map of o phase in the TD
section, (c) inverse pole figure map with image quality map of a phase and (d) line

profiles of misorientation along the arrow in (b) after tensile test at 77 K, respectively.
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Fig. 4-6 (a) inverse pole figure map of a phase with image quality map and (b) inverse
pole figure map of a phase after fractured (11% strain) at 77 K.

88



Fig. 4-7 (a) inverse pole figure map and (b) inverse pole figure map with image quality
map of a phase after 11 % strain at 293 K.
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ferrite matrix
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Fig. 4-8 Secondary electron image of fragmented cementite and isolated pearlite in the
ferrite matrix for the TRIP steel sheet as cold-rolled.
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Fig. 4-9 Transformation of austenite at the a grain boundary during interrupted tensile

test at 193 K: IPF orientation maps of a or o’ phase at (a) 0% strain and (b) 8% strain.
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Fig. 4-10 Mechanical driving force (a) and Schmid factor (b) of twenty-four K-S
variants for the retained austenite shown in Fig. 4-9. The variants of a’1 and o’> were
V4 and V22, respectively.
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Fig. 4-11 Transformation of austenite in the ferrite matrix during interrupted tensile test
at 193 K: IPF orientation maps of o or o’ phase at (a) 0% strain, (b) 4% strain and (c)

8% strain, and (d)-(f) line profiles of misorientation along arrows indicated in (a)-(c),
respectively.
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Fig. 4-12 Mechanical driving force (a) and Schmid factor (b) of twenty-four K-S variants

for the retained austenite shown in Fig. 4-11. The orientation of the variant V8 was the

same as that of the ferrite matrix, but the orientation of V10 was different.
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(@ (b) (c)

Fig. 4-13 Schematic illustration of martensitic transformation of retained austenite in

ferrite matrix: (a) after cold-rolled, (b) after annealed in a + y region and (¢) after tensile

deformation.
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