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Fig. 1.1.1 Relation between the tensile strength of the steels and the

delayed fracture strength of them after 100 hours in water. V
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Fig. 1.2.1 Relation between peak value of maximum principal stress
and peak value of locally accumulated diffusible hydrogen concentration.
The maximum principal stress was calculated by FEM. The locally
accumulated diffusible hydrogen concentration was estimated from

average concentration and the maximum principal stress. 2



Fig. 1.2.2 Fracture surface of notch tensile test of circular bar in

which hydrogen is charged 2
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Fig. 1.2.3 Diffusion constant (ot)hydrogen in iron
(a) Shadowed area shows the region of many results obtained
experimentally
(b) Diffusivity of hydrogen in ferrite( o -Fe), austenite( y -Fe) and
stainless steel (y SS). The effect of hydrogen trapping by defects can be

neglected in all samples. ©



IKFEHEAAZ DN TR % 72 M LE RN IRE STV A0, RIZIZ= 2o
ZFEFLN TV, KE ST IUT, KBIZE > THEEEENRE SND
HELP €7 /L D, KB K> TZFAREDH LT, AA RRBE LT <A
HKFBIEEFEET VY | RLFURHT U7 KFE DS RLFGRE 280 S 5 3%
=R —IKFET VY 038 5, KFEMAIZ X DM, W< i~
X CTH D0, EIREEH T OKFHA O IX, KLFEKCH B L H 5E
Bzl Ln 6 1002 K5 RO R — RIS < EERBIAITRE R0 5 |
WD LD I EWHERE NSRRI TV D, Alh, KIFUTKENR T v 7 a5
R W = R L X =D T 503, S BIT, ISSI O o 7RI Tl R
DN & o THTZAZE TRt 0 M, FHOKFERIEH LT R Z
VI EIN, SOICRIRBENRTEDL LWV TH D, T, HWERT
IFARBRALDEZ VI VWEWVWIFEREEL LA TWND,

AR 7 TDA JIE T, 100°CH 5 200°C TE—7 2o L 9 I &
DRBEYLHMEART L), BRCTHET 2 & 1 ARETHRIH IS, LK
PEARFBIIARBMAL DS & HEHy BWEB 2 R0 72012, KFEMeboofs
ELipo TG, ZDOKHEIT, 2211, %ﬁ%gﬁmﬁﬁﬁ5®&wi*w¥
— TRy T ENTWIKETH Y, FIIERIREIC b EE 52 5, Z
NWHDORMINZ b T v 7 ST KRF L, BERRE %ﬁbf m@k% H T
v P ENDT2H, RIFITRAT LT KB RO L EZMDIZIE, 2 b 08RO
KIfa~DIKFEDIEDEACE AN D E R B D, L#Lﬁﬂ% FEMHT DK
HONEREZ L I 2 L—2a VI AHEINIIRIEMSI SN TELT, 20w
X2 b—va CENRESIOS AKSEME b A [RIEE T D E RO A T D
MR ST AN Y — L b0z, HifFsnh T,

. 3 WMFEDOHEB

DX, KEMACZERET HITIE, RAT HKBEEZWDS TOPRA
HI72 %R Cldd 2 23, IEBERFICIRAT HKERVERICEVEAT HKFERE
(THET D 2 EBEL TIER W2, IKEDMZA LT HAKFEML LB SR A
ROLNTWD, E6IT, MM OMEZRIET DITI1E, EORE £ TAEN
BALTHERWN, HDEWE, BALZAZEIISC T, MENLE Z K
TT 2D E VS FLFHIHEESC T RIFIEA RO TN D,

EEETIN %u K5 e EOKFE N T > IR, Hali O EREA T L OFHA
B oAz L0 | FEC N0 20D, —J, EREM PICHFET DR



1B L BKFE N7 v REEIX, Bl S TIERy, £ 2T, AT, &#
— B R A LB RIC L 0 . RERIE D NaCl Bt & &
AUBA NOKFERNT v FIREEMTT 2 & & bic, ERMTCRIES 254
BJ—ZRMa 3 549 D356 DIKBSAMFHRET VERE L, i L72FHE B
DFRREIZ SOV THFZE LT=,

. 4 EFRTOMHEER

AT, 5 2 BICBWCAME THWGHR kAR, 5 3 T
NaCl R DKFE - T v TIRBOMHTHER, H4ETEA XA FDK
F LT TIRBOMHTHRER, 8 5 A —ICRMEB AT 256 DKFESY
AT DFRHTRE R A RS el 28 6 BT, £ & EAHRDOBEIC OV TR 5,
¥, AAFFEICER S BE T 2 ERFIEIZOW T, (TR CHERL L 72,



H2E FHEFE

2.

1 B JRHEEE L

BRI R, RFoEBEERFOMEEZAE LT, ROy
VT o =R e TR BN B A BB R RIS K RO 7o R0 E IR
RBICEDE ., RO RN F—LRFI# < WEZRDLFIETH D, &
FDORISZA DI W ERE DOFH R EOGEIX, K Cldens o b
T A= HFEADBHWOND, BERIZBNT, EFIE7 AT FeffEoF
—H—DEND LR, EFOLRNREBEICROE D 72D, EFROLIK
BT v v VRPN EFEER T O E LThE X T, —E Il
Y2 b T 4 =R EE ZLMThN TS, TORT ¥ /LvD
B Y % /T EE U Pl (Local Density Approximation)1D & FEON, JLJECHRAE
IZBWTIE, FOYBENEFEEOIEM TR TE 5 L9 B APLEIEK
5 (Density Functional Theory) 22 S\ T\ 5, R E A0
ELWBEERIIRTZEM SN TUIWRWD, B—REDOE 1 HRO L7
Bk x RRICEA SN, 2 DRICHOVWTEENICER E —ET HER%
BCWD, SHICHMEZRORICH LTI, Ty T AL EX T AE LD
B 22 I B, JRFTOEF A E U EE O Z WL /A v
#FETEL (Local Spin Density Approximation) & L CEART 2 v /L%
WO FEIIRE S, Z< DR TEBREZBSHHLZ, LPL2n6, 1<
DPDFZTITEEINC L ERE KL R2WGAERH Y, AT v LOWE
PHED HILTE TV D, AL TH D Fe bz D—>T, FFTEE L L
HICRFTOBEEABIZS AT v XY VK FET 5 GGA (Generalized
Gradient Approximation)®38%& X1, Fe HiEdh D 5 6 bee N —FRLIE &
RDERBR VPO ND L DT T,

Va LT o =R EEAER R 7o, i T E A R BRI
ORI E LT, NIV =T U E(THITR L, £ OREA L FEAE
ZRDD,

ZOBEAMENEFPEDOEF =R NLF—L )  EFNT 2V INMT D
IR — I HlE 2 D HE S 2B HuE S E DM
MBRED, SHIT, ZOBFEENMMD D WVITEF A E S BESMNG,
JRFTERE (AE V) WBBGELUZE S WA T v VEZRE L, #il
IRNINV R =T AT ESG D, LFZOFIEEZNE T 2 E THRYIERLZ & T,
BT OREREBZRDD Z L TE D, ROTZEFIRENS, BFITEBL Nz
RKbDHZENTE, ZONZESW TR EEZZEILEES, LT, Y
FARICE TSRO IR LEHHEIC XL > TROTEFIRENS, FI2@< %
KDL, ZOXCLT, AENPEM LRI RDET, P LTOBEIX



BHZLICLY, FFORERED D VIIELZTHEZRDD Z LN TE 5,
ZOXIICLTHELNDRFOREMBEILFRE B —HLTHY, FHE)
SOOI ER D ERI & OB TEFIIEW LT TH D,

TERODBVNZLY | JRFEOBMEEEENDIBIENRER D, KO
FHEAEM 2 £ O BB, BINEOMEFTH Y . < OWNEHEFIX
JRF D DOEAZHE TH D Z L ZFHA LT, 6 BEHE T, SkE T
DHEFET DT ENZ, ZOGE, EFINEEFLSMNIEC 5 R T
T ML, WEE ISR SR FEDORT o v Th Y | JuREmEIC R
D FEMIRRT v L E LTIV,

EATHIW D i AR, SRS Z BBICmET 52 L &, K&
JERE D IEJRAENED T DI < NOFAPES ThH D LW ) Rirg
ALTWD, —F, EFOREBIEIL, FHAEALEDRNRT o ¥ L DFf
BMERH D Z L& SREGE O SN E T HE & BT DN,
JRFZEE CRE S EBT 2720, BAEESRT v v LA BB CREL
T2HOIC, RERWEHECTEmEE A LEL T 5, BEBEENRZ W EZNTET
FEI X IRNE T, NG —EOE R T HEIVUL, IE LWEE)
B L 72 505, ZDFE R N T, BEV/ NS WV IEEIBAEA FAREEE LT
F5o )V AMBEFERUEER T 2 v v L BB S, RO AT D Z
EMTE, LAL, PRERRNOEMMENIE LWEMEE T2 L0
RO, HEEOBOME NMIRR B D o7, £ T, 2D /L ARIFEE D
IHIRESN L=V T Y7 MERT Vv ¥ )V 1O0BR% S, /L LFERAT
DRIE L WD RRFHEN MDD SO0, LEEOK AR ST & T, @l
REAENBEDL L9 oTc, SBIT, R HEOWNERT 2 v L% [k
LoD, JIVARET, U T VT MERT ¥ v WG B RE D
72 THTe P AW (Projector Augmented Wave) T > v /L 1D73B% X
i, AR A N EfSEZBNYTE5 X927,

AF LTI o T — R IT. ¥ — 2 R THJE S L7z VASP
(Vienna Ab initio Simulation Package) 8% fiH L 7=, VASP (3 ik
RIEZ M U7 A R 2o T ROE —FEGHE Ay r—UThH Y |
GGA DJF A B BEPLR D PAW RT3 % v & AWz iE N Al jET
b,

[ A 0D YA e B JEE D B — R RGO RS L 1X . W 28R T v o v L OELL
ST, BT v x vB JORERES A iR T 25800 v M7 =3
NF—DORESBLOEABRBEZIEET DWEB7 M ORICELASND,
ARG 2T AT X vk, 7— U ZREETE 203, Ok T-
R MVORESORKEE D~ hAT7 =X VX —CTHIET S, BHROE

10



ARSI AN REREEAR7 MLk CTRBIEND, kX7 bR EZER O~
YLNT Y= WNIZHEEE L TWA D, BIEHEZ T 572010, RE\EREZH—
YTV T, 2O T 7Y, TCICRAR T X O ICEHRRE
B EEZ D, KL TIT o e AR OFE—RBEF R AT O AN, Iy M A
TERNNF—BLIOk RO¥EEZ T, FOZRLF—0.01eV LU T OIE
TR T 5 & 9 e ftb 2@ T, FHRRE AR L,

2 REOHEFGE

AT Cor Lz & 9 7 BB RS o il N Tk & FEAE & o S imi ik
OFEZTHI-DIC, K221 1573 T X2 RRWE RO 7 =F 14 NE
R HIW AT B2 WD, Kia S THWESIRERB ORI G | B
FY72 0 O 100 EREEICHIR S N D, d@E ., Fim o =5 ERE
Bt D & RmOEENBNTH LT, 2=y ME/LTORKRIEFEA 100
{iH 2 KAEIZEB 2 72 WEEPHC, A 5 gLl kic/e s koo Liz, £z, F
AR mOIHEES Rm ORI, BT T L TH - TH 100 H 2 KigIZ
ZTCLEI DT, BA XA FOIESFETEAR mE L TH-o72,

S x Gt OB O FEEEEA B A TIERW o T, AimICHEE
RBFEDOCNVES el T 5 NX—BbE2HE L, TOTRNLX -0
INERDBEDRBNLVES cBIRE LTz, AFEEZGLHETH, TORALES
clIKFBEEERVGBEOREEFAIL L Lz,

11



---------------------------

———————————————————————————

---------------------------

ferrite

carhide

ferrite

---------------------------

———————————————————————————

---------------------------

Fig. 2.2.1 Superlattice used for carbide/ferrite interface
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Fig. 2.2.2 Schematic diagram of cells used to estimate trap energy in
carbide

White squares, gray squares enclosed by a broken line and a gray
square enclosed by a solid line are carbide, strained ferrite and
unstrained ferrite respectively. Elt, Elf, Esfand Eufare formation energy
of superlattice containing a hydrogen in carbide layer, that of superlattice
containing a hydrogen in ferrite layer, that of strained ferrite containing

a hydrogen and that of unstrained ferrite contains a hydrogen.
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Fig. 2.2.3 Schematic diagram of incoherent interface
White squares and gray squares are unit cell of carbide and that of ferrite

respectively.

14



2.

3 SPRALHOE Y OEEBREOHEA

HP DOKRFOFEE= RNV —XEBGIC L > TENT 5, EHZPRE L e
LA, EICKTMZERT 2 HEERDSBERT R ALX —%2 LE LT\ D,
BT RACM DBEEELROKE N T v T FRNX =%+ D 720I, #EE
DAz FEM Tt L, TORHEEENLERICLD N7 v TR X —%
RS o7,

FEM H5IZIUH O FEM 357 1 75 LFlexPDE"19 % iV /-, fH.O
T2 DIZ HTHEIEE IR & Lic B X A~y TREEMEEZRTI20DIC,
FARH O EEE DreJE X tre O AR A RIZXF LT, EHE Dyc/E X tue O H
FEZE 2.8.1 IR T L O ICHOIALRFE AT o 7o, BEAR & R D ks
LR SCHERE A2 Tz, SHRSEIE, IO R E S 2fFI2LTH, Rk
JELDEDEAN T %LU T ERDEIIC LTI EFIATYTFORESES
LT 5E, HFEAOBBAIFRATELZOND,

Dyc= (]+§) 2 R R S (2)

tve iF, BIHFEEERENDS Dye @ 1/10 & Uiz, —F, treld, BRALDIALERFIZHR
VIAENDZEHLORIZELINDTED, —RIIFRED LR, 22T, &
HF G [F CEIG TR DO F B REWGE & Wi DR NFE U6 %5
BT,

FERRHEE T 5 &=y DHNTRR RS E L D720, =y PEIHB L
5 X, WATHINDRE Lz,

{6)2 N (%)2}" +(§)2" S e (3)

TIT, AR, CIIER, =y VEOFRENT A =2 nld6 & LT,

15



fermte ferrite

vold

tM C

Fig 2.3.1 Schematic diagram of the method to calculate the strain field

around a carbide in ferrite matrix
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Fig. 2.4.1 Conceptual diagram of NEB method

Total energy surface for an atom diffusing in two dimensional space
and created images of each position. I and F mean initial and final

respectively. 1,2,--*N mean created images.
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3. 1 DbeeFe HD NaCl & x{t#

Ti. V. Nb Z0RtMiL. NaCl B OfEmEETH Y | bee-Fe FTIE, £
DA ZAD/NSWEEZIE, Table 3.1.1 (TR T X 9 Z2BCIRTHIHT 5, Bk
Brifi¥y DI SiE i (100) 17T, BHFHO bee-Fe @ (100) 1A & AT T,
M%@<um>ﬁ&kMwﬂﬂxum>ﬁ&ﬁ—ﬁ¢éioL%QﬁM?é
it o EHICITREENBE S ND, it REL< 25 L, BERmIC
SAT 4y MEEEAS L, EEARm LD, S HITHTH T A XK
X bl IRRICEENET L BT, FEERmERD, RO
bee-Fe E DI AT 4w FDOKE X% Table 3.1.1 (I~ L72, A7 4 v bR
REWVIZEBEBITIRELS RDD, BEDLYEESITER T DN A XX
WL 72D,

Table 3.1.1 lattice constants of TiC, V4Cs and bce-Fe and misfits

between carbides and bee-Fe matrix

TiC ViCs bee-Fe
lattice
0.432 0.417 0.286
constant /nm
misfit 0.067 0.029

INLDOHHEMIL, KFELZ Ty T THZERMbNEBY, ORI VT
REEIZ DWW THFZED 22 ST % 7, Bernstein b V1%, AKE B W EBR O
DD SR Z AT DM 7 TiC i b IFEE R 2 AT 2 K& W TIC
Hrif# b KE DN N T v 7 A N EFEO L5 LT b, Lee b 221X TDA
HIEOFER D 28.1kd/mol DI S THLAEDIEME(L = /L ¥ —73 86.9k
J/mol D 7 v 7Y A+ TIC OIFEEREITHY | A XV ZDF
v T EZRNX =N T D EfEim LT\ D, Wel 5 20 TiC R DKFE
F7y7%%_0wfﬁmAwmﬁ%&TEM@®%%%%#6\#%é

’Tf¢é¢274ykﬁﬁﬁ4&wmmm@b?yfi*wﬁ—%ﬁ
O&Fﬁofkmtﬁ%%htVﬁmﬁwTDA@ EREHR L TEM #%2
NaCl !V R D v OFeS %ﬂ%Mkwmd@%7/7ixw%—
%%Okbfwé_Mﬂu6wi V IRINER D TDA JHIERE FH 6 VO
Y% 33-35kd/mol DHEEDIEMAL =RV F—%2HT 5 LfkamL T\ D,

ZD X, NaCl B Abix, BEES, BEH,. HEAm. FEAHE
NET o TH A FELTRESA TS, filch, BILWOTHD C 22450,
AR OMEIL, EAHAICH L TCIHES ER->TRY, BIEO T v
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A FOREERH D, 26D T v T ORGEMED & D VA F ORI %
Fig. 3.1.1 ICF &7,

Coherent Strain field
interface T

T (001) (110)

|
/‘ Incoherent
Carbon vacancy interface
Interstitial site

Fig. 3.1.1 Trap sites of NaCl type carbide

21
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KESWTHRBbG o7z, ALY, 7= T4 b & Frt ot ek
ZFEFON, ZAER DO ERTH LN TV D% AN E K 20 2 FHEICH N
7o £ DfE% Table 3.2.1 (23T, RAGMITRHED 7 = 7 A MIHAT,
MIVESR O ERRE <, BT » ) VA 23 FRE L/ &,

Table 3.2.1 Elastic constant used for FEM calculation 260

TiC ViCs bee-Fe
Young’s modulus (GPa) 457 415 211
Poisson ratio 0.183 0.190 0.29

F9. FEM FHEOZYE M L A ORITENE LD 722, Bk, [F
AAE A, PR D& 2 DEAITHONT, HEHFIICRKEW VuCs NEASH
=HA L —1 (X 3.2.1 7> 5 X 3.2.3 O z #5711 LA D IF AT K X 72 V4Cs
DIRASINTHGEITOWT, BRI EZFE LT, 3R CHEONTEEER
SAig, B08.2.1 MBI 8.2.3 IZRT, EIEAEITADNETIL, EHAH
—HETHY, HimE—HLTEY, HEORYUMEERL TS,

RRDOEFEESRIL, BRIE < [BlEEAE MR < FEEOBMRIZH 0 | % HH) VaCs
<ESIWDFE T VaCs &9 BIRICH D, 7o RIEEABEDRKR LD DN,
[ElEAFE PR &z BT K72 5 IS O AR & WHFEDSG AT TIEEEE L |
LEHNCRERMAETIEIT P ETHDZENSN D, £z, MRS
BHLIRSTHEY | FHIEEIDE CHAIEE D RERERER L R>TND,
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Height from center
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Radius
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Fig. 3.2.1 Volumetric strain field around spherical void

(a) V4Cs isotropically larger than void

(b) V4Cs whose vertical

diameter 1s the same as that of void and whose horizontal diameter 1s

larger than that of void. Black circles are maximum points
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Fig. 3.2.1  Volumetric strain field around spherical void
(a) V4C3 1isotropically larger than void (b) V4Cs whose vertical
diameter is the same as that of void and whose horizontal diameter is

larger than that of void. Black circles are maximum points.
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Fig. 3.2.3  Volumetric strain field around spherical void

(a) V4Cs 1isotropically larger than void

(b) V4Cs whose vertical

diameter is the same as that of void and whose horizontal diameter is

larger than that of void. Black circles are maximum points.

25



I, R T D KB DEEE TR — D2 b2 5 — JFEEE TR
O,

%9, bee-Fe T O EA/KFEZEDIRRESR Fe JE+ 54 fli)>6 72 5 bee-Fe d1i27k
REBEE, M, £ORRE, Fig. 3.2.4 PO HEKTRT Fe i1 4
ETHENTZ T VA SBLRETA hE7rotz, ZiUE, R/ USRI DR
FROEREN O A FTHDLZEERRY EROFERE—FHLTWVWD, 2
D & ZDQ00)WTHEIZI T D EFIRE L Fig. 8.2.5 1T T, KK A ERIH
WCRIFTHEL AT < 3572012, Fig. 3.2.6 ICKERFE2HALEHE
EANIRWIGE L OEBEFEEOQ00)EHE EToEEZR LT, KEDEY D
BRA OB AW L TCND Z ENgnD, Fig. 3.2.7 278 L72E FIRIER
JENS D LI, KEOD 1s BLED T R /LF — 38R D RE DT 3
X=X VRN DI, KFEOENTND 1s BUBEICE Nl 0720,
FOSKOHBEFHENOBE L TWDHmdEEZBND, KFBIT~A T Al
MELTEAAA DI IR TNDZ L2 D0, JABEOBE T TAZ U —
=T ENDDIT, REME CRELZRKFILTUINRVWEBZ b5,

(R

Fig. 3.2.4 T sites and O sites in bece-Fe
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Fig. 3.2.5 Contour of electron density on (100) plane of bcc-Fe
containing a hydrogen atom on it. Blue area is with lower density and red

area 1s with higher density.

Fig. 3.2.6 Difference of electron density on (100) plane of bcc-Fe
between a hydrogen atom on it and no hydrogen. Light blue area is zero
level. Red and green area correspond to the region that the density in the
case with a hydrogen is higher, and dark blue area corresponds to the

opposite region.
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Fig. 3.2.7 Partial density of states of bce-Fe containing a hydrogen at T

site. £fis a Fermi energy level.

K& G T bee-Fe fifidh & KFEZE £ 720 bee-Fe fifidh & D= R L¥F—
D7 § E O EXKAFVEZ Fig. 3.2.8 (Tw Lz, OIS — R
TROTEKRFS T O R NF—D O %R L TEBY, § ELDZEN
bee-Fe FOKFEDEIRT RNV F—IZkET D, T OMRBEIKFEN D | K7
RFIIEFETEA 1 %4720 5kd/mol DIERET R E—LAT 5 Z & B35H
Al

Fig. 3.2.3 ® FEM #tHOFE R & FREOF T L £ — DB MEAFMENS |
ViCs DEELGEAIHL, FHFNT VaCs MR X WA ITHRK 6 kd/mol, z #hiZ
EELEAHDARZNVCsDHEIZHRK 1 5kd/mol D kT v ST x/L X
—HE RO ENy otz TIC DEEICYH ., [FRROFHEiZ 1T - 7o fE R, BE
BAHGIRK 2 9kI/mol D b T v TR VX —%FFOZ LByl
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Fig. 3.2.8 Relation between lattice parameter and the difference of
formation energy between 54 bee-Fe atoms and those with a hydrogen

atom. Broken line is the half energy to form a hydrogen molecule.

Arrow shows the natural lattice constant of bee-Fe.

29



3.

3 RIMFDOKE LT v KR

TiC H L O VaCs IRALM T O A RINLEDOKFE R T v TIREEZFHET 572
WIZ, Fig. 8.83.1 IRt 2=y M EICKER T ZHE L A& M ST,
BRTENLE & RDT=, ZOREFR. KFEIE, Fig. 3.3.1 DEEKIRITALE Thie
HLEZETH- T2, Fig. 3.3205005 L 912, KFBITIRFN HITZEHETIC
HHN, LI =20 Ti JF1O—FDFREIES30WTn5, 2k, A
ICHPE LT KE#ED, EICHE L Ti L5l& AV, AICHE LT-RHE L R
Licleb B2 65,

X512, Fig. 3.3.3 1R d 2=y hEILD C LD F RN LT NI-ALEIC
KEZENT, KFEMSE, KEDCZELTD N v FIREEZHE LT,
T ORER, KRFIFZEALOPRTLE( LT, Fig. 3.3.1 O 7-MNLEOKFE
DR T A/ F—1X Fig. 3.3.2 ® C ZEHLNDOKEDOHK T FLF—LD L
183kdJ/mol K& h o7z,

ViCs (2O T, RIREDFE T o I2fE R, KFEOLEMEITIZIER T
To > 2D & FHNE DKFE DB /L F—I% C ZEHLNDKFE DB
X =10 222kd/mol K& <, TiC OHA L Y 39kd/mol K& 0o 7=,

M & B, A& FBNLE & C Z2LLE & D= R F—2EnRE < F2LIC
T o P ENTKRBIIBES IHRKITHE RN EB X BN D,

Fig. 3.3.1 Unit cell of TiC and stable site of an interstitial hydrogen.
White spheres, gray spheres and a black sphere are Ti, C and H

respectively.

30



Fig. 3.3.2 Distribution of electron density on (100) plane of TiC with a
gydrogen on it. Brighter is higher density.

Fig. 3.3.3 Unit cell of TiC with Carbon vacancy and a trapped hydrogen.
White spheres, Gray spheres and a black sphere are Ti, C and
hydrogen.
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HHEDNT v T ZFF—ZONTHIRD K D IZRkDT=, CLFLITKkEE
n HETHEITHONT, AR FEMSE T h—# L=V ¥—En %3t
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CIZTCEOITHETFEEERNVCsD F—H LT XN —Th D,
bee-Fe DEFIRAE & i 2 101E, BT OFHEN B3RO T VaCa #s1-FHIK
F# & beeFe DEEKFZOZRNF—%E% AE HHFITIE IV, ZORERE
Fig. 3.2.4 IR LTz, KFBOENEZ 51FE,. b7 v T F—(F#E< 7
0. 3 ETIX, ViCs k& T-MDRIEL Y L LETH D0, bee-Fe DOEVEIRNAE
KO UREE LD, beeFe HTIE VaCs b, BOE#HRIIZIX, C
ZEL1ENS -0 2 ECTKREE T v T TEDZENDND,
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Fig. 3.2.4 Trap energy of hydrogen at a carbon vacancy in V4Cs. Two
broken lines are the energy levels of interstitial site in V4Cs and bce-Fe

respectively.
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3. 4 RI{tWlbcc-Fe REDAKFE b7 v 7 IREE

BENEDOKFHE N T > TREEZTHIT 57212, RIbW/oce-Fe Sitiix &
LK TOET L ERO XL S LTRE LT, Table 3.2.1 IZ/RL7E L 1T,
RALH DY o T FRITFARD bee-Fe D 2 (FFEEH D DT, BAHE DK EL
TR O ERL L LT, R TO Fe #&+ & TiC ¥+ & A% B 7o i & B
fRERD D202, Fig. 3.4.1 127" T L 972 Fe R+ Ti i+ E Eiz< %
Gt EMEET 5 o C RO ROE Ik 56 L CHTFOE EIZ 5
BAEIZOWT, Fe & TiC NENZEN 5 @OBIE DO EZITo72, Z Ok
REon, AEICEERFRIOL=y hELDOEI L h—F /LT R )L F—
L ORfR%E Fig.3.4.1 12T, Fe i & CIRTENMET 2550/ R b2
NWR—BERLS ZETHDZ EBa05d, 2L Jung2? b OFHEFERE H—
HELTWD, £72, Fe i1 & Ti 03T 2BLE X AL E T, 2 oftm
TORLME Fe & ORIEAN, Fe i1 & CJRTEHEET HLAIT LT
RENZ ERDND,
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Fig. 3.4.1 Relation between the formation energy of superlattice and the

ratio ¢/a. Cis the thickness of superlattice and a is lattice parameter of
TiC. The following three cases are shown. The iron atoms at the interface
are on Ti atoms, at bridge site and on C atoms. Right figure is a front
view of superlattice. Middle figure is the view from <001> of atomic

configuration at interface.
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RiB L TiC - FETOKFED 8T v T =X VFXF—2RDLHT-DIT,
2.2 i TR LI FIEIZ L7203 - T, Fig. 3.4.2 (TR &1 % AV T8 — R
AR ZEITo Tz, BRI, RROEER Fe i1 L C F 23T 2 EE T,
ARMENCHEE R F MO L=y NELOE SIEATRORK b = R0 F— DKM
WZEE LT,

Fig. 3.4.2 TiC/bcc-Fe superlattice used for the calculation of hydrogen
trap energy. White, black and gray spheres are Ti, C and Fe respectively.

Fig. 3.4.3 1Tt CTH L7 TiC ¥ 1-H & St 3 £ O bee-Fe #7-[fC %2
ENLE Z T, TiC AR L O bee-Fe k&ML E O 2 ENLE IXATIR O %
NENO VT OFFERERE —8 L, RE i, X 3.4.4 187X 9512,

3fED Fe i & 1{HD TiJRFZTHA L T 5 4 EEOFRNE Fe I -
TALENZE T, beeFe O T 44 MIBLEHLTWS, ZO@KTFERUE
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I i o7~ Fe Jil 1 54 {HD bee-Fe FIZKFEEZBENT h—X LT R L¥—%
FHEL, 2.2 HioQXAEHWT, TiC BFFBIMED kT v 7T 2L F—|%
-58kd/mol. Bl H TiC ¥+ D578 bee-Fe B E D b TR L F—NE N2
ENGhotz, ZOTFRIX—EHFANT, TiC 0 C 227LI% 125kd/mol ®
NIy TN X—FFFOZ LT D, il 48kd/mol D T v ST )L
XF—%fOoZ LSO NT,

ViCslZoW\WT b, AR EEZITSRER, L FDZ 3o 72, TiC
L RRIZH T Tl Fe i1 & CIRFABEET 2RENLETH Y  ViCa s+
M1Z bee-Fe 6+ L ¥ & 106kd/mol = /L F—13E <, C %24LI1% 116kJ/mol
DRIy TZRXNF =GO LN o, —H, D N7 v 7T x)L
F—IE-6kd/mol L7220, T v TREANBILNZ LRG0T,

Q0o 02020 0200
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Fig.3.4.3 Stable sites of trapped hydrogen atoms in TiC/bcc-Fe
superlattice.

left) interface  center) TiC interstitial  right) bcc-Fe interstitial
Large white, small black, grays and small white spheres are Ti, C, Fe and

H respectively.
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Fig. 3.4.4 Stable site of a hydrogen at TiC/bcc-Fe interface
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AT 4w MEALE D IS R I, Rl CoR RN R E < e
%z k@%ﬂ@% >, Fig. 3.4.1 ORED Fe i34 B 1 & B4
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Fig. 3.5.1 Schematic diagram of hydrogen trap sites in NaCl type carbide

1n bee-Fe

Table 3.5.1 Trap energy of hydrogen by V4Cs and TiC in bee-Fe
The energy unit is kd/mol.

ViCs TiC
Coherent strain <15 <29
Interstitial site -106 -58
C vacancy 116 125
Coherent interface -6 48
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DF b, FTHEREOEV, ERFEOBENEH Y | F—r2ERICIE > T
W, AREFFED K5 25— FERE R, KFED N T v TIRREDH J178Y —
NTHY | HTHEREOENSCER TIEOE WA O R A D 512
X, L0 KRB —FHEFHENNE L2 | S%ROBETH D

N 25nm x 25nm x 110nm 7

10nm x 10nm x 10nm

(b)

Fig. 3.5.2 Three dimensional distribution of deuteriums trapped by TiC
in bee-Fe observed by 3DAP 3
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Fig. 3.56.3 Three dimensional distribution of deuteriums trapped by

V4Cs in bee-Fe observed by 3BDAP 4
(a) V4Cs with 20nm in diameter (b)another V4Cs with 20nm in diameter

(c) V4Cs3 withd less than 10nm in diameter
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A REBAZA RDEWVZEIRICHDBET 27 A TGS, 7294 Fd
DWVEA—ATFA PRI E LTI LIIREEE o —oic s h
Do BAUEA NFEOZNN—F 4 MEOKFE b T v TIREIZ OV T,
%< OEBRNIL SN TEY , TDA OEBRTIX, ARfk D/ —F 4 METIE,
VTN =T ERY  MTEMA TN &, O =7 XFEA EEEL
RN, RN I — 7 BB D Z ERNF BTV S 20, Hong © 29
L ARIRI O B — 271k, KFEFZEER) S, 10.85kd/mol D kT v SR L
F—%FbH, RmPFEETHA ) EHEL TND, FHED 29L Kim30b §
TDA OEBRNL, MTHTOBE —— 27 PHEE Y — 27 13, Fim & shis LT
WA LR LTV, Wel 5 3D~ T %A hRDE AL Z A MIHERALS
RIFUZHEST N7 v BB/ S W E LTz, fBEH 3D &KL 331%, BEE/REL
~NWVT YA NMIOWT, NI F UL -F— L TPFTTT 44—~ A/ 1
TV METKENFAEZBILE L, 7= T4 MZOIHKEDRIAAT DFEREH
TWb, @D 3T, S—=F 4 h® TDA DERL, MLATOHE —~E—2
1% 20-46kd/mol D k7 v TR X —Th D SN THIZEN D iR O e —
2713 64-93kd/mol D ~ T v TR NF—ITHIET HZ & E R LT,

EH L EETREE O, KB =213 A2 A4 N7 2T A PR
AL CEiE M o B — 27 13T X » TREICE U T-HRALe A v Z A b
FIZRAELTRRDBERTH A 5 LHEME N TV D, LaLAans, FEEIC
kT PIREENRZ 5 THDHMNE I MIIRFES LTI 0,
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Fig. 4.1.1 Crystal structure of cementite

FRN=TF A OB AEZA NET 2T A b EORRITIEME DA
BNTW5D, ZOFMNBEMRITIBNE D TIE AR . W OO H RN H 5
ZENHE SN TWAEN, REMRFAERIZILITO SHEETH D, 35

Bagaryatsky
[100]e//[110],
[010]6//[111],
(001)y//(112),(Habit Plane)
Isaichev

[010]e//[111]
(101)4//(11Z)(Habit Plane)
Pitsch-Petch
[100]42.6 deg from [311],,
[010]42.6 deg from [131],,
[010]e//[111]q

ZITOFEAVEA M, X7 = T4 MEZEKRT S, 209 b
% < MG STV 5 D7) Bagaryatsky O N EUE TH 5, Bagaryatsky O

FAEEIFRIZEB VT, [010]4//[111] D+ 2 A~ v FIE 24% E/NENH DD,
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[010]p//[111]D¥EF 2 A~ v FIE 11.5% ThH D, BEDKEF I A~ v FIL,
BAEREEKRL DD 5% &z TRy, BlEIn b ko, HEE
A& 725,

4. 2 BAVEZA MROKKR T v RE

BAUEA NPOKFED N T v PREBERET H72012, Fig. 4.1.1 1R
Licz=y hEATOLEMOIENTY TIDKFRFRF2E S GO =R L¥
— N E B kDI, SR ST, FOME, B REMER &
OHELENE %2 Fig. 4.2.1 1 RT, MPMEEZZBRET 5 &, LEF A I, 6
fE D Fe JRFICENT- O VA THY ., 4fHD Fe i1 TP EI 7= 3 FSE
DWELEF A F T, T, Ts B35 Z &3 rioiz, C IR OEPHITLE Y A
RBHERZTEY A FLRNZ ENGND, SHIZ, 2ROV A hEORHEGRE
M4 Fig. X 4.22 12707, O YA b L7 O 1 MIBEIT 1T
1X, Ti'TsT1 OFREE A & Ti-Te DR B O —Fitfid 5, ## Bi%, miffiT
WA= Z OO ZAEDEOM AN T 2R TH Y R A IX=AFOED
HEAERT ORI TH D, LI -> T, ZRITWICIERT 5 id, 5ok
AV T DMERH D,
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Fig. 4.2.1 Stable sites and metastable sites of hydrogen in cementite

Center of pink octahedron, center of yellow tetrahedron, center of green
tetrahedron and center of blue tetrahedron are O site, T1 site, T2 site and
T3 site respectively. Black spheres and corners of polyhedrons are C and

Fe respectively.

47



Fig.4.2.2  Diffusion path of hydrogen between stable sites and
metastable sites.

Pink spheres, yellow spheres, green spheres, blue spheres, black spheres
and white spheres are O sites T: site, T2 sites, Ts sites, C atoms and Fe

atoms respectively.
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Potential Energy along Diffusion Path
f kT*mol1
=3}
=]
|

T D DORREE T OILBPERE 2 R i3 5 72012, 2.4 Hi TR L7z NEB I
FoT, &V A MORT vy VOB EFE L, ZOMER%Z, Fig.
4.2.3 \ZRT, BEMR O A " OBHET2RED > H 0—T: OREEE
54.7Tkd/mol N HIK< . THEBZ HRREORE CTHIUE, T4 Mt
D T1—Te, Te—0, T1—Ts, Tz—Ti. Ti—0 DOILEEEEINTILL ., BS
IZRDEZ DD, 16> T, ENBYRILHBIREREL O—T: DOFFEEE 54.7kd/mol
rTEEZLND,

120

LOO —

[=1]
=]

7
.
S

[

(=]
____,.-F"'
hh-"""‘--..
"
—
.--'-""'"-'-
.\-""'-...,

Fig. 4.2.3 Schematic diagram of potential energy of hydrogen stable and
various metastable sites in cementite

—’ are potential energy at each sites and saddle points between O site

and T site.
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JERPEREDY 10kd/mol L FO/NEWIGENRH H DT, FERIEHOHEL X
HIZERE LT, 2.5 HiDFIEIHE - TRHA LB R IE O R4 & 4.2.1
ICFE LD, FAIESMIEOKE SVt 20kd/mol T, MHEICE DT
RNF =D ZERIT 10kd/mol L T2 DT, JEOTR/LF—ERREINE X
WZIE, BERIEEIOFEIT/ NS W &3 0005, LrLaens, Ti A &
O-T: MDO¥ R E DT FNF—EITbT ) 2.2kd/mol & 720 | FHHEAERE
ThHZEND Ti A BT LHERE L IR LRV LB X b
%o TOWEITIE, ERRIEHPEEE DO = 1L — X Tr-Te O£ D | &
L7200 K T0kd/mol & K& 725,

Table 4.2.1 Energy difference between each metastable sites and stable O site
and zero point energy at each sites. Upper column and lower column are the

energy differences before zero point energy correction and after that respectively

o T1 T2 Ts O-Ty

relative energy /k*mol’! 0.0 49.4 66.6 76.9 54.7

ZPE (zero point energy) /k*mol! 16.4 23.4 24.5 21.7 20.3
relative energy with ZPE correction /k*mol! 0.0 56.4 74.7 82.2 58.6
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4.

3 BXUEFANTZ7=TA4 FREDOKELT v 7 IRE

TAUEANMT T4 NREOKFE T v PREE T 572012, L
TIZIRRL BT NV EH N, BA 2 A N7 T4 MEOKES AL
BEIFRIZ. HEHI D%\ Bagaryatsky O xtiaBR 2 AV =, 4.1 Filoik~7= &
N, BAUEA M7 =T4 NRUmEIZIEEETH LN, FH-JREHE T
XS REE LTI FoTe, R\ EATR2=y bELVOREITE
AUAEA NERIUCEL, BMESFRMOZ=y bEAVOEIX, b= /L= 3L
NN ERDBESLE LI, A VHZA NEBIEZEA VXA FPD2=y i
JWVERICIZED, 7274 MENREFTHIES AU Z A NELEERD XD
WCeJRTEE Lic, BAU XA MEeT7=2T4 8 &M 7ALERGRIZ, =
ANX—=NR/NE TR D XD, BFREMSE 52 LT, Fig. 4.3.1 OEE1
T,

774 MHIZEATNDDT, 2.2 §i T 7= HEICHES T, EATH
N7 2T A Mg THE DRV —EERDIZ, ZOBRICHW 7 =T
A FEMOFEE LV E Fig. 4.3.2 07 Lz, ZOERLETYH, LERKE TR
NMEIXT YA N ThHoTz,

TAUHA METRIYA PBLOT = T4 MEFETA MERmE D D
%%mtu%® IWTKFEEBEE, BEML T, BREMEZRD, FiE

13, ZEMOIRWEREFTICK TR 2 EE | A FRMm L, IEFAMh 2R 2 E B 2 5K
Wkoé%mwz4%®ﬁ%?\%#4%@%&%@@E%ﬁoto
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Fig. 4.3.1 Structure of cementite/ferrite superlattice

White and black spheres are Fe and C respectively.
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Fig.4.3.2 Unit cell used for the calculation of effects of uniform strain in

ferrite
Big and small spheres are Fe and C respectively. Fe atoms are connected
between second nearest neighbors to clarify bee unit cell. Black circles

are Fe atoms near H atom.
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AR TH LN TORKEOLEY A M % Fig. 4.3.3 12" 7, BA Y
A KNP ET7 2T A4 X &2V OFETHRONTZZEY A N &—&T
%o B, 2FHEOLZEN A BRSO -T, 2.2 HiOQ)XO( Elt — EIf)
BLOY (Bsf— Euf) D RERZF 4.3.1 1R Lz, Fill i, Bncky
N7 o TRV —RDRESEBRDZENDND, FERIEET R LX—(X
NaCl BRI D54 & REIC, K 20kd/mol THIXAY 222 bIZ/hE Wy,

BHEFERMERO DRIV X =L KT H L, BA XA MNEIZ
40.8kJ/mol O + 7 v T )X —%Ffo, AN ZRESRmEIZ, OO S
PA FDE DT 474kI/mol D F T v FTZR VX —Z KON, T v TR
DX 2724 bbb Z ERghotz,

(a) (b) (c) (d)

Fig. 4.3.3 Stable sites of hydrogen in cementite/ferrite interface

(a)interstitial sites in cementite (b)interface site (c)another interface
site (d)interstitial site in ferrite
Gray, black and small white spheres are Fe, C and H respectively. Black

circles are Fe atoms near H atom.
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Table 4.3.1 Relative energy of hydrogen in superlattice and ferrite, and

zeropoint energy at each sites.

cell superlattice ferrite cell
(B — En (Esr— Eur)
site cementite interfacel interface2 ferrite strained unstrained
relative energy
0.2 -5.0 28.4 0.0 -33.5 0.0
/k*mol1
ZPE (zero point energy)
16.3 14.9 23.4 20.8 20.7 23.7
/k*mol1
relative energy with ZPE
) -4.3 -10.9 31.0 0.0 -36.5 0.0
correction /k*mol!
relative energy with ZPE (B — Eip) + (Eor — Eur) (Bt — Eur)
correction /k*mol!
reference=unstrained -40.8 -47 .4 -5.5 -36.5 -36.5 0.0
ferrite cell
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4. 4 BABDOEE

UL EORBERERN D, A2 A FNEO O %4 M 40.8kd/mol D ~ 7
v FEFX—ZEONR, LT 512IE, 58.6kd/mol O O—T1 ~DHk
BEZ A DN DD, TIDELRET A N TRWERET D &, JLEFERE X
) T0kd/mol & 720 | JLHN LV INEE L 72D, LI >T, BAZA MR
HTEEZFRITIE, BA 2 A FNERD O A MIBER72 T 7 A R
IR ohneEEILLND,

WIZ, BAUHZANT7274 FNEEAGHREDO N7 v I REEZEBZLET LT
DIZ, BAVHA N T 2T 4 FRTOKBIZHT DHHRT ¥ v LT RILF
—IZDOWT, LTS, Fig. 4.3.312, KELEYA N EPHTe Fe il 2R~ L T
W5, OOREYA ME, 6D Fe it THEN, @QDERAHZ A FNHE
DO VA NEEHULTEBY, ZO 7y 72X AXF—XIER T TH S,
—J . @OREYA X 4 HD Fe FIcEN, (DDO7 T4 hHD T
A REERLTHED, Ty TZRXAX—TRESERD, ©LW@D
2%, 4D Fe TR I NS 4 mEOITEIC, CEAMEGFET S
D, BRL WS ETH L TOZINAX—DEEHIHTE D, CDOFE
EEETDHE, @OREYA ME, LA, CEFZEBICEZL FFoE AV
A NNEOTHA FEFERL TS EEZEZDBN, b7 v 7= X —H 5
HlLTna,

KENWOHYA MhHDEEDEALFA FOEFINEEE % Fig. 4.4.11C
77, HO 1s i, C D 2s, 2p #lEiX, Fe ® 3d#uE LY | K= /L¥
—hchH 2720, HEFH CHRF b, FAFO Fe flnbEF 28, L
BA TN TND EZEZBND, HE>T, HEFIX, 7274 ML
RRICE T D < ZZRDIKVMLBE D T NEZET, S b, CHRFIHEL
MWHENEVEERL EHETE D, 2L, CRTPEFHEOERBIF TS 6 fHA
T, ZMaHE, HIEIE CRFEARELT, XV LELTLHZ
EvEILND,

TAEA NT =T A NS R, LT b L7z Fe i & CJR¥T
MR SN ABIANI 2 72 DT, CIRFA2ZL< G 7 =74 MRS EFELIL
TWbEEZLNS, KEDONT v T X AF =N Fe FTHEIND
78 & A=A LITED C O TIRIFRE S5 &7, JE58A Rmi,
C TR LTe7 = T4 MRREFREDOKE N7 v TRV —%F
THEEZLND, WAL OZLIUX, 7=TF4 MRIATIE, CJHTE H
JE 7 & BRI 285, C IRTFBRW b7 v 7 A MBI HD,
H O 8T v 7o g X —3E< e b & LTW5, FES Him b Rtk
2B XD L KFED T v TRV — T8 OB FYRHT =R L ¥ — 1 0
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L/h&E< 720, TDA OIBMOE—2 O T v 7= F /L ¥ —20-46kJ/mol
=72,

WIZN—=F A M LHZIZBII S5 mIRMO 64-93kd/mol DiEME(r—
FNX—Z O =T ZONWTELTH, N—F4 "NEMTT5HE, BAY
A NET T4 NOENRIICHELS D, ZOLE, 7274 M, KRk
AVBEANT =T A4 MREICHEM N ERET D &4z, B A2 A4 FAITHL
RWRET D, BALOKFE N T v 730 F—(F 30kd/mol FEE T, iRl
DE—7 DT FF— LT —FKET, T LAKEMO E—27 OIEHE b= 31
F—OHFIZEFEND, MTICEVIHEAETHERA L ZA NHFORFDO NT 7
TRNX—L, EROKERFDO RN T v TRV —NEHD Fe J&H1 & C
R ORLE TIZFRESND Z L 2BETHE, CIRFMRIT LI =T A
MBI & % &5 2 B, 40kd/mol DA F & 720 | EiRMoO v — 2 OiEHk
THRLF—LEF KL, LL, BEAVHZA FPORRANIC T v 7 ERN
TKFBOYEOBREAEZ DL, BALZA FAD O YA ML OTEE
b X —LRBRE L TEIND, 727E L, KfaDRnwE A% A R Tl
HER O A NEOBEEENEVOIZK LT, ITHEDOE A XA FORIS
TIHXZHD O YA MUEWHEREY A MBMFEED DAREMRH Y | 5847
BAUEA NED BIERLS W E TRIEND, ZOIEBOTEE LT R ¥ —
N, BRE—7OFRRTHLAREELRH D EEZX LD,

HEERKETDO NI v TZRAF—RBRA L Z A MR DO T v T
TV —CPEHOR R I BT A ARET UL, L0 KB 5 — R ERF R 2 & C
WREET D BN B 5,
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Fig. 4.4.1 Density of state and its integral of cementite with hydrogen
at O site.

Solid lines and broken lines are density of state and its integral

respectively.
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5.

1 AKELHMAEET NV

774 MOKFEIX, bee-Fe O MEARALEIZEE L TW508, 3.2 #HiT
W72 X512, beeFe DEITIS U T, BT F =032 T 5, BEET*
VX TEITIEE OFRFEEC DO EEN K E VDS, Psiachoss? & 23— R BEE
HTRLTWDEIICEENRKE W EIERIHESCR GO S KRE )
%o TOELEIT 1 GPa BRE DS THK 8kd/mol THY, T LHREL
RO, ZDOHA DS E LEEE RV —O/NS SOOI, EHiEED
ZALIZ AT X 200, — 7, k%®%?y7i*w¥~® )2 dEeiEpaNi]

WS, £2T, AMFETIE, BHITEBEREBIZORZEL, Kigo T
Y REICITE L2V bD & LT T2,

@ﬁ@@k%:ié*%b?yi%@%%%mm\%%ﬁﬁ%?wmﬁw
T, BEEAKRFEERMTO N T v 7 KEEDBEEIRBICH 5 LIRET D,
T2 & EEKFEOIEBD 1 N & e 2HPANTORKMGIZE D b7
v TIKBEIL, BAKEE, KBEBIOEECTCREY, Ko e —

DEWEZERTIE, KO LS IckbIhD,

G=

|nt r]mt + Zg

72Uy im0 NFESRY; o HORFASF O TRIKFED b T v TR LF
—. Dint (XFHEERF O T RIKFEOEL, niix i FO XK 1 % B OFSHO W
A MZ b7 v TENTBARRES 720 OkFE, NjZi O RKkO 1&HO
IOV A N OWENAETEL 720 OB, Dine \THENLAFE Y 72 0 OETAKE R,

Nine \XHALIRFRYS 72 0 O FRIN B OIS, &, (0)IZELYE o PO FRIA

FEDOLT T TRXNX—ThH D, RPTEERRIEIL, b — 2V OKFEREN—
EDFRMETT, ZOHHTZRAF =2 e L9 LT, HXIE~D b
7w T EEZRDIIT I, BlE LRI, SR R T v 7Sk
B LOBEEAKZEONFERT v VA& LVIRERIZ R > T 5,

59



5.

IREE LM FRIARFEENZ LA, ERRoBEkiE» T
T<5ﬂ\;®ﬁ®K%ﬂ%®b7y7\7%7y7@§i&ﬁ?5z%h
ZDO

a n
% = V(DVNyy) e e e e (8)
nint = Ctotal _Zik n{.‘ ............. (9)

7212 U, Dtotar VIREIKFRIREE . nine 1IFEFTRIKFIRE . Co ITEEAKRIRED
pre-exponential factor, mf i i FHH DOKMKED kFEHD b F v 7% A MM b
T v P ENTKRFEOHNAERE D 720 DL, o TKFOREE, of1% 1EH
DXKaD kFEBD LT v 7 A  EEEKEE OROSKTHERE, <% i &K HO
KD kFZBEHDONT v THA RO NT v TR NF— §FITiFBDOKMD
KHFEHDO N T o7 A F~D T v TOEM b3V F— NFIZ iFZHDOKX
MaD kFEHD T v 7 A FOBAIKIESH - ORETH 5, H—RNIHKF
ARFEOIHRA, F oI FRKFRELSL N7 v P SNTOKRRE &

ORI, HZAE f DOWRIRE & R HRAT, HHES LT v A

R B #E R A~BBET 2B, BB T HEDME RIS T v YA M b Ty
TENDEEIZHIELTWD,

AL OB E | B &2 IR RICESIC LD T v 7 A hSE Y &
A TTEY | I Z O — 72 2 IBLIE & 5 RE L 7ol B Rm A R R i <
VERBH D, LLanb, ZA50HBHInm LLFTH 0 | EALRLSL D
BIZED N T v TZRAX T/ NSV L & KEOIEROES EEET D
&L B ETIIEAMORTRINOEZE T v 7 A M T vy 7T Shic?
ThIZoFLIEDTHE L THSTEY,

2 BAERMLT v PTREORFTEEET )V EEERTT VO LB
RIFRA~DIKSE b T > T BT DM O KKaD 8 27 25 012, BLft &
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WAL & NTET D bee-Fe (2B TC, fEfmt A X Ui &0 e D856 DKFE
Ny T OREREEEZHRE L, AW KkFZENT v FICETD T vy T
FNF—IFENE & DRI 9% 252 L C, Table 5.2.1 |[Z/8 L7-fH
AL, N7y PEEITRGE O R ROBR 92 FBIC L THREL
oo BAALIRREY 72 0 ORKFE BT, WHEIRFIZIR AT 2 KR OB 2 ETH
% 2wppm & L7z, kit (10 m, 100z m) LEEAZHEE (1X1015/m2, 1X
1016/m2) D% TDIKFE DA /347 OIRERIFIE % Fig. 5.2.1 1I2F &b,
KN KREL oD b, BALARESH 72 0 ORI REES D L, #KFE T v
TEPNEDTHN, HARIIREL 2D, BB L RRA~D T >
TREITPOTHN, IRRICAR D & RIROFIZKFEN LY NT v T snbdiz
B, ORI T2 D,

Table 5.2.1 Trap energy of hydrogen by grain boundary and dislocation

defect grain boundary dislocation

trap energy/ kd*mol! 40 30
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Bulk
G.B.

——— Dislocation

Hydrogen density 1014 mm 3

Rk 3z x z
300 400 B00 go0 T00
Temperature K

(a)Grain boundary diameter 100 x m, dislocation density 1 X 1015/m2

) _ ™ Bulk
G.B. trap site density
G.B.
>< /Dlslocatlon
y
0

300 400 500 500 700
Temperature fK

Hydrogen density 101% mm-3
M

(b) Grain boundary diameter 100 ¢ m, dislocation density 1 X 1016/m2
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_______ G.B. trap site density

: TN JW

Bulk
- G.B.
& Dislocation

Hydrogen density 101% mm 3
%

1

0 =z o R R s O \

300 400 B00 g0 T00
Temperature fK

(c) Grain boundary diameter 10z m, dislocation density 1% 1015/m2

b4 15 -3
2X10F/mm? o g prap site density

Hydrogen density 101% mm-3
Mo
A

T Bulk
A s
Dislocation
1 /// ’/
0 - ',r';) .
300 400 B00 500 TOn

Temperature /K

(d) Grain boundary diameter 10 z m, dislocation density 1< 1016/m?2

Fig. 5.2.1 Temperature dependence of thermal equilibrium distribution of
hydrogen in the system of grain boundary diameter (10 m, 100 x m)

and dislocation density (1X1015/m2, 1X1016/m2) . Vertical axis is amount
of hydrogen at each sites par unit volume. Blue broken lines are the level

of hydrogen capacity at grain boundary.
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IREZALNEBHIZZLT 25A 21T, RFTEEIILT LB ALY S22,
HLFCPHANL DY BT, EDORREDMAREIZ 25 & SOSIEERRATEL Y
DR L 70 B0 RS 72D, Kk 100 pm & A2 E 1016/m2 D6
T, BHEE A RE S LEHEZITo 72, KEOWHIREIIFENE & DT
FERE 390 5.8 X 108exp(-4.5[kd/moll/RT) [m2/s] Z Fiv>, Kad b F ~ 7
BEIXIRBREE LRI U & Ly b7 v 7 KFBOBREEIIRFEIER O - & [FI45% &
RE LTc, W7 a2 d, mAEERREWVS, KEL EH 10,000K/sec
FETH DL, K 5.2.2 1287 K 912 30,000K/sec DEHHIEE T 1 EIFLE
DL BV, MERE T, W E 7 v 7Y A RSB ERN T v
PA R~EKREPBE L T, B HAAIC/R D, 20 L SHEHT DT, B5Ar
MHDT FT7 v MR THY . 30kd/mol THDH, KIRLDH, N ET v
T YA NEFFOKRMEN B D5 AT, REGOMEXTEY e Bl KT D03, kL
RSO T N7 v FBENERT D Z LD, BRI, Wb Dk
BB ORIKTH Y | K 50kd/mol BLFD k7 » 744 MBI, K
FMEAbD—FRIE L o> THY | BB L TN DL 2 ENIMbN TN D,
w7 m A TOIREZIZIV TR, JEHMKRF IR AR Y 2o &
X BHiD,

UL, FRIEHEARFICHEEIND L) RV R T v 75 A M2 oW T,
FOSIEEGRICE DS FHAERULETH D, Flo, A—AT T4 MEO L 5 IZIE
BOBVHERH 5561203, TOIMAEBET 2 LERD D, £OERC, ¥
RRZEM A3 & D K DI RARDILBUZ A 52 50 & RET Tk~ 5,

64



=GB

—— GB(equiv)

=== Dislocation

—— Dislocation(equiv)
Interstitial

— Interstitial(equiv)

Occupation 106

300 350 400 450 500 950 600

Temperatur / K

Table 5.2.2 Thermal equilibrium distribution and non-equilibrium
distribution during cooling at 30,000K/sec in cooling rate for the system
whose grain size is 100 u m and dislocation density is1 X 1015/m2. Vertical

axis 1s hydrogen occupancy at each site.
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5.

3 RMaDOFRE—5347 ORBOF

F—=ATF A MAIZT = T4 MAICHRT, KEOBEENEGERE <,
KB DRI 1 LA /NS W2 A — AT F o MRS 72 D
LT KFEDONRNy T 7 L LTHHL<, LI >T, A—AT A MEDOE
Wi E, KFBEOIEHSC b7 v 7V A h~OE ORI K & P8
THEBEZBND, Flo, N—T A MEYL, KEOILHEEREL 7252 A &
A FRBRIZOALTEY, B L > TE A ¥ A MR L7235
HE T, IEBEHNRESERD LEZ OND, FIRAKFEEEZ THT5HIC
. ZDOXD e ARE— T T DB ELZETLILEND D,

2T, KFOPEBEETITKRE LT, JEHBERERE & 72 HHOTRD ED X 5 72
WBLHEZD0E, 7274 MATOA—2ATF A MEEFIC, EoTERHRE
(2 K0 FHm L 72,

T2 74 MA—ATFA NREICENNT7 v 7Y A SRS D ERE LT
Ba, FRtlorm T X2 R TO R T v 7T v T v T OREEEZE LT,

1) B EET 5 vy flloE L

Cn-1—Cn

Ax-C, = D,==t

+wd?{C;(1 = Co/C,")exp (- 25=2) — (1= €1/C,°) Crexp (— 22)}

............. (1 1)
2) RIFIZHEET D aflloEL

Cn-1-Cn

Dx - C, = Dg="==

+0d? {€(1 = Co/Co")exp (—=5=5) — (1= €,/C,°)Coexp (- 22)}

............. (12)
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| |

(d)
Fig. 5.3.1 Contour of hydrogen density at the steady state in the case with grain

A

boundary trap.
(@),(b),(c) and (d) are casel,case2,case3 and case4 respectively. The areas enclosed

by red or yellow region are austenite.
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Fig. 5.3.2 Time dependence of total flux at right side in Fig. 5.3.1.

(a) without grain boundary trap  (b) with grain boundary trap
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Fig. A.1 Schematic diagram of the measured spectrum by conventional TDA and

Low temperature TDA
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Fig. B.1 Schematic diagram of 3DAP
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