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Hydrogen Embrittlement Properties of Ultra High-strength Low Alloy TRIP-aided Steels with
Bainitic Ferrite Matrix

Tomohiko Hoio, Koh-ichi SUGIMOTO, Yoh-ichi MUKAI, Hiroshi AKAMizU and Shushi IKEDA

Synopsis : Hydrogen absorption behavior and hydrogen embrittlement properties of 10001800 MPa grade ultra high-strength low alloy TRIP-aided

steels with bainitic ferrite matrix were investigated. The TRIP-aided steels absorbed a large amount of hydrogen, compared with the conven-

tional tempered martensitic and bainitic steels. It was expected that the absorbed hydrogen was principally trapped in interlath retained

austenite films and along bainitic ferrite lath boundary. Superior hydrogen embrittlement performances such as low hydrogen embrittlement

susceptibility and high delayed fracture strength were achieved in the TRIP-aided steel. This may be associated with hydrogen trapping effect

and TRIP effect of retained austenite.
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WA RAEOEKEENIZ L3R E N L Feket
DRFAEBME LT, BEA — 2754 My DEREFR
M (TRIP 2B NCRIH L 28588 ROCESEE KA S
TRIPSABAR S hi=, ZOTRIPEIZMED TEI-TL X
WL EAT 2279729, RHEHRRINEMBE KUY —
b7V - ENOBEABHIREEIA TS,
KAESTRIPHE LT, BAEZ CIHHEEBE ZhTHh
ARVTFALT 254 2D RA=ZF 49272574 V%
idBEie LT v 4 V& L2 TRIPRUEA MRS (PF
), TRIPRINA =5 4 v 27254 80 (BFf) b &
U'TRIPEYSES~ L 7 > 4 4 b8 (AMSH) 2R T
W5, Z0H B, BEFITIX1000MPa % #23 515R5 X H HA
HTEan, Zok) nBERERHATIE, —ROBEE
JESR & RMRICKBEREME P EST 2 Z LA E I h 510,
FEH L "NLEIZ, 1000~1400 MPa#k D L3 3T O TRIP
TR K 20ppm D KK % i & ¥ 7RO L2 MOZEL (O
FTAMELIXI07Ys) AFEL, AMB & PFHCid &MU
DIETANENTZ &, RUBFHEDEMUDKTFTREE~IL
TV MRERBEIZRES, KFEREABEAR TN
EERLz, (KAESTRIPFHO P T, HE—, BFEOAD
1200~2000 MPa D5 |9f5k & 2 BiRF T X 5 2%, BFHICBIL
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Table 1. Chemical composition (mass%) and estimated
martensite-start temperature (M;, °C) of steels

used.
Slab C Si Mn P S Al N Ms
1.5Si 0.40 1.46 151 0.015 0.002 0.037 0.0063 | 349
0.2Si | 040 016 144 0015 0.001 0043 0.0067 | 350
(a) (b)
1200°C 30t
3600s
20¥t 900°C
10\,{ 1200s
850°C 3.2t

O

100°C/s \ 3600s TA=300-500°C

500s

3.2t—+1.2t

Fig. 1. Hot and cold rolling and heat treatment process of
BF steels.

BT 500sfRFFDA — 27 VS — M A FE L (Fig. 1(b)), BF
#EBLEL 72,

M E LT, 0.40C-0.16Si-1.44Mn-0.015P-0.001S—
0.043A1-0.0067N (mass%) DL FMR A H T 54T £
P (0.2Sid) & RV, 900°C T 1200s R %M %, 200~
500°CTIRFRAIDBER L AHEL , BERL~VILTF V44 M
(M#) #1ERL 7, £72, RIUAESKE WV, 900°C
T1200sfR¥F L, 300°C % 7212 400°C T 1000s D A+ — R 5
VIS—-MEAREL, N4 54 M (BE#E) AMEEIL 7,

VROVIERERE (f,) & Mo-Ka#iz &k > THIE X h7-
(200),,, (211),, (200),, (220),, (311), HIHf & — & DRE5 4 &
DEFFL 729 &7, v, DUHIRFRE C o (mass%) 13
@KaﬁﬂiofﬂibtQm»am%@n»ﬁ~7ﬁ§
5 RD 1T E 8 a, (X107 nm) & KRR IZRA L TR
7z,

a,=3.5780+0.0330C, +0.00095Mn, +0.0056AL,+0.0220N,

272U, Mn, Al, N3y, B DZhZhOILHKIRE
(mass%) TH 5, AR TIIFEHE L, mmME4+H -,
KEF v —VIBBEF v -k B G%) 10k
1oz F v — VIROMB K UMW 4 % Table 212777,
Fr -V RO AERIL, KFLEREEN 24~
POV ZMBEREIZ K DM L, H 5 LISk B0k, B
FEERICKDER L, £7-, BN KRR I FEE
7r#rEk (Thermal Desorption Spectrometry Analysis, 5-ii#
& 12°C/min) ZFWTHIE L7z, %k, AR RAIE
B LA AZEREOBRIZIZAEF v —Oh b KkER
BEE TOM, k25 DKKRDOKEEH <728, Rk %
WRERPTREL =,
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Table 2. Hydrogen charging conditions of slow strain rate
test (SSRT) and constant load test (CLT).

SSRT | LT
Charge H,S0,0.5mol/L
solution KSCN 0.01mol/L
Current | oAm? 500A/m?
density

SSRTAABRIZIZIELE A AN FATIZ8I D L 7= BT R &
3mm, #&2mm, WRIZ 1.2mm O/NRIGIBERBRF 4 By, K
FFr - VHEHBIZAREBE 25°C, yuz2~y FEE
0.002 mm/min (O AHE 1.7-107%s) THIERBR % 1T -
7oo KEMEALFREISR (3) TR ARERMEER DM (HES)Y
IZKDEHmL 72,

HES (%) =1—(&,/€,)X 100 +++++-=eeeermnserrerionaiiiiiini, (3)

ZIT, gk e 3KEWRBERIZDEHVERT,
—EME FOBNBIEABRIIAEF v — D 4T R ER
ZEDITo7, RERFIZIEE X 65mm, 1§ 10mm, H/E
12mmDFHED D E G, RBRIBEIZ25°ck L7, &
PNHIHGEE (DFL) & LT, 1B £ 7213 SHER o L &
Mo B NORAMEAHFAL 7=,

3. XBRIER

3.1 FHHIARER & 5 RS

Fig. 2, 31 BF# D BB % DO MO SEM & K U TEM B
H%/R¥, BEROMMIL, BANIZIZENEE 3B T
BWNAZT 492 T274F (a,) 7 ABMHEE AT
By oD, A — ATV SN-EIEE (T) A LAY
Z0IZE by, BHO T ZHMBIIHL 2D, y137 4
LR KRG BRICEL T AL ZD 5D, —F,
TmEAE T2 & 7 ZMBIEH»<L &Y, 7,7 4 LA
DREEENEL B, BEHTIZHBTE VA, BFFID M,
FRUT349°C LR EN S =0, ZOREUTTA—25 ¥
IN— R XN AEORHEMREIZ I3~ L7 v 4 b ANREE
LT BAREME S 5,

Table 312 X FDEMIR% D v itk & & O [EEEM 4 1
T o BEHOD v FIATEE (f,0) 121.8~12.2vol% DHEFHIZ &
D, T,=400°CTRRE L 5. TOVMIRFRE (C,) 13
0.55~1.26 mass% DFH IZH D, T,=350~375°C TR K &
%5,

BF#i D 51585 & (TS) 12 952~1813MPaD & 1= & 3 .
INSEAESTRIPHO MV (TE) 34— 27 V78—
HREIZE > TELIHE SN, T,=375~400°C TR AL
%, 72, M#i, BRI & B L TK &0 —HRH0 (UE
EHT 5,

3.2 KREREIFHE

Fig. 4128 HDKFEF v — VBMIZ & & &5 5 2WEAE

B Hy) OBRETRT, WFhoHick Ty, ko#
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Fig. 3. Transmission electron micrographs of BF steel
austempered at (a) 7,=300°C or (b) 7,=400°C, in
which “a,” and “y,” represent bainitic ferrite and
retained austenite, respectively.

HE L ERRID, Sk ERE & ARREREIFRE O 1/2 RO
ISR 6B, 72, BF#IEIME], B#IC
HEBLTEEOKIE WK T 5.

15minF v — V%O EWEAKRE (H,) &515KEH S TE
L T Fig. 512/8¢, BF#TId, TS>1100MPall# T
IR FE B A KIEIZMT 525, 7S=1200 MPa TAMRkjE
AEZRITFFRAL LD ZNL ETEMICET TS5, M
TIRAEWEAKE RS IS=1300MPa TH K & & 5 I A B
hs,

SR REE A CHRIE L 72 FiRA 6 300°C D& TO K
FHRH B % Fig. 6 12T, =235 EA DRIV
hOFMTEIFIFE L TH 52, KERIBEOY - 7EEIZ
T3, $ubs, M#l, BETIEZOE - 2IRER
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Table 3. Retained austenite characteristics and tensile

properties of steels used.

Steel | Ta fro Co | YS| 7S | YR | TEI | UEI
300 51 095 | 1224 | 1813 | 068 | 455 | 9.2
325 | 52 | 0.82 | 1479|1734 0.85 | 493 | 7.4
350 34 1.23 | 1166 | 1543 | 0.76 | 465 | 7.3
375 | 61 | 1.26 | 1183 | 1379 | 0.86 | 49.5 | 12.2

BF | 400 | 122 | 119 | 977 | 1164 | 0.84 | 58.5 | 24.2
425 | 97 | 1.03 | 835 | 1123 | 0.74 | 435 | 20.8
450 | 51 | 092 | 774 | 1064 | 0.73 | 43.3 | 12.7
475 | 26 | 081 | 725 | 992 | 0.73 | 44.3 | 124
500 18 055 | 709 | 952 | 0.74 | 46.7 | 131
200* 1632 | 1995 | 0.82 | 36.1 | 6.4

M | 300 - 1423 | 1655 | 0.86 | 39.9 | 4.4
400" - 1173 | 1335 | 0.88 | 50.0 | 56
500* - - 983 | 1077 | 091 | 194 | 6.9

B 300 - 1177 [ 1551 |0.76 | 410 | 56
400 - - 950 | 1124 | 086 | 48.7 | 7.0

Ta (°C): austempering temperature,

fraction of retained austenite,

fo (vol%): initial volume

Cyo (mass%): carbon

concentration of retained austenite, YS (MPa): yield stress,
TS (MPa): tensile strength, YR: yield ratio, TE/ (%): total

elongation, UE/ (%): uniform elongation, *: tempering
temperature
20
5y BF (400°C)
£
(=% .-
£ 10 o.-"
= _ -~ M (400°C)
5 —
"B og'c), *

0 1 2 3 4 5 6 7 8
¥t (/7 min)

Fig. 4. Relationship between total charged hydrogen con-
centration (H,) and charged time (z-) of BF
(T,=400°C), M (T,=400°C) and B (T,=400°C)
steels. Current density is 100 A/m?,

90~100°C Th 5 4%, BFATIZ120~130°CIZF48) 9 5, &
72, BFH1 T3 100~200°C O &l T £ EDLEMEKFE H
3 5.
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Fig. 5. Variations in (a) total charged hydrogen concentra-
tion (H7) and (b) diffusible hydrogen concentration
(Hp) as a function of tensile strength (7S) of sever-
al steels. Hydrogen charging time is (a) /=60 min
and (b) #-=15min, and current density is 100
A/m?,

0.5
g 04r BF (400°C)
T 0.3} M(400°C) BF (300°C)
Q
f}: 02l BF (450°C)
T
T 4
° 01 \
0 50 100 150 200 250 300
T(°C)

Fig. 6. Comparison of hydrogen evolution curve of BF
(T,=300°C, T,=400°C and T,=450°C), M (T,=
400°C) and B (T,=400°C) steels. Hydrogen charg-
ing time is f-=15min, and current density is
100 A/m?.
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Fig. 7. Change in flow curve of BF steel austempered

at 7,=400°C after hydrogen charging for (a)
t-=0min, (b) t-=10min, (c) {~=30min and (d)
t-=60min.

3.3 KEMMEESM

Fig. 712 BF D KRB AT DI 1 - 0§ AfRO R EK
Bl&Rd, &7, Fig BIZKMOEWEKRIEERE (H,) 12& 3
%5 &MU (TEN & AREWMERRZM (HES) DELE7RT,
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Fig. 8. Variations in (a) total elongation (TE!) and (b) hy-
drogen embrittlement susceptibility (HES) as a
function of total charged hydrogen concentration
(H;) of BF steel austempered at 400°C, M steel
tempered at 400°C and B steel austempered at
400°C.
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TEl (%)

20 0.0
10 - t.=60min

HES (%)

400 450 500

T, (°C)

300 350

Fig. 9. Variations in (a) total elongation (TE!) before and

after hydrogen charging for 0 and 60 min and (b)
hydrogen embrittlement susceptibility (HES) as a
function of austempering temperature (7,) in
TRIP-aided steels.

BF#iTIL, KEA60minlREX ¥ 5L, KEF v — Vb
flt.=0min DIHFA L K L TRV A THNT§ 5 28, F&
RIBFNTITIFE A EEMITEC Z W (Fig 7)o WTFROH
& 2K RREAHEMT 512022 TEMORIETT 3
A%, M, BH# T3 H,=5~10ppm D &PH T2 O H 2
12K T ¥ 5 (Fig. 8).

BF # D K KW g il % D 2 O & KFRHEM &2 M+ 4 —
AT SN PERE TR U TFg 912 d, £,
Sppm DKEF W L 72 & & D RO HESTE O LL#s % Fig,
1012789, BFTIZ, K7, MITRERRKIZ & 5200
K F2AKRELSBEN, &T,MTITZDOETIZ/E 0 (Fig. 9),
HESTETH&K TS L, MBDAHESTEA <, B, BF
FDINEIZ HESEIZIK < & 5 (Fig.10),

3-4 EhHEHK
HITER T T o Wz iF IS ) (o) & BERTRER (1) dhiR
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Fig. 10. Variation in hydrogen embrittlement susceptibility

(HES) as a function of tensile strength (7S) in BF,
M and B steels charged about 5 ppm hydrogen.

1400 BF (350°C)
1200f . BF (400°C)
1000F ‘
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Fig. 11. Typical applied bending stress (o, )-time to frac-
ture (2,) curves of BF, M and B stecls.
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Fig. 12. Variations in (a) 1 h and (b) 5h delayed fracture
limits (DFLs) as a function of tensile strength
(7S) in BF, M and B steels.

Fig |LITRT. £72, H#O KR RO SHRFRE N B
SRIE (DFL) D 8% Fig. 12128 Y

BF #0032 AU %13 5 15R 58 & A% 1100~1200 MPa LI ETH
5, 1B RO SRR MABAIZ LR L T
VAY, 1800 MPafHE TII M & DEIR/NE < k5. BF#
TREEBR XISENEBEHBNOBETE - T, BhE
SRS A3 BRI RO A AT 5. Fig 11126 T, BF#
DENWIERE LS T—E L A 2EAAED LN S
A, M & BEIOENBIEMRE I SRR LTI E 512K
T a@mAsRDOoNG, LEA->T, &L, kBT
14 sEERILL LICZERS UL, BFE#E M#, Bl & DAR
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BERSERASTRIPAA =F 1 v 27 2 54 FAOKERILRE

16 \

0 5 10 15
£, (vol%)

Fig. 13. Relationship between total charged hydrogen con-
centration (H;) and initial volume fraction of re-
tained austenite (f,,) of BF steels.

BMDEIZE > L KELBh A EEAGVEEFZION
%o

4, EE
4.1 KEBRRIEHICRIITEEXNRTORE

AW TIE, BESOEWEAFELAMHE, BHID B
LW EAEREI N, AR, ZLOBEBEHTIE,
ARFIR S, A0, BERRROHREIINT T &
N5, ABFHCIRILINITEMLL L as, BBHONA =
F 4w 27274 bTABRIT1.8~122v0l% D y, BIF{E
LT\ 3% (Fig. 3), 5% 5351585 & 1200 MPa Ll EDX
£+ 4 b B BENL T4 MHEHOWTTF y -V
DARERERAFHEL, 7 A ELLSRBOKRE T
328, RUZNIZy, hOKRREBES bec MED T = 7
A MZHBLTEW- D THBLHML TS, ABFi
T, EWEAKERL v AMEL OMICIZEDOHBE AR
BHohb (Figld), 7z, EHEH BRI XTI, KREANA =
F 42 T1274 T ABERROyJHFELTNB T L
HAEAHLERICEDHSMIZL TS, ThbDH
RREFLVOMELXF TS, &6, Gu'bid
1500 MPafk TRIPS A% FI T, 7, & 7 ABMANDKE b
o TOBEMALT F L F - FEMPCHEIRA LD EEN T
LEMELE, ThOoDOWMELAERHEELD, ABFH
TIE, B —ICHFEET By E M — B RA =T 4
T 1254 F T ABERISKEDOEL AL T v T Eh, R
HAZRAME, BHLDEEL-EEALLN S,

LA RIL TS=1200MPa TIR AL & D, ThllE
O ISTHHETIE 7, BREENHPT 21282 2b 5§ HDK
TIHE TS EF L HER L T/ & < %5 o 7= (Fig. 5(a)). BFS#IT
i3, BEER X OMIMCE &5\, y,AREEIRD T 5,
B S 2Tl e o7, LA T, EEAKRER
Dy AMEATELFERTF L E 55, 7 AMM? M
HE 5 1S=1200MPa D EPH Tid, 7 AEARTOKRED
R B AHEIZZL 50, ZTha, HOEFEH#E L
meEiZbNS, ZOT L%, FigldlTBEAMIZRT,

o7 I
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BFHDRIOF#E LT, Fig. 5 T & 7= AKE M i
DY —2BEIERAINS 7 T3 28 bFoND, 2
DEI BRRIBHOVEMEL TE, Hoizkhuld,
HBHE 1.67°C/min D Z& kO T THHIRE 100°C {H3ED
V=2 3RR, vt Ay 24 FRm, B E23E T2k
EIZF 7y TERTOAKRRIZHIE L, 130°CHHED Y —
23y o DKRFIIHIET S5, BHFLOWME & AifET
BRREEIIRE N, v, 2BATERHBE - 1E
wmANZY 7 P AHEEIEEDS BV, LA 5T, TRIP
D BB O TR ERIL y, 2 5 DAKED IR L T
5LEIONS,

4.2 KRFEMANDEEXHNEFOHE

AR TIE, 7S=1100MPalZH\2C, BF#IZMEd, B
#E D BIROAKRMEMREZ MRS BNBIERE AR L
72 (Fig.10, 12). SSRTRBR THIE L 2ABH D EEED
R&EHI % Fig 1512753, BF#I® M#A & AELRE L A
WA SR AT 4 v T BEE R T A, MBS ARRERE I
K0T 4 v TR SRR T 5, BF#TIE

HT’ frO’ Alath

1000 1200 1400 1600 1800 2000
TS (MPa)

Fig. 14. Illustration of roles of retained austenite content
(f,0) and lath boundary area (4,,,) controlling ten-
sile strength (7S) dependence of total charged hy-

drogen concentration (/) of BF steel.

BF (300 °C) BF (400 °C)

H+=0ppm

H+=5ppom

[iRA — 27 VSR AFEL 72 & 2 3R REA 45
2, T,Z350°C TN EZRBEEAELC, &512T,=
450°CTIZT 4 ¥ T NBEN KD, —EMERBRTIET 1
YTNLMBBEIEA VY, KMRBESE T —2F
78— I3 SSRTARER & 1 S0°CIZE I & 5 7=,

Ad L7k 512, BFSICRINE X hKEDEL Ty,
PRONA=ZTF 4 92T 254+ 7 ABERIHETS LT
BEhd, ZOHE, 72914 XKV y, BRI BRI/
W=, KREHPICHRAY - 2am L, [Hy RO
KEORLEIHE E R TWBEPHTES, G5z k
L, y 3 5 AERANDAEL T v S I3 EH
EImMNDKBOWREMFHIT S, LT, Z0&H %
KEOY—EE & 75 L 22 08lisy— 2 5 2K &ty
—Z0MT 5y, 2 H y KRNOKROIHATHIL , &
BRI ABE A IIH] L, SSRTAER & ENERERTO
EN-THAERILEEE 72082605, /-,
HEHDED y, DO T RFE LD FATRIG 1 & 4%
ML, EHOBRELZHH T 22, ZOREDy, O LT
VA FEEIGENBERS R ELE RITX W EE LS
ha,

it AR RBEACFRE IS RIE T y, DRESEDHRIZA S 2T
mony, MiERER L & AERT (SSRT) & K VB Ml (— &
HilBR) 2y, 0—HIZOTAFLERET S, 2720, K
UOFTAEBRBEO LI ICKRELEUVOTAEETEHA
i, REMSRE Oy, E TRIPHRIZE > T2 E KX
U, WiRAICKERUERZMEERS TIPS H
%,

AR FEIZ BT, 325°CIF T — X 5 v/ — L
ZHEL 7= BF#DO KERALFEEIMB IO D LER TS
BETHh-77, /-, BEIZEIHyABEIBEN, Z

BF (450 °C) M (400 °C)

Fig. 15. Scanning electron micrographs of fracture surface of BF (7,=300°C, T,=400°C and 7,=450°C) and M (7,=400°C)
steels with total charged hydrogen concentration of H;=0 and 5 ppm.
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DED BFA— AT VS WEREOHIIKEE L & ISR
THRIELEDTED Y, BHRYBNIEIIMAT, A -7
VOS-EBRENAMBE LR, XM =T 4 v D
T4 FREOBIZILT VYA FBRET S, TOV
LT 7 H A MR TKRROARY =3 mAEL (& ISRF
NORFZEDOBREHPEL), KABIES AL 72720, ME &
DRFMACFEDEINE LS o/t DEELOND, &
7z, T,=325°C TRy, DRFARE A & IR Z & SRR
DUOELDEELONDS, Thbb, ZOLRREL 1, V%K
BUIEIZ v LT v 4 MICERBL TRFEEHRE L, Zhb
RRANDKZDIHEBREL TS EFELOLNS,

5. 8

1000~ 1800 MPa f% BF 8 D 7K Rk R & SSRT sk &
BKERIERRZN, —ERERRIC & 2 ENPIEEE £ H
HLE BohFABERELTICEED S,

(1) BFSAOEMEKZRIIME], BH# & A, WS
B 128 ERERERLE, ZO2REKERIT
TS=Z1200MPa TE — 2 &L, Zhll LOKIRE®E L X
LTRDUKTFLAE, Z0O& %, BFFO 2R KEEIL,
MEERUB# L O 50 20 -7, LHEMEARROKIED
¥—213120~130°CIcBBIL7- 2 &, BKXULEBEKE
Ery MR EEL EOMBARLAZZERE6, THhid
Fiz, y . RFESRICEB TS Z EICERTSEE L
b7z,

(2) H,=15ppm® &P T, BF D KR MEZ M
KEREEORMIZ L & R ER,»IIHMmL7z, LaLl,
ZOMWIEIMEAE B & D IR KH» »72, 72, BFH#HDEN
WiERE S M, BEL D EWEERLA, Zho DR
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BEID, () Bl —ICERET S, XM =T 4 v 7=
74+ T ABABPKREDOLLL H# L7 v 7L, HyRRETD
BEOREAMEIL 722 &, RV (i) 7, DT AFICAEHE
AEFEEHE D EENL, 2ROREELME 20L&
Abhiz,

X 73

1) V.EZackay, E.R.Parker, D.Fahr and R.Bush: Trans. Am. Soc. Met., 60
(1967), 252.

2) K.Sugimoto, N.Usui, M.Kobayashi and S.Hashimoto: ISLJ Int., 32
(1992), 1311.

3) K.Sugimoto, M.Kobayashi and S.Hashimoto: Metall. Trans. A, 23A
(1992), 3085.

4) O.Matsumura, Y.Sakuma, Y.Ishii and J.Zhao: ISIJ Int., 32 (1992),
1110.

5) Z.Hanzaki, PD.Hodgson and S.Yue: IS/ Int., 35 (1995), 79.

6) Placges, K.Eberle, PHarlet and F.Delannay: Proc. 40th Mech. Work.
Steel Proc. Conf., ISS, PA, (1998), 239.

7) K.Sugimoto, A Nagasaka, M.Kobayashi and S.Hashimoto: ISLJ Int.,
39 (1999), 56.

8) K.Sugimoto, J.Sakaguchi, T.Iida and T.Kashima: ISLJ Int., 40 (2000),
920.

9) K.Sugimoto, A.Kanda, R.Kikuchi, S.Hashimoto, T.Kashima and
S.Ikeda: ISLJ Int., 42 (2002), 910.

10) MOl - EhukdE, HRLCERBE, S0, (1989), 18.

1) HEEPREES, FE X BheUEmm o ERE, O ARSEN 2
B, I, (1997), 138.

12) T.Tarui and S.Yamasaki: Tetsu-to-Hagané, 88 (2002), 612.

13) T.Hojo, S.Song, K.Sugimoto, A.Nagasaka, S.Ikeda, H.Akamizu and
M. Mayuzumi: Tetsu-to-Hagané, 90 (2004), 117.

14) W.Urushihara, F.Yuse, T.Nakayama, Y.Namimura and N.Ibaraki:
Kobe Steel Eng. Rep., 52 (2002), 57.

15) WH455  gkfadrpiaRg sy R CEFREA, #o,
40.

16) H.Maruyama: J Jpn. Soc. Heat Treat., 17 (1977), 198.

17) D.J.Dyson and B.Holmes: J. Iron Steel Inst., 208 (1970), 469.

18) T.Tsuchida, T.Hara and K.Tsuzaki: Tetsu-to-Hagané, 88 (2002), 771.

19) A.Kimura and H.Kimura: J. Jpn. Inst. Met., 47 (1983), 807.

20) MHIRRLL C ENBIEMYIO B, HARSHN 2, Ha0,

(1997), 35.

J.L.Gu, K.D.Chang, H.S.Fang and B.Z.Bai: ISIJ Int., 42 (2002), 1560.

(1970),

21)

69 I



