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(a) €

(a) Before testing (¢=0) (b) ¢=0.08 (c¢) ¢=0.24 (d) e=0.40

Fig. 2. Optical micrographs showing the formation process of dynamically recrystal-
lized austenite in Fe-31Ni-0.3C austenitic alloy deformed at 1 000°C, 1.7 X 10 2/s.

EEMBERBOTILERLTWA, (a) BERAMOF+ —
A2 MFA MEBET, F—AFF 1 PRLIZE LB TR
AL—XTPHETHSB. 7L TEL OBESMBE IR A
B, (b)) BLLIMLL7ZME (e=0.08) TH D,
LA MIBILL T3 T Th 5, FFITHH IR E
Y, WNRONVD P 7HBESND. ()i ¢, &5
LBAAHEE ML L 20Miichs. bEnk
RUEHFLOKBER LT8O LN, 20H L
R RBEMA A IEE L R oN—2o0E#TH
A, 3HKEBRMD S DER SN KRR EHER o
TWAHBEN» D Tid% T, 4 LA (Strain-enhanced
coarsening) ¥ B L TWALICRZA. (d) 3ER
MBI B SER LB THAE TINTL A& 20
THhb., €I TIMTEL L BREGRILS$FDE>TW
L., COMEIEEEOEL BERICH B/IS VR, S
BIROBEATZRKEVR T TORKERRDEE L TWVAS.
BIROEAS S A — 2 7 4 PR ESVIEE B

TLRTWVA, BIMEESEBILH L OFHRE
(d) 13 ZOADOEMKE LTGRENS.

d = A"Z P ceerereeriirrinii (2)
CCWARU pEEETHE, ARKREROL 3K
< (4X107%), AEMTAHEL 2B (107°). i Nb
& 4A (Microalloy) # = & & &M T/ a3 v (107 %~
107%). £ plxTNTOMWT 0.3~0.4 DETHBY,
2-2 MEAMIERFRIFBICLIBER

AN TR ML TMEL#®T L, 20
ECRET 2 L EBOBHHERIBID. bbHAZ
DEEDVTHAEND T VIS L THEHBESD -0 DR
BHIZEL TR VE SREBEREBIT LN TE
T, B LOEEBITOATHAS.

75, BB T O E BB AS SER R £ °EF
LTHRZOREICRIFTS L, BINEERIC> SV
BROPBIA ThbbBHEERICLOTERLALE
R HVIL UERE L -BESRE, ko



20 % & W

# 74 4 (1988) £ 1 &

THRENRZOREIZHENOEEEDDITAH. T0OX

SLhEHEREAYYA > I VERES (Metadynamic
recrystallization) ¥ 72 ix K 2 + 54+ I v 7 Fiid
(Post-dynamic recrystallization) & V2.

LR 2EDHME (ep-e, PO RIBRGFELS ShFEHIL)
T ERRA T, BWERGZEI LTV AHET
TWRAYFAT Iy 7EEESE, MIBEZT LTS
o cliEyESEMEB Y.

BME D2 Lo THRBMIL S NDHE, £ORION
ZT®MI§PAthX®ﬁ®ﬁﬁ( ) DES iR

EA(T) LTI EARBEL T2 ELELH 5
L, PRFHLE/BHEBROIET LIS, L2l
At PETNEEHLE B ST, D LOEBEOHRIIK
DML AZ =B EORENE B 5.

D& X, HIEONZDOBERIEHE o, BREROIL
N% op, BHELAL EORKIENE 0 T AL,
Bl & AEEOMORR (A) RIZB I 2 78ILE X

On— 02
e e tevesesesscevessasscscrrvecasttesanenns 3
pp—— (3)
TRENS.
Fe-3INi-0.3C
> 1.0 Dynamically /O"—O/—'&-
.o rocryslﬂ“lzed o o
o austenite \
& N L Work -hardened
g O A A austenite
=]
" o/ Deformation Isothermal
uoo- 05 / condition holding
AP T=1373K, 3 T1373K
c A £=40x10%™ or sts
2 —A/ A:£=018
g 0=48MPa
0:€=1.0
& 0=48MPa
'40[‘r. At sassl A n [ we. | . A v |
’E Work-hardened A
3 IZOL austenite
[N
[ Sy
£100 —
<)
£ 8of //&’-o
g o ,
1] - Dynamicalily
3 00— ° recrystallized
< ‘ . . austenite
' 1 10 100

Holding time, At (s)

Fig. 3. Change in fraction of softening (a) and
austenite grain size (b) with the isothermal holding
time of work-hardened austenite and dynamically
recrystallized austenite in Fe-31Ni-0.3C austenitic
alloy.

Fig. 3 i Fe-31Ni-0.3C #— 257+ 1 +&&*% 1373
K,4X10 257} f*bulfﬂlﬁk@eifc (=0.18) & &
Y BY B B SR (Fﬂﬁ)ifmiuf,%ﬁpf%
@mﬁbﬁﬁLtké@ﬁFﬁ%(m)aﬁwE(X)
Bt —257F 4 b naa*l.fzbo)m;{t%?l,“ch‘% Sl
WA OB IE L 0SS Photo. 1 12, BIES &
D ¥ 4, Photo. 2 I~ 3. Fig. 3, Photo 1 kU
Photo. 2 {Z X A, I LEE(LIREE X 0 b BhAY A SH K

REDHM Yy ORGP AL IR LAY, Th
mWIE#& XEnoHThHhoT, ZEKELLTNL
ML E A L, MIBLOMLEZRE(LTRS
& Photo. 3 DX %D, 7 OFERLIEIEF M2 <
b, At (PREFEERE]) A9 < % B ICHED TRHESLALA 2
R EABNA L) IR A,

3. Yo ERROEMEREHENE

3:1 A—RXFF1 FPOEREEEER
*—2FF 4 P O%ERELEOHEELR (Kineties) & L

Edge
Surface

N\

Corner

Fig. 4. Schematic diagram of austenite grain as a
tetrakaidecahedra and showing 3 types of nuclea-
tion sites of ferrite,

Table 1. The values of n and m in eq. (2-2) for
various transformation conditions.

X=1—exp [~ k(T) d"‘l

Mechanism Site saturation Nucleation & growth
Site n m n m
Grain surface 1 1 4 1
Grain edge 2 2 4 2
Grain corner 3 3 4 3

Table 2. The values of n and m for various trans-
formation modes.

Transformation n m Nucleation
Pearlite 4 2 Edge nucleation
nucleation & growth
Ferrite 1 1 Surface nucleation near
site saturation
Bainite 4 0.6 Grain boundary,
inside grain
nucleation & growth




S OINLEALIRIZ &5 17 % 5 AR 21

at = 15 s

(a) As-deformed (Ai=0s) (b) At=1s (c) At=4s (d) At=15s
Photo. 1. Change in optical microstructure of work-hardened austenite (deformed at 1 100°C, €=
4.0X 10" 2/s, ¢ =0.18) during isothermal holding at 1 100°C for At in Fe-31Ni-0.3C austenitic

alloy.
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At = 2 s

At = 30 s

(a) As-deformed (At=0s) (b) Ai=1s (c) At=2s (d) Ai=30s
Photo. 2. Change in optical microstructure of dynamically recrystallized austenite (deformed at
1 100°C, e =4.0X 10 2/s, € =1.0) during isothermal holding at 1 100°C for At in Fe-31Ni-0.3C

austenitic alloy.
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Fig. 5. Schematic drawing of a ferrite grain
nucleated at an austenite grain boundary.
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(a) Work-hardened austenite (deformed at 900°C, ¢ =3/s, ¢ =
1.0) (b) Static recrystallized austenite (isothermally held at
900°C for 50 s of structure (a))

Photo. 3. Optical micrographs showing the static
recrystallization occurring during isothermal hold-
ing of heavily work-hardened austenite in Fe-
31Ni-0.3C austenitic alloy.
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and schematic drawing showing the formation
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Fig. 9. Ferrite grain size as a function of cooling
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calculated (S15C).
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Photo. 4. Optical micrograph showing the effect of austenite deformation on the process of ferrite
transformation at 680°C in a Fe-0.12C-0.04Nb-0.04V steel.
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: Nucleation at grain boundaries

a
b : Nucleation on annealing twin boundaries
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d : Nucleation on deformation bands
Photo. 5. Optical micrographs showing the various types of nucleation sites of

ferrite observed in deformed specimens.

(a) Before rolling (sphere) (b) After rolling (ellipsoid)
Fig. 11. The shape change of an austenite grain
by the rolling with reduction p.
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Fig. 12. The ratio of austenite grain surface area
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of rolling reduction p.
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¢ :30% rolled, 3 s at 680°C

Photo 6. Optical micrographs showing the effect
of deformation on the number of ferrite formed on
austenite grain boundaries.

yHOEE, (b)iX30% ET, (¢)id50% ET LA
Y HORFIZER TS ek THA. FFRES 1 mm K7

(a) A ledge on grain boundary (b) Ferrite nucleation at a ledge
Fig. 13. Schematic drawing showing ferrite nu-
cleation at a ledge on deformed austenite grain
boundaries.
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Fig. 14. Calculated ferrite grain size formed from
work-hardened austenite as a function of rolling
reduction for various austenite grain sizes.
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Photo. 7. Typical 4-morphorogies of martensite in steels.
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18% Ni maraging steel (300 ksi grade) (wt%)

C Si Mn P S

Ni Co Mo Ti Fe

0.015 <0.001 <0.01 0.002 0.008

18.30 8.95 5.00 0.70 Bal.

iy F

packet boundary  martensite lath

prior-austenite boundary

Etchant : FeClz 10 g+HCI 30 ml+H30 120 ml
Fig. 15. Optical micrograph (a) and schematic illustration (b) of lath martensite formed
from non-deformed austenite in 18% Ni maraging steel (1 250°C, 3.6 ks—>air-cool).

Austenite grain

Unit crack path
boundary

Cleavage crack

boundary boundary

NacasumMa and Matsupa  Oumort, Ontant and KuNiTAkE

Fig. 16. Schematic illustrations of cleavage crack
propagations for two types of lath martensite.
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Packet 2SHE T ML & 2 5. T DK E &1k GrIFFITH D
Precrack D KE 8L LTEZAHIENTEA. LT,
TOKESHIPEVIZEBRBEESERNZ LIRS,

6. MITLY »54%RL 7= Ausformed

martensite

6-1 #HEk

t@hRowrT— UM% 1250°C(1523K) T 2min(120
s) A— A5+ 4 MbL, MdBRELU LD 500°C(773 K)
FCHHALTIORETIRERL, ZLTERITH
#) L T Lath martensite = 4R & €7,
- Photo. 833V (4 500°C iZ BT HAMILE 0%, 9%,
19% BUT41% ML L7-& & D Packet DM ERL T
Wah, LT LZwEK Tl Yy fid% { @ Packet IZ2XD
THEEshTVAS, L LD Packet DBUIIMILE &
L HIZAIZEA LT Packet size 13 KE 2D, 40%
MLTIEdHIEP—oD ¥y FLid KIK—D2 D Packet I2%D
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L Boum P
Tensile Direction

18Ni Maraging steel (Etchant : CrO3z 10 g+H>0 90 cc)
1523 K 120 s — X% deformed at 773 K—A.C. (+773 K 1 200 s = W.Q.)

Photo. 8. Structure change in martensite packet with deformation of austenite.

e

@ ‘ s i et SN ‘fﬁ.\\ . i
=0 Jensile Direction £€=0.09

8=0.19 2 5 ES s S Yo S 8= 1..0

18Ni Maraging steel (Etchant : FeClz 10 g+HCI 30 cc+H0 120 cc)
1523K 120 s = X% deformed at 773 K — A.C. (+773K 1200s—~ W.Q.)

Photo. 9. Structure change in martensite block with deformation of austenite.
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Non-ausformed martensite (1 300°C — W.Q.)

Ausformed martensite (1300°C 1 h— 50% rolled at
850°C — W.Q.)
Lath martensite in Nb steel (0.12C-0.04Nb)

Photo. 10. Structure change in martensite morphology of lath with deformation of

austenite of Nb steel (0.12C-0.04Nb).

60 |-
g
? Packet Size
nsor
?i ryn / 18 NiMaraging steel
g (B2 200pm )
g Block Width

0} °

° 1 A A e i L

0 01 02 03 04 05 06
Strain

Fig. 17. Changes in the mean packet size and
block width of lath martensite with the amount of
deformation of austenite (ausformed at 500°C) in
18% Ni maraging steel. The mean initial austenite
grain size was 200 pm.

Table 3. Chemical compositions of specimen (wt%).

C Si Mn P S Ni Fe

0,38 0.32 0.30 0.019 0.016 25,44 Bal.
Ms=—-37"C Md=60°C

TLE2TWA,

Photo. 9 1387 & 8 UK TdH % 5%, Block »ix> &
NEBIETEALEI Iy FLEGAT, MLLAVWRA
TR—20 7y kdBBICE L O Block 1K L2 TXEIH
NTWwah, MLENKE L 255> T Block 3#iE
ST, LAbEIT2LIoihb, ZLTOoOWICEBEE
nbLEhicioTLEH, , '

L% 5 Packet % Block P& LD+ % Fig.
17 127°%, MLEE & 312 Packet 3 K& < %210, Block

1150°C, 3h

Rolled at 200°C

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

Fig, 18. Schematic illustration of schedule of
thermomechanical treatment.
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80F
5a -
? / e PS
4 e TS
L A
60 %/ s P
S ‘T ¢
0 15 30 45 60

Pre—deformation (%)

Test temperature : 80°C
Fig. 19. Relation between tensile strength and the
degree of prior deformation at 200°C.



32 % & M

& 74 4 (1988) B 1 =

BANSL BT ENbhs. K& ZILETIE Block
BhEhbLEhichy, BIECE o7,

Z ®»X 9 7 Packet % Block ® % 1L iz Fe-0.12C-
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FOLEOMOPOEALE AL E Fig. 20 DX D TH
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W, BINLy ASEB LIV A4 it 10% L
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VFrH A POBUIRSENEDLST, 60% MILL 7~
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RY.
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~ 24} O\
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% 18 v\

T BT

i

Martensite

0 15 30 45 60
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Tensile test temperature : 80°C
Fig. 20. Relation between elongation and the de-
gree of prior deformation at 200°C.

Table 4. Chemical compositions of specimen (wt% ).

C Si Mn P

S Cr Ni

0.16

SNC 815 0.23 0.56 0.018 0.014 0.8  3.03
Fe-14Mn-0.7C ~ 0.68 0.78 13.94 0.033 0.005 2.35 0.06
SNC 815
Tix.8ks Tx60s
T3 &=17x102g"
Tux36 ks
0.Q W.Q (SKD61 A.C)
Fe-14Mn-0.7C
T|X‘.8|$S 60s
T3 €=1.7x102s™
00 w.Q
T] Tz T3 T4
SNC 815 1373K  1173K  993~1173K 423K
Fe-14Mn-0.7C 1373K — 873~1173K —
Fig. 21. Schematic diagrams of heat treatment

and deformation schedule for each steel.

50F A — Fe-146Mn-235Cr-0.7C(T=873 173K , £20.04 ~0.59)
O — Fe=~32.4Ni(T=873-1173K,€=0.04-017) A
E 401 at R.T.
£ Solution Hot
ke G Treated T J_w ir
il T
. (R SUPY o
@ 30f ve%2
B £=17x10%5
o~ e
»—bo
< 20t
A at H.T.
>
10 Ad'0 c EAO'r
! i
i&=17x10%¢
E
0 2 I N -
0 10 20 30 20
20" at HT. kg/mm2

Fig. 22. Relationship between the
0.2% proof stress at room temperature of au-
sformed austenite and the increase in flow stress of

austenite on ausforming.

increase in
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Yy DTz E D 2T IVT 44 Fa5a{LT 5
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~ 30r & —993K s
& s —1 023K
€ 95t o0 —1073K
“ (E=17X10-2s"1)
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©
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©
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Fig. 23. Relationship between the increase in
0.2% proof stress of ausformed martensite and the
increase in flow stress of austenite at ausforming.
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Fig. 24. Change in CCT curve by the work-
hardening of austenite.

Fe-14 Mn-2.35Cr-0.7C

‘ (a) 1073 K (£=0.20)
Photo. 11.
stress of austenite (A¢ 7 =10 kg/mm?) at 800, 750 and 600°C, respectively, at e =1.7X10 25 %

(b) 1023 K (£=0.09)
Electron micrographs of austenite deformed to the same amount of increase in the flow

(c) 873 K (¢=0.04)
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900f SuJ2

850°C E=3x10's"
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Fig. 25. Change in hardness of water-quenched
specimen with holding time after deformation at
850°C in SUJ2.
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