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Effect of Discontinuous Change in Cooling Rate During Continuous

Cooling on Pearlitic Transformation Behaviors of Steel

Nobuyoshi SHIMIZU and Imao T AMURA

Synopsis:

In this investigation, the pearlitic transformation behaviour of steel with the cooling rate discontinu-
ously altered during continious cooling was studied in relation to the CCOT diagram of the steel. The
main results ae as follows:

(1) The pea litic transformation behaviour with the cooling
continuous cooling was diffe-ent from the transformation behaviour illustrated by usual CCT diagram.

(2) The pearlitic transformation behaviour and the critical cooling rate with the cooling rate altered
at a point during continuous cooling were observed to be related to the incubation period consumed

ratz discontinuouasly altered during

before changing the cooling rate.

(3) Including the degree of consumed incubation period in usual CCT diagram as a parameter,
the transformation behaviour and the critical cooling rate can be estimated from a conventional CCT
diagram.

(4) If th: same amount of the incubation period was consumed by either continuous cooling or
isothermal holding, the transformation behaviour was virtually the same in subsequent cooling when
the cooling started from the same temperature.
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bR E LR LB 5.2mm¢ @ SUJ 2#TH 5.
7, CCT dhigz Kb, LIHEL L X H{pH
#E LT, SUS 27 oExEROEM (7~28mm ¢
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Table 1. Chemical compositions of steel used
(Wt%).

C | S (Mo | P | S | Cr|Cu| Ni

l.OSE 0.27 | 0.40 | 0.017/ 0.009; 1.46 { 0.08 | 0.05

* CCT #8U3 TA— 27+ 4 FMUBEDY 860°C OBARAHRHT
N—FA FEBYBED NS, 1050°C it b & N—F 4 FEBIZ
BOLSNL. TOCER, TTT 13 ¢ 1050°C 0 —x 75
A MMETIR, N—7 4 FOBRIEY, <—-F41 MHRT BRCE
B2 >TWB L E05 §BWTES. %, HRABORRILL
BN E IR T 0.5 T 1050°C ©F —X 744 +ETHY
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35%, BOWE=AFo 94 FTHD (DEOBBEA — 2
FFA bEREL).
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MRE XCETHIT, (BE ELEREBITE COBRERLD
LEBTSNTHHIL, Fig.1(a) TOLEREPIEF/213
FEITRME CHRAENALEEZI L EOTEHREL XK
TTHTHD. T TREEEFHOLOBRNTEZENE L

** —fic COT HBOBEHMRARERTEDLTLEY, LTl
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El (b) Modified diagram for heat of transformation.
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Fig. 1. Continuous cooling transformation diagram of steel used, austenitized at 1 050°C for
g g g
15 min,
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cooling to room temperature after change of cooling rate

(b) Modified diagram for heat of transformation
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Fig. 2. CCT diagram and transformation behaviors after discontinuous change of cooling

rate at several points of A, B, G....

austenitized at 1 050°C.

REM TR L, <@ $HAREBAD 720 WHERE 5% < 1%
b, FERENX Tx STET T2 ZOBEOWIRE THED
Lt&@@ém1h04151 HlEkx 1009 8 — 5 4
FTHDo7. LTAP, Fig.2(a) kT, Ty 56
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LxziE, Ta X1 3.4°C/sec - OBHEETEHEIND
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DOLEDEXIIHRC 6 THS. sk, Ta kb 3.4°C/
sec TEHIXND:d A, B, C, D, F &T, BHLHE
[E% 9.7°C/sec IZEE LA EOLEROKRTFIT, HHiE
$8'5E T Photo. 2 oY, DX, @HEFT
WHLRE R EFE 55 L, KICKRODILEFE LW IFED

CCT gh#ficiREn s H D &, Eix /BRI R
T ENRLIPD

during continuous cooling from T, to Tk,
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& ok

FIT, WINEEAZET Livs &0 CCT Lo
BFA A S o B7200, 7ok 21 Fig. 2(a) T,
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W Fow T EoR—o@E HrRC 56 %R 15005,
Dik 02 L7 (GERRTART) I FIrkas|v
T, Ta-Tx ¥ EZBH% D' L35, LA oT, W
HMEFOD S THEEEEZEFET LIHEC, Ltk
CCT fmzAvcasiznizit, D' HaLZE LA
Lo LrEZNFI . FRICLT, BHEPD A BC
------ 5Tﬁﬂﬁﬁ%ﬁﬁbthmrowfkwé& z
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%@ﬁéatb,&&cmwﬁwﬁmﬁlﬁﬁhe -----
SEKDEDEPE VBB THS.

T ZTREL Fig. 2(b) X SEEREEE LA
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BT, Ta »OWmHELEE 3.4°C/sec THHT 5840
A, B, G- BT, IHHEESRY 9.7°C/sec WEELTH
Shi-fix (HRC L OWRIEETRT) %, FhFh
¥ ks, ERRETELED
F—DBIDE»5, ZE Lz 9.7°C/sec OB
EITHES AT Ta-Tx #EXHEZ KDDL, THF
L A',B',C' ErEohs. Fig. 2(a) T ki
A" B, C'----- 5 L, Fig. 2(b) Tskedsz A',BL T
Hlx, Ta-Tx LW TEFRAFNFE UFORBIC
HHZEDBHBALL. oz i, TEEAE EBIELA
COT HIHNTHEEMLTDH, FUHRERBEOLND I LEE
Lk 50T, DL, BINTOA S NZEREEEEE Litd
DT THZ LT 5.

ZDESKLT, wHELhgHRD AB,C A THHELE
EExLERTOEEOThThORNEGS A'LB,C
b, ik iz COT RO Wi 56BICH 5%

1 o

kb CCT gt ZhE

e 4

*ﬁﬁ_‘j‘j—é o, A,B, G- fﬁ\@%h%h@hﬁ‘lfg &, Al
B, C.-oe 50 Ta PHOLThINOREHMERIGEET

RESINDEEFEATCE /%, [.P dhig (R

IHEEM) L EFETDH (Fig. 2 € I.P curve ERL T
E)é) 7‘:7‘3 L: I.P Emﬁ‘l%cj:: A: B50 """ lﬁxﬁgﬁéﬁgﬂté

MIOETSECoORERBAL T 5. TREMSBATHIE,
BRWIEEZIhTLES B TH 5.

DEIC, Fig.2 OBEX VB 2.4°C/sec T Ty Xk
DEEIL, &AT 7.5°C/sec &, 9.7°C/sec @ 2 DiT
LW LS o>w, Fig. 3 wT9. Fig. 3 THEY
ZERERARARR, AUE#R, B XU THIE, Fig. 1(b) &

] 000

S00

LdoxFRT. Fig. 32k, Ty L9 2.4°C/sec
THHENDEFD A,B, G BT, HINEESR 7.5
°G/sec &, 9.7°C/sec WHFNFNEE LTCHIBE TS
HLicLEoBES (HrC) 13, ThEFhZLEE LLBH
Hhig (HETRT) OXKBOORITEFTRLCHS.
el xiE, Ta X9 2.4°C/sec THILTDLE Tx

CEEFTT L HIBZTHHSIh, Z0LEDEXE
HrC 40 TH5. LirL, 2.4°C/sec THHT D8
DODET, #HER 9.7°C/sec TZEE LTHIBE THHE
T5LEESF HrC 49 Tich, 7.5°C/sec TZEET 5
& HrC 44.5 17 b, 5%IEKITHEANT B & HRC 60.5
Ligojz. Stk o CCT ghig & OBERE I Lo s
LD, TRLHOWE gLk COT ghifnZ£RE
Fub#h FRRETHREOR —DEXDE» L, W Lic
EEHERICFITIRE S| & Ta-Tx e bDHE D' &
T35 FMULXo5CLT, ABC--SDMGE A',B,
------ ZRWBIEMTES. Fig. 2 ThodimE xl
FLX5lT, ABC, MOIRE &, THIZXRE
T5 A,B,C BO Ta oo ZifREHE» 5 KE
HBrhthoawiFA T, 1.P iz kot XNRtT s
(Fig. 3 T L.P curve & LTR7T).

Fro, Fig. 3 kT, 2.4°C/sec TEFSHIT S
mrh, WELRER 7.5°C/sec &
9.7°C/sec WWZEW LTHIRE THH LGSO BHMEE
5B % Photo. 3 =T,

WEZZT, Fig. 1, 2, 3, kW, ERGHEE
TD Ta 2 LERBERBRITET 285 % R, Fiflfi% Zr &

Cooling rate
2.4°C/sec
7.5°C/sec

9.7°C/sec o

Temperature (°C)

! E
3
\ \\ N \\\ Tx
Ao o, 40 Circled numbers illustrate
MR ( hardnesses (HsC) obtained by
60Y 60575 49)a4. cooling to room temperature
55 N after change of cooling rate
51 47 55 50Y445 4
Hardnesses (HC) obtained by cooling to room >
femperature with usual gontinuous codling., ; ; 55 | )
0 20 40 &0 80 100 120 140 160 180 200
Time (sec)

Fig. 3. CCT diagram and transformation behaviors after discontinuous change of cooling

rate at several points of A, B, C
austenitize F at 1050°C.

during continuous cooling from T, to Tx,
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EFLTHL. FTihbsb, Rix CCT fiEOLUTHY
L, Zp 3 CCT iz 3517 DB R HLERE T 0 EIRF
YT 5.
3.2 EESWEFOBRHOHER

3-2-1 EAHOBER

EESHPITERINAR, Fok3TiHsnTe s
ZowT#ETT 5. Fig. 1 wiRd CCT @iz ki
EELRUE&HTA—AFF A ME (1050°Cx 15 min)
%, BLAIUREOHRBHICRAL, TORETEL ISR
RAERTF L7tk 5% /K BEA L T2 RE L, Ex o
HlE B XU ORE» 5, ZiRE COEIRZEEEIRE
Mzskos, chi TIT RS THbbTCLIL, £
D—ER% Table 2 WiRT. Fi, ZTHOHLEHRETOE
BTSRRI 2 QIR Y £, Fig. 4 @ TTT ©&¥
ghgR &b, T4, TFig. | TROLEALSHERETO
ZERERAMARERN & CCT & LT Fig. 4 w7

DI, MUA—RAF 4 Mg, Ta X DEIEEE
3.4°C/sec THHIL, EALEBEEZIFTELLEE, E
LI T DIREDEECHE LT, &L RRSERRF L7

Table 2. Consumption of incubation period at
various temperatures during continuous
cooling at a rate of 3.4°C/ sec.

Temp. | TTT X, TTT | |p

°G) (sec) (sec) (sec) )
730 l 60 i 95 I 150  0.08
710 28 100 123 7 0.18
690 21 105 115 1 0.52
675 : 18 110 110 1.0

TTT : isothermal transformation starting time
X, : continuous cooling time from austenitizing temperature
TTT’ : wransformation starting time during isothermal holding
at various temperatures after continuous cooling
T.P : consumption degree of incubation period -

#, 9% WAGCEEA LHE2 RS L CHEEDHllESR I T
HMSOMEL TR 2. TOLED Ty »5HDOZEREM
s Tcorfle TTT Thobbl, Zofiz Table 2
TR T, BHVERE 3.4°C/sec THHIT 555
IBEFCBT T 5 CoRRME X, 1L, Thi Table
2TRLTHSD. ZOX I, EHEEHESFRRFFOM
BEIC X DTRD - ERERIAR I % i8R J L B A 7
TRt~ Fig. 4 © TTT TRy EL 5.
EHiRRR P OIBE TR, BRINOBEEEERFR LT T
B LRET DL, BEEIMTBY 5E8HEFTO Xq
FCoOFBRMDOEEs (I.P) 3Kk TR 5.
TTT— (TTT' — Xy,)
TTT

=721 1.P<1
Fod ziE, Ta X 0&HGEE 3.5°C/sec T 730°C %
T WHIEI N & ED BRI EERE, Table 2 %
7:1% Fig. 4 25, TTT=60(ec), TTT'=150(scc),
Xn=9ecr, DEHN, g (1) RicfeA T,

I.P=

60— (150—95
I.P(30°C) = —(60—)—=0-08 &b, ML
LT, WEHEE 3.4°C/sec DPEDORIBEF TOER

WoOWEEx ks L, Table 2 TRT X HiICkD.
IL.P=1 & EF{RIH%E 1009 HEL/IZ L%TT.
—7, ScHEIL LAy EAHNC X BN Fig. 5
RT XS5, Ti Te Ty, ooeee DEIRET, 4X,, 4X,,
dXy oo O SRR LAES L WERL-LED, &
DOEHE % MRRICHN AL Lict EERUTH D EE 2 1.
Vg, Ty, Ty, Ty, eenee DIREW BT 5 FiiEo L &
DOERIE, FNFN Z, 2y Zy LT 5B 5, SEES
HO BRI INEDIBET thTh 4X/Z,, 4X,/Z,,
AX3/Zg, - IS BRINE HBE LB LSRN L TD &,
TREOFN 1 iCieD7c & i RITE 3R LCLRE

Ta ¢
1 000 Ay 4,

' ni— %

—_ T2 b Z2

o 900 T o 7 2

~ . . o Ty 5 Tal— 2s

- Continuous cooling 3 T S sf— 2

5 800 (cooling rote 3.4°C/sec) e ) g =

g A - — g8 9o £ *

[2%]

& sonl  eTIT NI : L] 9 3 x(m| 2

- T D et fe) i~ R
£ 700 Isothermal i = EEF s Z(T)
= transformation cCcT
St
600 |- aris Continuous cooling Ti - -
transformation starts ime Nucleation time
1 } 1 } 1 | 1 i 4X,, 4X;, cic; infinitestmal subdivisions of cooling time.
(o] 20 40 60 80 100 120 {40 160 Ty, T, etc; temperaturer to be held for 4X,;, .X,, etc,
Time (sec) respectively.

Zy, Zp, etc; nucleation time corresponding to T, T, etc,

Fig. 4. Transformation starting time (TTT') respectively.
during isothermal holding at various Fig. 5. Schematic diagram showing how incuba-
temperatures after continuous cooling tion period is consumed during continuous
(Xp)- cooling (X(T)).®
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EEED. Tibb, EENHOBEORE Ts TD
ERMoEESE (L.Pra) 13
1.Permy=A4X\/Z1+ 40X, ) Zs+ AX] Zy--- -~
4X.)Z, :“'f 4X(T)/2(T)
—j T"dX([)/dT
Z(T)
THREND.

G HLERE A 3.4°C/ sec DEHHOWRIMOHE %,
(2) Rick->T 10°C TEiwEKSy LTHEIMIEE TR
5k, Table 3 wHET Xd5hsb. ZZwwrd Z(T)
i, RIBE BT HSEZEERMRRNT, Fig 4 IR
3 TTT ghHo %ff{mﬁﬁﬁénéfﬁsﬁwma FLdDTHD
Py, T TR Ch R SHERA R LS T LT
5.

3-2-2 CCT gf & Dt

Fig. 2 TR L7 L.P ghig e, Table 2 Txkoic P

35 O Table 3 Tk I.P %, % 2T Fig. 6}

Table 3. Consumption degree of incubation period
calculated by E, Scheil’s equation (2) at
various temperatures during continuous
cooling at a rate of 3.4°C/ sec.

(refer Fig. 5)
Nucleation | dX/dT Consumption degree

T(c.,"ép)' time J(T)dT of incubation period
Z(T) (sec) I.P

750 2 400
740 100 0.03 0.03
730 60 0.05 0.08
720 35 0.08 0.16
710 28 0.11 0.27
700 22 0.13 0.40
690 20 0.15 0.55
680 18 0.16 0.71
670 17 0.17 0.89
dX=2.95 sec, dT=10°C
760 E ) ) ) -
74(; O—0 Results from Fig. 2
& a---a Results from Fig. 4

®--—e Results from Table 3

Temperoture (°C)
~
o)
)
1

Fig. 6. Consumption degree of incubation perid
during continuous cooling at a rate of
3.4°C/sec.

bobT e, SEPTLALFALERTCHD Z EA5br
5. Tihdb, Fig. 2 twvwTE#H L 1.P ghgil,
HESEIC RS WT Zr 21 L LAk Z20 BRI HE
kimE R Lo il Thds vz s, Fig. 2 REWT,
CCT ghigic k17 % R BFEE (9.7°C/sec) TOD
LHRE BAtARRIC ET B E TO %L Zx &L, A, B,
C'Dgsn Ta »oOBRMETNEN Za,
ZB’ VASRINRIE Lt B L, Zar/Zr, Zo1/ZR, L1/ LR, o0 298

HERSIEER O A,B,C, HE T HE S v iR
ML FEUBERIC S B Epvbhd. Ei, FHOX I
D UERE L E D Ze VX, ZEREIRR EOR UZRE
BICHET 5N, FUMEBILD D Z LAbrs.

R X5wiLT, Fig. 3 RL I.P flifgic>n»T
LiRE L7cas, Fig. 2 offo L & &4< FUBERC
HEHZEBELIILD. Ff, Fig. 2, Fig. 3 &k
W, dEfEgEgEd o A,B, G HTH IR 2
L7s oSS OWENhEIE, HR, T NTHRITKRD
CCT ghgro Tx SsS&x@m@l, Fi, A'-Tx,B'-Tx,
C'-Tyx, - wd 4T Ty d2ld U7 2Rk s R
T LTS,

DLEOFER A5, EEESEE W T inEE A2 & L
BAOEREFET), 755 NG PO & B KA B DR
S ELERE A PRI sk S ki owT Fige 7 TR
A+5. Wi, F—2F 44 ML, Ta X 0HHEHEE
a (IREE/BERT) CH A X TRIT 52 1 0 5 DI
A,B,C T, WHEELZZESLHEE, 3 ABC
OFNREFNOES S ALBL,C sk, ALB,C b
2 Lo g BT A 5 0, ik CCT

g s LZREREFA kD bR D, AL, B, G SAEKkDD
FEx, (2) RE X2 THINEE a D& ETOERERT

, Criticai cooling tate
T 8 g (8)
A

e
A ((:on)rinuous cooling rate
-3
A, l - - -

To BN 8o CCT curve
1P S

: -
curve I -
{

T b--Za——

Tempeture

R

Time
Fig. 7. Schematic diagram showing a method to
find transformation behavior and critical
cooling rate when the cooling rate is

altered during the continuous cooling.
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BT DLECORBRRBOBEBREFETHRDS (Table 3 ©
ke HEESR). Zok 5w LTkdi RiBEID:E
TH5ETOHEE, Kok COT @B COEREH
HEETIREE Ta 2> OZRERMALS R I5ET % £ CORA
Zg 1 217T, CCT @R Eic P v LT, ZHh
LD EKREEAT LLP curve #RRT 5 (Fig. 7 @ 1.P
curve ). ALIX A D LOBETH»EH» S, 1.P=
0&/h, LAoT A" A Ta AELRIUMKEEK
5. BEPLKFHEZE|E 1.P curve 2XTbEE»S
FEBEG|E, To-X &b damn B HeEigs. C
¥ CIRERE LR —LLR OB L8, S EES %3
E, Ta-XiREZDHHEMN C ETHS.

3:2.3 PRFGEHERE

DEW, BRARIEESBRAOMEEIC EB2T,
LT Z 2w T iR 5. Fig. 7 ik,
Ta »POELEBENLA-: Z0 CCT g CRINSER
WHIEE % r (RE/FRR) &L, yTHHNLAERE SO
REEEfA S % R E L (Rix CCT ghi@ o it Y7- 5 5 THh
%), TDLEDIRER Tr £T5%5. Ty X0HHEHEH
HE a THEL, TOBHRPOEREEAT TOA, A
B LU B LOBRABHEER, FhPhoREE, A
XU B LREFBALBOARL LS. Tinbb, &
GmELER O A S LORRRWIENT A'-R BTRIN
. AfE A DAEDIRETWERLSBREIZHEE LTV
DT, O CCT it EORFISHNEE (Ta-M
M) Oy FELTHD. BEPSOERSENT B'-R %
THREIH, ZOWHFEEL L (RE/MHHE) £45. BA
I A DITORETHEHRI\AZEE LTV 5720, Bl
XV RECEEFEE L85,

RS EEE S EHEP TOBRMOBEER TG LT
LT 5 FRFE2 MR TCRTERDE SIS, 1.P=
1 DL EXEENRBTEIDOTH S0, Ta LD
REIMEE 713 (2) KX 0

7J A Z(T)
Tibb
Te dT
r = A, E—(—JT) .................................... (4)
WHEE a THHILTWSEFOEE Ta LRSS
HEER B LT DL

1 (Ta 4T 1 rTe dT

wazmy ez
AKILT B

EROHEI, ThoDBBRABEI>»E S vk

HLTH%. v, Fig. 2 it T, BEREILEE

Ta-R BTREN, 0O HHEER 9.7°C/sec THh
5. vE, (2) REMFEOT Ta X DEHEEE 9.7°C/
sec TCREFTHHALL L Z0BRMDOERESL, 10°C
K& Zrickdsn E Table 4 /T L35 chsd. 7%
bbb, R& (B 520°C, Bfifilx 55sec &) T,
Fig. 2 o CCT @i chRT Lz 5TIE, BREMDHE
BRILITHDH, (2) KXAWTHETKD S &,

Table 4 IZRT X5 0.962 L7y, IIF &L w
[ExRT e, (2) XEFHALTD AEMEWL
ERbdol. D&, Fig. 2 ltkwvwt, Ta X b 3.4
°C/sec DFECTHHT2RHTDCELIUDELLD
R HER S, Ththaticso G XU D' LR
ZEEARBTRENS. Thbb, C-R X D'-
R B2 ERA» LR Lh SRS TH v, C-R
MORE D LWHEEIT 11.1°C/sec 27 h, D'-R &
DAE D HEHIEE L 14.8°C/sec 255, %7, CH
BFLUDSR I ToOBRMOBERE Y, ThTh Zo/Zr
BIY Zpt/Zr THD. Tiebb, Ze/Zg ¥ 0.20 T
Zpt/Zg 13 0.46 TH B (Fig. 2X H Zor=10sec, Zp
=25sec, Zg=>55sec). (5) Rixk\C, Ty 1ZCET
i 710°C, DEIE 690°C X of Ty 13 520°C % 4%
AL, T/, Ta HRETERFGIEE (9.7°C/ sec)
THH Lz & EDBRMD MBI, (2) X osksd
5& 0.962 THo7ehbD, 1ofbbic 0.962 LA
L, CARPLOBRAWHEEE fc &L, DE»LOMHE
FREHEEE fo & THIE, (5) RILAFHhKRD X
SITEEHILRD.

1 p710°C 4T 1 520°C 4T
—f _j' 2 —0.962 - (5¢)

aJa ZD) " pc)noc Z(T)
1 p690°C 4T 1 520°C 4T
aa, AZ_(T—"_)_+§1;—1690°CZ(—T)=O'962“(50)
1 p710°C g7
22 oSy Zay B Ze/ZRiELL 0.20 T
5. 2im [ ALy ZeZe LS 0.46 <
aJ A, Z(T)

HEM16, ThbE, Thth, (5¢) XU (5p) R
KRRALT, Bc BXU Bp #EHETKDSB L, Bc X
11.0°C/sec &7 b, Bp 1 14.6°C/sec L7 %. —h
SO FESHRIR, BEET LI BRTO NESE L LT
Table 4 IZRLTH5. bbb, Ta X 8 Ch (710°C)
ET 3.4°C/sec OBRHEETEH LA L E0ERED
BEEE, Fig. 2 @ Zo/Zr BED L 0.20 T ot
CarbRE (520°C) 2 COBHEE Bec & (5c) X
ThRkdDDE, Bc 2 11.0°C/sec w2 &, RETEL
ol EOBRMOEEE 0.968 L7y, 0.962 1783
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Table 4. Consumption degree of incubation period caluculated by equation (2) with
various cooling patterns in Fig. 2,
9.7°C /sec 3.4°C 11.0°C 3.4°C 14.6°C
Ty,———R / sec / sec / sec / sec
~ ~ Tp——C——>R Tp————D—R
o U ~ —~ — N — —~
=) ® < 0 ] @ @) ] ]
oy N ) ) ) ) o )
© Sk 2 2 @ 8 B S ® 8
- S S S e T B
Temp. (°C)| Z (sec) dX/dT .. LP dX/dT . P dX/dT . P
V4 Z z
750 2 400 Tr ]
740 100 0.010 0.010
730 60 0.017 0.027
720 35 0.030 0.057
710 28 0.037 0.094 0.200 |
700 22 0.047 0.141 0.041 0.241 !
690 20 0.052 0.193 0.045 0.286 0.460
680 18 0.058 0.251 0.051 0.337 0.038 0.498
670 17 0.061 0.312 0.054 0.391 0.040 0.538
660 15 0.069 0.381 0.061 0.452 0.045 0.583
650 15 0.069 0.450 0.061 0.513 0.045 0.628
640 14 0.074 0.524 0.065 0.578 0.049 0.677
630 15 0.069 0.593 0.061 0.639 0.045 0.722
620 15 0.069 0.662 0.061 0.700 0.045 0.767
610 16 0.065 0.727 0.057 0.757 0.043 0.807
600 17 0.061 0.782 0.054 0.811 0.040 0.847
590 19 0.055 0.837 0.048 0.859 0.036 0.883
580 22 0.047 0.884 0.041 0.900 0.031 0.914
570 27 0.039 0.923 0.034 0.934 0.021 0.935
560 45 0.023 0.946 0.020 0.954 0.015 0.950
550 105 0.010 0.956 0.009 0.963 0.007 0.957
540 170 0.006 0.962 0.005 0.968 0.004 0.961
530 — Tr 0.962 Tr 0.968 Tr 0.961
520 — Tr 0.962 Tr 0.968 Tr 0.961
dT=10°C

Cooling rate (°C/sec)
1.P : Consumption degree of incubation period

:9.75dX=1.04, 11.1—-dX=0.91, 14.6—-dX=0.685
Z : Nucleation time

@ Consumption process of incubation period with cooling from T, to R at critical cooling rate.

® Consumption process of incubation period with cooling from T, to R through C when the cooling rates are 3.4°C/sec from T, to
C and 11.0°C/sec from C to R which is calculated from Eq. (5¢) as a critical cooling rate.

® Consumption process of incubation period with cooling from T, to R through D when the cooling rates are 3.4°C/sec from
T, to D and 14.6°C/sec from D to R which is calculated from Eq. (5p) as a critical cooling rate.

HWEFRIE D ERRLTVS. 7, RLESICL
<, Tp »5D& (690°C) % T 3.4°C/sec THHEILIC

HOERGENRE fp % (5p) RTkDDE, fo 1T
14.6C/sec rico7z. BB X 51, HAGIEEZ

EREc ko5 &, C-R @B XU D'-RBTHRIN,
Fhrhno Giisr s 11.1°C/sec X 8 14.8°C/ sec
TCHotz. ThIT (5¢), (5p) X DETETRD/z fe
=11.0°C/sec, Bp=14.6°C/sec LiFLALE —KT5
fEZR LT\

DX, HEHEFRDOD D E LORRBIENREH,SE(L
TEEFERTED, WE (3) A% A, 5 T, T
L, Ty 5 Tr FTRHETDE,

1 (Ta dT “Tn dT )
o T R s (6)
LB, (5), (6) XXkD
a>y OBHE B<r HPRILTS.
Tishb, MRS EEE 7 X 0EVEE THHET

H&PDOE Ta 2 b ORI ENEE Y, ¥R FEE X
DBLABDENIZLETHD. DT LML, BEBEAZT
ITCRA—RT7 s —LDEEFKRLRBESIL, F—AF
T4 MER» OEERBEEE X 0RVCEE THAIL, &
HTHHIORE, R E /NI 2 T o Th bl
AT 5. ZOBEOWEE LD HOMRFHINEE DK
FAEILD. 7L, T B Z LI X O THRIEDOM
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Consumpfion degree of incubation period

. .5 & 0.75 1.O
740 025 — ‘ «—
0.25 0.5 075 1.0 N N N

700 N e 9.7%C/sec Ny N s

660
:5 620 \ N Isothermal transformation starts
- A NNy N
(M)
3 — I.P
g 40 02505075 10

, > _

§ 740 - K—ﬁﬂt

700 . —lvf—lv& \

\ S
600 ;A__A N \\ CCJ'(AJ
\\\
620 £
40
Ze
55 51 47— HgC
CCT (A) Cu‘rve is a CCT curve translated fo originate at f |
0 20 40 60 80 100

Time (sec)

Fig. 8. Cooling transformation behaviors after partial consumption of incubation period dur-
ing isothermal holding at various temperatures, austenitized at 1 030°C.

B, FOXSTET EPT DO TRALATIE W
DT, MIMLHEDEREENEEIZ DTSR OWIR % 15
Fohtdls By,

a=7y OHFEE =7 DRIT5.
Tiabb, WIHHERRSENER &R UEE CHET 55
Th 2 LOBREHGERE L, USRS IN#HE & F U T
»5.

a<ly OBFPFET B>r MBRILTS.
Figdh, PR EHEEE X DB VEE THET 58
1 Tn 225 ORESGHNERE X, YIS SEERE X v
B Lib, (9) mxo f 1 s
{iT2NT, p—ooo TWiES3K. Thbb, BN
EBNRELL LD O2NT, TOBROERSHIEL LD,
EHRZ SIEE Lot EORRDINEER, &RAD
HIWETDHLLEERTS. O &iE, KMAMD
BRI DY, HIBIBEAE DL SiEVWESE
FLTwiwnwk SicBbhs.

PAED X 5T, @& HE T 0 H 55 E0 S HERE
ZER LISEHOEEREE e, BESHEho b 5RES

2 b DEEF G HEE OZELIE, sk COT dhigiy
ECHEHIT, NI E DTRDBZENTEL 2 &%,
Fig. 7 2 FWTR L.
33 ZREFEFHICES? BRGHEREZTD #OSHIZKS
THEAE)
3-3-1 FHERINEOBELRERT)
HAEECTHERF LT, BRI ERIET,E
GHTDE, FOXSLEREFETRL, ¥/, hb

Table 5. Hardness (HRC) obtained by cooling at
a rate of 9.7°C/ sec after consumption of
incubation period in various dgree during
isothermal holding at various tempera-

tures.
LP!Q% EO& &n’ 1.0
Temp. °C ‘ L‘ _
740 ' 585 55 ' 51 . 47
700 | 605 i 58 | 54 50
660 | 61,5 1 60 56  52.5
620 i 61.5

61.5 59.5 56

¢ )
I.P : Consumption degree of incubation period
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DEREFEFIHIT RS/ COT i & v i 5EHRIZ %
ST 5. Fig. 8 IZiRT°X 51, 4o CCT e
TRDImESERMEUA—ZXF+4 ME (1050°C x 15
min) & Ta X b, 740°C, 700°C, 660°C %5 I (X
620°C iz B LT, FTHhO0RETEBERE
L, &R ThTh, 0.25 0.5, 0.75, 1.0 &
B, TRTRECEHEED 9.7°C/sec TEHEE T
HRLICSEOEEFZFH B 5L, Bx (HrRC) 11
Table 5 R X 579, #&kiE Photo. 4 ITRYT &
2B, Tiebb, R—RETRBRPONERE
BHEEWESIEL D, BRELA/—F4 FEIEL
15, 7, HRPAOHEESFA—DBEEE, oK
T HB U FROSEESE 23 EH X 3E <
D, BRELIC/C—F4 FPRIDLLDTWVWES. 20X 5
W RO E R & FRIFERIC X T, To%A
CRAEE CHEHIL T B A Bl o TREFL TT 2
EBRL P DI, TS DLERERENN, Sk
CCT diig (Fig. 1(b)) & /s ZBRIC % ks
T 5.

WE, Fig. 1(b) @317 58 4 I 3R OSSR
CRWT, Ty 25 A, £TILGETHEEENIC X 5%
REIDOHEL, £<MAETHE15, Ta »b A, %
TOBRHFMETNTRE LT, A, ZRESICLESH
ZRgdhfiic Fig. 1(b) 2 ®&#%2 5% &, Fig. 8 (o7
CCT(A) BifRD X w5, Fig. 8 itk 1T, & %
i, 740°C CHERIE 0.25 (740°C T 1) B SR EK
Refdlrd 100sec TH 525, BARMD 0.25 2HBT 5
DI, TOEEET 25sec {4535 & e Y- 5) T HE
L7tk 9.7°C/sec THBETHILAL SO
Table 5 7 & HRrC 58.5 “Th 55, CCT(A,) Hik
DLREPIL E R RETHROF—OBX D S b, BInE
B 9.7°C/sec OIHMRIT FFTREEE2IE, (BEF 740°C
DiRE XS H%, OMTTey b¥5. FLESKCL
T, 740°C THKMIZ ThFH0.5 0.75, 1.0 3§45 L
7ct%, 9.7°C /sec THHULABEEICDWTY, FHhE
h, X, A, CHITHey b5, o¥iz, RUHE
T, 700°C, 660°C, 620°C zoWTd, EBRWIDNE
5% 0.25 @ L X0, 0.5 & =X, 0.75 0
A, 1.0 @2 ST cFhFhFo v b5,
O, X, A, UHOALER, BERESHERE (9.7°C/ sec)
TOD A, Jb LERERIAICGET 5 3 CORY Zr L
LicGE, Zr 21 L (Thbb, 1.P=1), £hFh
DIREET Zr % 0.25, 0.5, 0.75, 1.0 It LS &
WEIEF UABIC 5 & EMRPL 2Dk DlEogks
2o, ARRD (1) RiCFWT, SETOBRIONEE

js- L.P=1.0
A, R=X " _

'
To -—-4Q

CCT (A} curve

Critical cooling rate
Cooling rate

Te le—2Z¢ —

Temperature

CCT (A)) curve is @ CCT curve translated
to originate at A,

(e}
Time

Fig. 9. Schematic diagram showing a method to
find transformation behavior and critical
cooling rate, after the incubation period
is consumed by isothermal holding at a
temperature.

EESREICBMRE TR U Th 5 & H5E Licht, ol
ERREE LWV &R SR, fEoT (1) KR+
LEZLNS.

DEWL, FRRFEC X O TIHRIIEIEE LB0RH
T X 2EREEBDRDHICDWT Fig. 9 THIPF 3.
Fig. 9 iR L7z CCT(A) dhffix, sEicskad s CCT g
e A RECEESBZIDTHS. A »LOER
WHLERE COZEAERAA AR v, FERIA Zr L3 5. BE
To THERIZ x ZJHEE LB, FEO SHEEO
Q-X MTHEA L HEOLERERIN, Zra l & L (F

&b%a I.P= l)s iﬂ%’g Tn T x B%FEIE]H%I@L?: Q;ﬁ%
SKeb, Q E DR X 23N HE, FOZEEEENT

CCT(A) HIRICX > TTRINB it B.

3:3-2 SRR RS HEE

DEL, FREFHT X OTHBRIIEINE L B0
WIHNEE ORDFITOWT, Fig. 9 CHHET 5. FiRD
FIRPHFRD WHLEEHO kv FH E AL X 57k Hik
T, IRE Ta THRIE x 2200 HE LBl RS
W, Q-7 MTRIMELS. 2T, BRKMHOWEES
xS LB oN, WRABEHEER #<75. %L
Ty x5 Zr EFEULL e orc b & (BRINE 2EiNE L
oL E) BRANIEE I HBAROEX TS,

3.4 EEAWCES BROERE ZRERFICEES

R 1A 3 DEIER

RS ELEP THRAREYET T 558, TFHOS
HEBEELRUTD, ZEHOBRMOEERDZE VX
DT, BBRICERE O EEFHZ T LR fiRo
Fig. 2 3 XO* Fig. 3 CTHLM D, F/, S8R
FROBELEWTD, BRIOHEEEDE VLT,
XOHDWHH R L TH Bixoh THEFd% wT &
v¥, Fig. 8 5L (X Table 4 CHLMICDE. %o
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Table 6. Hardnesses when the incubation period of
specimen in austenite state was consumed
in the same degree by both ways continu-
ous cooling to and isothermal holding
at the same temperature and then the

specimens were cooled by 9.7°C/ sec.

Consumption
Temp. |degree of Continuous | Isothermal
°C) incubation cooling holding
period
710 0.18 HrC 59.5 | HRC 61.0
690 0.52 56.0 56.5
675 1.0 49.5 49.5

T, EESHIC X OTHEE T A RIS, FRRFFCX
STHET BRIV DBRC B ERETLT
H5.

VWE, EEESHE E SIRERIC X 5RO HEZF L
L, TDHBELLL RURE»S 9.7°C/sec Ofd
CBENEE T BIRE T BH L HE0 EEES (S
HRC T7&T) t¥, Table 6 WR¥ & HLFERBPELN

oA —2FF4 MEE, b3 FRLT 1050°C x15
min). 7o & ziE, * — ZFFA4 M LELL BEEE
3.4°C /sec T 710°C T THHIL, TOHBIEEZ

9.7°C /sec WZEH LTHIBETHEALAHEFOWESIT
HrC 59.5 Th 5. EHLEEH 3.4°C/sec T 710°C
E THI S L X OBRMOM#EE Table 2 TRL
7~k S 0.18 THot. &, MLA-AFTFA b
b4, 710°C BRI a% LT, £ OIEET Ssec [
4 (2 DIRE TOFHR LRI 28sec THDHH
5, KA E 0.18 y3d7c 5 R, #9 Ssec
I B) L7ctk 9.7°C /sec THIRETHETH LS
i3 HrC 61 77 WTF, FUXIRFETERL
7z.

T OORER ) DESESHIC X A BKIOEER L, FR
¥ X HEEREOMER SR UT, RCERE,LRIT
BEVEECERI LCEE, IFE UEEESE TR T I L
ﬁb#é.:@Ctu,ﬁﬁ%ﬂﬁkﬁéﬁﬁﬁ®ﬁé
ot:F (Fig. 6 1cRT X 5T, INEHNTEL %) &,
SRR X itk o E DL (Fig. 8 THHA LK
LIS, SHETHE) OHEITH LN, BRUOEER
ASE CC, [ UCIBED HORHENC X HLREFFCK LT
ILEER CERE 3% 2 a0

4. & E.]

BEAHLE T TS EEEYEF T 558K, DX
I RER B RT s, TS INEEAREE LW E E
o CCTHEE: Wk BRI ELERITL, EIT,

— 71

SRR X O T MR IR S LB oW X HZRR
EEiconTdh, CCT gy : OBIRIC >V ORET L7
EE SXDX S5 EBHELM LD

(1) EESHERTEHNEELZLEE LicHaORE
EEI, BEEhE TIER ShoERIICRRL, &
7, Thegrhe g Ece LR L BRL, ®
HEEAEE Lis\vwe &0 CCT i TRIh D EREZE
el hiESZLERLK.

(2) LHEELFBROLEEGY, EELRVEE
o CCT g H#HET D HELIRE L. Thid,
FAHNEE T BRI L & 20 BREE £KE s L
T, BHLEFE TRHEE LABRPELTRELCLD
Eaitl, T LEE L-GEEE TRAMBEEZ O <
L X DERTED.

(3) ESESIEDOHD> D ORRGEEE L, Lh
TTIHBINBRFCBERL, BRVOBEESS
e BT LMo THRRSHEREILEL 5, ZORR
AENEEE, BROEERY CCT HEIKMAAND
ek, ERC L2 TCRDBENTES.

(4) SEGEHIC IO THRRIALZIHE LicRE R b D
WA X HAEEEE S X CRAGINERE Y, HE LB
KOS & REHRECEFRT 5. COXREEMEERT
HEEE, CCT f#l%E A, LA ES KR
i, BRIIOMER L RBRELEANRDS Z LTI OE
Mz >TsRdDbLND.

(5) SRMGREC X ZBRHOBEESFLTLLD
EEORBFRESELNE, 7, RIREEXFILCTD
RO IEEN RS E X DEDOGHMNRF U THRLD
7-EREFEBRY R, Zhut, BREOERIC X 0BEA
— 25+ 4 PASEADOEIPEI DTS Z EaEWK
T5.

(6) EFESHEC X HBRIHOHEE EFREFTXLS
BRHIOWBICE VT, ThIhHEEO LA Eics
2, BEEMSRIULTEDOEEDREDIRULLES, Tk
OBHEREFEOTIEFR UHE Y 5 L ET.
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