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A Kinetics Model for Carbide Precipitation during Over-aging
in Continuous Annealing of Low-carbon, Cold-rolled Sheet Steels

Kazuo Kovama, Hiroshi KATO and Michikike NAGUMO

Synopsis :
Rapid—cooling and over—aging treatment just after recrystallization annealing is necessary to continuous
annealing for low—carbon, cold-rolled sheet steels to prevent carbon aging of the products. In this paper,

"a theoretical model for carbide precipitation kinetics during this stage has been derived. The model in-

volves two rate processes, the one being precipitation to ferrite grain boundaries, and the other within grains.
As the latter one, the model expresses nucleation and growth, and besides, heterogeneous nucleation on
manganese sulfides.

This model has only one adjusting parameter which was decided experimentally. Nevertheless, one
can calculate decay of solute carbon in various cases including such cases that temperature varies.

In order to prove this theory available, an experiment of quench aging using commercially produced
low—carbon steel was conducted. Results of theoretical calculation have good agreement with the experi-
mental results, although the theoretical precipitation rate is slightly slower at early stage, and slightly fa-
ster at late stage than the experimental value. Arrhenius plotting of the experimental data showing no

simple linearity against the inverse of temperature, represents the phenomenon complicated.
Differences between the present theory and the previous ones were discussed.
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Fig. 1. Typical heat pattern and its metallurgical

meanings of continuous annealing.

—F, CORAEer VEL IRHEDETHITESD
&L, FOLBBBEOIDIC, BEGIEMRMNRE L TOMR
Mkbh (7Y, T, BERNAE 2 Y& MREOHR
BOLEWUYDD.

K 2 V& A PO TIIBERE I ORELRR
WHETL, WHEEOTBNEIR G2 DT HME T DH
%, ERe, BEREMOBY A 2 A BED D IDIIR, T
HEEOEEKESEYMD  LANEETHS. REZ L
CER R BRI RDD L5 X5 h TR, EL
QEBEMEEBNRS., AHTIR, ZhbbEELLNAL
AVEA T OREREBRENABCHETTS E T ARY
REL, WRNTH L&A bR HEEC OV TR
RERY

2. IFHEFIALXOEDN

FieiSOHH
C: EBRRREERE Co: ERRBE
Co : WRWTHRREE Cr: HANMEBRRRE
Cy: vrvEAMVROREERE
m : fERBIAE 2 v 4 P OEBEE (1/ mm?)
D: 7294 MEhORERDIHHHFE (mm?/s)
S: 7294 VDA v A FOREWER
g BHELEELE 7 = 74 MERNOFE (mm)
r kA v EA NRTFONET] B
R:IRPEBE LI 2 v A VRFOYE (mm)
Ns: % 2 V&AL b OBAERY A b OEBEE

(1/ mm3)
AF : AERO 2O DEREH= % v+ — (J/ mol)
4G : 2 A VA A FERDHE=F ¥~ (J/ mol)
o AVEA L EEMEDORE=RNF -

(2.0%10-7 J/ mm2)9
Ro:wrAvEALPDEALEE (2.4X 104 mm3/mol)
ko By <= g (1.380662% 10-2 J/K)

R, : 54E%EH (8.31441 J/mol-K)
2-1 FREAEXXY24 MOBRERBIUBRER

211 EHEREFAOEH

BRI U CRE EBFROT B0, 4 v
4 MR m RELS. O m OFEE(L dm/di B,
AR A5 &35, SRS —BAERE
RORESHTohERBTsE, K #EKELTK
AxBE5.
ﬁgglzlelLVg<l—--%%;)(C——S)exp<—-i§%§>”.(l)
(DROFEZE, (¥ v 7THE) x (44 50 x (B
HOREREFEBE) x (G LoElE) LvwoBEiso
Twb.

CCT, AF %, wAvE A PERCIABHBE=F L
FEFT &, 2 VvEA b-HEHAEH=FAF— O M
LOBET, (2)ADX5ETS.

16703

AF:W; B I TR &)
HEARC X5 L9, 4G XKRNTEL DI 5.
4G = — %RgT In (C/S) B P RIS T PR & D)

PR ERERCE SO TH S, JIK LI
IBLW, ERHAESRROBE, M2 v A MR
EAYBENIEEYYA P ELTHBLTED, 08K
FEAT DK 80% 13 0.05~0.2 pm DK ¥ X OFifL~
YH VTHDN. @, BT =y a8z d
ELEEINLD, ThORBEALE A VAL PO
R A b ERED T, BHREE LK E IO
fb~ v VIEERY M P E L TFERHEHREZKD X
SIERLT5. Fidb~ v vid e & HBUED
K E<, ANBETIBOHBEMCS LS. ThH
w2 vEA MTHCRES o ERIC B AR TS
DEAER LT, b, AECRERTFHREITL
TRy, BRABCIVEBEREBCHS LEX DR, &
RABAERYAERCLTV5. BHEE XORETKRR
DERT, HHBEENUEOKREINDHELS.

Wik, OBt~ v d VI LARE—HER T X
b, bk 4F 389 1/50 e ¥ TETLTWS EFTHEL
. D EDCZ ExWORALIDER, BREH= X AF —
ETEHEE a 2BATS, (1) RIKRDOLIKS.

dm m a-AF>
_F:Kz'D'NS(l“‘ Ns >(C—S) exp <—— T
cereveee e (4)

— 116 —




*

106 1R v HE S 4R o0 S R BE S O B RF B I B T B RILBMIT o B Rk 825

Ns 3B —BAERTRBTFRCNIET 52, T
ERTIL, BEIRLYS FPOBERNS. 1 FOE
B IOREBOEL, a X0 Ns ot
5. BIAXCER 11) T, BEBR LT 0.05~0.2 pm
DOFfL= v H VIR LT a=0.02, Ns=10° {f/mm3 ¢
HY, TRIXERABERRORKRMEEELORS.

(2)~(HRXy, BEREZBEETHIRE LTU)hARE

5.
dm _om ___aB
7 _K,DNS<1 Ns >(C—S) cxp[“Ts{ln(C/S)}J
creeernnenenen (5)
ol
2
ﬁ:z.Z%ggiggi-=l.288x10“ (K=2) e (6)

DL E, BABIEhAORBRR TR MRS
2, ChERBEEORDO¥EY R, &T5&,

Rt,=8090a‘/3/{Rngn (C/S)} (7)
LB, ks, B K CIERBOEREOEIE ¥
h, ThRRBEKREEYFEFON, EEEE RS LEE
REEIT NI D T—E & L.

212 mEEFAOEH

Rz LTERLEEORERET% =57 AR %%
25, wAvaL4 PRTIR¥EE R ORLIBEETS. &
AR TIRBE~ v 7 v E~OFhARE U B aER
D xr VAL P REZILDOERL, BREREILK R
ETH5.

A vEA MFRORERFOMME, RiEir iR
ALTL BREEFOHE XD,

(C,—svﬁ(% wR*)=D <4”R’><gf )res
sereeneneneennene (8)

E5. HFREDOSLKMH L LT WERT and ZENER!® O
B5E,

ac c-S§
< o >,=R =3 D &)
2EATS. (8), (DRI KAXE2.
(CZ—S)E%Q =2D(C—S) ++rereveeereacnennnn (10)

BAE 2 V2L e UTHH LAERRDOEBE Crixik
KRTEZLbBRB.

4
C,=§-nR3mCz e R ¢ $))

(1R k1T RN, BER LIcHHBIAE D, R
OFHAER(7T)RTE2BRS, Thbb, HLDx 2
vEA MPRFR XD R BB A, o Lk iKE
AETLERER L TR Y AL.

22 WIRFHEFL

HERERTREOEBDO v 2L L, BET C=S &
WOBREAHED L & ¢ Fick OIS ER AT
N& LThADE NN B9,

dg'tc :<§>2D(C~S)-----~-~-~
ERERTOHEIT,
Co=C+CG+CI
tich.

L, EEBOHER -0 TL, Cp (THHAEY K
RBELL, t=0 CHELLHRA A VAL FTEL
Flute.

DlETR AR XORACONEET A5 5R € &,

BHEET A T, JBEHORMEE S THRAER Lct »
VEAPRTB mj FIO XD KEE Rerj %, (5)
RBLO(T)RIDRDB, KL, (5)RTD mid,

e (12)

eveevennennens (13)

i-1
:hifm&i&bt?&foﬁﬁ:{mif%é.:
1=

hURTOZREME EH Bl i FBH) TRER L
AVEAMIZORHEIZL jTRELT RPLIY,
ZhZAOKR LI RES., JRHHEILZCTRAL 2 V&
1 FORBI X VWA LicEtthoRERL, (IDRD
Bbhi,

ic14

Cr=2
1i=13

IORESD., T, ZOBEEIZTORARTHIX(2)
RLvREs.

HBR, FEEEERI L, BE»S C Cg, Ci, m,
RwxtL, HEAS(5), (10), (1I), (12), (13) Tz
DRITEEE5.

3. fF E ® B

2BBTOEFAC, LBRAT A—2 12, ERNE
L, BERY T FRAFEHB a & Ns, FHIBEBRKERE
Co BIOEH K, ThHB. ZD3h Co ixEHOC TR
¥5%. B K 1% 200°C CTOPEARRHOEELD, m
BIV®C OFLERDHE L. miX, €775 —1K
0.1% DI vFra=o 22N BRIE T v F
v 7L, 3000 f£» SEM #-C 0.05mm x0.033 mma»
BEPOERE R kD, T, Cixhl hROPR
BEERUETE XY RD, BERE~DBRREIIKR Lch
OTCH)_

C(wt%)=0.00416-T5- Q ~1pax. R ¢ 1))

ZZwe, Ty 3A*x—s7e—7RET, AEBROH
&, B H°CThHot.

- (chn)smi.cz .(14-)

— 117 —



826 % L

# 72 4 (1986) 7%

x10 x10°
E-
z Steel A’ 1
§ - 10 Uﬂ\ o
- E O ll k N N %
c = - L ~, o
£3 |¥7 fo ! n '\Q\o £
é g Q- ¥max. ]
£ 5 < 5
x
% °o- *&d n Steel A
3 ‘ﬂ
~
h oW
[} L——r— = o
[ 10 10? 10* 104 10%
Time (sec)

Fig. 2. Changes in the carbide distribution den-
sity and solute carbon during quench aging at
200°C. The constant K, was determined from
these data numerically.
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Fig. 3. Theoretical curves for isothermal nucle-
ation. Data used in this calculation are that,
site density : Ny=10°mm~-3, the decreasing factor
of activation energy: a=0.02, radius of ferrite
grain : 2=0.0124mm, and initial solute carbon :
C,=100ppm. These data are the same in Fig. 4-
7.
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Fig. 5. Time-temperature diagram for mean
free path of nucleated cementites by the pre-
sent theory.
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precipitation by the theory.
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Fig. 7. Time-temperature diagram for constant
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Fig. 8. Isochronal equi-lamda curves on C,-
temperature diagram at 30s by the theory.
Data for the nucleation sites (Vs and a), and
ferrite grain size are the same in Fig. 3., and
also in Fig. 9, 12-14.
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Fig. 12. Comparison of experimental isothermal
precipitation curves with the current theory.
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BEEE THD 400°C TH Ui Tidin, FHingk
AEBEO 200~350°C THE U LFERTNETH 5.
7o, 100°C/s BEOAKMEED L X, BHKTHEEN
400°C LI B CitRiN e £ v & A4 FAVE TR,

DX 5 BRI BT B BB R ZERAEE R,
B 2 v & A4 MEROBESAKERERE 78D THE
D, FOERODICIE, THREOBBNEL, &
W B IR T O RFENBEL 8. LI DT, EiisE
M\ TR O EE R RTHHA, O &N
FEHRIhTCTeFhiEis bisy.

AEF AT, Bk~ vH vEkyA b ETHERE—#
ERAYETDE, ERL=3 A ¥ —ETRE « *#E
ALtz F1:, ThEUTEBERYT P Ns %,
BERINCHEERKEIORFb~ Vv VOBERCE 2
7. D a ¥ L Ns OE&R, Bkt~ 4 vic
HLTCOREHTH DD TR, L OMDOITHBPKR
fagsic s LTh, Fhich OBfE% D TEdL I,

¥1o, a oy, S OFRE X b =R ¥
— B eEL, FOBAIPIGERIEER TS AT
Ihsb.

5.3 REREOHE

Fig. 12 Rt X 0%EBEAHBE T, BEREZRE
B — et L, WHREMEe oRE EL, BT
W E WS EEAYIR U, FIH0ZERIT 1 kHFHF O
EIRCORNE 2 V&2 4 FOBER, B¥IUEREEL
LTASBEIFoARKC X ERENEL Inofcic
WEEZOLRD, BHRHABETRIOILIER LV
V. EBRCABRYEV I KBEHFO VIV —Ya Y
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830 % & @

B 72 4 (1986) # 7=

tRERT5 &, 350°C LI F LI BN C O A ERD b
ha.

—7, BUMIOZRIFAHL A v&2 4 FDORE < F 110
TORRAY DB L EZ bhB. Tihobb, AERTIE,
BAER TRV R 2% 2 1o, RERRREEE L
o, REDOE 2 v A VRERLLAT + A7 REEL
bh, BEBETHLITHEBERC O TERE OKD
DEBEZLRD. I, FHEHCRREERERIG
BECEETE b E2bh, ERO—-HEIHFERIN
5.

6. #

1SR SRS HESRAR 0 GBSt 0 B S 31 5 B (L
WO BRI LT, Bk E 7 A OX B,

(1) RAMTH, RMAFHEE VLS o0 BENHEE L
TRIOTWHEEERL, FhFhoxF AR5
HALTHEI IR,

(2) RAMHEBE LT, HHHOEEm 2EANE L
TR & R RO,

(3) WNts vz rOBERBEL, k< vy
Y X B AER R, Bl k¥ —ETHRE «
BLOBEERRE IO~ v 7 vOEBE Ng %8 AT
5T ETEHRLE,

ZEEHB.

O EFAXNTIE, HEOLERERIE—DOTH
D, ThERRICTRDIE. Lo T, EHOR LK
B, a 38X Ns RkDRIIE, e— 1 2701 L
DOTCEERBROHER D, BEVELTIEELEDT
HETExS.

HERBREET 5 oo, FEAWIEME & v, 700°C
B2 225~450°C D ZREE~, 70°C/s O HIEE Tl
L, TOWRETRKELT, WHEEHE X ERRE
DWW HB DT,

HREIARE L LERT — 2L, HHTIITE
DEEVEL, BEHTRENEWI ThEeRTL o0,

ill]

RERCILEEREE L EY, EEN—FE B
KBTF—-sD7Vv=9A7 8, TR, BEAOZA%L
Alik, (ERMOEIEIR L 350°C (370 BRI & 5 5
Teh, BMUCERBRAY RIS, BRERR C oEE
EHED TR KL, AEHOEHEIERI NI
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