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Phase Transformation Constitutive Equations during Continuous Cooling

YANG Daijun' NING Linxin' LIN Jianguo® DEAN T A*
(1. Department of Strip Technology, Shougang Research Institute of Technology, Beijing 100041;
2. Department of Mechanical Engineering, University of Birmingham, Birmingham B15 2TT, UK)

Abstract: How to effectively predict the effect of different process conditions on microstructure and mechanical properties is one of
important tasks that many iron and steel companies are rather concerned about. On the basis of the theory of free energy during the
continuous cooling process, a set of unified phase transformation constitutive equations are firstly developed to predict the start and
the finish of phase transformation from austenite to ferrite, pearlite or bainite and volume fraction of each phase for different cooling
processes. Optimization techniques are used for the determination of material constants within constitutive equations by minimizing
the errors between experimental and predicted data. The material constants of the phase transformation constitutive equations are
determined for DIN SAE 5140 steel. The phase transformation of DIN SAE 5140 steel is researched in detail. Good agreement is
obtained between the predicted and experimental continuous cooling transformation (CCT) diagram and volume fraction of DIN
SAE 5140 steel. This unified constitutive equation is an effective tool to predict the phase transformation process.

Key words: Continuous cooling Phase transformation Unified constitutive equations Material model

0 e

UEAER, i A ORI A R TTREZER,
AR TS T AN W7 R 5 5 Tt R AR 0 A 2 1) 22
Ko XGRS RO A B o DRI AS
3 AN BRI TR B vt b R, D i
ASTFUGRFELTT A= i B R, DA AL H R 14 i i

20080424 W2 HIFk, 20080926 W& i fi

Yyt Ko R GRS VERIT AR ™ i AU I
T3 A T HLAE A T A IR A B Ik ], B K
BEAR 1AM T3 5840 J0 o AR 6 AH A AL B
RABIESE, AT LU B BRI AR A ) T 204 F
AEHOROR S AN Sy 2P RE DRI AN R 28 7] %
AN T RERIN T TR J3 KT e vt SR A7 ) 2
g2,

N TR B TSI PR AELANRE 1) B 08 45 R AT
fE, B TAR R T A A EOCEE, i
T, FEARARRE B R B E AU AR Ty T AR 3] T



302 BB LR ¢

P g B, 20 4 30~50 4EAY, JOHNSON
A lOSIZE M AR B g 2y TS T FE Y ph, @S T
W) ) 2T R R IR A AR I R . AT AH AR Bl
2T REC A BON AR IR I SEA, S BV 2
AT ARATT ) 7 RE AU AR AR I R

20 42 50 4F4%, IRVINE FI PICKERINGP %
SEHE T A BE R RS P AA RO &5 4, il
LI ERIF BIM R )2 PERE . BESTR WAL
Pt E SM R AR ES A HEVIRR . R
RETIUI H AN P A — AR IR 0 3, (8] DLTH B 1%
MEHOPTR L . BHEERABHIIR R S8 5 2Pl
WG R 2 e 2 M B R R, AR )2
P B8 R I ek BRI A R R T A A 3 e A
WA T75

KIRKALDY 25U 5 gt N7 1 40 £ 34 44 A)
T R PR AR R B AR TR DA S T S N~ A R )
D7k BT, KIRKALDY 25380 T
AL )12, R E MR T A E
2R, R BARATE 2 8 T ik v B R ) i 23 ot
FHAZ (5600 . HAWBOLT 2502t 312 1 —Flr 23 iy )
MG #4748 (Time temperature transformation, TTT)
i 26 1 I & 2 ¥ H % A2 (Continuous  cooling
transformation, CCT)HHE .

3T, SUEHIRO %5151 S48 diAf AR )y )y 2%
P T N R R O H IR AR HOM
g AR /D 2 1l TR SR A I 2 0 S 4L
A5 BE T A T BOU &5 RA a3t AT AR A 1) Tl

WA ARV 2 H T B4 1 2 v AH A2 R A
TR T2 T o RSN, Sk T A M TR AN A
PR A AR R P O G R R ) 2R RS, SN
— G AAS TR . 2004 5, AR B AR FL AR IR
AT S )% )53, GARRETT %P T —&%—
PRI AF AR AR P 5 RESRABAD 45 i e AR b e v DL A KK
IR BN 2 W AR SORFAHAR R e 28 Tt
VELEA FIEFE T B PR BBk 244 BRI/ L
FCARIARAR I 72, JF H A% DIN SAE 514 4073 H T
— G — AR AN TR

1 Ge WIAHAS A TR T A

1.1 ETHFAZINKK

N TSI YA B IR R AR OB BTG
IRIEEAR,  DAZRAFAE — 32 IRV B o o SR B (R Ak ok
BN AT (AT =Tn—T), RIFEIHFEAS 2 kT
B Too BEEAHARMIEAT, HHRRAGY)RREZ
N, WE PR, B HRER R By AR T R
TP, AR PR LR R A

45 55 2 W
AG, =Gy -Gy <0 (1)
L G, Gy H eI A& IR A
Gy
A
|
l l
| |
| |
.
|
| |
0 T T

1AL B ACEL RSB S i 2
ST N B AT Y, A
AT
AG, =T—Q ()

Kb O ——AARTRIKIA A £
EIX LB AR AZ 1 1 O i B R 24 20 1, Al
FLF T BN 1 RE AR A AT LA S5 A AN T 1 4 5T
Bk: — TS B ARG, AR A higE
WA (AGy): 3 J5 T2 /KL ) ST RE(SaB) - M
VORI T2 — A0 0 r IBkAA, BRI B AR R
TR AR s oy R
AGz—énﬁm%+4m%gB 3)

P AR I A B 6 5 1T BE (Sap) AEL, 1T HL %
FAIRB 5 R BB AR R 5 %, DRI my LA A
Syp € @ 4)
Wi 2 B, R G BeBEE 3 i 46,
AR R AERET O DT 38 on, [ I ] o
THA SRR B E HRer g . ER T B e
(RGN BENS DRUIE & [AALE Ty R BUR b T AR E
KA. W 2 ATLLE O T45 0 1 8 T — A
R A AR G 2 A I () d5 KB 1 e
B PR TG A2 P, A i RE AR

NS
dﬁG:O:>4nﬁAGQ+8nﬁ%B %)
p
Wi F2 A2
25 ©
AG,

QAKX OHIRANX(6), WHEAE G HIEf L
HARI UL A



S IR (KA AR A Ty e 303

2009 2 H FHAR 255
AT,
r o= m 7
TNATO @)
K A4 — MR
AG
S AB o 12
@,
[0 r
AG,
TR HfB o 3

B2 JeRd R B R A Gy FUBTHTRL 72148 - R R

FERAZIERE S, B AR A KO R 5 AR
FEZ AR RAE R 3 Fon o BEE LA FE(AT) R3S I,
F i REARAL B (AGY) R Z 880 . X2 T Az
JBE T RRAR, BRI B BE R N, ™ B ol
SRR, HEEE IV EESE N,
AR R 1K) B BE D BORIBAR e Al 3
AN, BT AR IR B 3 LU
i ROGHE AR 2k 5 i 2 o R AL, PRI Heeke
e R TN BUE T 8 RT ORI B AL 1 R

HH
— yexp| LA 8
7= A4, exp B, (3)

Xd Ay, By, ny, T— MRS

@) IR T HIAR I FE P B BRAH KT %, 2
FOAERL 42 r I8 2 T IR FARE 7, BOAHERTE K
T o WHIATRLF I G R B AT &, 13X — B
Mt e 2B 1.

T

0 KA 7
B3 Kol o B R 2 il 2 2k
12 HTERSH
EAERL AR r KT IR AR r iy, AR

FERLTFUR , % R 2 H AR 1248 6 AR o B 5
SING—*)re WHHEZAEMNRIEZHT, rr*<0,
WA KR o=0. WK 4 Fix, BEE
WESEE T %, HAERME, LA E N
ATc B, HTFIREN RN, BT LU HT AR 1 1
My [FRHAEE A AR m i, BT EORTE, Bk
T ] LS s AErp ARt v BERE, TR R A
AL 5 RPN BT AR X HH AR R AR 2301 5%
W] LA K F—AME IE 1 = e A Rk . R
BT A R B BRI AR DL EAAR TR AH AR A4
IR R o AR IR A

. r—r* ny |T—Tz| ny 3 ny
o= o I Ji-go

©)
X 43, By mas n3y, ngy LEMBVEEG =1,2,3
SRR A BROGARRI DL Ak i RE g I
(1-@1—r—3) KA LRAR L ARFA 53 i o=0~1.0, [F] I
SR A58 ) 2 738 AH O 1E A1 3 AR AH )57 10 o

T;]\

AT,

T

0 TR N

Kl 4 TR RITELRE 95 2 26

13 F—METAREHE

FEMELZ G RS BRI I R v, Tl A AR
R, TSRS F EE AR fE . AR AT A2 1 A
B AERIAR M, ATSORIT R T —ES 1A
AR TR IR B AR B BR AR Btk
o DU AR (R AR AR I RE A AR 5 B AR AR R 20 2
e A AK T RE A

c— 4 |T_Tli B
iy = Ay exp) —————
By,

(10)



304 BB LR ¢

545 H5 2 W

FRER0)E—E TR, o] R E 4
HI AR A B AR B R AR (=1) . BROGARG=2) =k )L
FCARG=3)IAHAS , T8 A7 7 722 (1) e i g A 5 T A
R Avin Asin Asin Bin Boin nys man nas
ng: 1 Q; BB HL, X L8 B EL T FH SE By 1 AH
IR IATARE o Ty a2 FHRRSEE, AT CCT il
LR R AHAR AR O AR O 2R,
UKL AR o=+ 7A0) I B T ISR
7B, B RG,  RILE TF 4R R AR AR AR
@, A= AR R FOR KR, B A IR R A 2
P =@y + QAL
Skff T RER Q0 FEVE WL S, THE BT
G502 v S B FCAR BB 2 A B ARk DGk
FHAR IR 28 6 HRN 25 AH 1 3 AR AR RN 0 2. BT FGAA
FHARAS AT A I F BT 55, 1 BB E 3 A8 4 Bk
R BROCAARE DT IGAR i 78 4 B AR A i A o 1
FOAA, DRI SRS T/ T 5 [ICHAAH AR IR Ts B
TV AR B TAR AR 70 B om
P =1-0:—0p -y (11)
Kb oy — IR R AR ATR 20 50
o — R RAR I AT AETR S0 2L
op —HRICAR B AR AARTR 5 45
0y — VAR B B AR AR 20 4K
¥
TE X MR TS B B[]

¢,=0.0,9,=0.0, p; =0.0, T=To—vt, t=t,_+ At
7=0.0, ,=0.0, r,=0.0 |
T

f/”\?ﬁ“pl‘

*P\?WZ

g
&R

2
A LR
A KA
¢’M:1—‘p1 -0

(&#)

K5 AR S R

2 BARHEERILL

21 BREL
AR SR E A 43¢ A 3 4 /1 18 36 A0 T 00 50

TRV 2 A s AR R b A BRI 0, JEH
bres e 30

2 2 2
1 t T; o
fx0=> a)l[.(ln%J +a)2i.{lnieJ +a)3[.{1n—'2]
= I 5 o

€ € €
B nt; _ nT,.j _ng;
Wy = W, 3 = ",

i
Se e S

i=1

(12)
L fi(x) —IRZEE AR A AR A
AR B R R, i=1,2,3 41
AR R A BRI DA,
X(X=(x1, X2. ..., xs)) N AP EHE KL, H.
S WA, n 2V HIEE
L=
t tp —HARTTUG RV S TR A I I TR]
I T FHAR T 46 i U S A6
P50 P FHAR 25 R R SRR 53 BRI 5
(N AV
FHAZ T 4 s (R F SIS T8] o FoE SR 77 55 4
ARG H A T SRR B o ANREEILAT 2], W AE
BB AR 53 7 EAR A AR T R AT VA
22 frikidiz
X TR — R R R B A AL,y e A8 R AT v
o W EAARM A E R, R0y
— 7 AR, IR R R A B A E ], R
TA% r BB A2 0" I B 1) BRIk 2 6 I
XISHATIT R . G r <r', JTRER(10)KEE 07
FEo=0, X T—AE A EE AR, o] DLV ok
T4 RO ARAHAZ AR 73 4, w] DUSEH 7 2
A (12) A3 VAR ARG 2 < 1) () iR 22 6 %4
T E BT R TR R

3 iES

31 WMRWNMFIREEH

ARSI G — I AH AR A A 5 R (R (10)) Rl o
BT H B4 7795, F90 T DIN ASE 5140235 4%
HS R ARAR IR, Atk 22 sy Ol 40
J& 0.44% C. 0.80% Mn. 0.22% Si. 0.030% P+ 0.023%
S. 1.04% Cr. 0.17% Cu. 0.04% Mo. 0.26%Ni Fl/}\
F0.01% V. DIN SAE 5140 4431 cCT ik &l
7 FiN. ARHE CCT gk, 1Z4N M SR AL AR o -
0c3=790 ‘C. 0, =745 °C, 1M H. 5 AR TF UG48




2009 £ 2 H PHARE St SELEV TN RE P KA AR A U 2 305
FFi: 3 SAE 5140 SREIMRIEE
[ T e o fH
BUE AR LA P Btk Bt DUk
¢ MEVER A/ (um + s 8.993x1072 3.959x1072  7.057x107"
A EP (AL =~ MRV Ay (um =™ 5.129%10° 2216x10°  5.193x10°
¢ RV A5 /57! 1.505x1072 2.098x107  1.146x107
— ﬁxéiﬂ \ FEVE L By 8.167x10"  4.671x10°  7.408x107
BN B, 79.840 100.757 100.396
ﬁﬁ{mfg“r PRV By 4238 5.465 3.538
IR ny 1.291 0.350 0.339
® R n 21.252 34.017 38.551
B MRLH L ns 6.389 0.121 0.100
friﬁ*j?fﬁﬁ F=r +FAL ARFRCQ (T e mol ™) 2.39x10° 1.632x10° 1.245x10°
= ' ST E T /K 1 063.000 1018.000 859.216
@ THTEE T /K 919.493 908.291 863.982
2 SPHTREE T2 /K 900.297 955.163 736.170
BEIWEE E N HEE TR ¢
ingnl s HHO =9+ gAs 32 FMFMIALLE R LR

TRE CCT 2k

I

K6 FRSHIALKITE LR

J&H
{ 6=355C 1<<15.85s
6=19.357 5Int+408.459 4 C t>15.85s

M4 H bR e £ O FE(12)) F0 BL R A4k
J7iAf s 7 R R (10) I B R R TR

1000

e

800

600

HE 6rC

A BN
F. BRI

400

P BRI
200 B. MK
M5 K&
0 | |
10° 10! 10° 10° 10* 10° 108
AR tfs
Kl 7 DIN SAE 5140 4N ({354 KA (CCT) I £

K 8 75T DIN SAE 5140 4356 F0 50 )
CCT k. 8L bty i ik, #3Hnr L
T CCT Hh 2kt CCT Hhgk. MIE 8 isn]
F A5 AH B T U AH AR w1 T 5 a6 2 AR

o YEEAR L K2 500 s I, FHAREE R A
TMUT TR EEAR

800
600
Bk
o
3 4
s 4001 !
=
ok
200/
0 1 1 > 1 J
10! 10° 10° 3x103

BHIBE s
8 SAE 5140 #/ 7l CCT fhk

9 IR T TR IR GG AAFR 23 A0 B VA HI B 1] (1
Ak, KRS S — B AR A R VT S R 3 AR AR
HORR I A 72 119 AR AR o3 BB AR I

CCT &R N T 7EAS [ v H1Jd % 1 i v G
PRAEAR T FUl B i ) A A . [ 10 o HE e i

SRV HI R A EIE R 235 4 3.50 Clsy 2.00 C/s
1 1.00 C/s B, IR CARBIZ A BROGAREILG
WEEA TR ) 125 o L 10 HaT 51, AS[E (1A &
HRTT U BIAF MR WK 10a, A



306 LW T OB ¥ W o545 B 2 W
HIH RN ] USRI R ARFI RS AR P PR O 2L 21, LU
H&EA WKRAEES. WK 10b, EHPEEAEET
80 F
AT DRI R FR AR BROGARFN DL FCAR =P oM 41 21
Wik 10c, EE A HE R T n] LU 22k = AA 50 I = PN
IR A 2R, HEABCARIE K. BEEEH ﬁ KK
R, R R, X5 gm—
CCT fih&k—.
20 FERFR
100 - -—— R5
0 I / I 1 | J
100 120 140 160 180 200 220
80 i s
S . (c) BHIHE 1.00 Cls
2 — 10 R B T O HASL
£ w0l
4 #Eip
20
10! 10° 10° 10* 4x104

BEIE ] ofs
P9 SAE 5140 4 P 4% AR AR 43 B ih 2k

60
5o
. 40+ LA
=
S
%30_
R
=S
£ 20
oL B
T
20 40 60 80 100 120 140
F 8] #/s
(a) BHLEE 3.50 Cls
80
70 |
60 -
147N
c\°50—
N
£ 40 -
X
w30 -
€ ok
20
LIS
10 [
DY A A——
40 80 120 160 200 240
ki) #/s

(b) ¥#1H E 2.00 C /s

Gi— (AR AR T RS, R B AT PR, n DB
FOLEN B EC AR [y ke 38 A . R Bl DL ARG AR g
B IR AR 1 3 AR AR 5 4

(2) KRHAALFEEASH T DIN SAE 5140 M1
AHARAK 7 FE AR 280, AR5 Y DIN
SAE 5140 #4[1) CCT & FIR R AL 43 £ 5156 45
FAEE—2

(3) %GR AHE J5 R (0 7 g FROII A A% 3o 7
Pt T —F AR

2 % x W

[1] LOFFLER H U, DOLL R, DUN W. Microstructure

monitor  controls  product  quality successful
implementation at the hot strip mill at Wuhan Iron & Steel
(Group) Co (WISCO) [C])/ China International Steel
Congress 2004, Shanghai, China, 2004: 1-5.

[2] SHULKOSKY R A, ROSBURG D L, CHAPMAN J D, et
al. A microstructure evolution used for hot strip
rolling[C]//Materials Science & Technology Conference,
Chicago, USA, Nov., 2003: 1-17.

[3] BHADESHIA H K D H. Thermodynamic analysis of
isothermal transformation diagrams[J]. Metal Science,
1982, 16: 159-165.

[4] KHLESTOV V M, KONOPLEVA E V, MCQUEEN H J.
Kinetics of austenite transformation during thermome-
chanical processes[J]. Canadian Metallurgical Quarterly,
1998, 37(2): 75-89.

[5] JONES S J, BHADESHIA H K D H. Kinetics of the



2009 #2 H

PHAC 55

HESEYS TR A AR AR T R

307

[10]

[11]

[13]

[15]

simultaneous decomposition of austenite into several
transformation products[J]. Acta Materialia, 1997, 45(7):
2911-2 920.

JOHNSON W A, MEHL R F. Reaction kinetics in
processes of nucleation and growth[J]. American Institute
of Mining and Metallurgical Engineers-Transactions,
1939, 135:  416-442.

AVRAMI M. Kinetics of phase change. III. Granulation.
phase change and micro-structure[J]. Journal of Chemical
Physics, 1941(9): 177-184.

CAHN J W. Kinetics of grain boundary nucleated
reactions[J]. Acta Metallurgica, 1956, 3(5): 449-459.
IRVINE K J, PICKERING F B. Low-carbon bainitic
steels[J]. Iron and Steel Institute-Journal, 1957, 187:
292-309.

KIRKALDY J S. Prediction of alloy hardenabilty from
thermodynamic data[J].
Transactions, 1973, 4(10): 2 327-2 333.
KIRKALDY J S, SHARMA R C. A new phenomenology
for steel IT and CCT curves[J].
1982, 16(10): 1 193-1 198.
HAWBOLT E B, CHAU B, BRIMACOMBE J K.

and kinetic Metallurgical

Scripta Metallurgica,

Kinetics of austenite-pearlite transformation in eutectoid
carbon steel[J]. 1983,
14A(9): 1803-1815.

SENUMA T, SUEHIRO M, YADA H. Mathematical

modles for predicting microstructural evolution and

Metallurgical Transactions A,

mechanical properties of hot strips[J]. ISIJ International,
1992, 32(3): 423-432.

SUEHIRO M, SENUMA T, YADA H, et al. Application
of mathematical model for predicting microstructural
evolution to high carbon steels[J]. ISIJ International, 1992,
32(3): 433-439.

SERAJZADEH S, MIRBAGHERI S M H. A model for
determination of austenite decomposition kinetics during

continuous cooling on the run-out table[J]. Modelling and

[16]

[17]

[19]

(22]

[23]

Simulation in Materials Science and Engineering, 2006,
14: 217-228.
SAITO Y, SHIGA C. Computer simulation of

microstructural ~ evolution in  thermo-mechanical
processing of steel plates[J]. ISIJ International, 1992,
32(3): 414-422.

GAMSJAGER E, ANTRETTER T, SCHMARANZER C,
et al. Diffusional phase transformation and deformation in
steels[J]. Computational Materials Science, 2002, 25:
92-99.

QUIDORT D, BRECHET Y J M. A model of isothermal
and non isothermal transformation kinetics of bainite in
0.5% C steels[J]. ISIJ International, 2002, 42(9): 1 010-
1017.

LI J, YANG C, DONG H. Computer simulations of phase
transformation in steels[J]. Materials and Design, 2001,
22: 39-43.

GARRETT R P, XU S, LIN J, et al. A model for
predicting austenite to Bainite phase transformation in
producing dual phase steels[J]. International Journal of
Machine Tools & Manufacture, 2004, 44: 831-937.
PORTER D A, EASTERLING K E. Phase transfor-
mations in metals and alloys[M]. London: Chapman &
Hall, 1992.

LI B, LIN J, YAO X. A novel evolutionary algorithm for
determining unified creep damge constitutive equations[J].
International Journal of Mechanical Sciences, 2002,
44(5): 987-1002.

VOORT G F V. Atlas of time-temperature diagrams for
[M]. Metals Park, Ohio : ASM

irons and steels

International, 1991.

EEE N BIARE, B, 1968 fF A, Tagilt. FEBTT7 A 4L
AT ELHI AR .

E-mail: djyang@mail.shougang.com.cn



