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ABSTRACT A cellular automaton (CA) model has been developed to simulate the microstructure
evolution of ASTM A216 WCA cast steel during solidification and consequent cooling process. In the
model, the thermodynamics and solute diffusion of the multicomponent system were taken into account
by using Thermo–Calc and Dictra software. The peritectic solidification, α–ferrite/austenite transition
and eutectoid transformation as well as the final microstructure can be predicted. To validate the
model, a sand mold step–shaped casting was produced and metallographic examination was carried
out, in which the content and the grain size of proeutectoid ferrite were measured by using OM, and the
mean interlamellar spacing of pearlite was measured by using SEM. It was shown that the simulated
results are in good agreement with the experimental results. As the cooling rate increases, proeutectoid
α–ferrite content increased, while the mean grain size of proeutectoid α–ferrite and the average lamellar
spacing of pearlite decreased.
KEY WORDS cellular automaton, solidification microstructure, numerical simulation, ASTM

A216 WCA cast steel
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(-,,.),-/.-&$-*�/'"+0, ,.,
/01 [1].

21�%��!.($-"2.%, ).*0+/1
31,,-2/, 41�01523,,36, 4.1�
0784�591�$�%��!, �023$2367�
:2;3�5<&8/45=9;;:>366, )1�
-2/;0&?2., <7;0&234#�=�=9;
66?$7531� [2−5]. 8>, 89��1@"A6
:22.$29?3%;:@�01523, 1�;?�
#/<=-"�!-*4;-<. 1���1@2.23
35, .67=.>(2-8=, >9B" [6] �?A@

C$ (CA) DE35?�B1@2.%23$4#A*
="BC2 – "(29? (columnar to equiaxed tran-
sition, CET) 2., :35�D37" δ ;<&/;0&
(δ/γ) 2?, 41� C $-*;3=� 0.5% $�%�

�!FGH* δ/γ 2?, 81��09;;:.,/$
75. Shibata " [7] = Mcdonald " [8] /2I<J@

A>1B5C?<2KE, C;0&$*=$"2/?>
@ÆD3%E35?<29?$*=CDA, 4>@35
3(&B&4$4E??. >7, Zhang " [9−11]�Tong
" [12,13] = Militzer " [14−17] ;FG� CA E�Monte
CarloE=2HE35?IC�-2/:22.%DJE
;<&234#A*=2., 3%FJ?;0&2367
E19-;:+F?6>?F�, A�%��!%;0&
23�="9;366$).:G3L. G9K" [18] 8

9? ZG0Cr13Ni4Mo 3H�1@2?2.$I/=3
A3%, 43%HIJ? C $K;, L.IJ8JM"?
<12?$75. ,&<?F, =KMIJ���!1@
"A6:27"2?'2.>IJN2?$K;Æ"M
"?<12?75$3A3%LM.

NLÆ�%��!?ON, 8=OH:@��!�0
1523$3%=OGP?, 0M.6/P*0$�%@
Æ$'(, 89? ASTM A216 WCA ��1@"A6
:22.29?$ CA 3%, 3%%IJ?1@=9-K
;2., 35? δ 2234#*=�<2KE�γ 223

4#*=�DJE α ;<&EQ=5<&9?2., :@
?DJE;<&$Q*"8!62367�5<&$!6

8/45. ?MH3IRÆ0S, �R?PN4A!, +
F?QJ=@O)M, 5@?:PN@O-2$1523
EA350S+F?1R.
1 3456

1.1 789Æ:;
ASTM A216 WCA ��B�%C1M"�, C1

9; (-*;3, %) ?: C 0.24—0.28, Si 0.3—0.45,
Mn 0.75—0.90, S≤0.045, P≤0.04, Ni≤0.5, Cr≤0.5,
Cu≤0.3, Mo≤0.2, V≤0.3, Fe K*, 0M Fe–C T?

2P= Thermo–Calc RÆ [19] RSQ8TL0,DO

$29?2.�Q: 2O0 T MSQTNL2RO0 TL

+, H*L2S δ ;<&9? L→ δ; T +>UTIN

<2KEO0 TP, H*<2KE L+δ→ γ =L2*(

9?*9;0& L→ γ; T TIN;0&2?0TO0

A3, H*;0&SDJE α ;<&9? γ → α; T T

IN;0&2?OEO0 A1, VK;0&S5<&9?
γ →P(α+Fe3C).
1.2 78<=>?@

1.2.1 L→ δ 4#3%. 4#PU.T,.>J
02F4$L2%*9 δ 22#, G� Thévoz " [20] U

Q$V� Gaussian ;:$U64#3%, 2WJ2:0
Q$V*2#$G0OQHRÆ:

dnδ

d(ΔT ′)
=

ns√
2πΔTσ

exp
(
− 1

2

(ΔT ′ − ΔTN

ΔTσ

)2)
(1)

H%, nδ ?V* δ ;<&$2#G0; ΔT ′ ?2:0;
ΔTN ?A�4#2:0; ΔTσ ?WPDX2:0; ns ?

Q-4#VY$A�2#G0. FJ2>X+4U=6,
O0QT ΔT , 2E$2:0RV δ(ΔT ), >+I&6
V*2#$G0 Δnδ RÆZJ?

Δnδ =
∫ ΔT+δ(ΔT )

ΔT

dnδ

d(ΔT ′)
d(ΔT ′) (2)

*=3%.G� Braly= Flemings[21] UQ$IJ9
-2@2%KK;�L2W'YM$9-S;K3%, /
2 Thermo–Calc+FN?M"$3!Z1@WXRÆ[
S$1@2.%@2;3AO0$-,LR�P 1 :J.
RÆ/2@2;3$??MJ L/δ 2YN$TCXZ.

1.2.2 L+δ→ γ B L→ γ (1) L+δ→ γ 4

#3%. [O0T, TP +, 2 L A δ $YNOGH*<

2KE (L+δ→ γ) *9>8 γ 2, V* γ 2YU L = δ

[2YNZX*=, C\* δ <\P;, 8>, FJ\* γ

2.>X23>[4](\* δ ZN [7,8].

C 1 ASTM A216 WCA ��
�	
�����^V�
�_\

Fig.1 Relationship between solid fraction and temperature

during ASTM A216 WCA steel solidification
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*=3%. >2.<7 γ 2S L $*=" γ 2S δ

2$*=, A L/δ 2YN$TCXZ2^, L/γ 2YN$

TCXZRO 1.2.1 %1@2.%@2;3AO0W4$
2`-,RS.γ 2S δ 2$*=G�N2?Q$YM-
"3% [10,11], aSYNKE=N2?XYK;J_-",
δ/γ 2YN$TCXZ vδ/γ ?

vδ/γ = M δ/γΔGδ→γ (3)

H%, M δ/γ . δ/γ 2YN$YNTTZ, .9-`Z�]
'aE"NDD�$[M&B; ΔGδ→γ ? δ/γ 2YN$

TTUCD, OO0=YN9;MJ. M δ/γ $RÆH?

M δ/γ = M
δ/γ
0 exp

(
− Eδ/γ

RT

)
(4)

H%, M
δ/γ
0 ?13, 8YN:G$3_4VI3_; R .

WÆX&13; Eδ/γ ? δ/γ 2?Ib(. ΔGδ→γ $RÆ

H?

ΔGδ→γ =
N∑

i=1

cγ
i |δ/γ(μδ

i − μγ
i ) (5)

H%, N ?2?3; cγ
i |δ/γ ?2? i 2 δ/γ 2YN2 γ

2%$WÆ;3; μδ
i = μγ

i ;F?2? i 2 δ/γ 2YN

2 δ 2= γ 2%$?AY.
O� γ 2 (fcc) A δ 2 (bcc) $2c073_, 2

H* δ → γ 9?+, 2 δ/γ 2YN2$:2?XYCT
δ 2b γ 2TT, 2E$XY^* Jδ→γ ?

Jδ→γ = (cγ
i |δ/γ − cδ

i |δ/γ)vδ/γ (6)

H%, cδ
i |δ/γ ?2? i 2 δ/γ 2YN2 δ 2%$WÆ

;3.
δ/γ 2YN2$ δ 2CA\c$ δ 2H*9-K;,

δ/γ 2YN2$ γ 2CA\c$ γ 2H*9-K;, _
]ÆQ9-K;D.:

∂cu
i

∂t
= Du

i ∇2cu
i (7)

H%, cu
i ?2? i 22 u(δ 2d γ 2) %$WÆ;3; Du

i

?2? i 22 u(δ 2d γ 2) %$K;,3.
FJ δ → γ 9?+V*9 γ 2$9;?!Z2P1

EO0$!Z9;, ^ δ/γ 2YN2$ γ 2= δ 2%$

:2?$WÆ;3R/2H (6) = (7) RÆ[S.
(2) L→ γ

[O0=L29;^,>Jd!+, VKL2G*(
EQ γ 2, >2.ATL2%*(EQ δ 2^, :Æe2
.G�$3%=T L %*(EQ δ 22_.

1.2.3 γ → α 4#3%. [O0I� A3 +, α

2OE2 γ 232Y24# [22,23]. `_4#XZ I R

ÆZJ? [24]

I = η
2Dγ

CV x

a4(3kT )
1
2
exp

(
− ξ

ΔG2
αkT

)
(8)

H%, Dγ
C ? C 2 γ %$K;,3; V ?;<&$XY

&f; x ? C $WÆ;3; a ? α = γ $!62c13;
k ? Boltzmann 13; ΔGα ? α 24#UCD, [O0
QT, T (T <A3) +, .

ΔGα(T ) =
N∑

i=1

cγ
i (μγ

i (A3) − μγ
i (T )) (9)

H%, cγ
i ?2? i 2 γ 2%$WÆ;3.

4#e_G0 η =YN(* ξ ;F?

η = Na(γc + γ0 − γgb)
1
2 (10)

ξ = 4πγ2
e (γc + γ0 − γgb) (11)

H%, Na ? γ 223`Y.a4#2#$NfG0; γe,
γc, γ0 = γgb ? Pillbox 3% [24−26] %3_23YN2

$YN(, 8% γe .3RaZb49cKN$YN(, γc

. α ;<&=�2.%TCYN$YN(, γ0 . α ;<

&#f=X;0&V&(dN (3TC) $YN(, γgb .

X;0&YN(. γc+γ0–γgb ZJ;0&2Y9??;

0& –α ;<&2Y+YN($??I.
α 2$4#G0 nα ?

nα =
∫ A3

T

I(T ′)
ϕ(T ′)

dT ′ (12)

H%, ϕ(T ′) ?:2XZ.
*=3%: α ;<&$*=G�N2?Q$YM-"

3% [10,11], a α ;<&*=$XZ vγ/α OQHaJ:

vγ/α = Mγ/αΔGγ→α (13)

8%, Mγ/α ? 1$ γ/α 2YNTTZ, 8RÆH?

Mγ/α = M
γ/α
0 exp

(
− Eγ/α

RT

)
(14)

H%, M
γ/α
0 ?13, 8YN:G$3_4VI3_;

Eγ/α ? γ/α 2?Ib(. ΔGγ→α ? γ/α 2YN$

TTUCD, ROQHRS:

ΔGγ→α =
N∑

i=1

cα
i |γ/α(μγ

i − μα
i ) (15)

H%, cα
i |γ/α ?2? i 2 γ/α 2YN2 α 2%$WÆ;

3; μα
i ?2? i 2 α 2%$?AY.
O� γ 2 (fcc) A α 2 (bcc) $2c073_, 2

H* γ → α 9?+, 2 γ/α 2YN2$:2?XYCT
α 2b γ 2TT, 2E$XY^* Jα→γ ?

Jα→γ = (cγ
i |γ/α − cα

i |γ/α)vγ/α (16)



� 11 � * '( : ASTM A216 WCA +)"*+'#,�+)* CA $% 1391+

H%, cγ
i |γ/α ?2? i 2 γ/α 2YN2 γ 2%$WÆ;

3. _+ γ/α 2YN2$ γ 2CA\c$ γ 2H*9-

K;2., γ/α 2YN2$ α 2CA\c$ α 2H*9

-K;2., _]H (7).
FJ γ → α 9?+V*9 α 2$9;?!Z2P

1EO0$!Z9;, ^ γ/α 2YN2$ γ 2= α 2%

:2?$WÆ;3R/2H (7) = (16) RÆ[S.
1.2.4 γ →P(α+Fe3C) gUO0$TI, `;

`N$ α 249, )+9-@g2a2*=$ α 2<'

$ γ 2%, [O0TI>^,5<&9?$OEO0+,
VK γ 2C9??;<&A[C&/824$5<&2
3 [6,27,28], NLFJe9?2.[4W9. "O9?2.
%5<&9?$bc\ tinc ROQHRS:

tinc = b(T )c (17)

H%, b = c ?2-e3. CAd2]O0Qeb+4f
ÆeO0$bc\:SID?bcZ, 3_O0Q$bc
Z2VSQI^, 1 +gZbc\0T, 5<&9?O
E. hc"O9?2.$bc\hÆU6:2+$5<&
9?OEO0, 29?O0 T Q, 5<&8/45 λ RO

QHRQ:
λ = 4dσVm/ΔGγ→P (18)

H%, d ?2-e3; σ ?ZN(; Vm ?5<&$WÆ&

f; ΔGγ→P ?5<&9?UCD, O9?O0=;0&
9;MJ. O0QT, T + (T < A1), ΔGγ→P ?

ΔGγ→P(T ) =
N∑

i=1

cγ
i (μγ

i (A1) − μγ
i (T )) (19)

1.3 EFGH
1.3.1 CA IJ NL CA 3%C35Ffi;

?�P 2 :J$aD4?A&4, dX?A$`=? Δh,

C 2 CA 
���

Fig.2 Illustration of the CA cells

j^FfgZ%f?A, k^FfgZ8ef?A. 3%
lgdX?AD? 7 X-"?*: (1) 1 XVS?*, Æ
1—100 4$>Xah3gZ23$VS; (2) 1 XC0?
*,� 1, 2, 3, 4, 5, 6= 7;FZJ?A?L2�δ 2�δ/γ

2YN�γ 2�γ/α 2YN�DJE α 2=5<&23;
(3) 4 X9;?*, a?A% C = Mn $WÆ;3 (3%
%IJ C = Mn 2?, 1�C0?2YN$?A, IJV
2=_29;); (4) 1 X2YN$TT5g?* l, 1�2
YN?A, 0< l < Δh, 8Ke_ l=0 d l=Δh.

1.3.2 IKLM (1) \Ed!: 235$\E+
h, lÆdX?A2_$PEO0 (QJO0) A\E9
-`0 (O).M"9;MJ), \EC06?L0.

(2) O0??: /2m5O0H35S,$:2LR
[S:2XZ ϕ, 2+4U= Δt 6, O0O T QT?

T –Δt · ϕ.
(3) 4#: ÆDJE α ;<&T;0&2YEQ?

i, 1�;0&?A (i, j), [22:C0Q+, OH (12)
RRSe?A22:O0Q$4#G0 nα(i, j), RÆf
%i$DJE α ;<&2#3& Nα ?

Nα =
∑

(i,j)∈γ

nα(i, j) · Scell (20)

H%, Scell ?>X?A$Nf, 1�dX2�;0&2Y
e_$;0&?A, 84#nZOe?A$4#G0aJ,
4#G0`�^4#nZ`�.

(4) *=: 2 1 X+4U= Δt 6, O0O T QT?

T –Δt ·ϕ, RÆf%i@2ZR* Δfs ROP 1 [S, F
J23hj"(@C=�, dX232 Δt 6$iXR*

Δr 2"EROQHRQ:

Δfs · Stotal = π

Ns∑
m=1

[(rm + Δr)2 − r2
m] (21)

H%, Stotal ?RÆf$iNf; Ns ?i$233&; rm

?j m X23$iX.
1�DJE α;<&S;0&*=, 2 t0 +h, γ/α

2YN?A%2? i 2 γ 2= α 2%$WÆ;3;F?

cγ
i |t0γ/α = cα

i |t0γ/α, e?A%2YN$TT5g? l
γ/α
t0 , >

+2YNTTXZ v
γ/α
t0 ROH (13) RQ, Δt +462

YN$TT5g Δlγ/α ?

Δlγ/α =
∫ t0+Δt

t0

v
γ/α
t0 dt (22)

^ t0 + Δt +h?A% γ/α 2YN$TT5g

l
γ/α
t0+Δt ?

l
γ/α
t0+Δt = l

γ/α
t0 + Δlγ/α (23)

[ l
γ/α
t0+Δt ≥ Δh +, γ/α 2YN?AC9?? α ;



+1392 \+Q+]+] � 47 �

<&?A, o^ÆkX0.
FJ Δt +46V*9 α 2$9;?!Z2P1E

O0$!Z9; cα,equi
i , ^ t0 +Δt +h, 2 γ/α 2YN

?A%2? i 2 γ 2= α 2%$WÆ;3 cγ
i |t0+Δt

γ/α =

cα
i |t0+Δt

γ/α ;F?

cγ
i |t0+Δt

γ/α = [(cγ
i |t0γ/α − cα,equi

i )Δlγ/α+

cγ
i |t0γ/α(Δh − l

γ/α
t0+Δt)]/(Δh − l

γ/α
t0+Δt) (24)

cα
i |t0+Δt

γ/α = (cα,equi
i · Δlγ/α+

cα
i |t0γ/α · lγ/α

t0 )/l
γ/α
t0+Δt (25)

2G�H (22)—(25) +FRÆA, S/2H (7) ;
FRjRÆf% γ 2= α 2%$9-H??, <7RÆ
γ/α 2YN?A%$ γ 2A\c γ 2?A$9-K;2

., γ/α 2YN?A%$ α 2A\c α 2?A$9-K

;2., Æ[S t0 + Δt +h γ/α 2YN?A%2? i

2 γ 2= α 2%$AkWÆ;3. 1�;0&S δ ;

<&$*=, RÆ2.ADJE α ;<&S;0&*=

2^.
1.3.3 NOPQRSTUVWXYZWX[\]^

NLRÆ2.%$29?O0�N?M"$3!Z1@W

X�2YN2:2?2:2%$?AY�α 24#UCD

ΔGα =5<&9?UCD ΔGγ→P 6O Thermo–Calc
RÆ[S. RÆS,$3_ C = Mn Q* (-*;3) �
$ α 24#UCD ΔGα AO0$-,�P 3 :J.

Dictra a! [29] %$352.V�N2?K;D.
$3IRÆ, 8-DAe3;@� Thermo–Calc, 4TT
ZD?K;e3lm�@b$ MOB 3ck%, 0MT
TZ=.-$-DAe3nRRÆAO0=`0.-$

K;,3. NLIJ C = Mn $K;, :2?$K;
,3 D ?

D = D0exp
(
− QD

RT

)
(26)

C 3 ��� α ����pc�l��^�_\
Fig.3 Relationship between driving force for α–ferrite nu-

cleation and temperature of ASTM A216 WCA steels

with different C and Mn contents

H%, D0 ?K;13, QD ?K;Ib(. :2?2
:2%$K;,36O Dictra RÆ[S. 3_O0Q,
C = Mn $K;,3AJd`0$-,RÆ0S�P 4
:J.

2 3_`abcdde
2.1 fghi

??e)M3c.l1.=1R., QJ)M=).
@Æ$'(*0_++F, "BLV@_>m�), ).
?A9; (-*;3, %) ?: C 0.28, Si 0.36, Mn 0.90,
S 0.025, P 0.025, Ni 0.2, Cr 0.25, Cu 0.25, Mo 0.15,
Fe K*.

?Km).�!3_902$1@i-, �R?PN
4A!, PNT9,oWn?T 1 , 5, 2:PN%pq
_ B %-�f+F@O, QJ+G� IMC 3cGgnn

o@O-$:2LR, Ad67"@Oe_�P 5 :J.
QJO0o 1540 q, QJAo:2 48 h AOjpg, h
A&:NDO.
2.2 jkl

@O2.% No.1 PN%$-�f2)M2.%rk
r4L.S,3c, 8>p[S? No.2—5sPN$:2
LR, @O-O[S$:2LR..le_$3c, ??
1hXPN!$:2:G.'N$ij, T435=;E
3_e_$239?, � ProCAST 35RÆ?PNA!
1@:22.m5O0H, @O-$:2LR$350S
A).@OLR�P 6 :J. RM, T No.1—5 PN, :
2XZMSRV, 35[S$:2LRA).@OLRV

C 4 C � Mn ��	\�
Fig.4 Diffusion coefficients (D) of C and Mn
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C 5 ��������s��q

Fig.5 Geometry of step–shaped casting and the positions

of thermocauples (unit: mm)

C 6 �����q�q��km�
�km

Fig.6 Simulated and measured cooling curves of different

steps

NnM, 8>RÆ�3I35$0S;;E8=1o.

2.3 <mnE
352 150×100 $aD4?Apc%+F (1E>

X 1.5 mm×1 mm $).Ff). 35%:e�$I/e
3 [6,24,27,28] �Z 1 :J.

2.4 opqr
CPNA!lt=Vd, G� 4% qrrsD?mn

u, ;F�<A>1B (OM) =op�B (SEM) 5CA
d$1523, 0S�P 7 :J, 8%, P 7a—e ? 1—5
sPN$ OM j/, qtp;?DJE α ;<&, j^
p;?5<&; P 7f—j ?1E$350S, P%3_k
0FfZJ3_VS$;0&23, 3_s^t^FfZ
J3_VS$DJE α ;<&23. 1P 7 :J:PN
%DJE α ;<&Nf;3=2367+FtR, 0S�
P 8a = b :J. 0MP 7, P 8a = b RrgU:2X
Z$R�, DJE α ;<&$Q* (Nf;3) RV, 8!
62367u=.

s 1 rssuttuvvuu
Table 1 Parameters used in the simulation[6,24,27,28]

Parameter Value Unit

Liquidus temperature (TL) 1513 w

Peritectic temperature (TP) 1493.5 w

Starting temperature of austenite 807 w

to α–ferrite transformation (A3)

Eutectoid temperature (A1) 707 w

Even degree of undercooling (ΔTN) 10 w

Normal curvature degree 4 w

of undercooling (ΔTσ)

Maximum density of nuclei (ns) 107 m−2

Activation energy for atom motion 140 kJ/mol

at the δ/γ interface (Eδ/γ)

Pre–exponential factor (M
δ/γ
0 ) 0.01 mol·m/(J·s)

Atomic volume of α–ferrite (V ) 0.00824 nm3

Average lattice parameter 0.329 nm

of α–ferrite and γ (a)

Area density of the atomic 103 m−2

sites available

for nucleation at γ boundaries (Na)

Edge energy (γe) 0.032 J/m2

Difference of interfacial and grain 0.0065 J/m2

boundary energies (γc + γ0 − γgb)

Activation energy for atom motion 140 kJ/mol

at the γ/α interface (Eγ/α)

Pre–exponential factor (M
γ/α
0 ) 0.001 mol·m/(J·s)

Adjustable parameter (b) 0.04 s

Adjustable parameter (c) 2 –

Adjustable parameter (d) 140 –

Molar volume of pearlite (Vm) 7.3×10−6 m3/mol

Surface energy (σ) 1 J/m2

� SEM 1"2Ad+F5C, @*?5<&!6/
845EA350S+F?1R, 0S�P 8c :J. R
M, gU:2XZ$R�, 5<&!6/845u=.
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Fig.7 Experimental (a—e) and simulated (f—j) microstructures of No.1 (a, f), No.2 (b, g), No.3 (c, h),

No.4 (d, i) and No.5 (e, j) steps
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Fig.8 Area fraction (a) and mean size (b) of proeutectoid

α ferrite and mean interlamellar spacing of pearlite

(c) in different steps
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