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ABSTRACT The performance of castings is primarily dependent on the solidification microstruc-
tures and defects. Gas porosity is one of the major casting defects existing in the castings of aluminium
and magnesium alloys. In this work, a two–dimensional (2D) cellular automaton (CA) model is pro-
posed to simulate dendrite and microporosity formation during solidification of alloys. The model
involves three phases of liquid, gas and solid. The effect of liquid–solid phase transformation on the
nucleation and growth of porosity, the redistribution and diffusion of solute and hydrogen, and the
effects of surface tension and environmental pressure are taken into account. The growth of both den-
drite and porosity is simulated using a CA approach. The diffusion of solute and hydrogen is calculated
using the finite difference method (FDM). The simulations can reveal the coupling and competitive
growth of dendrites and microporosities, as well as the microsegregation of solute and hydrogen. The
model is applied to simulate the microporosity formation during solidification of an Al–7%Si (mass
fraction) alloy. The effects of initial hydrogen concentration and cooling rate on microporosity forma-
tion are investigated. The results show that the simulated pressure difference between the inside and
outside of a porosity as a function of the reciprocal of porosity radius obeys the Laplace law. With the
increase of initial hydrogen concentration, porosity volume fraction increases, and the incubation time
of microporosity nucleation and growth decreases, while the porosity density does not increase obvi-
ously. With cooling rate decreasing, porosity volume fraction and maximum porosity radius increase,
as well as porosity nucleates and starts to grow at higher temperatures. However, the porosity density
shows a decreasing trend with the decrease of cooling rate. The competitive growth between different
microporosity and dendrites is observed. The porosity nuclei with larger size are able to grow prefer-
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entially, while the growth of the small porosity nuclei is inhibited. Because of the effect of gas–liquid
surface tension, porosity grows spherically when it is enveloped by liquid. After touching with dendrites,
the growth space of porosity is restricted by the complex dendrite network, and thus becomes irregular
shape. On the other hand, the growth of dendrite might also be influenced by the nearby porosity.
With cooling rate decreasing, the competitive growth between porosities and dendrites becomes more
evident, leading to non–uniform porosity size, and more irregular morphology of the porosities with
larger size. The simulation results are compared reasonably well with the experimental data.
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-qr�/-qn-�:�, C�?I?x^Mm�\ [1]. 'uz2VI?�:<Æ1Sp,NR�nb�, }V q�<EF��fo!7jCM. g!}V ='*X^��COQD�6-qj%?�, �voI?jOmaR�,$�. ^�, -t}V q1:IM�Vqj(7z�
B7vLOYxT�GD�mRJF�p�. LOjVqu)rK�f-�jj#�,�H���f`�,?ra#�,, PC
�Jia��*s�R;W�,K�W\, &!y�o}V -�q��;�GK>�pjIM [2−4]. FR, �}V �LOj)4<Æ
'2Vj_v. <	
LO��CdF�O 2 �: 1ORHO [1].1Oj�C
QW �q;6R96pj��6d�j.q49℄B, �)v<{_℄�Cj�)H�g<�;;j&1, b�)�jLm(,gfr~<I, 7g�C1O. HOj�C
QWH;q9{R;{�je��VqW\6Dd�j. }V :S�MjjH�, e�q Al ;�jH;(7
 H2. H q;{�je��\h
q9{�e��j 15—20 �. q49EF�, .39{j�C,e�W �;�jH;(�riMf;/9��J+�%h;{, �g;{�jH;5�(�x|, fXE�R06℄H;q�bj>�pg�CHO.'uz2V, `��49EF�LOYxja3%�o\mj)4 [1−18]. \w [2, 6] 
IMW}V �LOYxja3!Æ�O 3 [: )�z|!Æ�H UlP�HOv<!ÆRuL>
JVHOv<!Æ. Kubo R

Pehlke[8] 9Mo)�z|j
Q!Æ, O.℄<lrj)4YpokO. |Gzn [9] kW)�z|!Æ, E�o49EF� H jUl, �goL=O}�Cj�#!Æ.)�z|!ÆJ?�LO;o��%�a3, a(,u�MHO�Cj-aEF?r[9{v<��j{_CM.

Atwood n [10] 9Mo H UlP�HOv<!Æ#
!ÆIMf Al–7%Si(�m��) V �. .℄ Leen [11] R
Dong n [12] �VL=>
!/, /M
Æ7|m (cellu-

lar automaton, CA) �
�gouL>
JVHOv<!Æ, !/�=H�j)h>
[HOv<EF�j{_CM. 'u2, )4~�9�M(Cj�
!/HOjv<, Sasikumar n [14] ? Al–Si 5)V ;�arVqj

�H8OHOj�Pkq, }r9{O?k6rje�)h, /M CA �
!/)4o(CH��HOq(C HE�R�>�pjv<. Karagadde n [15] 9Mo�j!>p!Æ, !/oq(E�9{jPRp, H8q}V ;�jl|R7Qv<��-a. Meidanin [16,17] lM{8
!/oq
QRjQPRp, qarrw�)�jH8j�R0_6��, !v)4�)��; (DAS)R9{���HO��jK�. ao�!Æp(,���)>
RHOjJVv<. bSn [18] �go+5 Boltz-

mann �
 (LBM) R CA jJV!Æ, !/)4oV 49EF��)v<[H8jiM�v<�V#�l|n-a?�. aQW LBM !Æ/M`m&1�w+, pT��L� H JmR℄[*�nF(�HO�CjK�?�%�wmj!/)4.IM CA �
!/�)v<8
'2V49>
!/x^j)4_v, b�dR��� [19] ��%-1�>�pj
V 49>
, /M#% CA �
, �go�MW
V hcp �6j�)v<!Æ, !/o%->�p
V j49>
, [�1�C^V�M. |℄�n [20] �go#%j CA !Æ, !/o(Cw�49>�p NH4Cl–

H2O *0)jv<, [�1�C%�o��. `%Hn [21] �go<,
Æ7|m!Æ, �w�49��)<S�;j�u%�o!/)4. 
[}R|6% [22] �go!/jQ�)v<j CA !Æ, !/o(C>�pjQ�)j|6v<EF.�1CkW CA �
�g!/�)RuLHOJVv<j��!Æ, � Al–7%Si V 49EF�juLHOj�C-�%�!/)4, !/�iL� H JmR℄[*��HO�CjK�?�.

1 v���Z�1C(7qL=H��}V 49EF�QW HjE�RiM��CjuLHO%�!/)4. q!Æ�(E�49�1Rz|�e�Q�jK�, #}rU^+Z�?k#?<wj℄[*�49. RG, (E�5)49, b49Z���5)Z�~��w+.
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n (Sl) =

∫ Sl

Smin

dn

dS
dS (1)

dn/dS /M?p�)K�:

dn

dS
=







Nmax

(Smax−Smin) (Cl(H)/Sl(H) > Sn)

0 (Cl(H)/Sl(H) ≤ Sn)
(2)��, Nmax !�HO�\�P��; Smax R Smin �"OHO�P�\R��E�R�, JAE�1��3g [10,11]; Cl(H) OU^+;{`
� H j>?5� (mol/m3); Sl(H) O;{`
� H j�Re��

(mol/m3); Sn Ou��PjE�R�79. b H E�R��;�P>�℄, HO?<w�/"~�P [10]./9 Sievert w�, ;6 Al–7%Si V � Sl(H) w+4�O [10]:

Sl(H) =

√

Pg

Pref
10(− 2760

T
+2.96−0.0119wSi) (3)��, Pg OHO+j%j; Pref O1E%j, �1CX

Pref O�2\H%; wSi Oe� Si j�m��; T OU^+Z�.

Pg �E�b-1E%jR��yjjK�, �(E� �,%jR49�1%jjK�, �W
QPR, PgQp�w+:

Pg = Pref +
λLG

rp
(4)��, λLG O;/H��yj; rp OHOj�/. (Cj

H �R�>�p3�CjHO�P�/8Q� (3) R (4)w+.

1.2 

|mb�iW�Q�1C/M CA �
!/HOR�)jv<. 

Qjw+U^?�C?kj���H+, Æ,H+?��Y H 5��e�5��Z��{�� (H{�9{R;{)R06 (H�;�9R��) n�m. 3S�WC<,HOj
Æ5��,HOj��, gHO+ H2 :jf�jm�HO+%jRHOj;on. q!/�}rHO��fb-%jR��yjCM, FR, q[49j);{_�J,HO?R0��v<. HO[�)v<{_℄, gv<C�?v�0. rp Qp�w+:

rp =

√

∑

f
(i,j)
g · Vc

π
(5)��, f

(i,j)
g O`,
Æ (i, j) jH{��; Vc O`,
Æj;o.

}rHO+jH;O`~H;, v ∆t ~�+qH/;��
Æ (i, j) jH{;oxm ∆V (i,j) O:

∆V (i,j) = RH · G
(i,j)
g

∑

G
(i,j)
g

· RT

Pg
(6)��, RH O;/H��
Æj� H jm, R OH;:�,

G
(i,j)
g O;/H��
Æ (i, j) juSF5,

∑

G
(i,j)
g O
Æ (i, j) 3qHOj3S;/H��
ÆjuSF5�R. uSF5 Gg [vWH+06{;, Qp�3\w:

Gg = min

[

1,
1

2

(

4
∑

m=1

SI
m +

1√
2

4
∑

m=1

SII
m

)]

,

SI, SII =







0 (fg < 1)

1 (fg = 1)
(7)��, SI R SII �"O�'vRS'v 4 ,H+j061�, fg OvW
ÆjH{��. Q� (7) w+j Gg E�ovWjH+06�HOv<*�jK�, C~
E�ovWH+jK�F�[H+�;S;, s�'vH+�S'vjH+jK�0\.

∆t ~�+��
ÆjH{��xm ∆f
(i,j)
g O:

∆f (i,j)
g =

∆V (i,j)

Vc
(8)�1CC5/M CA �
!/�)v<, CP��FR+
�\w [23], a/M[� (7) {Cj��w+�)v<jvWF5 Gs:

Gs = min

[

1,
1

2

(

4
∑

m=1

SI
m +

1√
2

4
∑

m=1

SII
m

)]

,

SI, SII =







0 (fs < 1)

1 (fs = 1)
(9)��, fs OvW
Æj9{��.

1.3 ~�b H WzXPn�.3�)v<, e�R H q9/;��7vo�:.y<��, HO�P℄, AE H Ul(�j�#M;{�E�R H �<\. dM Fick t
w�Vw+e�R Hj5�8Ul:

∂Ci(X)

∂t
= Di(X) · ∇2Ci(X) + R(X) (10)��, Ci(X) Oe�h H j5�; Di(X) Oe�h H jUll�; p� i ^!9{h;{; Di(X) · ∇2Ci(X) �!�Ul�5�8jK�; R(X)Oe�h Hq��jo�:�5�8jK�, �e� Si V#, R(Si) Oq9/;��je�o�:, � H V#, R(H) �Soq9/;��
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C∗

s (X) = kXC∗

l (X) (11)��, kX Oe�h Hj>X�:l�; C∗

s (X)R C∗

l (X)�"Oq��oe�h H j9{R;{5�.q;/H��, ;{�j>X H 5�O Sl(H) , i8+ H 5� Cl(H) )W Sl(H) , v�Xj H �HO3j�. FR, q<,~�*<+, "<HOAE;/H��
Æj� H jm RH JMp�w+:

RH =
∑

J

(1 − f (i,j)
g − f (i,j)

s )(Cl(H) − Sl(H))Vc (12)��, J !�C<HOj;/H��
Æ; f
(i,j)
s R f

(i,j)
g�"!�;/H��
Æ (i, j) �j9{��[H{��.

1.4 

|m��iW�d�Qw+U^�j
Æ�O?p(C06: ;6
Æ
(fg + fs=0)�;/H��
Æ (0<fg<1, N fs=0)�;/9��
Æ (0<fs<1, N fg=0)�;/H/9j{
Æ
(0<fg + fs<1), H6
Æ (fg=1), 96
Æ (fs=1), H9
Æ (fg + fs=1). �1C/Mp��

uLHOR�)v<{JV: q<,~�*<�, �r7�w+U^�
�S�)�P. gCS�)�P, /9\w [23] �j CA �
!/�)jv<. /9� (11), q<,~�*<+9{��jxm ∆fs 
��Me�h H jmO
∆C(X) = ∆fs (C∗

l (X) − C∗

s (X)). 
! ∆C(X) e�R H jm|fC<,H+?r[5{vH+jyX;{�, ?�G�,U^je�R H �Y. o/9� (10) w+e�R H j5�8Ul. .3�)jv<, ;{�j H

5�x), M� (1)—(4) 79
�SHO�P. gCSHO�P, /9� (3)—(8) R (12) w+HO��
ÆH{��x<, ^℄/9� (5) 0�HOj�/. T�, �!Æ7�So�)RHOj.m�P�e�R H q��jo�:RUl�HOR�)qv<EF�j{_CMnf`m�./Mu�Sy6�
R`Ul��>�S�� (10),~�*< ∆t Qp�w+:

∆t = min

{

∆x2

4.5Dl(Si)
,

1

4.5 × ∆fs,max

}

(13)��, ∆x O`WH+HW, Dl(Si) Oe� Si q;{�jUll�, ∆fs,max O<,~�*<+9{��j�\x<m. QW H q;{�jUll�� Si h\ 2 ,�mt, FR, /95�8Ul_w~�*<w+j�C8{6 2 ,�mt. Oo9)w+	�, M(C~�*<w+
H R Si jUl, k~j~�*<�hO 100, sw+ SiUl<S, w+ H Ulh 100 S. �1Cw+3/Mj
Al–7%Si V jf�1�g! 1 3� [24].

2 vxg^��s
2.1 

|mb�i�d�QW�uE 1 O Al–7%Si V �HO[�)JVv<��j-�. w+U^Q 300×300 ,H+>C, H+HWO
3 µm. HjL�5�O 0.9 mol/m3,℄[*�O 10�/s.q!/B�~, 
i$)P.m�)qw+U^+, uLHOjL��P�/r�O 10 µm, Oo[�1�C%���, uLHOj�PW�arr�, a�S�;v<>�~HO.,v<. !Æ�(E�Gj�HOjCM, FR, HOjW�
{�,�j. TE 1 J?CM, .3Z�N 1 �2Dx,40Nkg�2 [24]

Table 1 Physical parameters of an Al–7%Si (mass fraction) used in the simulation[24]

Parameter Unit Value

Liquidus temperature Tl K 896.1

Eutectic temperature Teu K 850.2

Slope of liquidus ml K/% (mass fraction) −6.0

Diffusion coefficient of Si in liquid Dl(Si) m2/s 1.1×10−5exp(−5696/T )

Diffusion coefficient of Si in solid Ds(Si) m2/s 2.02×10−4exp(−16069/T )

Diffusion coefficient of H in liquid Dl(H) m2/s 3.8×10−6exp(−2315/T )

Diffusion coefficient of H in solid Ds(H) m2/s 1.1×10−5exp(−4922/T )

Partition coefficient of Si kSi 0.117

Partition coefficient of H kH 0.069

Surface tension λLG N/m 0.889

Average interface kinetic coefficient µ̄k m/(s·K) 1.0×10−4

Degree of the surface energy anisotropy δt 0.3

Degree of the kinetic anisotropy δk 0.3

Average Gibbs–Thomson coefficient Γ̄ m·K 1.7×10−7
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Fig.1 Simulated evolutions of microporosity and dendrite growth of an Al–7%Si (mass fraction) alloy at temper-

atures T=602 � (a, d), T=599 � (b, e) and T=577 � (c, f)

(a—c) Si concentration field (d—f) H concentration fieldjp�, �)(�v<, +3C(CjuOX�v<M<S�$#��M
S�)�. 
.39{��jx|, e�R H q9/;��7vo�:, �g�)#M5�8�v�a. .3�)jv<, ;{� H 5�'�x|. bHOP#Mj H 5�)W�R5�~, HOB�<\. [�){_JHODR0v<. [�){_℄, HO[�)1�v<, �R~�f��v<j�h, HOj�0/9#M�)j����g(?v. QW H q;{�jUll��e� Si j\h 2 ,�mt, TE 1d—f J?CM, q49EF�, e�B�pq�)#Mj9/;��P, � Hq9/;��Pj�p(�u. qHO#M H j5��p,g^HOjU^j5��). E 1c R f O!/jXf5)Z�~uLHOj��, [ Yao n [25] �� A356 V uLHOj�1=4�C��J	, �1C�gj!ÆJ?!/M[�1�C{%juLHOR�)>
��, ?r�1)?Æ�=4je�R H jL==i.� (4) .Moq�E�b-%jR��yjCM~HO+%j[HO�/��j;l. ?E 1 �jHOOe, w+HO+%j[b-%j�6 ∆P RHO�/ rp��j;l, �CgE 2 3�. J?CM, ∆P [ 1/rp�;z�;l, NÆzk�AEdv. AE/VgfjÆz
�O 0.90081, [ λLG W�'. FR, E 2 j�C[
Laplace w�{�V.

2.2 T� H _qY

|mW��E 3 O!/j Al–7%Si V q(CL� H Jm>�p 577 �~juLHO��, ? H 5�u�HO[

0 1 2 3 4 5 6 7
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7

 Simulation data
 Linear fit

 

 

P
, 1

04  P
a

1/rp, 10
4 m-1� 2 GN*F$i5 ∆P ZGN�. 1/rp i:k

Fig.2 Pressure difference between the inside and outside of

the porosity ∆P as a function of the reciprocal of

porosity radius rp�)��r H 5�8. ℄[*�O 5 �/s, Nmax O
1×1011 m−3, HO�PjE�R�U� Smin—Smax O
1.6—2.3, u��PjE�R�79 Sn O 1.2. C5!/>�[E 1 j{C. TE 3 J?CM, q{C℄[*�p,.3L� H JmQ 0.6 mol/m3 x|f 0.9 mol/m3, uLHOjHW�\, auLHOj�m�Su)x|. Mi-

trasinovicn [26] R James[27] �"�� W319 }V R
Al–7%Si V q(CL� H Jm>�puLHOj�C%��1)4, 8�v.L� H Jmx|, HOjHWu)x|, aHOj��#�S�ujx|. /9uLHOj�?��P`� [2,4], uLHO�Pj�m(7(
Q
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H jL�Jm=w, �
QV ;�KqjHO�Pkq�m=wj. =4E 3aR bJ�v, 
Su,HOP�u^Tv<. E 4 OE 3a (℄[*�O 5 �/s, L� H JmO 0.6 mol/m3) >�pHO[�)v<��j-�EF.E�j�8�Mo;{�j8+ H 5�. TE 4 J?CM,49L�~K, .3�)jv<, ;{�j H5�'�w), gE 4a �;{�j H 5�QL�j 0.6 mol/m3w)f 0.65 mol/m3 AT, aR~j H 5�b(,�;HOj�P>�. .Z�%<*�p, �)y�v<, ;{�j H 5�(�w). [RC~, /9� (3), H q;{�je��8.3Z�j�p��p. b�;HO�P>�~, HOB��P, 7 ,(CHWjHOP�.m�)q!/U^� (E 4b). TE 4b—d J?CM, q�,49EF�, 3 ,L��P�/��jHOk�Tgfv<, �CX�\L��P�/jHOSo�u<\. TE
4 ��Mj H 5��9J?CM, C�T<\HOP#Mj H 5�Æ��)W�\HWHO#Mj H 5�. gE
4c�, �HOP#Mj H 5�hO 0.78 mol/m3, ��\HWHO#Mj H 5�hO 0.68 mol/m3. /9� (4),HO�/i�, Pg i\. o/9� (3), HO+%ji\,gd�H/;��j;{�j Sl(H) x|, �g�HOP

�(,�;v<>�. FR, L��P�/��jHOjv<�foA�. Æ�, L��P�/\jHOJ?v<,�C0\jHO�/, ("x|oH/;��j�o, �N,%<*���Re��. /9� (12), H/;���ojx|R�Re��j�p?SdWHOj%<*<\. �5qHOj1�v<�, �P�/�\jHOJ?Orv<, (��N#M;{�jE�R H, �#M;{�j H5�(��p, d��P�/��jHOjv<>�(,gf�;. TE 3b 
J�v, bAo�j<,�)RHO{_~, ��)>Ao�j($jv<�vo=.. FR, �1C!Æ,7V`��49EF� H Re�j5�8�a�(CHWHO��j1�v<�?rHOR�)v<��j{_CM.E 5 O 1 �/s ℄*>�p, (CL� H JmpHO;o��.49~�j�a. E 5 j!/>�No℄*O
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� 3  .i\)N 5 �/s Q'BK� H Il=�op 577 �}i�(QtKGN�

Fig.3 Simulated morphologies of dendrite and microporosity with a cooling rate of 5 �/s at 577 � under initial

hydrogen concentrations 0.6 mol/m3 (a) and 0.9 mol/m3 (b)

� 4  .i\)N 5 �/s QK� H IlN 0.6 mol/m3 =�oGNQ�(�
-Y�i,�
Fig.4 Simulated evolutions of microporosity and dendrite growth with a cooling rate of 5�/s and initial hydrogen

concentration of 0.6 mol/m3 at T=606 � (a), T=601 � (b), T=598 � (c) and T=577 � (d) (Numbers in

Fig.4 show the local hydrogen concentration in liquid phase)
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Fig.5 Volume fraction of porosity as a function of solidifi-

cation time with a cooling rate of 1�/s and different

initial hydrogen concentrations
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Fig.6 Simulated morphologies of dendrite and microporosity with an initial hydrogen concentration of 0.5 mol/m3

and cooling rates 2 �/s (a) and 12 �/s (b)
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