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Fig. 1. Comparison of the CA simulation with the

[15]

analytical prediction’regarding the time evolution of the

location of a migrating liquid pool for a SCN-0.3 wt.% ACE
alloy at V,=0.6 pm/s, §,=0.05 and G = 12°C/mm.
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Fig. 3. Comparison of the CA simulation with the

analytical prediction'” regarding the time evolution of the

location of a migrating liquid pool for a SCN-0.3 wt.% ACE
alloy at V,=5 um/s, §0=0.65 and G = 12 °C/mm.

&l 4 SRt F I 3 4544 B CA BLRULRI AR AT
MRS BRI IE AL R V MR BE Oy Bl (7]
WAk, WTLLEW, 75V, > V, o &AM, 5K
20V, <V, o WITEBUAR S, S i 32 BE I 7] 2
RAEAVR, Tl e 8 BT () S22 4 .

W 45 1t 3 B 3 38 F% By 1% R AH 2 B[ AH 26 i
T IR B 4 F0 ¢ . T RSl
V, R4 g BsE e, ARV, E#EAT T CA
B, 25 R mE 5 PR, Bl 5@) h V, <V, o
(=1.59 pm/s) 4T, BV, =0, 0.3, 0.6, 0.9
A1 1.2 pm/s BYAMPLEEE R, SCN-0.3 wt.% ACE
BEEMERN CA BRI, HALMBIIRM S
K1 AHE. TR RT LA H, CA BRI AT A
BN MBI IR A2 & (G0 = 0.05) IEREENMAHL
(0 I I E] o $9BE v, SEmmisg N, X2 d T
7 A N AR AL SR, S K
(AR ) A% SRR 2R A 3

FH—I7H, kTR Vi, >V, o= 3.82 pm/s)

(a)

T oafb
g O CA model
§' Analytical modell!s]
2
.G 3 -
3
°
>
3
3
Q 2+
o
3
g
=
1 " 1 " 1 " 1 " 1
0 40 80 120 160
Time t/s
3.5
| (b)
3.0 O CA model

Analytical modellt5]
2.5

2.0

1.5

Liquid pool composition C}/wt.%

0 40 80 120 160
Time t/s

B 4 SCN-0.3 wt.%ACE & & 7F Vp=5 um/s ( §0=0.65)
G = 12°C/mm &4, (a) 4 i 55 5 B A (b) 45 b ik
3 I ] 728 Ak 149 C A BSEHDL A0 figp B 45 8 1191 503000 245 3R 14 Lh 3%
Fig. 4. Comparison of the CA simulation with the
analytical prediction'” regarding the time evolution of (a)
liquid pool velocity and (b) liquid pool composition for a
SCN-0.3 wt.% ACE alloy at V,=5pum/s, §0=0.65 and G =
12°C/mm.

(L, BUHLREE V, = 4, 4.5,5,5.5 F16 pm/s,
FAl B S5 1 3 AR TR 1] 5(b) S Bk A
T, CA B AR 3375 2] 4 4 AR i o
B (Jo = 0.65) ILFE I AHL s FIRa] ¢ BEAhAL
AR, K 5(b) ATLAAE Hh, ¢ BE V, S
BN BV, BOSEN, DIR DX B4 b7 5 A
MIERL L 22V, — VAGIN, A3 T 72 2[5 A0
LR BT s ek

HIEL 1 5 AT LA Y, CA B4 5R 5 f A
BRI BN A SRAT A R4f, Bk 16L& BER 4l
ROV H CA BRI E S REHLL AR

3.2 AR AR
N T 5 GO A B 57 B A It A% Bl

SEIREIE, AL R T SCN-0.3 wt.% ACE &4
TEMRERSE G = 12 °C/mm FHhHL#E B V, =

048102-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 048102

500
(a)
450 - O CA model o
—X— Analytical modell!5]

Q— 400
g 350 o
3
§ 300 /
g Q

250 />C%/

200 &

150 1 I 1 I 1 I 1 I 1

0 0.3 0.6 0.9 1.2
Pulling velocity V,/pm-s~—!
360
| (b)y O  CA model

320 F —X— Analytical modell'%]
<
T 280
: L
3 240
= L
Q
£ 200
~ L

I &
120 \}3{

4.0 4.5 5.0 5.5 6.0
Pulling velocity V,/pm-s—!

B 5 SCN-0.3 wt.% ACE & 41 G = 12 °C/mm {4
T, (a) V, < Vo BHEHARIER 8 (§0=0.05) TE R I
B HARLR BT ARG HEE] 4 A1 (b) V, > Vo 5 B0 F 4 it A9
TR E (§0=0.65) 345 BB Bl (1% [ A 2% JIr i85 BsF 0] ¢, B Al it
L AR AL 1 CA AU AT AR 250 1090 5000 45 2R 174 L ¢

Fig. 5. Comparison of the CA simulations with the

15]

analytical predictions "% regarding the times required for a
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SCN-0.3 wt.% ACE alloy at G = 12 °C/mm.
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Fig. 6. Simulated sequence of liquid pool migration for a
SCN-0.3 wt.% ACE alloy at G = 12 °C/mm, V,=2.89 um/s
corresponding to go,er = 0.5: (a) 2 s; (b) 20 s; (¢) 37 s. The
dimensionless initial positions of the five liquid pools are
9o = 0.08, 0.3, 0.5, 0.6 and 0.75, respectively. § is the
dimensionless droplet position, y is the droplet position.

0

Average migrating velocity/pm-s—!
S
T

0 0.2 0.4 0.6 0.8
Dimensionless initial location of droplets go

K7 CAMEHIMY SCN-0.3 wt.% ACE A 41 V, = 2.89
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0.5), V343 B 340 I TG e 400 ko v o 5 79 72 Ak

Fig. 7. CA simulated average migrating velocity as a
function of the dimensionless initial liquid pool position for
a SCN-0.3 wt.% ACE alloy at G = 12°C/mm and V, =
2.89 pm/s, corresponding to Fo,er = 0.5.
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Fig. 8. CA simulated time evolution of liquid pool velocity for a SCN-0.3 wt.% ACE alloy at different temperature gradients and
(a) Vp =0.6um/s, go = 0.3, V, < V, ; (b) Vp =5um/s, go = 0.7, V, > V, .
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Abstract

Directional solidification is a common and important process in both scientific research and industrial
practice. Owing to the presence of temperature gradients during directional solidification, local remelting and
solidification in the mushy zone occurs, resulting in some typical phenomena such as temperature gradient zone
melting (TGZM). The TGZM influences the solidifying microstructure and microsegregation significantly. In the
present work, a two-dimensional (2D) cellular automaton (CA) model involving the mechanism of both
solidification and melting is adopted to investigate the migration phenomena of molten liquid pools in the
mushy zone due to the TGZM. The effect of pulling velocity, initial liquid pool position, temperature gradient,
and alloy composition on the TGZM kinetics are studied. The simulation results are compared with the
analytical predictions, and good agreement between two models is obtained. It is found that under a
temperature gradient, the liquid pool always migrates towards the high temperature direction. When the pulling
velocity is lower than the critical velocity, the liquid pool migrates through the liquidus into the bulk liquid and
the time required for a liquid pool to reach the liquidus increases with pulling velocity increasing. On the other
hand, when a pulling velocity higher than the critical value is adopted, the liquid pool moves towards the
solidus and the time required for migrating liquid pool to reach the solidus decreases with pulling velocity
increasing. For a given pulling velocity, the liquid pools located above the critical position move towards the
liquidus, while the others gradually approach to the solidus. When a molten liquid pool migrates towards the
liquidus, the migration velocity and liquid pool thickness are found to gradually increase, while the liquid pool
composition decreases with time. Inversely, for the molten liquid pool that moves towards the solidus, the
migration velocity and liquid pool thickness gradually decrease, while the liquid pool composition increases with
time going by. The average migration velocity of liquid pool caused by the TGZM effect increases with
temperature gradient increasing and alloy composition decreasing. The CA simulations provide an insight into
the complicated interactions among the local temperature, solute distribution and diffusion, and the kinetics of
local remelting and solidification in the TGZM process.

Keywords: directional solidification, temperature gradient zone melting, liquid pool migration, cellular

automaton
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