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Numerical Simulation of Solidification Structure for
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Abstract: Due to the good uniformity, toughness and machining properties of equiaxed crystals, the cracking risk can be
reduced in the subsequent processing of 4J36 Invar ingot, however, most of the previous studies focused on the solidifica-
tion process of steel and alloy by using CAFE model, and the influence of nucleation parameters on the solidification struc-
ture of 4J36 ingot has not been reported. Therefore, the solidification process of 4J36 ingot was simulated by CAFE
model, and the influences of nucleation parameters on the solidification structure of ingot were discussed. The experimen-
tal result was in agreement with the simulation result, which verified the accuracy of the model and showed that it could be
effectively applied to the simulation and prediction of solidification structure of 4J36 invar ingot. The results show that
when the body maximum nucleation density increases from 2x10°m™ to 2x10°m?, the columnar crystal region will de-
crease, the central equiaxed crystal range will expand, the grain number will increase by 97. 6%, the average grain area
will decrease by 97. 6%, the maximum grain area will increase by 98. 6%, the average grain radius will decrease by
89.3%, and the minimum grain area will remain unchanged. When the surface maximum nucleation density increases
from 2x10°m™ to 2x10*m™, the crystal structure of the ingot will not change significantly, the grain number will increase
by 13.4%, and the average grain radius will decrease by 10. 3%. When the body maximum nuclear super-cooling degree
increases from 0.5 K to 4 K, the columnar crystal region will increase, the central equiaxed crystal range will decrease,
the grain coarsening is obvious, the grain number will decrease by 55.2%, and the average grain radius will increase by
36. 1%. When surface maximum nucleation super-cooling degree increases from 0. 5 K to 2 K, there will be no obvious ef-
fect on the crystal structure and grain size of the ingot.
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Table 1 The chemical composition of 4 J36 the experimen-
tal alloy %
C Si P S N Ni Mn Cu Al Cr Fe
0.03 0.12 0.004 0.003 0.0025 36 04 06 05 02 4
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Fig. 2 Model schematic diagram and grid division

2.3 EAERIE

Shy B v A B e B N [ S R AL AR
FERf PR ARAEL 25 S 1 R S AL R AT T LR R RN
faf Ak A1

1) 58 1 B[R] 376 /0N T 56 [ B 1], 22208 18 7 B VRO
{18 it XoF T B S s ) B TR LE A ) B L
fRI AL N e IR

2) 5N B TOHB AR o5 4 PAOR B T Ol e HA
UL

3 ) 22 Wk B 1] 3 A v A 0 O 8 R A ¥ AN
AR LE VS 00 28 RORH 2 B2 B B G 5 ]
2.4 WBREGHMBREHS

R A 79 A= 7 S B I 00, B9 € Y 00 4 B vE
TR 2 1793 K, BB AR L (4 ) 46 A I Ry
353 K, PR I 8 B 298 K, B8 143415 4 60 ks

R T A B 5 B B A B AR b I O, 5 R TN
BE AR AIMEE 55 AR AL [ SR T R R I 25 A AR
PN, L, B e S MR BT 2 [R] )AL o] %
A= (9),

qn, = hy (T, = T,) (9)
R, g WP B, Wim? 5 n, Ry 8732 1) 26
hy RO AR KL, W (m? K" 5 T, AR EE AR A
R K T, AR K,

FAGIH T CAFE BRI (IEAZ S8 i KB
Wk ¥ B R B KIEAZ 3 V8 B (AT s AT, ) STHT

R2 CHTHEENUZENS (FRESH)

Table 2 The chemical composition of the used mould %
C Si P S Mo Ni Mn Cu Al Cr v Ti Nb
0.8 0.5 0.03 0.03 0.1 0.25 0.8 0.35 0.06 0.25 0.04 0.03 0.05
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Fig. 3 Thermophysical property parameters of 4 J36 invar alloy: (a) density, (b) conductivity, (c) enthalpy, (d) fraction solid
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Table 3 Numerical simulation parameters of solidification
microstructure in each case

g Ny, «/ ATy e ATV.(T/ ngm «/ ATs,rr/
e A L N N S

1 2x10’ 0.5 0.1 2x10° 0.5 0.1
2 2x107 1 0.1 2x10° 0.5 0.1
3 2x107 2 0.1 2x10° 0.5 0.1
4 2x107 4 0.1 2x10° 0.5 0.1
5 2x10° 1 0.1 2x10° 0.5 0.1
6 2x10° 1 0.1 2x10° 0.5 0.1
7 2x10° 1 0.1 2x10° 0.5 0.1
8 2x107 1 0.1 2x10° 0.5 0.1
9 2x107 1 0.1 2x107 0.5 0.1
10 2x107 1 0.1 2x10" 0.5 0.1
11 2x10’ 2 0.1 2x10° 1.0 0.1
12 2x107 2 0.1 2x10° 1.5 0.1
13 2x107 2 0.1 2x10° 2.0 0.1
x4 WZENSH
Table 4 Nucleation simulation parameters
Ng/m” AT, JK AT /K n, . /m> AT, /K AT, /K
2x10° 0.5 0.1 2x107 1 0.1
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Fig. 6 The solidification structures at sections with different body maximum nucleation densities at 1200 mm height : (a) case 5,
(b) case 2, (¢) case 6, (d) case 7
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Table 5 The grain statistics under different body maximum nuclear densities
ESE A= g /m ™ A0 R U iR T A em® AR /N A em? AiRLE KT A em® ki 42 4 em

5 2x10° 8012 0.559 058 0.010 001 67.968 765 0.740 302

2 2x107 22907 0.195 537 0.010 001 25.010 744 0.416 700

6 2x10% 104 182 0.042 994 0.010 001 3.540 234 0.171 905

7 2x10° 334 300 0.013 399 0.010 001 0.930 045 0.079 303
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Fig. 7 The solidification structures at sections with different surface maximum nucleation densities of 1200 mm height : (a) case 8,

(b) case 2, (¢) case 9, (d) case 10
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Table 6 The grain statistics at different surface maximum nucleation densities

ESUEIR] L T GO e AN AtvLR /N [T B em® SRR A fem®  SRCTH21 4R /em
8 2x10° 20639 0.217 025 0.010 001 18.400 707 0.448 756
2x10° 22907 0.195 537 0.010 001 25.010 744 0.416 700
2x10 23513 0.190 498 0.010 001 18.830 616 0.406 890
10 2x10° 23842 0.187 869 0.010 001 20.180 731 0.402 768
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Fig. 8 The solidification structures at sections of different body maximum nucleation supercooling degrees at 1200 mm height : (a)

case 1, (b) case 2, (¢) case 3, (d) case 4
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Table 7 The grain statistics under different body maximum nuclear super—cooling degrees

ESEI ATy,./K MRS RCEE R em® R NE R em® SRR B em®  SREPIE AR em
1 0.5 26 909 0.166 456 0.010 001 16.310 539 0.379 255
2 1 22907 0.195 537 0.010 001 25.010 744 0.416 700
3 2 17 002 0.263 450 0.010 001 25.400 740 0.494 524
4 12 061 0.371 376 0.010 001 38.122 398 0.593 224
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Fig. 9 The solidification structures at sections of different surface maximum nuclear super—cooling degrees at 1200 mm height : (a)

case 3, (b) case 11, (¢) case 12, (d) case 13
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Table 8 The grain statistics under different surface maximum nuclear super—cooling degrees
ESUELES ATy, /K Ty A U YR T AV fiR fe /N AR em?® SRR K T A em? Rk fem
3 0.5 17 002 0.263 450 0.010 001 25.400 740 0.494 524
11 1 16 736 0.267 637 0.010 001 50.244 789 0.493 887
12 1.5 17 035 0.262 939 0.010 001 50.735 001 0.492 836
13 2 16 955 0.264 180 0.010 001 44.023 502 0.493 783
5 £ 10.3%. Rt , T 5 K 4% %% 2 % 4136 R B A5 424N
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