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Abstract ; Directional solidification is one of the important techniques for the preparation of single crystals, which
is widely used in aerospace, energy, electronics, medical devices and other fields. However, defects such as stray
crystals and inclusions inevitably occur during directional solidification, so it is important to study the effect of
particles on the competitive growth mechanism of dendrites for the preparation of high-quality single-crystal
specimens. In this paper. based on the Eulerian multiphase flow model and the metacellular automata method, the

reliability of the model is verified by constructing a dendrite growth model for Al-4. 5 wt% Cu alloys,and comparing
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the differences in the solute distribution along the front of the dendrite and the length of the dendrite obtained from

dendrites with different orientations under the same conditions,and then carrying out a study on the evolution of the

solidification organisation of the two grains during the directional solidification and the effect of the particles on the

growth of the dendrites. The simulation results show that non-optimally oriented dendrites suppress the growth of

optimally oriented dendrites in the convergent competitive growth without the influence of particles,reproducing the

anomalous elimination phenomenon. However, by introducing particles into the alloy near the grain boundaries of

directional solidification convergent growth, the presence of particles interferes with the growth of non-optimally

oriented dendrites and improves the stability of optimally oriented dendrites, thus controlling the anomalous

elimination phenomenon.
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Table 1 Thermophysical parameters in the mode

Parameters Values
Melting point/(T; « K1) 933. 65
Reference density p; » p, /(kg + m™%) 246 0
Liquid slope m; /(K « (wt%) 1) —338
Partition coefficient % 0.178
Diffusion coefficient in liquid phase D;/(m? + s7!)  3.4X10°
Diffusion coefficient in solid phase D,/(m? « s~ 1) 3X10°18
Gibbs-Thomson coefficient/(m + K) 2.4X10°7
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Fig. 2 Cloud of dendritic solid-phase volume fractions with different optimal orientations
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Fig. 4 Results of dendrite evolution during convergent growth
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Fig. 5 Dendrite evolution results when non-dissociated

particles are located on B1 growth paths
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particles are located on B2 growth paths

S5 B RURE AN AT BEAFAE T AR U IR A iy
R » 10 HL AL AT BEA7 A2 T # 0 BUm B A i . 07
DR TCE AR A3 A& T U IS B I A4 A 2 R
BEADLAE R/ - 2 A3 B BOBURE L5 )5 - ] s BEL 4
T A2 BRI B A4 BCRRYTEL. OAS B
WK BTN BOR S E A i Ad I B B AR
T A4 BELZE A PN A AR R I B A (]
FECALLES BLAGE A R R P 4R
fJa A4 BCER IR BLEGE . T B1 KGR B8 IR B
THY S AT fE Ad R B2 B A BT AL B
15 B2 A fh SR A O 2 A4 K 20 A i B It Ad A

1 Cu(wt%)

B7 WHACTASERKBELNARRERLER

Fig. 7 Dendrite evolution results when non-dissociated

particles are located on the A3 growth paths



% 8 3

R HT A S ORI A4 5 w6 Cu 4 1) B [0 3R A K i oo i B sl MLEL L F 5 45

r T S 30T A0 (8] AR K rp B TG T i I DR AR B
P B S R B G OR B . HL AR L B ) O [ 4
55 JCRURL S i 5 1) 56 15 26 23 % B L BORE 1) 51 A AT
LA ) B 9 DK B G o DA 5% 00 B 1) At ) A I 4R K
RsE .

Li LTk Y RURL S A G B E B [ 3R AR
ULELE R SR TWERPWER LRS- F R R S N R N 2
Wi o AT 0 AR 000 Az BT A b AR S %
0 Az HUTE) A B A A I R AR T L T DA
CRAERS RS WK R [ w0 ik
T T B A DB A E T A B TR e A R AR
S B AR 5 R 00 B B e AR Ko Ak T
A5G LA I AT Y R A R R R SR 1 IR B
R

3 L

F T WS R Al-4. 5wt Cu 4 4 oE 10 8
CIRINE JE8 ISR il A LR R A ORI VAN R S LV
PLZ AW H AR 5 M B Sh LT 25 B R 1] B AR
30 3 Bl AR AN [) B o) A5 9 T B 0 A B R K
UE TR AT S, R SE T ORI B XL R AR
K R SR AL Y S )  EEEEEIRANE

1) A [i) B 1] 194 A5 it 7 A ] 2 A0 SR AT A & i
TR T 0 AT AR il 1 B2 22 S B/ L b i ot 3 1R 22
INT L 6% B K FIRZE/NT 2. 0%, I jIF T B
A HEE

2)) FCURL 5 Wil A1 3 5 4 A= A v A B D0 T 1) A
s FE T PR AL IR ) B A AR TR T RO T IR IS L i
T30 SO0 B AEAE A BRI B ) B d 2 HE DL 5E 4
T DR 5 S i B TR R U 1 3 I BB 1 B At

3) UKL | B 4 2 Il B I8 1 2R A= K 1Y vt St B
Jei o X R AR B BCR B e AN A AT T
AR B A A I B A B R A B A 2R KRR
SEE 52 B B H T IR IR 4 A
CE e ¢
(1] R¥%. a3k Me-Cu &4 BER A 21 H o Mg M B I

HLBILI]. A 4 )8 T/%.2015,5(3) :5-9

TANG Ling.

solidified microstructure of

forming mechanism in

Mg-Cu

o-Mg phase

hypereutectic
alloy[ J ]. Nonferrous Metals Engineering, 2015,5(3):
5-9.

(2] EWF. AR KIS & 1 5EE 48 B 25
HEREL]. #BH T4, 2022,36(24) :135-142,
WANG Yan, CUI Chunjuan, ZHANG Kai, et al.

(3]

(4]

L6]

7]

(8]

(9]

[10]

(11]

[12]

Research progress in directionally solidified intermetallic
compounds [ J ]. Materials Reports, 2022, 36 (24 )
135-142.

BRSO, SRR 5F L PR 3 X A ) 5 5] CMISX-6
AaMR KA MR L] A6 E R HE
43),2014(6) . 63-67.

JIA Zhihong,ZHU Xiang, MA Mingze,et al. Effects of
heat treatment on microstructure and tensile properties
CMSX-6 alloy [J 1.
Nonferrous Metals (Extractive Metallurgy), 2014 (6) :
63-67.

WALTON D, CHALMERS B. The origin of the

of directional solidification

preferred orientation in the columnar zone of ingots[]J].
Trans. Metall,1959,215:447-456.

D'SOUZA N, ARDAKANI M G, WAGNER A, et al.
Morphological aspects of competitive grain growth
during directional solidification of a nickel-base
superalloy, CMSX4 [ J]. Journal of Materials Science,
2002,37.:481-487.
ESAKA H. Dendrite growth and spacing in
succinonitrile-acetone alloys [ D], Lausanne, Switzerland.
EPFL.,1986.

ZHOU Y Z,VOLEK A,GREEN N R. Mechanism of
competitive grain growth in directional solidification of
a nickel-base superalloy [ ] ]. Acta Materialia, 2008,
56(11).:2631-2637.

MENG X B,LU Q,ZHANG X L,et al. Mechanism of
competitive growth during directional solidification of a
nickel-base superalloy in a three-dimensional reference
frame[ J |. Acta Materialia,2012,60(9) :3965-3975.
TERE A S AT B 55 IR G 4 A 1) [ R0 A5 PL O
AL R Fh o5 3E KA 65 4. 2023, 43 (10):
1336-1350.

REN Neng, YANG Liiwei, LI Jun, et al. Research
progress in numerical simulation of Superalloys during
directional solidification [ J ]. Special Casting and
Nonferrous Alloys,2023,43(10):1336-1350.
GEORGE W L,WARREN J A. A parallel 3D dendritic
growth simulator using the phase-field method [J].
Journal of Computational Physics, 2002, 177 (2):
264-283.

PROVATAS N, GOLDENFELD N, DANTZIG ].
Efficient computation of dendritic microstructures
using adaptive mesh refinement [ ] ]. Physical Review
Letters, 1998, 80 (15). 3308. DOI. 10. 1103/
physrevlett. 80. 3308.

EHPE SRS BRAN . E 19 BE SR AR
WroE L], 4 )8 %3 ,2018,54(5) :657-668.



46

e = R i

514

[13]

[14]

[16]

[17]

(18]

(19]

[20]

WANG Jincheng, GUO Chunwen, LI Junjie, et al.
Recent progresses in competitive grain growth during
directional solidification[ J]. Acta Merallurgica Sinica,
2018,54(5) :657-668.

LIJ J, WANG Z J, WANG Y Q, et al. Phase-field
study of competitive dendritic growth of converging
grains solidification [ J ]. Acta
Materialia,2012,60(4) :1478-1493.

YU H L,LIJ J,LIN X,et al. Anomalous overgrowth of

during directional

converging dendrites during directional solidification[ J].
Journal of Crystal Growth,2014,402:210-214.

TAKAKI T.SAKANE S,OHNO M.et al. Large-scale
phase-field

competitive gr6owth at the converging grain boundary

studies of three-dimensional dendrite
during directional solidification of a bicrystal binary
alloy[ J]. Isij International,2016,56(8) :1427-1435.

g BB AR R AT, B SE. R G A 1] B T A
Bt A K 5 7 5T U B AR L LT ). % B TR
2023,15(10) :13-20.

ZHANG Yongjia, ZHOU Jianxin, YIN Yajun, et al.
Numerical simulation of dendrite growth and solute
convection during directional solidification of superalloy[]].
Journal of Netshape Forming Engineering, 2023,
15(10) :13-20.

FRAF 3. A 1) B B B8 58 g AR Kl B R L D], 7
% PGAL Tk R 27,2020 67-87.

GUO Chunwen. Process and mechanism of Bi-crystal
competitive growth during directional Solidification [ D].
Xi" an: Northwestern Polytechnical University, 2020 ;
67-87.

REN N, LI J, BOGDAN N, et al. Simulation of
dendritic remelting and fragmentation using coupled
cellular automaton and Eulerian multiphase model[ J].
Computational Materials Science, 2020, 180; 109714.
DOI:10. 1016/j. commatsci. 2020. 109714.

B EARHT, B R TR Z AR 50
Ji B ShHLJs Y Mg-9%0 Al & 4 8 B 2 OB LLT . o
HA 64 m %M ,2023,33(7) : 2116-2124.

GE Honghao, WANG Yongxin, TIAN Xitian, et al.
Simulation on solidification microstructure of Mg-9%
Al alloy based on Euler multiphase flow technique and
cellular automata method[J]. The Chinese Journal of
Nonferrous Metals,2023,33(7):2116-2124.

B UE  TACH . 1 K, % R sh i Mg-9%0 Al &
4 7 1o B [ A R I AL M LI S [T ], AR L 2 2 4l

[21]

[22]

(23]

[24]

[26]

[27]

[28]

2024,46(4) :695-703.

GE Honghao, WANG Yongxin, TIAN Xitian, et al.
the
directional solidification microstructure of Mg-9% Al
alloy[ J]. Chinese Journal of Engineering,2024,46(4) .
695-703.

YN, TR 859, 88-40 =06 4 0 i &k 1 1 40 3%
BEALLT ] HLBK TR A48, 2010, 34 (1) £ 96-100.

YUAN Xunfeng, DING Yutian, HU Yong. Phase-field

Simulation of forced flow on evolution of

simulation of Al-Cu binary alloy during directional
solidification[ J ]. Materials for Mechanical Engineering,
2010,34(1):96-100.

EAR . A G R AL b BB B R PR
AID]. Ma AR H R 2017,

WANG Taotao. Numerical modeling and simulation
software development of microporosity eveolution in
aluminum alloy [ D]. Nanjing: Southeast University,
2017.

ZHU M F,LEE S Y, HONG C P. Modified cellular
automaton model for the prediction of dendritic growth
with melt convection[ ]J|. Physical Review E Statistical
Nonlinear &. Soft Matter Physics, 2004, 69 (6):
061610. DOI:10. 1103/PhysRevE. 69. 061610.

RIMAE, BEH BB E AL BRID] KiE: REMT K
2#,2012.

SONG Yingde. Microstructure simulation of magnesium
alloy[ D]. Dalian; Dalian University of Technology ,2012.
TAN W D, WEN S Y. BAILEY N, et al. Multiscale
modeling of transport phenomena and dendritic growth
in laser cladding processes [ J ]. Metallurgical and
Materials Transactions B,2011,42B:1306-1318.

ZHOU Y Z,GREEN N R. Competitive Grain Growth
in Directional Solidification of a Nickel-Base Superalloy[]].
Superalloys,2008:317-324.

SN L A v, I IGE U . U B S 1 TR 4 el T 5
P a5 R AL [T, 408 2% 41, 2010,46 (11) : 1327-1334,
ZHOU Yizhou, JIN Tao, SUN Xiaofeng. Structure
evolution in directionally solidified bicrystals of nickel
base superalloys|[ J]. Acta Metallurgica Sinica, 2010,
46(11):1327-1334.

CHEN C,SUN J, YANG Y.et al. Effect of dendrite
arrays near grain boundary on the competitive growth
of converging Ni-based bi-crystal superalloys [ ] ].
Materials Letters, 2023, 344 ;134477. DOI; 10. 1016/j.
matlet. 2023, 134477,





