Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

E A E T PR e o R KIT A SRR

AL FHA W IHE

Growth behaviors and forced modulation characteristics of dendritic sidebranches in directional solidifi-
cation

Guo Chun-Wen LiJun-Jie Ma Yuan Wang Jin-Cheng

5| H15 2. Citation: Acta Physica Sinica, 64, 148101 (2015) DOI: 10.7498/aps.64.148101
1E 25 1%)15 View online:  http://dx.doi.org/10.7498/aps.64.148101
23y 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/114

ERTRERC B B S &
Articles you may be interested in

F T TCH B BB V210 5E 1 I A s 5 A BB B

Simulation of dendritic competitive growth during directional solidification using modified cellular automa-
ton method

YE = 4.2014, 63(18): 188102  http://dx.doi.org/10.7498/aps.63.188102

Pri_,Ce,Bg BB EI AL S B B A 1 BEAIT 5T
Synthesis and properties of multiple boride Pr;_,Ce,.Bg cathodes by reactive spark plasma sintering
PP A H%.2012, 61(22): 228104  http://dx.doi.org/10.7498/aps.61.228104

5 at%Yb": YNbO4 ik A A KA i Rr itk
Growth and spectral properties of 5 at%Yb:YNbO, crystal
PP 2EH%.2012, 61(22): 228103  http://dx.doi.org/10.7498/aps.61.228103

A1 YVO., d I AR Al 281 I A5 23 i
Spectroscopic properties of cerium doped YVO, crystals and analysis on valence state of cerium ion
Y22 H%.2012, 61(22): 228105  http://dx.doi.org/10.7498/aps.61.228105


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.148101
http://dx.doi.org/10.7498/aps.64.148101
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I14
http://wulixb.iphy.ac.cn/CN/abstract/abstract60963.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract60963.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract60963.shtml
http://dx.doi.org/10.7498/aps.63.188102
http://wulixb.iphy.ac.cn/CN/abstract/abstract50844.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50844.shtml
http://dx.doi.org/10.7498/aps.61.228104
http://wulixb.iphy.ac.cn/CN/abstract/abstract50864.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50864.shtml
http://dx.doi.org/10.7498/aps.61.228103
http://wulixb.iphy.ac.cn/CN/abstract/abstract50847.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50847.shtml
http://dx.doi.org/10.7498/aps.61.228105

) I8 ¥ 48  Acta Phys. Sin.

Vol. 64, No. 14 (2015) 148101

EREEET TR ERMNESHRERITAS
S R AL

FEX FRA

W EaA

(PAE T A2, BRI A X B0 %, /% 710072)

(201541 A 29 HUEHI; 2015 4 3 A 18 HIZ R & eh )

R ARSI BB AT 7T 17 R 17 ok [ 3 7 B AL 75 2 A T B it 00 12 23 B 26 AT O 5 S R IR B 25 T
Mg o B P A, B G SRR BEALME P 2R AF T, DU 1) 7 BB AR B T, (B AR SR A AE — € A0 Al
Y ], FLAE— R I 1) BN 2 H B Rl — B H B AT A AR SRR IR — A 1o A, Bt ARtz 1A A A
AARTENE, AEANF] BB P AR R R 2R R S A AR 7, L5 DA A A S oy 2 0 B 7 BB AL PR S AN AR 24 5
R IR 2 A, PRI AL T 00 i) 23450 B AR A= PO S TRl A IR, PR A ™ A UL e 23 B, HLAE
BPNAR  PN A A A BRE — SN () 1 2 B i A . T e 48 SRAT Ay [ 5 T ok [ 2 28 B T P S 2

=y =N
H~J .

KB Mgk, € e, B, U 24
PACS: 81.10.-h, 64.70.D-, 68.08.De

15 =

oA K —HEERF TR A BA
WSl NIBLR. V2 B0 T ARG R e il
WL ZRHR LI BB, XA 2R M G0
MEHERE A B . B, B A K AT A
PR 5 R R A R BRSSP X

Bl AR RE Y, B AR Je I — 52 BR S AL ) 5
TR IZHT S B 5 22RO 080, IX L SR B A W &
Jee B 2V AN 10 40 . 5% 00 1 o3 A 1) 7 A B
W EZAFAEPIRIHLE]: — Pl e 7 G ORI
i) 21 DA A s S T Ak — S AR [ W 75
PR BOR BE T A R s 17 23 A, HLAE— AN K
KETBEHLI B Z 6B A AL AR A o — R AR Lk
PEHRG AL Bl U RG AR LR MR AR A4 R
AR DU — FOARBRIR, FERRBRIR P B0 1 2 B R
A HIBLAR R, e 2 3 S0 17 70 B 52 DL A 4R R
it WS I RO BL A I e R R 35 BL 1 1

DOI: 10.7498 /aps.64.148101

I K X AAE T80 7 5 A0 M B FR 22 6 18] =2 ) PR T
— AN [r) 23 ) RS A — FR AN [ 23 B 1) R e
(RN R NI s IR & S i B T = 2 U
MR NI IR R IERYE, AR T
— RIS, SR SLIS B TE I, M 1) 43 4% 9T 58
2 EA AR S (0] Bl 3B o0 A S b 7L B e K
F o AE St B = AR W H BRI 2 18, Pocheau
28 19,100 ot 35 WA ML & 4 5 e g 1 0 1 9 45 F R
LRI, M 1) 53 A DABE AL 3 A7 3 A (burst) T8 2
I, FerR e SO — RVINIESEAE il HAREE [
FEAL AR Rl 1) 73 B R L. AE— AN B, U
I7) 3 5 A D P AR i, (LA ()98 A 2 TR0 1 23 A5 RO A
A58 4 BE ML, BRI A 0 7= A2 2 ST Y, A 2 TR
WA EIREL. AR, R B m) 5 A 72 A AL
YA fie [0 R X — SIZIR 5 2R T 1] 43 A 8
(R L] S AT 0 R gk — A T 9K

T H IR EEE SN RS R B A A
FIUUER, A 2 PR AR 17 3 A A 52 A6 B, )

* [E X H AR S (HHES: 51371151, 51101124) MIE ZKH SRR THR (GHt#ES: 2011CB610401) 55 B ERE.

T #EVE#H. E-mail: jchwang@nwpu.edu.cn
© 2015 FEYIEFS Chinese Physical Society

http://wulizb.iphy.ac.cn

148101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.148101
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 64, No. 14 (2015) 148101

R R AR W AN E E . H S T B
P 1) o3 A Y ARG, U] AR R I BRI ) S B, HL
TP R A 1) 43 A B A R R S A 2 A R
R R AR, W A0 A IHLE A A i S e
ME AT LA — H Ap % =14 Bouissou '] 3@
X E AR SRR E AL S T BTN R 1R R
TN [ 8 A 1 M3, 49 31 7 B R 1)
SRR IR RS, HOR IR M) 73 B 1) Je 51
FE AL FRTBORHLA 5 PR, AEN] [r) 3 A 3] B ik
FEFERS, BN K EIRE 5 L5 45 B 7 7E
IR KZ 7). Borzsonyi %5 02030 5@ x5 A K41
T BRI R S A R B A R 04 S B A
PORAE 5, AR 7 EAA U o k7 iR &R, H.
RIS S AIEAE— & Va NI, Um0 A 2
PR IR . Borzsonyi 25 34 38 i 41371 5UE
B I T AL AR, (R AT A R e R 1)
VG 5 A BRIOR H RN [ 73 A7 I R 25 H AR RE.
Williams 2% 4 388358 75 52 i %58 [ A% i 2R ity BT Je o
WOGH R SEELAR 2 (1 & P RO 3h, RIFEIRTS T R
A FUN TS B 1] 735 i xof e 7 TROR BEAR b
A ey 2 A5 i 2 R B FRAE T, AERRAILA T SIS A ] [
Sy AR ME BE 1 JE B s A AR A )i . (RAE
& SEEGE R e B R Eoh KRS IR B S o IF
ANBRORFFIE R, 1X 554 5 A2 K A RO0E AT i B8 AH
X WAk, N T A S IR E i P ik B o H -5 H
S B WL A ARN o T AT B B AR A
k.

SEBR_E B 1R 2 A ) v AR S AR L
B IR DG, SR T 24 160 [ 23 A5 7 AR AL A
PSR BR A, 129 1 NATTXF ) [ 3 s i 4 R 1)K
NFRAR. RE R AE R e [ S5, 0 ) 23 A S B
HH BE AL BT 2, RT3 AP RE R B 0 [70) 3 B ik
77 2G5 M a3 SR U 2 TR S AE DR B, H Rl
AIEHE. M EAE R — PR B AL 35 1 O 2H 2R
BTV, CAAEM RO H 28 A0 1) 22 > 45
H S 3 72 R D018 R R T e vk ] R
I A RS AR T KERE A TAE,
HES T — R 50 EELE R 00250 (HLEAG S0 = 4
K= A WL 7 T, 9T TAREASA 2 WL, Echebarria
2 126) 1] F AR 37V 78 7 S 1) gk ] 000 17 43 1) 35
S0 R, ORI B O R BE I B SR A R I 32
T 5 A2 e, N R] 23 S HE L AR Il O R 2 gk /s«
TR RS R N R Sy N (E DG i = 1= A B
PR SR [ 23 A3 AR K AT O 5 i e TR A5 AR R A 3

FHVEAI TARIE R WARGE. 21 L8, A3
K FHARSZE B AU, BF FC R [0 58 o 2 A T O
015 73 ™ AR AR, o3 B I 1 2 A5 A e 7 A AT
N, FFAESERER Bt — DB RNt P sh & A T
(R3] 1 2 B A e S e 5 B AT N IR R A

2 MWL TT

K FH Steinbach 25 27 J% Kim 25 28] $2 th 1) £
FRS R, 6] 5 1) Bk ] 00 171 7 A5 RV I 040 75 2% 8
BB SR, R AR 6, ¢ = 14K
FHH, ¢ = ORFERH. AT TT LN

0 1) 1)
67(55) = —Msgy, <5€J; - 5(15@ + Ag¢(1_¢)>, (1)

;waMﬁﬁm%mﬁ#%ﬁqg@A%m@%
I Ib
6 2
=S rus -0 (@)
RT(1 -k
Aggi—g) = 60(1 — ¢)#(Ci
T(1—k
IS
X (Tya — T — mey), (3)

Hob, eqr, A RE R, wer AP BER & .

EAS S BE o AL JE E 26 2 (a3 2 4R 2R &
4

esL = —V/ §SLOSL, WsL = 2051 (4)

fsL
K S 4T, nIF RIS 1% RS 5
HZh 1% R AR R, AT T, BT
AR B RAR, T 2 ST 3 77 S RN, B AT
12 715 RH B BN 0, 1321k 8h )15 R0

_ CL)

_ Um  0sL  V2wsL
Mot = r (1 —k)? cfedrlst ©®
RIS B iR h
Oc . ESL _
a =Vo¢Dp Ve + V(m(CL Cs)

VA Ay ) <V g ()

oA 2 04 10 58 — A S i o A B 00, FH SRV Bk
SUTH B R A E B SE S AN 25 A 1A 58 =T
A 2 e 3 AT ) B DTS R B AL T S I
(I (r, ) J2 (', 1))
=2D1¢(1 — @) Fedmnd(r —r")o(t — 1), (7)

148101-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 64, No. 14 (2015) 148101

H J KB RIRHIRB, (Jm(r, t)JJ2 (v, )
BRI BPIRSAE B 1 5 TR 2 I (E, M 5 FE T
Fo N, 6mnd(r — )8 (t — ') ARE P pi i 2 (A R
BT IR R A E, BB E R I A
FIRA.

ARSI 2 G0 77 0 )RR AR Ak SR it o FE
MmN, REE 1B SR &
FNE S, AR R B i 4 s AR R A 5 1

dTw  TOAVi_s

dp ~ ~ AH (8)
HA T NRGE TG, p RRGRE T, TY
RRAE TS R, AV s TR -8 A AR I B SR A
AL, AH NAEASES BE/RIE . 2t

— TI?IAVL*)S 0
Tu(p) = Tp(t) + T 9)
BB IR 178 A0 9 JE 1 IR 5% pR 4
p(t) = posin(2mft). (10)

4 (8) 1 (9) SR (3) RIFLE A IR (1), AT )
JIAE LA T R e
9 _ _ aipe |8 _4f

e R )
+ 601 - ) T (e — )
+ Gap(t)o(1 — 6), (1)
Hr

 TOAVi_s RT(1— k)

@= Ve Mg (12)

Xof AH 4% 1) J7 RE AR BE I 42 1 7 AR 2 T

5 W B AT B 22 Tk kAT SR A P AT TR BE R

®1 MRS
Table 1. Material physical parameters.

WS IfE
TWARZIR L T, 1728 K
[ AR 2R FE Ts 1689 K
SEHTRARZ R m —47.4 K/wt.%
PSR ALk 0.5

AR PO R RS DL
A RV R R L Ds

3.0 x 1072 m?/s

1.0 x 10712 m? /s

BMKSE do 3.7x10710 m
WmEME G 60 K/mm
T RE % ) 1t R Ay 0.04

7 16 (R AN 120 5 R O R 5 Sk A, Al AN 1
ARHALEELFFME THPEKAr = Ay =
0.5 pm, THE I ] 25K 2k B I vk SRR i, B
At < (Ax)?/(4D}?). fEIHHE P, BE Al E
2& = bAx.

DUER (NI) 2 i A & A FO X &R, 8 Ni BLAE
AR T RN — 2K, HABGE 73 B R BRI HAH
LR NHEH. RS TR 1.
A R B AR L, B 9 S T R A R T
AR v, = 400 pm/s.

3 ML REpAT

3.1 MEHIMEARZEHETHMESFAEHE

HiTA

B 1 (a) Ay Bl HLRSE 5 2% A T 1R 1) 458 ] A 4
A, AT LR BIEEAR A1 2 B A 58 A RN, AH R
G301 23 A% 2 (A1 R I M T A ALLR [ s o 1A P (A
B b BBl bR b 8. itk — 20 e i el ) 4y
1A Bt O, FRATTGe v T 5 9 v 8 B AR BE 20 A0 11
T -V 5 1T K P 7 B (20 ) BB B 8] (R i 4k, &5 SR
B 1(b) Frox. AME L (b) il LR Blz(20) 2N
—BIAN W %% (0, I A R — Ik A B 0
B A B 55 B xS R — AN ) 43 B ) A i, BLTE
S G ) 5 ] A 99 35 8 A PR R 1 E 00 40 AR r
(G B s SR o th R BEFTR), 10 AU 4R 3% 2 18]
B AR Kb (IR 5 AR SRR A ) R A B AL AR Ak, 3
B — BN 3R 5 B e U — DAL, X — 453
5 Pocheau £ '4:15] fryszib 48 B —3% . thAh, i TAE
TP S A AT D8 1] PR A ) 43 A 3 T A B P
B ] o B AR B, RO FR B AL S — 2. B 1 (c) 2
XK AITEF (t = 2.5—8.9 s) P11 AL if 3% % ih 2%
HEARTEAT (8 B AR 4 5 ARG B, R BT 1) 4y
BEAE XA BRI 18] P9 (9 BT A 2R A, 1 (d) A2
XFE L (b) Hr L, 9FH 11 = AN A0 R R HR 35 il 2k 2k
AT AR S (A . AT DL B, A SRR
) 1] 53 452 2B BOAI 28 A7 AE — AT I VE L, R A1 7E
T—43 Hz 2 [8], T 860 P 5000 1) 435 119 2 R A e 2
I8, VBB ALE 23.9 Hz /247, HiX— SR XF B
TR YA A7 B IX 3R B 5 [k ] R v
AFAE— A5 -0 17 435 T/ RS [ A%

B 1 (b) H A [ A B K B R AN AR TR, A geit
P T 35 K P R AR IR L P S 1] 20 PR R S

148101-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 64, No. 14 (2015)

148101

)

3000

2500 |

2000 [

23.9 Hz

w(/f)

1500

1000 |

500

136 | (b) 1

8132

7

/

2.8

240

w(f)

120

60

50

30
f/Hz

20

e

3.8

K1 (TR ) 5 1Ak A s 0 1) 23 S b B 4 FR AT M
IAIFRIEAL; () B S for LA b 2 F) (3 R AR BBt s (d) I P IsRAL b 2 ) 3 R AR AU BTEE s (e) 010 2 e

Iy ) 5 4 14 A 2 3 4

t/s

FINE0LEA

—-1.0

0 0.1 0.2

T/s

0.3

(a) BidbTE3; (b) BEESHIRRIRHR 2o AL H) ST A B B I

Fig. 1. (color online) Development of bursts of dendritic sidebranches over time in directional solidification:

(a) the dendritic morphology; (b) evolution of the interface position in the distance of zp from dendrite tip;

(c) Fourier spectrum of the whole evolving curve of the interface position; (d) Fourier spectrums of evolving

curves in different bursts; (e) correlation function of sidebranches over time.
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Fig. 2. (color online) Under different draw velocities (a) frequencies of sidebranches formation in different

bursts and (b) correlation functions of sidebranches over time.
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Fig. 3. (color online) Under time-periodic external forces (a) the evolution of dendritic morphologies over fre-

quencies, (b) regular oscillations of the interface position in the distance of zg from dendrite tips, (¢) Fourier

spectrums of the three oscillations curves in (b) and (d) the evolution of sidebranches’ amplitudes over

frequencies.
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Fig. 4. (color online) Under different time-periodic external forces in the presence of random noise (a) the evolution of

dendritic morphologies over frequencies, (b) the development of sidebranches in the distance of zg from dendrite tips and

(c) Fourier spectrums of the evolving curves in (b).
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Abstract

Growth behaviors of dendritic sidebranches under random noises and characteristics of sidebranches modulated by
external forces in directional solidification are studied by using phase field simulations. Simulation results show that,
under random noises no regular sidebranches appears all the time, but sidebranches can be formed within a suitable range
of frequencies. Moreover, strongly correlated sidebranches are formed at a fixed frequency and in a certain period, usually
called a burst, to appear. There is no correlation between different bursts, but the frequency of every sidebranch within
a burst is the same as its precursor, and this fixed frequency is consistent with the peak frequency of the whole spectrum
of sidebranch. By introducing a time-periodic external force with a frequency in the range of the whole spectrum, regular
dendritic sidebranches can be induced, and they can be most developed if the frequency of the external force is the same

with that in a burst. The simulation results can provide guidance to control dendritic morphologies in solidification.

Keywords: phase field method, directional solidification, dendrite, sidebranches
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