¥s55% S wasRMNEIE Vol.55, No.5
2026 4F 5H RARE METAL MATERIALS AND ENGINEERING May 2026

https://doi.org/10.12442/j.issn.1002-185X.20250409

SRIEXHRAER T AZI1 8 & a-Mg i BaE K
FR1ZE RS

~ S 1
BEE
— N 2

MRABME ', 2% E

' IS, RFR

(. FHERE MOREL S TRRSEEE B RS fe sk i et SO L7 48 B S0 =
A T = LR BB RLIT R B F BT 0 1 e R 030051)
Q. dETRHER S AL pRE N AR SO AR A .0, Jb 5T 100083)
Q. T THESEI = MR AR AR T, I T JEFH 110004)

. EAESREERET, SRR TSR AR KB 2, TSI RO 2R ) 2 kg . AR TAE SRS
T HRIEXTRAER N Mg-9.0wt%Al-1.0wt%Zn & 4x o-Mg 1 it AE K AHI-HF Boltzmann f & 58, =BT T IARRHALNT a-Mg %
rm B . SRR, IR AR S SERLR A KIIANFRIER, RIS AEKOE R T T, B R Akt
FRERSBRE o AN R 7 ) AR, R I & K P S BB AU 7 [ 57K T 7 ) e A TR S KIS K, T VA T it 4 2 I
JEE DU 2 BB S A1 PR R RTINS, 245K A1 R 900, i B 2 BIBTYI R, s MBI K. BbAh, = AEBEAE RAESE, SRiEx)
AR N o-Mg B S A SRR AE KAT NTE =L P FIREAZAE, RN N & AR R, Mg R AR TE L.
KBEIR: MV AZO1EES S BLMZEK: BRIEXHA; 4% F Boltzmann /7%

FEESHES: TG111.5;TG146.22 WREFRIDRG: A

NEHS: 1002-185X(2026)05-1250-09

1 5l 8§

BB S A R Y S5 KA RE DAL S 1 4 R (A9 =g
PRy P RE R B4 AT [m WS ) 1 4% 52 e, T
2N TFERES AR T e
FEEA 4 T HEA AZ 24 (Mg-Al-Zn) . AM £ 1] (Mg-Mn)
FZK 25| (Mg-Zn-Zr) . HH AZ RFH I AZI B4
MR BTz, 5 BT A Mg 8618 72 i 19 90% , e AL
Zn [0 0 AT DL i BR A 4 0 5 I Tk A R 5 D,
AZ91 B S IO 4 21 32 B Pl o-Mg B d G 1, Hef &
A R [ A5t s A o A R R AR DR,

REN T Z, AZ91 BB S iR A = iR N UK
HRER B THE ALY, BERELTFRMH HY
K, % E RN 2 4 In K5 M e & SR R IR R
JIEE. A BEA SR THIESEE S, % W AZI 85
G5 T2 =R 5 4% (HPDO) Wb 4558 (B /14638 .
[ S R IES . Wang Z "l I /F HPDC 1.2
PP N B 2S5 R 0B S R AR R AR T DA A 4R
MIFLBR R . Fan Z:0F] RS 556 0F 78 T Mg & b 404k
FAS AT AZ91 BB £ oW 20 23 L 85 38 Y 3 1k A g 2 1
BE IR, R B Al-CeO,-Mg ik 40 AL 77 6 4 75 AZ91 85

s HER: 2025-08-02

G B SR AL | 1 5 1 U B 1 R S0 (e PR R )
YEF. Marodkar S5t | £ & 4 1F T Ca Ml St AN
Xt AZ1 B B 1 PR R KIS , 43t 2480 1wt% Ca Al
0.9wt% Sr i A4 R} 1) Bz A 14 B8 &% 4 1 45 18 . Shabestari
LPURE AL TR TN e A A L2 AR IS AZ9L BE
S 2H ZURN e [ 2 300 B2, K I AZ91 7% 2 2R B 5
LSV DNITTRTES NI 6N I A By N
159 C. LFiR%iE TZHW Lamimahid 2, XM sh
AT o Y 25 5 i [ 2H 2 V) T 5 A, AT A8 1)
SRR R . BRI, R G ) SE B R A TV
M L SEIA X — 57 A4 BRI FR (RS 0 SR A A0 5 220 AT
H Al & A 1R 2 1L K %38 F H BUE AR AR
SR 5 45 [ A2 o A T AR, 4 T A 3% 72 (phase-
field method, PFMD . 7T g H B0 HL - B WY I8 B30 56 2 Fh it
HI7iE e Horb MHIENE N — MG 1 S0 7732, i ik
G PR [ - S T RO = 1 THE % . Navier-Stokes
(N-S) 77 72 T 5 AH 3 B B AH 45 G Rt S0 S R i 264 T
B A i A A R R D) {HN-S SRR 28 R BUIC, 4
AT BUOBRIT B TSR AR Z) AT 3 KK 1 KA
i AR K A AR R IR RN A . I LSRR M T

HEETH: ER A RFFFH4:(52375394,52275390, U23A20628 , 52305429 ) 5 L1 U A R 15K L35 (202301050201004 ) ;2023 4F 1L P A 9T

HERMAFAET I H (2023S]202)

EETEIN D FRES 20, 1999 428 1R, b R Rk R 5 TR 2:BE, LLPY KJ50 030051, E-mail: zhaoyuhong@nuc.edu.cn



5 1]

HERESE: PIAXAE T AZ91 B A & a-Mg AU A KAR VA

e 1251 -

Boltzmann /5 7% (lattice Boltzmann method, LBM) i+ H
RS E ML AT RSO /] AT A SR ) 2 W
W, LBM I B Bl /1% 7 R 8 SURLT 43 A BRI, 15
U0 R FURL - FE 7E X A P 3 % Rl i S I 5 WL B0, A
T 38 e 156 N-S 77 F2 (1) B4 SR AP 2% i 3 PFM A
LBM ML s, eI F k7 — S TG A K (1 PF-LBM
FEAAEO SR, BT 7S 5 % HE (hexagonal close-packed,
hep) 56 4 LA 5N R (1 4% 1) S VR RRAGE , A A 7
XTI RAE R =482 70 hep & & ML S IEALAT A
= RGHERER .

A FE LA AZ9 B G & AT TN Bl i AR 8-
% -1 Boltzmann # & A Y , REGHEIT 1 B X RAEH T
AZ91 B A S EEE T FE A a-Mg A KAT M. %,
XFEG T TG R IE AR FH R I o-Mg Al AR AV 5T 23 A
AV E 43 A1, I FANEN 77 2 A BE SRR T B AR AR A K
PN FENL o L BRI T T AN R IE K /N S 7 1) %
FE e B I 0T 43 A AR FE X AT I o B )i, 8o =4
EAEBAL, 1 B 7 SRR S hep 2544 % IA) 53 R RS A AF
R AZ91 86 4 o-Mg 1% & 1K) = 4E 3 A RRAE , 9 2R AgE T
MM NS SR A SUR AL T HIR K

2 BEHE

2.1 1ESRE
AHITFEAE Karma G242 |, K 554 a-Mg
B KK E B2 ToH A . R 5N S v T
T DA SV [ - 005 T Ak 7 A PR R ARGV B 4 SR AN, 5INAH
Y25 ¢ KRATRIE-RPIAR LA G Bt S AR o A2 2
FHE R . KRNI R EE U, R EE T 7R 0 R FioR -
U 1 2cley; q
Tl-k (Mt k) - k)

(D

r-T,- imico,i
= AT;’;I (2)
S b, 9~V 53 TE BB ¢, 30 185 ] - 0 5 T )V i O
JZ, T, 84 Mg B R 5, m, 8 WA 2R3, AT, =
|m, | (1 = ke, thy, T ey DRI 48 A R0 R BE DX IR] , 36
B, S8k T, m B A TG . B ¢ =+1,7
A g = -1, - A E g tH+1 3 -1 FIE 2, 7P 2
¢ HIEA TR R s

ai(m) o+ Sme 1+ (1 fk,.)u,_]}%f

~.

da,

—
N
Na2

v (@)l S % V4] a(n)

n=xy.(z)

+g(1-¢7)-(1-¢) (1+¢&)

W+ 1 Mc,U,
i=1

N NN=) — D N
o, n NV R  n=1,2 /> B~ AL Zn, Le = D7T7'~J

Lewis 8, D, G B8R E, D, 5 i R 5 AL O T )
T HURE MO R R bR LB, A, p R
)77 1, 2, B IRV RIS T (RS & R & = 0.5Ax8 M5
T, Ax Fom — AN PR I B8 T, BN —ME[-0.5,0.5]36 H
WP AR P2 AR TR BE LA . a(n) 9 & T M R 50 7 —
Y B, a(n)=1+e,+e.co8[6(p — a,)], TF = 4E f5 )
a(n) =1+ ¢,(3cos’d —1)’+ g,(sin’fcos’p —3sin’Osin’pcosyp)’ -
(9cos’0-1-&,)™, Hr,0 e [0,n | Al 9 €[ 0,2n ] N ER AL R
F o0 HEURIZEF S 60 e~ exnegne N ) S PRSP R HL,
n = -Vé/|\Vg| Jy [l -V T B BAE R R . U, BT
WEPUR,

1+k,._1k,.¢)aU,.:

B > ot v‘[DiQ(¢)VUi_jm]

| ¢
+5[1+(1 —k,.)Ul.]E W
1.
P {[1+k(1-k )¢ VU
T1+(1-k)U;1V4 }
Ho D, = DyrWE N TR R R AR 1=
a2 2,/D, IHEI R, W, = dy A, la, 9 R
dy; = [N, St B E KL, I, )9 Gibbs-Thomson £
(1-9¢)
2

g
2J2

d Vo . e \
EDLD)L+ (1~ K)U] Gy - o R T R

D WA Y EURE. v = veo/ W AT R EIRTH)
M, Fob v AR TRE R . T 7 R0 R FITR «

$,a, = 0.8839 fila, = 0.6267 A% ¥, q(¢) = +

sz,i(l +¢)/<2Dl,i) j'\j j:gt'] /TE I%l ﬁ 4 jat:

of 1-¢. _= a1 Lile, a¢

- 4 . = + . R
o 5 VT = aV°T 2 AT, (5)
Hb o = Do/ Wi AT ENRT BRI LIEIE,

e, NE B HE AV .

TEARBLR A A 1 I 3% DL 25 RE e V8 A e A
B o R AT SV S () B 1] Tl A T8 T bR v ]
Yo, (H 51 NI EE ST SEEL AT T 1) H bR 22 0 B 22 - BY)
FE N AEXT AR F R B 2, T8 TR TR -3 o
HICRR & 0B AR K 2 o A 0 (1) S U ASE AR (] g s v
FEO BB R O FE I PR TV 4, W DA 2, e vk
IR JR S AR JHONT S ik VA BE R A
2.2 &F Boltzmann f=&!

&R Bk A2 1 v R A% Boltzmann 24 . 3X
AR 2 AE A WRUREE 3 I lf i AT A% SR B BRI AR T
TEANTE J7 1) R 43 A BR B, X6 i T 1 1140 40 A eR gk
AT SR ORI 3E 1T v A5 A B 25 0 I A B R RN T FE AR A
PrET, K T fE SR H lattice-Bhatnagar-Gross-Krook



<1252+ WA EE RS TR 5 55%
(LBGKO 5 B SR SR fift it A4 51 3 27 AH 9% ) i . LBGK A5 7 R1 5AZ91 A4S EXNYIESH
I 45 A7 R s R T8, Table 1 Physical parameters related to AZ91 magnesium alloy"”
fi(rteAt, t + At) =f,(r,t) Parameter Value
1 [f(r - fo(r t)j| 6 ml/K'wt%j -5.2031
em - ’ ! ’ m,/K-wt% -3.6324
+F,(r t)At ky 0.2900
S, (1, ) BOTHERCEL P4 I £ A5 67161 LR k 00562
) i 2 D, /m*s 4.3910x10”
?ﬁﬁ%gf”mﬂﬁyﬁﬁﬁ%ﬁqwzﬁz+os D, jms™ 4.6763x10°
: D, /m’s 5.1889x10™'*
%ﬁ*%?&lﬁ A, 0 ?y@iﬂ*ﬁif}f 1 Cg = M/Atjﬂ%%?gﬁ ’ Ds:z/mz‘s_l 6.8042x107"
e, N R T IR B, % 5 p o AR v B R a4e L/Tkg’ 3.66x10°
Q-1 ¢ J(kg'K)"! 1360
= 2 fi(r1) D D /mis” 3.607110°
o T/K 923
Pre¥ = zeifi(rat) ®

Horb O B BRGHE JE (AN B, — 4ERE UL S A D2QO A Y
(Q=9), =4E LI K A D3QI9 A (Q = 19) . “F1fif
IIATRRELS (r, 1) TR U

-~ -~ 2 ~.~
3(e,.2 v)+9(ei 4v) 3y v](9>
c

2c 2¢?

s s s

S ()= WipLB|:1 +

b w B . Bk ESN 1 F, () T K
i,

Fi("at)_W[PLB|:3eizﬁ+9(ei2.‘z)ei]'FD("sf)(10)
CS CS
X,
| 2ppvh 1-¢ ’.
FD(r,t)—(—V;'})-(z) % (D

Hordr, Fpy (r, ) NAEBE R 7, 1=2.75T N— D T2 H L
RS HANR 1 R AT AR SR g A 3
T AR [ 3T % 19 EPhase AH 3 31460, o £ gk [ 4
Peo ER AR, ZHERADLIX 3805 B O 600Ax x600Ax (.
A ) Al 800Ax x800Ax ( £ ff ) , — 4 L Ul [X 1 15 &
350Ax*x350Ax x350Ax. AH 35 i it 3 77 72 K H Zero-
Neumann 554 IR HE BT FA T iy = T
B AR RN E Y ry = 5Ax. A TAE AN EHALE K/
BB, ZHEEEE R EN=0.012 m/s, LERENS
B, =, v (p=x, y, (2)) 878 xy M 2 77 [0 IR AR T -

3 HRED

9T B IR KA RN AZ9T BE G A B A KB
Wi, S b T A s AR T R A AR K (0001) &7 THT 11
WA, L TR B 1a fTE 1o 29 5 4 e sRia xt
WAEH TR AEK Zn m R IE A . 1T LUK IR
A TE(0001) fi T 29 2 6 A — IR b i DL S 2 A IR
T T ] Jok R 40 5 4 S5 00 R A - S T P AR
B, Elaf B NERRESE K, RS REL

T I Sk R P R AAR A o 1T ] 1b 1) B G RN X3
19— 5E Xy b, i IE A H A — 0 SR TR, R RD
BBl ElaEK, kB MEE S, 2 I =0
AR, PR I la A, H R E R E RS . K
le XTEE T =10 000As B, A TG 5RIE X A& AT A% EH(0001)
i 1T _E 39 1 6 B8 26 1Y) Zin TG 3RV T2 AT R I 3B 0 A
FH RS i O U B )2 B B 20 TR BB G R 70%
Cry e, » B0t e T8 T R P AR (R 22 0.086) 5 R 7 I ¥4 i &
2 R FE 20 R o B X IR 330% (xy/x,) » Bt e V6 J TR P
W E GHZ 0.303) . X2 H T AZI1 B eHEI RN
B, SR AR e ST BRI, S B0 U A A Y
55 LU R FE PRAR o s T 1 0 v B 38K, A
AR AN ER, TR R T U 2 R, Ui A
FEVR/IN % it 26 A TR P U » 338 1T L B o R A T AN
PRI S

2NELRBER T, AZ9 B & S A K E
ARG . BB T B RE ] 7 A A A 1) D ) A S IR 2
BRI, B ER T 58 [ Vs 1077 A RS B R T A B T
SR & AR HE AR T B IX 388 0 (] 2a~2a,
Kl 2b,~2b,) . 5 J05RIE NI 2 AR AN [R 0 A A7 7R sl
XPRLIT , BLADL DX 3 P ) Fv o KRR T R, fe il
Eb TE 538 XU 251 T 0.1 K, 1 37 3L P 48 T 5 3 X9
VE B BEAR o 32 T A GH AR P 4 [ 7 iy 3]
U T B R G K, P A ORI I A B B
AT AR IR, T U R R R RN S A o AR R R R
Gz, T 7B it B0 R AR v BE IR S o 24 ¢ < 8000A?
I A58 A R B ] A, R R R Ty A
B SRR RE AR IR A SN ¢ > 8000At
B, A o A A TR A T A, T AR TR PRI, B i
AN 1) S8, HEAN BSOS A ) B 0 5T

VA FERIAAAE R G R e [ 1 E E R R 2 — . FEXIR
PERT , %t [ AR A AR KT = AR AN R TR A5 1 S 2



5 1]

HERES: HIEXAEN T AZI1 B A & a-Mg B A KA AR

* 1253

an

o ‘.az *% *

002

Without forced With forced convection C

—
N
T

Concentration (Zn) convection 114
1.2205 & :
=, 1.0}
l 1.0000 o L
~0.8000 -
~0.6000 [’\]5 0.8
0.4000 =
|»0.2000 g 0.6
0.0212 =
E
Concentration (Zn) & 0.4
1.4981 8
[1.2000 5 02
“ 1.0000 @}
~0.8000 0.0
—0.6000 i i . . i . L
lggggg 0 100Ax 200Ax 300Ax 400Ax 500Ax 600Ax
0.0219 Distance

1 A AR TG SRR 26 A T AZ91 B A S i AR K Zn TR VA T 40 A4 HL
Fig.1 Comparison of Zn solute distribution in dendrite growth of AZ91 magnesium alloy with (a,—a,) and without (b,—b,) forced convection:
(a,, b)) =4000A¢, (a,, b,) =6000A¢, (a,, b;) +=8000A¢, and (a,, b,) =10 000A#; Zn solute distribution along the white dotted line on the
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| —— Without forced —— With forced Cc
Temperature/K. 855.30 convection convection
855.25
| Iy 855.25¢
~855.15
—855.10 D 855.20¢
85505 3
855.00 = 855.15
15
o
E 8s55.10}
Temperature/K =
855.35
I:855.30 855.05¢
—855.20
855.00
855.10 L L L L L L L
[ 0 100Ax 200Ax 300Ax 400Ax 500Ax 600Ax
855.00 )
Distance

B2 bR TC A SR & F N AZ91BEA bl df A KR FE 4 A % E
Fig.2 Comparison of temperature distribution in dendrite growth of AZ91 magnesium alloy with (a,—a,) and without (b,—b,) forced convection:
(a,, b)) =4000A¢, (a,, b,) =6000A¢, (a,, b,) t=8000A¢, and (a,, b,) =10 000A¢; temperature distribution along white dotted line on dendrite
(0001) plane at =10 000Az (flow velocity is directed horizontally to the right along the x-axis, with a magnitude of ¥, = 0.5) (c)
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(a5, by) =10 000A¢ (flow velocity is directed horizontally to the right along the x-axis, with a magnitude of v, = 0.5)

2000A¢ 4000A¢ 6000A¢ 8000A?

l
y
OL’X

aI
Cl
1

10 000A.

. aw | (
2 3 e
D
®
2 3 g

t
as 0.6
e
0.5
o
= 04F
2
k31
Phase field E 0.3
[1.0 < 02}
0.5 S
0.1
N 00
05 0.0F ; . . . .
“10 0 10At  20At  30At 40At
’ Time/x10°

K4 FE RN AZT BRSBTS RIS KA (R0 s BEAE R AZ91 B 15 < i I ) 2% 04 1) I A 7 2 it 2
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direction
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Simulation of a-Mg Dendrite Growth in AZ91 Magnesium Alloy Under Forced
Convection Using Phase Field Method

Feng Surui', Chen Weipeng', Pei Jiaqgi', Sun Kaixin', Zhao Yuhong'**
(1. MOE Jointly Collaborative Innovation Center for High-Performance Al/Mg Based Materials, Shanxi Key Laboratory of Intelligent Casting and
Advanced Forming for New Materials, School of Materials Science and Engineering, North University of China, Taiyuan 030051, China)
(2. Beijing Advanced Innovation Center for Materials Genome Engineering, University of Science and Technology Beijing, Beijing 100083, China)
(3. Institute of Materials Intelligent Technology, Liaoning Academy of Materials, Shenyang 110004, China)

Abstract: During the solidification process of alloys, the flow of molten metal can significantly alter the thermodynamics of dendrite growth,
thereby affecting the microstructure and mechanical properties of the components. This work established a phase field-lattice Boltzmann coupling
model for the growth of a-Mg dendrites in Mg-9.0wt%Al-1.0wt%Zn alloy under forced convection, mainly studying the effect of melt convection
on the growth of a-Mg dendrites. The results show that melt convection leads to asymmetric dendritic growth, with the upstream dendritic growth
rate greater than the downstream one. This asymmetric morphology of dendrites becomes more pronounced with the increase in flow velocity.
Through simulations of different flow velocity directions, it is found that the length of the dendrite arm is increased with the increase in angle
between flow velocity direction and horizontal direction, while the thickness of the solute enrichment layer is decreased with the increase in angle.
When the angle is 90°, the dendrite arm experiences the maximum shear force and deflection angle. In addition, the three-dimensional simulation
results confirm that the asymmetric growth behavior of a-Mg dendrites under forced convection also exists in the three-dimensional simulation,
manifested as a greater enrichment of solutes downstream and a concentration of solidification latent heat mainly upstream.

Key words: phase field method; AZ91 magnesium alloy; dendrite growth; forced convection; lattice Boltzmann method
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