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Abstract: The processes of additive manufacturing and welding are both complex processes with multiple
physical field coupling, and it is difficult to directly observe the evolution of the microstructure of the molten pool by
experimental methods. With the rapid development of computational material science and numerical models, it is
possible to study the microstructure evolution during solidification by numerical simulation. Several commonly used
microstructure simulation methods are compared and analyzed. among which the phase field method has a unique
advantage in the accuracy of grain morphology simulation. The application status of phase field method in the

microstructure simulation in additive manufacturing and welding fields is reviewed, and the research direction in

future is prospected.
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Table 1 Advantages and disadvantages of several commonly used microstructure simulation methods

[4-8]

AR Peri

s,

10355 2 Ry B 5 B 6 Y 0 ML A DL (815 2 b it R 4R

(RIS
L

REAUBUEAR X R  H AT BAF B W S5 s 2 T BEALA R M B0 52

MC¥ |, . .
T S GG (BB BE 1] S T B oL 0

e e
Jrvk BEEBh I E S LA AT LA M dh A K A 4 B D R

RSB E T5 % 32 B BRE s T XA R B OR A
RIF HaR A aER

R 38 AT LUBERURE R 1] 3o 78 b [ /9 5 i 14 08 25 s )

B 2 B8 [ PSRN TRk 8 P S 4 Hh A T DR 3R 0 S A
T BRI ) T S W LS AT i 1o

ANRE S ey T B 115 i oA A A BEAILE » PR I DA S e
TR A S R A B SR AL AL T B A5 R SR AR Y &
FEART

ST I LB R R SY T vk DA R B Rl Oy 0 96 b 52 5 LA

ARG A ADLA ULRIROUL 8 AR 2 4 4 YA 5 DL LS 1 05 [ P 0

CA% '
RS G T BEALIME AR B WA i 3R LA

R ) PR IO T3 45 R Sk s R W&

G b ali 4 B [ PR A AR AR K B AR S B AR L 2 A5 AR
H R T RORHAS ) S AR R T B AR B
S AL 25 SR 5 S PR i) R [ A ZUAR AL, A Y A
KOBAYASHI B TAEAS AL T PEBAU B B - (HAH
RO R THARRN T Z RE. MERTREA
AHIZ I B 0 FH EE R 2640 JoT SOURASE AL 3 ] — 5T 5
. 2 JC A I 2 00 2 4 &R G G0OW AR 40 5 R,
WHEELER " $ H T — 0 & 4 WBM # 3 #¢
R AL T o0 A 4 A5 IR E [ 3 R b AR Rl R A P
SOOI, 1999 4F, KIM 25150 %5 WBM A 37 #5 #4
T AR R R R AT E R X R TR TR
I A 4 B 5 PR 1 KKS MR8, 3 0] %
BRI T ALST o0 4 4 IR BE [ A s B i
FE. 2000 4F, 3k 5250 R oA BR2E 43Rk i
FHZ 72 R AR A S RS T 4l 1y o 5 i1 Pof 4
RS LA — RS R OB AR K R R Y
TESEAR , DL ek AR R R s i B s 4 A
K. 2001 4F, FHIMEE FA AR T i 4 i
JoT RS A P T AR S R L R AT T LI Bl 12 (45 1)
SR A SRR A X R A AR R S, B - Bif
A ) SRR EE (1G4S A o 14 A R R O
AR SRS 1 R BUNT 0 B AR
Ui ) A R R R BT, AH 2R A A AR R 5 P 7 2
PR MIASE TR TE B AER 2 5 A 2R s A R S AT M 7=
SR, 2005 4, 2R B AEDS F A B AR, T
Al-Cu A5 4 1Y E 55 T 5 [ A2, e BB & 2 DL A5 il
i PR AR A Y I X0 VS 4 1) I Bl 6B f A K
MR T T AT .
2.2 TEHEHHEIE SE A R A
ECHEBARRIA 251 75 Karma #5750 1 355l
PR T PP T ) B A AR AR, S Bk

AR Z 53 B T 4 i M A ) 3 S5 5 B [T R ol
IR e LR

T(Zw) =T, +G@) [Z—Zo jw/)d@
0

(D

K T(Z, ) IR AL E AR Z FIIEE] ¢ fY bR

BT, WSHIRE: GO N NIRER R Z

AT TR AR TT 1 B AR Z, NS s AR s Vp
(g o W20 T /R TR

X ORARRIZ 7 feE, FF AR 7 FE Ak 2

Gy s R G A9 B 5 B I R 1 fe 4 Fe ik Y

M

Z,

g Z—jVP(t/)dt’ W Vet
H|1—(Q—p) 0 TNy
Lt

P (] — ) ZﬁJVP(t/)dt/ 2
p—¢ R o
Lt
(1—/6_1—/e )agi ]
2 2 i
1—0o 1 Jdo Vo }
D—"VU+—[1+A—kU] - "+
{ 2 gﬁ[ 1% Vel | T
_ 1 Jde
M+ Aa—rpU] 20 (3)
ly=|m|d—k)ey/G 4)

el MBI 2 G RBGW, A/
G GERE s 7 s IRt E] s D A AR B TP 1R
F B ke D T [ AR IR A5 23 BE AR K
AL s ¢ S ] 1 A RO (9 9 O s U
2018 4F, XTAO 451 O HE A 38 4 b B

83



ML EH

MATERIALS FOR MECHANICAL ENGINEERING

IWE.E. MY ERBOEH B R R IE AT EMA R RLEE

[l 1o A ok Ak 4 2 AR I AR A B U BF5E T Inconel
718 BRI IR A A O R ] o AR T R R Y T AR
U, GENG %55 1) FH 306 45 78 s it 5 [ 1 72 5
T G AR AR S AR AR T 40 A B 4 A L ST 7
o ) i o R e A T 2 RS R A A 0 AR R R, R TR
Rt 4 A e R A K B BE L e G A A B BEAN
R B B 2E A - 7 Bk 31 T oy s 4 th Bl s A G Ak T4k
P KB B FE T W B i LA T A T8 S 0 15 2
K It HY B TR A SRR AR AR  (E S HIOA 1 Fi
(R TRORE % T B R 38 K, Bt v R K, M5 8 1
B — e P T T 4R S R 0 AR KA
PR 5 XS4 AL THT 25 ) 46 57 8 R oz e i it A5
G KB B, LR A & BT 800 32 2 R o G A K o
P, — oA Ky i) 5 IR AR B O ) — BT HLAR
Az K TR A T 2 0 W ] L8 4 /A i e ¢
AR BT IR K A it s 7R RS B B, — WL s B
FAMI R A E A BRI AR, I R 20
FARN ISR K, WU %520 F) F OGS b )
e A Tt R [ 5 R S R 4 A ) A S B AL T
FifiliE Ti-6 A4V A4 MR S E R, KB
o R I B N ) o S A, A i ) DN A
pm A R TR R s BT 21 B A A 2 RTRE i R] R
SR RS RBF, WANG 220 (6 A7 1245
AA FRITIE AL INT18 & 4 38 b il 3 2o 72 v B ok
AR TR AR , e IR L) A 19 B3 (3] R4 AT LA R [
TR R T B A TR AV I M R (B B K 4
Laves AU 09 7T BE PR A4S /N, GENG 257 3% H 3k
F R R 5 i 1 AR R A S
TR TP AR R G AR L Herp g R
IR R T R A O B B R & T DA
P L PR K A R A DX 358 g A B B ) 4 5 2 50 %%,
I IS 2 BB I S5 0627 s T g
PR AW 4. ZHANG 2525 % F 9 b 158 11 3
T IR 2H 4 IR AR IR RUBIE 5 1 O R AL
BRA 4 B AL ST A LA L 2% PR A I 2 O T 2R
K s TR i B b ] LS o m AT B4 L 7EA
A s B ST RIS R 22 ) 77 AR 0 T B PR 5 3R 5
R R i B 5 R R IR S B SE R . CHU
DU FHAMSES O TR T A SBCF ToR A
) At 7 5 T o A P %) b AR e B AR
2.3 HERERESERNA

P 18 A 3 1 5 2 AR S AL IR I A
b AR A 1 i S S T A S A B

84

21 ST A T R OO0 AR e — B0AY  IX 1) 7 T 3k
F14) 72 WAL L) K 7 A AR 5 S AR 7R 2 [R5 i
AN o AH I AR OLAR 4 T T 1) 10 FH B ASEADL 3 A 161
T 7 THT A N FH AR AP L LR 0 TR AUL G A 1 i
A2 S A T HL A T S, A A I AR Y
A il 15 1 & R R B T 7 1)

AHIZ i AT DL R 2 2o A v i 24 0 ) fE a0 1 7
58, GENG %55 5% HI M 3B 400 R 22 45 315 5 wis AfF
8T B R TR A R AR B B 4 VRORH 388 8 D ATy A A
T 550 DL 2 5 [ S S A5 (SCS) (IS4, & 30 86
P BUARAFRE A A R ALK YRR 3 T BT A L 12 2 A
A ZE A (AT SCS 48 510 25 FE A ; 3 K B AY Hl &
Bk o Bie Z2 B e Y 5 BE 1Y S 1) BRI A R R 1
gh4 . YU S50 SR G TE (0 i b B R0 RN 5 2 A 37
BEAIRF 5 & B, 2 11 5K 7 R145 1) S Pk 5ik B2 SR B 4
A SRR 2 4 T 5 T R v A AL T AR e PR R
MR A, HARZE SR 50 45 3 A — 3, XIONG
RO FHAR S BRI 5 T 484 A 4 e OB R i
PR AR A5 A e A8 L R R B 3 ¥ o A
PRS0 T AR 1) & A R, R T R T
(RN R SR Y A DN

FEF A S 1 0 5 3850 K6 2 0 48K T o5 [ 2o
o — RO R A B R VR — A FRAR R R L B
BB A I 1) Bk [ 53 18T Ry — > 1T it » PR Lk o [
bR R A A IR A RS A R A . SEBR B SOEAR
FAEACI I ANBRAR, LI Ab 2 S5 i 58 11 1 Pl 2
A AFRERE B, 76 8 F 2H 20 3 AR o R rp A A R
A=A R AR AR ) A S AN FH R 1 PRI A 2 3 42
T ZI0H R X A R, GENG 2650 17
ZICHHHIIE T R G S OGRS b W A T i
LAV R, R I« AT T I R 1 B A o
R B TSRS E T R R R AR K R (1) PR
AT R 5 FRTH TR 4% 1) S M ) 1R T TN R E
PEA 5025 5 Wi AN R B ) A 3, R
K DT HE SR T 1T 5K T 4R s R Al [/ S
TR ERASE 5 ZE LR it ) B e AR S AR v L 2 =R
5z i BT B S vt B -5 B0 G A e T L3/ N 5 7
J L 5 [ 2o R P A AE 2 ol o B A K SE LA
LR FEL ] CFOD R 3 i BH ZE A ) B )
(UO) FRi By A, BL R FO fobife iy B TR UO
AR s TEVHO IR ) 2 v 4 3 00 A 4 20 AR i R R
WG FU1H e & AR R AR ™ AR R IR A B A
[ (R AT 5 AR T =2 T R s I 2 K A A SR A



ML EH

MATERIALS FOR MECHANICAL ENGINEERING

IWE.E. MY ERBOEH B R R IE AT EMA R RLEE

ifr» PR AR 22 [ 5 4 A K T B R [ 45 . 7R
AR 1 F s b EE 4 AR [ S b 45
PRI TR B0 TG T T ), A 2000 o G R A PR AR AR
(10 P e P 0 25 SR R R T, 5 B T A T
AN T 0 ok A WS T R A M R R . SR, 20T
A7 4 HE ol A5 AH S0 A TR B A0 B o v i b o 35
SRR A AR T 1) S Rl 2 B A o R, LR PR
g R ) B A F TR VO i 5 Y o N
[ £ B 20 AT 20 A3, XTONG 2552 25 g ok —
S S AR DA S R ) R SR AR TR A, AL T AL
Cu A A IO IR R TR T (0 AR S A 1, 308 3 40
SR - ARV RIS f B T X s A
K5 i S TARIREE S AE K IR STV 72
AR B IR o AT BEL LB bR A A A s s b i v b3
% 1 S R U e 22 5 3K R T A [/ A T A
TR P A b s A R [ AR TP B T AR AT R AT
DRA AT B0 3 ¥ BE R 5 KBt i 38 &) T IR K
K 5 it 2 R T () ) S 4, AR 250 fb A% B 1, 2
il it RSN

AH 71 U SO G 1o A v 2 2 A el )
B AR TS BR S SR A R R AR
Aezs ), X 2 FEUBLIZE IR 556 45 R 2 W A7
fE—EMZ . BAILEY 50857 7 6061 844
O 1 R Sl ot A R B3 AR 1) = R
W, RS RS A L, R T S A =
AN GE SR e AR T A A o R P, R )
BN, GIRIGE R E ) A, BRSNS T
ARG SR R o (E A 39 O oA 1) = Gl A 8 1t
— R, FEFEFEE RS TECR TR,

Bifi 5 AH 71 ) i 5 RH A 7R B S 4L 235 SR A
i SRR A 7 PR I Ak T i Al A e R
PRI 22, DT 44 e 452 400 245 SR 9 o B 1. TAKAKI
AR Y LBM R RS A I R R A A —
L TE SRR A R X 4k 1 H R 09 A K AT
B, BIFSE T H IR /N B i 7 K HE T 1) o A
TSR, e BB A =5 B3, RS BB S &
AT AR IF LB R R S A R AR
T PR B S £ A ARk s Bt % T
F177 T Bk AR B AL 4 2 A ARk, A
e A SR Hp ) 3 SR AN A i e AL 45 S ) o
B L 8 AT LU A Aty B R 5 3 4 1) 5% 1 R
Xof A R T AR i AR R AR R R . CAO 255 o)
HENL TAFFERE S DL 95 b PR & 52 170 98 [ A= K 11

TR Y 38 1 AU K B - 9848 25 07 SR S IR 3
B L]/ TR AT, S SO B U DX R
AT ST AR Rl < T L S A T R XA A Y
A AT BT 725 T A8 58 T T 5 o TS il P 0 A
RATYE] RBCIRR A SABURPR s E BRI 2% 3
BTS2 BN SR A A BR TR R T I E L AT
SR TSI 25 5 2 1% 700 B 2 1 5 ]t e o L 05
WAV 25 A A A R A R A PR s WS RE
U AKX BT A B RES7 FT LA 5 AR i
TRAEREE . BEFR BRI A D 1 e e A ik
LR RN A ) 3 o R v A Tt e ol 2 2 9 A )RS
JE AEARG IR R S s 2 R b R

3 HRiE

FHY 1 AN TR LIS A 1 i A B A8 P 7
R SR AR 5 BF 5T 7 1) 2 B AL R AR DL R
SR i i 2o A P RSO ) R A 22 D0 AR A M =
HEAH R BT 5 2 ol ] G AR i L P R
TR A A HER T . TR PR 7 TE DL
il 38 DA B ok v o SR 2 SR AP A )R L e R
AIBIFFE 0T 0] 2R A (1) A3k L RE U 2 42
J& ZOUE =0 G G b AR AR R
TSRS | PR 0 RS R B AT IB AE L T2
REAE I HIZ2 o0& & AL 8L TN 5 (2) AR AL Y18
BRICRAR AR ME ST I 2 S KT L B, R LR
BT IR AT B B AR (3)
R i DL SR R Ar AR I B L R 22 5 (]
N 2 ORHE E 2 4 R A 2 g SR 1k TR I
s AR 25 R EE PR 5 (4) il i A
LR B A -y = 2 i el J1 22 AT o LK
AR VAR (14T A » AR 3K B A 2 5 A S R K o
G5G  HENLIE BRI LA SRR T2 AR
R AR R DL R 1R 0 DG 5 (5) B il 3 L J
M — BB 2o 7 A R S 3 o 2 e i 2 2 3
AR R ROULINE 3 / AR B AR T 7 HE 1 5 DR 5 20
BA WA AT i, 76 A1 5 80 50 7 05 it vh
M SO 77 / A2 o

SE Lk

(1] SRR B FR A A5 R G Jm A B 1 3 B AR AE A s i
Kol s i A B LR FR B ). HUREIL 2020, 50CD) 1 1-14.
ZHU 7 L, ZHAO K, GUO L J, et al. Application and
development trend of additive manufacturing technology of
large-scale metal component in aerospace manufacturing[ ] ].

85



ML EH

(2]

(3]

[4]

(5]

(6]

(7]

(8]

[10]

[11]

[12]

[13]

[14]

86

IWE.E. MY ERBOEH B R R IE AT EMA R RLEE

MATERIALS FOR MECHANICAL ENGINEERING

Electric Welding Machine,2020,50(1) :1-14.

TEPYLO N, HUANG X A, PATNAIK P C. Laser-based
additive manufacturing technologies for aerospace applications
[J]. Advanced Engineering Materials,2019,21(11):1900617.
F SCHT. PGS A ) 3 R vl 4 R AR K iy BLERATT 5Y
[D]. Kb #im K2, 2019.

XIAO W ]. Study on dendritic growth mechanism of nickel-
based superalloy made by laser additive[ D]. Changsha: Hunan
University,2019.

WANG C Y, BECKERMANN C. Prediction of columnar to
equiaxed transition during diffusion-controlled dendritic alloy
solidification[ ] |. Metallurgical and Materials Transactions A,
1994,25(5):1081-1093.

XIZE. FREE A A WO AR S A T B 1] 2 A2 ODL 2 L 5 ) L
FELD]. F At B AL A AR KA, 2018,

LIU Y. Modeling

solidification process of Al-Li alloy laser welding pool [ D].

and simulation of microstructure in
Nanjing: Nanjing University of Aeronautics and Astronautics,
2018.

W, 52T CA-FE ¥ TIG 42T TC4 A4 R4 oW 20 8 4
Hr[DJ. V4% . P54 B TR, 2020.

HUANG C. Numerical analysis of microstructure of TC4 alloy
weld under TIG welding based on CA-FE method[ D]. Xi'an:
Xi'an University of Technology,2020.

AR, 45/ 40 S5 b 4 J AR e e Sk DI LB ST [ D], =2
M 22 JNEE TR 2, 2016.

CHEN M ]. Study on interface formation mechanism of
aluminum/steel dissimilar metal welded joints[ D . Lanzhou:
Lanzhou University of Technology,2016.

R Stellite 6 & KR HIE M EERE 1T A AR IEILD]. 1.
AR R L 2020.

REN B. Phase field simulation of solidification behavior of
welding pool of Stellite 6 alloy[ D]. Shanghai: Shanghai Jiao
Tong University,2020.

HOHENBERG P C, HALPERIN B L Theory of dynamic
critical phenomena[J]. Reviews of Modern Physics, 1977, 49
(3):435-479.

COLLINS ] B, LEVINE H. Diffuse interface model of

diffusion-limited crystal growth[]J]. Physical Review B,1985,

31(9):6119-6122.

CAGINALP G, FIFE P C. Dynamics of layered interfaces

arising from phase boundaries[ J ]. SIAM Journal on Applied

Mathematics, 1988,48(3) :506-518.

FIFE P C, GILL G S. The phase-field description of mushy

zones| ] ]. Physica D: Nonlinear Phenomena, 1989, 35(1/2);

267-275.

KOBAYASHI R. Modeling and numerical simulations of
growth [ ] .
Phenomena, 1993,63(3/4) :410-423.
WHEELER A A, BOETTINGER W J, MCFADDEN G B.
Phase-field model for isothermal phase transitions in binary

alloys[J]. Physical Review A,1992,45(10):7424-7439.

dendritic crystal Physica D: Nonlinear

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

KIM S G, KIM W T, SUZUKI T. Phase-field model for
binary alloys [ J ]. Physical Review E, 1999, 60 (6): 7186-
7197.

TR AR, AR, S TR 7 R A0 40 ot 25 ks
AR [T, 4 )@ 43R 2000, 36 (6) : 589-591.

ZHANG Y T.LI D Z,L1 Y Y. et al. Simulation of equiaxed
dendritic growth of a pure material using phase field method
[JJ. Acta Metallrugica Sinica,2000,36(6) ;589-591.

THEME AR A IR S0, AF VIR R TR AR AR SR B
{ERIBLLT]. Y HAA . 2001, 50(12) : 2423-2428.

YU Y M, YANG G C, ZHAO D W, et al. Numerical
simulation of dendritic growth in undercooled melt using
phase-field approach[J]. Acta Physica Sinica, 2001,50(12):
2423-2428.

KRB, TR I, 4. oo AR 55 I 0 54 3 1 A 40
(1. %A &R A RS TR, 2005, 34(10) : 1565-1568.

ZHU C S,WANG Z P, JING T,et al. Phase-field simulation
of non-isothermal dendritic growth of binary alloy[]J]. Rare
Metal Materials and Engineering,2005,34(10) : 1565-1568.
ECHEBARRIA B,FOLCH R,KARMA A, et al. Quantitative
phase-field model of alloy solidification[ ] ]. Physical Review
E,2004,70(6):061604.

KUNDIN J, RAMAZANI A, PRAHL U, et al
Microstructure evolution of binary and multicomponent
manganese steels during selective laser melting: Phase-field
modeling and experimental validation[ J]. Metallurgical and
Materials Transactions A,2019,50(4) :2022-2040.

XIAO W J,LI S M, WANG C S, et al. Multi-scale simulation
of dendrite growth for direct energy deposition of nickel-based
superalloys[ ] ]. Materials & Design,2019,164:107553.
GENG R W, DU J, WEI Z Y, et al. An adaptive-domain-
growth method for phase field simulation of dendrite growth
in arc preheated fused-coating additive manufacturing [ J].
Journal of Physics: Conference Series,2018,1063:012077.
WU L M, ZHANG J. Phase field simulation of dendritic
solidification of Ti-6Al-4V during additive manufacturing
process[ ] . JOM, 2018,70(10) : 2392-2399.
WANG X, LIU P W, JI Y, et al
IN718

Investigation on

microsegregation  of alloy  during  additive

manufacturing via integrated phase-field and finite-element
modeling [ J ]. Journal of Materials Engineering and
Performance,2019,28(2) :657-665.

GENG R W, DU J,WEI Z Y. et al. Multiscale modeling of
microstructural  evolution in  fused-coating  additive
manufacturing [ J ]. Journal of Materials Engineering and
Performance,2019,28(10) : 6544-6553.

ZHANG Y,JUNG Y G, ZHANG ]. Phase field modeling of
microstructure evolution in selective laser melting-
manufactured titanium alloy [ M ]//Multiscale Modeling of
Additively Manufactured Metals. Amsterdam: Elsevier, 2020
141-154.

(% 95 1)



ML EH

MATERIALS FOR MECHANICAL ENGINEERING

[45]

[46]

[47]

(48]

[49]

[50]

M E 5

AFAEH S 3D AT A B R T B R E

LIU C, LI X,SHU S, et al. Numerical investigation on flow
process of liquid metals in melt delivery nozzle during gas
atomization process for fine metal powder production[]]. [51]
Transactions of Nonferrous Metals Society of China,2021,31
(10):3192-3204.

TR, AL, BRI I, 25, RS H0 PHI3-8Mo )
REFPERI ML), 4 AAEEE, 2019,44(12) : 112-115.
ZHANG M X, WANG C J, CHEN Q M, et al. Effects of
processing parameters of gas atomization on characteristics of
PH13-8Mo steel powders[]J]. Heat Treatment of Metals,
2019,44(12):112-115.

GAO C F,XIAO Z Y., ZOU H P, et al. Characterization of
spherical AlSi10Mg Powder produced by double-nozzle gas

[52]

atomization using different parameters[ ] ]. Transactions of
Nonferrous Metals Society of China,2019,29(2):374-384.
LIX Y,DU]JJ,WANG L C,et al. Effects of different nozzle
materials on atomization results via CFD simulation [ ] ].
Chinese Journal of Chemical Engineering, 2020, 28 (2) : 362-
368.

FRPRT X E T, B A 8 A A B X R A A
TCA ByARFFER ML) ] ZRAE KA 4R (A AR , 2018,
39(6):797-802.

GUO K K, LIU C S,DONG H H, et al. Effect of extension
length of catheter on properties of TC4 powder prepared by

[53]

[54]

electrode induction melting gas atomization[ J ]. Journal of
Northeastern University (Natural Science),2018,39(6):797-
802.

ZHANG M,ZHANG Z M,ZHANG Y Q.et al. Effects of gas

[55]

flow field on clogging phenomenon in close-coupled vortical

loop slit gas atomization [ J ]. Transactions of Nanjing

University of Aeronautics and Astronautics, 2021, 38 (6):
1003-1019.

THOMPSON J S, HASSAN O, ROLLAND S A, et al. The
identification of an accurate simulation approach to predict the
effect of operational parameters on the particle size
distribution (PSD) of powders produced by an industrial
close-coupled gas atomiser [ J ]. Powder Technology, 2016,
291.75-85.

T A, R . B BN R SRS A A A
IS K . U A LD EmaL) 1. R 4G JE AT RS TR,
2022,51(9):3214-3222.

WANG J F,XIA M, WU ] L,et al. Ladle nozzle clogging in
vacuum induction melting gas atomization: Influence of
delivery-tube geometry [ J ]. Rare Metal Materials and
Engineering,2022,51(9) :3214-3222.

ZRUE TR PRI 55 LB R L 5 [ D, K8 . K 3
TRA:,2018.

LI H X. Numerical simulation of atomization of ultrasonic
excited nozzle [ D ]. Taiyuan: Taiyuan University of
Technology,2018.

45 PR M, DL 52 45 RIS AR T2 B A B
KFACHIFLT]. a4, 2021,70(14) : 134-148.

XU J X, CHEN C Y, SHEN L Y, et al. Atomization
mechanism and powder morphology in laminar flow gas
atomization[ ] |. Acta Physica Sinica,2021,70(14):134-148.
W2, EWelg, B RN, K5 L H % 3D FTEN 4@ koK i
ARBFFEHERLT]. MR 4 Tolk . 2022, 32(1) :69-77.

YANG J,WANG X F,GE Z H. Study on the technology of
gas atomization for production of 3D printing metal powders

[J]. Powder Metallurgy Industry.2022,32(1):69-77.

NETNENNEANEINONNEN MO NONNEN NN NOINON MO MO NENNEN MO NONNONNEN MO NONNENNOANOINEN MO MO NONNEN MO NONNON MO MO NENNEN MO NENNON NN NONNONNENNOANENNON

(L#EE 86 T1)

[27]

(28]

[29]

[30]

[31]

CHU S, GUO C W, ZHANG T X, et al. Phasefield
simulation of microstructure evolution in electron beam
additive manufacturing[ ] ]. The European Physical Journal E, [32]
2020,43(6):35.

SENG S N, JIANG P, SHAO X Y, et al. Effects of back-

diffusion on solidification cracking susceptibility of Al-Mg

alloys during welding: A phase-field study [ J ]. Acta [33]
Materialia, 2018, 160 85-96.

YUFY,JIYZ,WEI'Y H,et al. Effect of the misorientation
angle and anisotropy strength on the initial planar instability
dynamics during solidification in a molten pool [ J ].
International Journal of Heat and Mass Transfer, 2019, 130: [34]
204-214.

XIONG L D,WANG C M, WANG Z M, et al. The interaction
between grains during columnar-to-equiaxed transition in
laser welding: A phase-field study[]]. Metals, 2020,10(12);
1647.

GENG S N,JIANG P,GUO L Y.et al. Multi-scale simulation

[35]

of grain/sub-grain structure evolution during solidification in

laser welding of aluminum alloys[ ] . International Journal of
Heat and Mass Transfer,2020,149:119252.

XIONG L D, ZHU G L, MI G Y, et al. A phasefield
simulation of columnar-to-equiaxed transition in the entire
laser welding molten pool [ J ]. Journal of Alloys and
Compounds, 2021,858:157669.

BAILEY N S, HONG K M, SHIN Y C. Comparative
assessment of dendrite growth and microstructure predictions
during laser welding of Al6061 via 2D and 3D phase field
models [ ] ]. Computational Materials Science, 2020, 172:
109291.

TAKAKI T, ROJAS R, SAKANE S, et al. Phase-field-lattice
dendritic growth with natural
convection[ J ]. Journal of Crystal Growth, 2017, 474; 146-
153.

CAO L C,LIU D H,JIANG P, et al. Multi-physics simulation

Boltzmann studies for

of dendritic growth in magnetic field assisted solidification
[J7. International Journal of Heat and Mass Transfer, 2019,
144:118673.

95



