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Research progress on numerical simulation of directional solidification
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Abstract: Optimizing the directional solidification process of nickel-based superalloys is pivotal for enhancing the quality of hot-end
castings in aero-engines. Traditional process optimization methods have heavily relied on empirical trial-and-error approaches,
whereas numerical simulation technology is increasingly emerging as a pivotal tool. This paper presents a comprehensive review of
the latest advancements in numerical simulation pertaining to the directional solidification process of nickel-based superalloys. It
emphasizes modeling methodologies, simulation outcomes, and their practical applications in process optimization and defect
control(such as stray grains and freckles) across various multi-physics fields, encompassing temperature fields, fluid flow and solute

transport, stress-strain fields, and microstructural aspects(grains and dendrites) . A synthesis of current research reveals that
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numerical simulation studies still grapple with several shortcomings: a high degree of dependence on approximate boundary

conditions in models; inadequate refinement and limited global optimization capabilities within process windows; incomplete

numerical representations of certain crystalline defects and complex defect interactions; and substantial computational resource

demands for high-fidelity microstructural simulations. To tackle these challenges, future research trends are anticipated to

concentrate on deepening and integrating multi-physics and cross-scale coupling models, leveraging artificial intelligence-driven

simulation and optimization, enhancing the precise characterization of solidification mechanisms in multi-component alloys, and

strengthening experimental-simulation collaborative validation systems through the integration of in-situ characterization techniques

with simulations. By advancing in these areas, numerical simulation technology is poised to play a pivotal role in achieving precise

control over the morphology and properties of complex castings, while effectively mitigating defects.

Key words: nickel-based superalloys; numerical simulation; directional solidification; process optimization; multi-physics fields;
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Comparison of temperature fields under constant withdrawal rate and variable withdrawal rate during directional solidifica-
(a)solidus-liquidus interface and stray grain defects in the casting under constant withdrawal

rate; (b)relationship diagrams of withdrawal rate vs. time and withdrawal rate vs. blade position under variable withdrawal rate;

(¢)solidus-liquidus interface and stray grain defects in the casting under variable withdrawal rate

Liu %[431 . 5(']’%%[44] Xiao %[45] .Reddy %[46] .
W N LB BRI S5 S, s iR A 4
S 158 ] PP % T S R E A AL, 458
S IIE, AL 9 T 2 SRS 35 50 4 (1 2
L SURBE D 1 IR G B . R T 1Ak 75
{9 T 25 1R SRAR [F), (L3 3 S A R 3 2 o 2
R 4, B T A R o A U R B S S R
SEEORIIR X T U, T B A e K T I % 5 %
TRLR R RAEHI, — Yo S I B4 5 22,
VP T T 4 B B KA AR T, A 4% 5 e £ 1
1A

2 TEEFEEEENRTS R RER
=

21 SERRDIARAEHITEER

EEL 4 IR R oh, RSB R 7
T RS AT 22 S B 1 VA 30 T 0 A e £ 308 3 7
TR G . 752 ORI TR S54SR, BF5E 4 Ao
L BEDR DX g R o LA Y S
BRSO A\ 3R PN 18 55 T3 T 5 97 3 e DB R
SR, LA AT I TV B Ml T 8 T R

HUB . 7B A, S R ATT (0 T B B
AE WK B | AL T4 2 B i A R A
VEFH, A bk B T s R A A

A S T S5 0 R o /9 R T 9 R R
SR AT MR S AR K IR, 52 T e, %
35 VA TR AR IX 7 LE VR AR 1SRRI, IR 3
AL B R RS, e L T e e K
BEBRG, KR BT BB AR E 3h i S A
T FERR S 1 BRI, B T
e SR RS TR A, T A R TR i
ST RRE S Navier-Stokes JTHE, 1% T FEZH A4 4
SRR AT RS A R
22 REEHEM

S Ao BRSO T A 000 7 B LA 4 1)
B o AL b B B L AR VA AL AT, T
3 TR AT I 5 K SRR AE . Ren %70 BF 5T 45 11
SRR ] 5 B b AT RV L2 IR LR T B, (L
A 4340 11 R A5 T RS2 A BT T AR X
P TR B 0l S B B R B S E A T
oA T B 4 X AR BV, AT 5 S O A 45
SRR, ORI, SRR HASEE (R BT UG, IR X



48 o= M

B i 5 45 %

Sl T v A A T DR IR Bl R R v A S A
S, SO TR e A A bR, A T 30 3
AR R, (A 25 102, S5 3 1 R A
R PR, BB % WO X X T
WSS , TSI IR (O AR T ML, S50 RO
[X. 358, H 52 2 97 X 380 X 375 4 ) A 44 B 5, 3
SR e LA RE S ) A

TE 120 T A 4 5 1 06 15k R o A P T VS
AL 7 55 P43 A 2 % G 285 8 VI 4 IX 3ok
PR SEROARAETE YIRS T 1%, AL R = A )
P, FLBhAS TR 13 AR 7 T A 4 o B s TR
i, TS 255, Y TPl o g
I S R S O I R I, eI A
BEBRG Y, L R R i 2B iR, R
A BB OB T, 5 8~ R -V TR -0
Y2 kAR, IR T Rayleigh Bl 54
3 2 DA R X I 2 B B ) . A
S, 48 BEBBA HOTE U A 4 A TR T2 S
S UPRRAE ™ 45 2 B 3L R ), B 5 2 U
{9 s B, 0 TR B rh i L B S O T 2
[XJ% ., Zhang %" [0 B 45 SR, 150 18 1

Channel segregation

Lateral wall

—~
o
-
—
@
-~

SRR ARG DL T, 1A -8 (A 3% T i T 174 3 3 AL
T T 25 70 A TR AR A0 P e I DX 3l ol 8 ok o M T
ST Ao Aok R DX IR RS, T A ) I 5 AR B
PR R A5 KA T8k Ren %5 Ma %54 2%
IS A, o 1) R [ o R il 1) B RS R A
BREsETE 53208 U B2 e [N, 38 38 (B 19 2 A1
FEOEXT A H S5 A AR A S 1 T LA R 5 R B =
THUBE o Y5 AR RIS I, A AR s o vk
Wik Re, SR BEEEMELIIE I S22, B R T
SIS o s SR, AR R E AT A . 7R R
AU SR AR (ISR A | SERE ) RRAE 1Y DX, 5 o 4
5| & B AR 19 32 F2 A DX sl 4R /D, (753 T
BENSTE SRS LA B [RIA, IS X A i A
TR P 2 T A DR, X PR PR 2R 3 [RIAE R i
BT IR RS YR
2.3 RIHHE

g5 b, O 2870 1 U SRS R, B
WK R S0 AT . Sun %57 il 5 4k CAFE R4
IR, RGN T8 R A A TER A 28 SR I i
PR R ) 5 [ o 8 288 R S50 o 1) J AR IR, oA Q0
G4 I0E (W, Co. Ti. Ta) J #4541 i 28 28 % 48 Bt

Fragments

- oo
\‘ 000
N>

Floating grains

Blocking

B2 A BEBETE LR DY () B TRV R IV a4 Sl T A (b) 38R M B B 416 5 0 ik
s (o )R F I P AT M Ak ()33 P AR BRE ORI T A AR 55 (e ) ST 108 LS R S5 A o S5 10 38 42 K
(£) SEH H REL B (525 R 41

Fig. 2 Schematic of the proposed mechanism of freckle formation 0 (a)solute enrichment and formation of channel under

thermal-solutal convection; (b)migration of the channel and the solute enrichment induced dendritic fragmentation; ( ¢ )behaviours
of the fragments in the channel; (d)proposed size distribution of freckle grains in the channel; (e )blocking of the channel and the
competitional growth between original dendrites and fragmets; (f)as-cast grain structure observed in the experiment
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Fig. 3 Prediction results of the “digital twin” for directional solidification process

el (a)temperature field on the blade pres-

sure side; (b)flow patterns in the liquid (color indicates flow intensity ); (¢)fluid density field on the blade pressure side;
(d)solidus-liquidus lines, liquid flow direction at the front, plume distribution, and segregation channel morphology;
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Table 1 Comparison of major numerical simulation methods for directional solidification of nickel-based superalloys

Characteristic Cellular automaton (CA)

Phase field (PF)

Finite element method (FEM )

Primary scale Mesoscale (grains)

Microscale, mesoscale

Macroscale (physical fields )

(dendrites, phases)

1D, 2D, 3D

Global temperature field simulation of
casting/furnace; melt flow and solute
transport; thermal stress/deformation
prediction and process optimization;
solidification defect prediction; influence
analysis of process parameters (withdrawal
rate, temperature )

Spatial 2D, 3D 2D, 3D
dimensions
Application  Grain structure evolution; Dendrite tip kinetics,
scenarios location prediction of defects morphological stability;
(e.g., freckles, stray grains); primary/secondary/tertiary
simulation of loose porosity dendrite arm growth;
defects; mesoscale interdendritic segregation
microstructure-process behavior; formation mechanism
relationship research of low-angle grain boundaries;
eutectic structure growth;
influence of microscopic
orientation evolution
Precision Medium High

Medium

24% i 25 R ik Ao ) S AR TIUIN AR, Y AT A
FAAEAE A T HOARH . He—, AU R =5 B2 3
L) E fif 25 PF O LR BE | Wi IR S S R 50,
PN T 7/ BT SUBURIE LS GRS s ST
PEAZBR, H R A S 000 1 i1 5 A 00 5 0k LA B
Z (e R B A KRS8 ), FEU
PAAEE R HRESCBLE PR B0, AR Z IR Tok 5508
AR B G H T, T AU RO % Gl A A
i BERUZEE TRAIMSEERER, TLEHW
KA REEEAN R o el WL, 807 2R A R Y
Aot T, B READLAE g T 4 7 1) F58 1] 0 )
T ARGE RN

UTAFER, BE [ OV A 215 AR AR T B 5 R EE AL
USRI EE R o WL (222K ) A W (k) 21
JET RO (402K, JThE B Sl ARk B — 1
3 A 4 KR R AE 4 TR MRS R 2 R
5 LR, S SRR T AR (ICME ) i iid 22 R
BRI 5 A TR s B, S BEE BLDAR A T
BT o W AR, 5 il 4 17 58 [ K (B AR
PR R R LA R 5 1)

(1) ZY -5 )ROSR S BB TR AL S HE
JUE 2 R A R e bR FoREE T,
FESE PR T A= 7= F 8 2 O AT 1 e 7 B A, R
KR T — T ke Z W RS 5k, s R
AR R AL, Sl B S s L T A 3
PLS A BRI Z R0 5k, SEIABLR A K gl )y~ 3]
T AR TE B JCSEM %, 4871 22 RS HAR TR
B B A WAL o A B A R SRR R TR
(ICME)HESE, g 22 Bl | sh 12 2S5 2 R
JERUT- B IR Rl , $RTF 220045 4 eI L 72 T

MR T

(2) N TR BEM S RS T 21k - A2 508
{ERLIMROT A0 RO, HeREk. & T
Bl =7 > 14 g i AU B 2 i 5 R ] SR i
— I, A I G 22 W 4 S T A SR AU
RERYMRAR SC 2R, S BLBR I 108 RE T 15 T 2% 11 19
PH AL BEAh, Sy > 5 i 25 5 S FL
I 20y 25 B A A il R SR OCHE S R, R
B E [ BEE T2 “ 8 3RS0 7 fn) “ X dls K 2l 7
FeAz

(3)ZI0 G 4 BE B HLBL A RS 1ERAE : BLA
X A i PR el B R 2 A T s A A
RANRAR . R A IELE G S — RS
VAR DAL S VI VNG R IV W 1 11 ViR N 5
A 3 A AT AT o B R R ML . R RS T o
BRI B Z2 TR IR, B T /iy S 4
TR HER (TCP) S5 RO S T AL, S — 1 it
v HRAE S

(4) SEH - R e AR AR (0 58 35 - Insi 57
FAEEAR CINFEIEFa b X 2R | mii b R A i
e ) 5 BB A B D[R] R, 8 o 2 AR 2 Rl
PUSSIERE R B TSR o ST AR AL S SR R T,
k% NN SO o W 7o) AN 5 T BN R g
SFERMESHL, N TIR e S AU AR s Bl

B2, B R G e B R R A
WHEZNE R mRETT KR Wit 2
FRSESC G ERAH, A A S IR B R
EGF| Z 8 NS e = o S B i A E SN
12, S zs e BlAL A o e 2 1) AT SR S AR iR T
RPZ OB SHE



56 it

HY

)

B W 5 45 %

S Lk

[1] MCLEAN M. Directionally solidified materials for high
temperature service[M]. London: Metals Society, 1983:
201-210.

VERSNYDER F I, SHANK M E. The development of
columnar grainand single crystal high temperature materi-
als through directional solidification[J]. Materials Sci-
ence and Engineering, 1970, 6(4): 213-247.

GIAMEI A F, TSCHINKEL J G. Liquid metal cooling: a
new solidification technique[J]. Metallurgical and Mate-
rials Transactions A, 1976, 7: 1427-1434.

YANG X L, DONG H B, WANG W, et al. Microscale

simulation of stray grain formation in investment cast tur-

[4]

bine blades[J]. Materials Science & Engineering: A,
2004, 386(1/2): 129-139.

LA o ) BE 5 1 S BRI G S O i A
T I). 42244, 2016, 52(4): 426-436.

MA D X. Freckle formation during directional solidifica-
tion of complex castings of superalloys[J]. Acta Metal-
lurgica Sinica, 2016, 52(4):426-436.

AVESON J W, TENNANT P A, FOSS B J, et al. On the
origin of sliver defects in single crystal investment cast-
ings[J]. Acta Materialia, 2013, 61: 5162-5172.

A, 2R, iz 2%, 4. HRS il LMC T2 %1
PRI LR A o i 5 < B A5 S T L R I 0] 42
JE 24, 2012, 48(10): 1237-1247.

SHIQY, LI X H, ZHENG Y R, et al. Formation of solid-
ification and homogenisation micropores in two single
crystal produced by HRS and LMC
process[J]. Acta Metallurgica Sinica, 2012, 48(10) :
1237-1247.

A, A, WO, HE BRI S BT At
(1], & J@2#4, 2023, 59(9): 1109-1124.

ZHANG J, WANG L, XIE G, et al. Recent progress in
research and development of nickel-based single crystal
superalloys [J]. Acta Metallurgica Sinica, 2023, 59(9) :
1109-1124.

fu e, JRIBAVL, 2 AdHE, 5. R i A A S IR A
A FEA BB )] T 628, 2016, 40(3): 227-235.
HE B, ZHOU H J, LI ] H, et al. Numerical simulation of
investment casting process of nickel-based superalloy
impeller[J]. Chinese Journal of Rare Metals, 2016,
40(3):227-235.

[10 ] XUE X, XU L. Numerical simulation and prediction of

superalloys

solidification structure and mechanical property of a
superalloy turbine blade[J]. Materials Science & Engi-
neering: A, 2009, 499(1/2): 69-73.

[ 11 ] SWOPE W C, ANDERSEN H C. 106-particle molecular-

dynamics study of homogeneous nucleation of crystals in

a supercooled atomic liquid[J]. Physical Review B,
1990, 41(10): 7042-7054.

[ 12] RAPPAZ M, GANDIN C A. Probabilistic modelling of
microstructure formation in solidification processes[J].
Acta Metallurgica et Materialia, 1993, 41(2): 345-360.

[13 ] KOBAYASHI R. A numerical approach to three-dimen-
sional dendritic solidification[J]. Experimental Mathe-
matics, 1994, 3(1): 59-81.

[14] WANG L J, XING H, LI Y Z, et al. Toward multiscale
simulations for solidification microstructure and
microsegregation for selective laser melting of nickel-
based superalloys[J]. Journal of Materials Research and
Technology, 2023, 25: 3574-3587.

[ 15 ] BRUNDIDGE L C, DRASEK V, WANG B, et al. Struc-
ture refinement by a liquid metal cooling solidification
process for single-crystal nickel-base superalloys[J].
Metallurgical and Materials Transactions A, 2012,
43(3):965-976.

[16 ] CLYNE T W. Modelling of heat flow in solidification[J].
Materials Science and Engineering, 1984, 65(1) : 111-
124.

[17 ] ARUN S P, HARTHARAN C, ARIVAZHAGAN R, et al.
Review on numerical algorithms for melting and solidifi-
cation studies and their implementation in general pur-
pose computational fluid dynamic software[J]. Journal of
Energy Storage, 2021, 36: 102341.

[18] XU QY, YANG C, ZHANG H, et al. Multiscale model-
ing and simulation of directional solidification process of
Ni-based superalloy turbine blade casting[J]. Metals,
2018, 8(8): 632-632.

[19]1 ZHANG Y B, ZHU B, JIANG H J, et al. Numerical sim-
ulation of transport phenomena in directional solidifica-
tion castings with changeable cross-section and solidifica-
tion interface control [J]. Metals, 2022, 12(10): 1694.

[20 ] KERMANPUR A, RAPPAZ M, VARAHRAM N, et al.

Thermal and grain-structure simulation in a land-based

turbine blade directionally solidified with the liquid metal

cooling process[J]. Metallurgical and Materials Transac-

tions B, 2000, 31(6): 1293-1304.

B, VIR, T, . mlh e B Ao [ BE i A v

RS L], R A, 2007, 43(5): 465-471.

CUIK, XU QY, YU J, et al. Radiative heat transfer cal-

culation for superalloy turbine blade in directional solidi-

[21

[

fication process[J]. Acta Metallurgica Sinica, 2007,
43(5):465-471.

EAth, BT, XA, A RIS SRS SR
Ve A E ) B [ A0 1 R T MERE S 0], & R 2
#iz, 2015, 51(10): 1288-1296.

YAN X W, TANG N, LIU X F, et al. Modeling and sim-

ulation of directional solidification by LMC process for

[22

[


https://doi.org/10.1016/0025-5416(70)90050-9
https://doi.org/10.1016/0025-5416(70)90050-9
https://doi.org/10.1016/0025-5416(70)90050-9
https://doi.org/10.1016/j.actamat.2013.04.071
https://doi.org/10.3724/SP.J.1037.2012.00172
https://doi.org/10.3724/SP.J.1037.2012.00172
https://doi.org/10.3724/SP.J.1037.2012.00172
https://doi.org/10.11900/0412.1961.2023.00140
https://doi.org/10.11900/0412.1961.2023.00140
https://doi.org/10.1103/PhysRevB.41.7042
https://doi.org/10.1016/0956-7151(93)90065-Z
https://doi.org/10.1080/10586458.1994.10504577
https://doi.org/10.1080/10586458.1994.10504577
https://doi.org/10.1080/10586458.1994.10504577
https://doi.org/10.1016/j.jmrt.2023.06.133
https://doi.org/10.1016/j.jmrt.2023.06.133
https://doi.org/10.1007/s11661-011-0920-8
https://doi.org/10.1016/j.est.2021.102341
https://doi.org/10.1016/j.est.2021.102341
https://doi.org/10.3390/met8080632
https://doi.org/10.3390/met12101694
https://doi.org/10.3321/j.issn:0412-1961.2007.05.004
https://doi.org/10.3321/j.issn:0412-1961.2007.05.004

555 1) BRIL S IR A 4 R 1) R [ AR B E A 7 57

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

nickel base superalloy casting[J]. Acta Metallurgica
Sinica, 2015, 51(10): 1288-1296.

YAN X W, WANG N R, XU QY, et al. Numerical simu-
lation and experimental casting of nickel-based single-
crystal superalloys by HRS and LMC directional solidifi-
cation processes[J]. High Temperature Materials and
Processes, 2017, 36(4): 327-337.

24, B, AREE, . 3T ProCAST YK R
S ] BUE R D] R i i Sl (5 42, 2024,
44(2): 170-176.

LIY, FANG Y M, DAI S R, et al. Numerical simulation
of large-scale hollow directional blade based on Pro-
CASTI[J]. Special Casting& Nonferrous Alloys, 2024,
44(2):170-176.

ENIRE, VRRE, MA L, 55 TRV ARTE AT 2
L A it bl 3 b ey R 0. A SR 2R, 2017,
39(2):5-12.

WANG R N, XU Q Y, LIU B C, et al. Application of
computer simulation technology in aeroengine turbine
blade manufacturing[J]. Journal of Nature, 2017,
39(2):5-12.

SRAFIC, SO, DDA 5B R S HLI R B4 1] BE 1] i e KL
AR 0], s 22 5 HOR 22412, 2018, 38(8) : 726-
729.

ZONG X W, ZHANG B. Numerical simulation on direc-
tional solidification of DD4 alloy airplane engine blade [J].
Chinese Journal of Vacuum Science and Technology,
2018, 38(8): 726-729.

WL, 250 0R, M8, 5. DD6 F ik & 4 T i
7 1) 35 [ o R A (R UL (0] AR AR, 2011(11)
58-61.

XIE HJ, LIJ R, JIN H P, et al. Numerical simulation of
directional solidification process on the vane of single
crystal superalloy DD6[J]. Journal of Materials Engi-
neering, 2021(11): 58-61.

JEl 0, B R, AR B L 4 i R 1)
b AR A L. R AR B A a4, 2021,
41(11): 1361-1365.

ZHOU Y H, HUANG Q M, LIN R C. Numerical simula-
tion of directional solidification process of single crystal
superalloy blade[J]. Special Casting & Nonferrous
Alloys, 2021, 41(11): 1361-1365.

SZELIGA D, KUBIAK K, SIENIAWSKI J. Numerical
Simulation of directional solidification process of single
crystal Ni-based superalloy casting[J]. Archives of
Foundry Engineering, 2017, 17(2): 111-118.

e UTUGE . BRI R ASTADL A i o A I 3 1 B (AR
BT L] N T TZ, 2015, 44(19): 93-96.

GAO S F. Numerical simulation study on temperature-

field of single crystal turbine blade simulator casting[J].

Hot Working Technology, 2015, 44(19): 93-96.

[31 ] INOZEMTSEV A A, DUBROVSKAYA S A, DON-
GAUZER A K, et al. Numerical simulation for optimiz-
ing temperature gradients during single crystal casting
process[J]. ISIJ International, 2014, 54(2): 254-258.

[32 ] WANG F, MA D, ZHANG J, et al. Investigation of seg-
regation and density profiles in the mushy zone of
CMSX-4 superalloys solidified during downward and
upward directional solidification processes[J]. Journal of
Alloys and Compounds, 2015, 620: 24-30.

[33] HOBBS A R, TIN S, RAE F M C. A castability model
based on elemental solid-liquid partitioning in advanced
nickel-base single-crystal Superalloys[J]. Metallurgical
and Materials Transactions A, 2005, 36(10): 2761-2773.

[34] SPEHr, MR, SKBUC, 55 BRI R 2R kb
fJ51%: CN105108061A [P]. 2015-12-02.

MA D X, YANG G X, ZHANG Q Y, et al. Method for
eliminating stray grain defects in single crystal blades:
CN105108061A[P]. 2015-12-02.

[35] XIAO J H, JIANG W G, HAN D Y, et al. Evolution of
crystallographic orientation and microstructure in the tri-
angular adapter of grain continuator of a 3rd-generation
single crystal superalloy casting during directional solidi-
fication[J]. Journal of Alloys and Compounds, 2022,
898:162782.

[36] Bz 1. %“E‘A’i\ﬂfﬁiﬁ@%ﬁlfﬁﬂ%ﬁfﬁ%i@”ﬂﬂﬁﬁ

FERAARNHE [D]. P22 PI255E R, 2018,

LIAN Y Y. Research and technical improvement on tem-

perature field homogenization in directional solidifica-

tion of superalloy blades[D]. Xi’an: Xi’an Jiaotong Uni-

versity, 2018.

XMk, PR, BRI, 45 v e SE ) B B A B HAE

o B A T A b R (D0, 4 R AR, 2018, 54(5):

615-626.

LIU L, SUN J D, HUANG T W, et al. Directional solidi-

fication under high thermal gradient and its application in

[37

[

superalloys processing[J]. Acta Metallurgica Sinica,
2018, 54(5): 615-626.

[38] QIN L, SHEN J, YANG G, et al. A design of non-uni-
form thickness mould for controlling temperature gradi-
ent and S/L interface shape in directionally solidified
superalloy blade[J]. Materials & Design, 2017, 116: 565-
576.

(391 ZRU&, L%, B, 2. B R ml i o R PO #A <4

B 7 1] B 5 e p 52 e 0] A7 & JE p k5 I
2, 2016, 45(5): 1284-1289.
QIN L, SHEN J, YANG G H, et al. Using new baffle to
control defects in a vacuum investment-cast Ni-based tur-
bine blade[J]. Rare Metal Materials and Engineering,
2016, 45(5): 1284-1289.


https://doi.org/10.1515/htmp-2016-0116
https://doi.org/10.1515/htmp-2016-0116
https://doi.org/10.1515/afe-2017-0061
https://doi.org/10.1515/afe-2017-0061
https://doi.org/10.2355/isijinternational.54.254
https://doi.org/10.1016/j.jallcom.2014.09.103
https://doi.org/10.1016/j.jallcom.2014.09.103
https://doi.org/10.1007/s11661-005-0272-3
https://doi.org/10.1007/s11661-005-0272-3
https://doi.org/10.1016/j.jallcom.2021.162782
https://doi.org/10.11900/0412.1961.2018.00075
https://doi.org/10.11900/0412.1961.2018.00075

58 it = M

B W

545 3

[40] REN N, LI J, WANG B Q, et al. Design of variable with-
drawal rate for superalloy single-crystal blade fabrica-
tion[J]. Materials & Design, 2021, 198: 109347.

[41 ] HU B, XIE W, ZHONG W, et al. The effect of pulling
speed on the structure and properties of DZ22B superal-
loy blades[J]. Coatings, 2023, 13(7): 1225-1242.

[42] SRIEFAE, SRS, JK3S, A5, FRFLERE XS 5 S I R ) BE ]
HREA RN (1], 51, 2023, 72(2): 130-134.

ZHANG H H, ZHANG H, ZHANG L, et al. Effects of
withdrawal rate on the directional solidification process of
single-crystal blades [J]. Foundry, 2023, 72(2): 130-134.

[43]LIUKL,LIZY, WANG J S, et al. Optimizing process
windows for minimizing the pore size of Ni-based single
crystal superalloys[J]. Materialia, 2019, 8: 10050.

[44 ] XU, sRAR Je, Bk AT, 45 il 47 2 38 00 5 1n] BE [

DZA4125 & 42 il BE 3 S ki se G A K B 52 (7). A s
Rk, 2023, 43(2): 17-24.
LIU G H, ZHANG X L, GENG X Q, et al. Effect of
withdrawal rates on temperature field and grain competi-
tive growth of directionally solidified DZ4125 alloy[J].
Journal of Aeronautical Materials, 2023, 43(2): 17-24.

[45] XTAO J, JIANG W, HAN D, et al. Effect of the spacial
dimensions on solidification defects in rejoined platform
of Ni-based single-crystal superalloy castings under dif-
ferent withdrawal rates[J]. Metallurgical and Materials
Transactions A, 2021, 52(7): 1-12.

[46 ] REDDY G, SAURABH K, KRISHNAN Y R. Numerical
simulation of CM247SX single crystal high pressure tur-
bine vane[J]. Materials Today: Proceedings, 2017,
4(8):7837-7847.

[47] 5%, ok, SIS, 25, DD6 ML Sl B B URE 22 17
SR FRRERAU I]. PR T AR, 2014(11): 15-22.
YANGL, LIJR, JIN HP, et al. Numerical simulation on
directional solidification process of DD6 single crystal
superalloy thin-walled specimen[J]. Journal of Materials
Engineering, 2014(11): 15-22.

[48 ] CHEN Y, BOGNO A, XIAO M N, et al. Quantitatively
comparing phase-field modeling with direct real time
observation by synchrotron X-ray radiography of the ini-
tial transient during directional solidification of an Al-Cu
alloy[J]. Acta Materialia, 2011, 60(1): 199-207.

[49] YUAN L, LEE D P. A new mechanism for freckle initia-
tion based on microstructural level simulation[J]. Acta
Materialia, 2012, 60(12): 4917-4926.

[50 ] REN N, PANWISAWAS C, LI J, et al. Solute enrich-
ment induced dendritic fragmentation in directional solid-
ification of nickel-based superalloys[J]. Acta Materialia,
2021, 215: 117043.

[s1] SRIAE, JAAEEH, B2, 55 i A 4 1] BE L 1 A
B A A A 5 ¥ BORT i BCERE L (0], 6 % U TR,

2023, 15(10): 13-20.

ZHANG Y J, ZHOU J X, YIN Y J, et al. Numerical sim-
ulation of dendrite growth and solute convection during
directional solidification of superalloy[J]. Journal of Net-
shape Forming Engineering, 2023, 15(10): 13-20.

[52]1 RAMIREZ C J, BECKERMANN C. Evaluation of a
rayleigh-number-based freckle criterion for Pb-Sn alloys
and Ni-base superalloys[J]. Metallurgical and Materials
Transactions A, 2003, 34(7): 1525-1536.

[53] REN N, LI J, PANWISAWAS C, et al. Insight into the
sensitivities of freckles in the directional solidification of
single-crystal turbine blades[J]. Journal of Manufactur-
ing Processes, 2022, 77: 219-228.

[54] MA, D X, WU Q, BUHRIG-POLACZEK A, et al. Some
new observations on freckle formation in directionally
solidified superalloy components[J]. Metallurgical and
Materials Transactions B, 2012, 43(2): 344-353.

[55] SUNY Q, REN Y, LIU R D. Numerical investigations of
freckles in directionally solidified nickel-based superal-
loy casting with abrupt contraction in cross section[J].
Results in Physics, 2019, 12: 1547-1558.

[56] ZHANG H J, LIU X S, MA D X, et al. Digital twin for
directional solidification of a single-crystal turbine
blade[J]. Acta Materialia, 2023, 244: 118579.

(571 VFIREZ, B FH. Bk it < I A [ 95 o oo e 5 7

WL A ALBIE 5 8 e (0] A2 &2 3hdL, 2021, 47(4)

141-148.

XU QY, XIA H X. Research progress on numerical sim-

ulation of directional solidification of nickel-based super-

alloy turbine blade[J]. Aeroengine, 2021, 47(4) : 141-

148.

VF AR, E 1] 35 151 P 88 L7 A0 O 8L L "7 4

HHAUATSE D] JEaT: iR, 2018.

XU Z L. Microstructure, mechanical properties and simu-

[58

[

lation of ceramic shell/core for directional solidification
[D]. Beijing: Tsinghua University, 2018.

2 SER. BRI BRI IR B 4 v S A A SR T S B
AL [D]. Jbat: il KRAE, 2016.

LI Z L. Experimental study and numerical simulation of

[59

[

static recrystallization of nickel base single crystal super-
alloy[D]. Beijing: Tsinghua University, 2016.

[60] HAN D Y, JIANG W G, XIAO J H, et al. Investigating
the evolution of freckles into sliver defects in Ni-based
single-crystal superalloy castings[J]. Materials Today
Communications, 2021, 27: 102350.

[61] XUWL, WANGF , MA D X, et al. Sliver defect forma-
tion in single crystal Ni-based superalloy castings[J].
Materials & Design, 2020, 196: 109138.

[62] AVESON J W, REINHART G, NGUYEN-THI H, et al.

Origins of misorientation defects in single crystal cast-


https://doi.org/10.3390/coatings13071225
https://doi.org/10.3969/j.issn.1001-4977.2023.02.005
https://doi.org/10.3969/j.issn.1001-4977.2023.02.005
https://doi.org/10.11868/j.issn.1005-5053.2022.000006
https://doi.org/10.11868/j.issn.1005-5053.2022.000006
https://doi.org/10.11868/j.issn.1005-5053.2022.000006
https://doi.org/10.11868/j.issn.1001-4381.2014.11.003
https://doi.org/10.11868/j.issn.1001-4381.2014.11.003
https://doi.org/10.11868/j.issn.1001-4381.2014.11.003
https://doi.org/10.1016/j.actamat.2012.04.043
https://doi.org/10.1016/j.actamat.2012.04.043
https://doi.org/10.1016/j.actamat.2021.117043
https://doi.org/10.1007/s11661-003-0264-0
https://doi.org/10.1007/s11661-003-0264-0
https://doi.org/10.1016/j.jmapro.2022.03.019
https://doi.org/10.1016/j.jmapro.2022.03.019
https://doi.org/10.1016/j.jmapro.2022.03.019
https://doi.org/10.1007/s11663-011-9608-0
https://doi.org/10.1007/s11663-011-9608-0
https://doi.org/10.1016/j.rinp.2019.01.056
https://doi.org/10.1016/j.actamat.2022.118579
https://doi.org/10.1016/j.mtcomm.2021.102350
https://doi.org/10.1016/j.mtcomm.2021.102350

55 1

B Rl < 1) B 11 i AR RS 5 i 59

ings: a time resolved in situ synchrotron X-ray radiogra-
phy study[J]. MATEC Web of Conferences, 2014, 14:
05003.

[63 ] NEWEL L, D’SOUZ A, GREEN N R. Formation of low
angle boundaries in Ni-based superalloys[J]. Interna-
tional Journal of Cast Metals Research, 2009, 22(1/4) :
66-69.

[64 ] YAMAGUCHI M, BECKERMANN C. Simulation of
solid deformation during solidification: compression of a
single dendrite[J]. Acta Materialia, 2013, 61(11): 4053-
4065.

[65] YAMAGUCHI M, BECKERMANN C. Simulation of
solid deformation during solidification: shearing and
compression of polycrystalline structures[J]. Acta Mate-
rialia, 2013, 61(6): 2268-2280.

[66] RENJK, CHEN Y, CAO Y F, et al. A phase-field simu-
lation of the solidification process under compression [J].
Journal of Materials Research and Technology, 2021, 13:
2210-2219.

[67] YANG L W, REN N, LIJ, et al. Thermal-solutal convec-
tion-induced low-angle grain boundaries in single-crystal
nickel-based superalloy solidification[J]. Journal of
Materials Science & Technology, 2025, 208: 214-229.

[68 ] KURZ W, GIOVANOLA B, TRIVEDI R. Theory of
microstructural development during rapid solidifica-
tion[J]. Acta Metallurgica, 1986, 34(5): 823-830.

[69] LIU Z, SUN H, XU F, et al. Parameters determination of
grain microstructure prediction for a single crystal cast-
ing simulation and its experimental validation[J]. Inter-
national Journal of Metalcasting, 2018, 12(4): 861-869.

[ 70 ] SZELIGA D, KUBIAK K, BURBELKO A, et al. Model-
ing of directional solidification of columnar grain struc-
ture in CMSX-4 nickel-based superalloy castings[J].
Journal of Materials Engineering and Performance, 2014,
23(3):1088-1095.

[71 ] TORFEH M, MIRBAGHERI H M S, NAKHODCHI S,
et al. Experimental and numerical analysis of microstruc-
ture and high-temperature tensile behavior of a direction-
ally solidified superalloy[J]. Journal of Materials Engi-
neering and Performance, 2021, 30(2): 1-14.

[72] DURGA A, DAI H, HUANG S, et al. Grain structure
prediction for directionally solidified
castings[J]. JOM, 2020, 72(5): 1785-1793.

[73] GUO Z, ZHOU X J, YIN J Y. Multi-scale coupling simu-

lation in directional solidification of superalloy based on

superalloy

cellular automaton-finite difference method[J]. China
Foundry, 2017, 14(5): 398-404.

[74] ZHANG H, XU Q Y. Simulation and experimental stud-
ies on grain selection and structure design of the spiral

selector for casting single crystal Ni-based superalloy [J].

Materials, 2017, 10(11): 1236-1254.

[75] WANG N, LIU L, GAO S, et al. Simulation of grain
selection during single crystal casting of a Ni-base super-
alloy[J]. Journal of Alloys and Compounds, 2014, 586:
220-229.

[76 ] ELLIOTT J A, POLLOCK M T, TIN S, et al. Direc-
tional solidification of large superalloy castings with radi-
ation and liquid-metal cooling: a comparative assess-
ment[J]. Metallurgical and Materials Transactions A,
2004, 35(10):3221-3231.

[77] GAO S F, LIU L, ZHANG J. Simulation of stray grain
formation at the platform during Ni-base single crystal
superalloy DD403 casting[J]. China Foundry, 2015,
12(2): 118-122.

(78 1 i, XUAK, Wi /NaX, 45, SR il 15 48 0 1) B ] i e

A BBk B DF ST IR L], APRERL 2 5 TR 4R, 2018,
28(1): 145-151.
GAO S F, LIU L, HU X W, et al. Review of freckle
defects under directional solidification of nickel-based
superalloys [J]. Journal of Materials Science & Engineer-
ing, 2018, 28(1): 145-151.

[79 ] ZHANG H, XU Q, LIU B. Numerical simulation and
optimization of directional solidification process of sin-
gle crystal superalloy casting [J]. Materials, 2014, 7(3):
1625-1639.

[80] SAADATI A, MALEKAN M. Static solid cooling
(SSC) method for directional solidification and single
crystal production: a CAFE simulation approach[J].
Journal of Materials Research and Technology, 2024, 33:
9898-9910.

[ 811 KAVOOSI V, ABBASI S, MIRSAED G S, et al. Influ-
ence of cooling rate on the solidification behavior and
microstructure of IN738LC superalloy[J]. Journal of
Alloys and Compounds, 2016, 680: 291-300.

(82 ] # SC, HHEMG, SO, 25, ANTRIRSEZH 28 o R o] o 5

s R 7 1) B [ 3 R P i 8 1 S L UL () Ay &
JE RS TR, 2023, 52(11): 3847-3856.
YANG W C, SA S P, HAO W S, et al. Temperature field
and microstructure simulation of directional solidifica-
tion process of single crystal blade prepared efficiently
with different module structures[J]. Rare Metal Materi-
als and Engineering, 2023, 52(11): 3847-3856.

(83 ] HHCHEMS, A7 3, Ze57 i, 5. iR HES 7 00 —Fh e g

AR S B R 2 S A B E AR T O] b
FERHRLIE R, 2024, 43(10): 871-878.
SA S P, YANG W C, QIN J R, et al. Numerical smula-
tion of blade arrangement on stray grains in a fourth-gen-
eration single crystal superalloy blade[J]. Materials
China, 2024, 43(10): 871-878.

[84 ] LIUK L, WANG J S, YANG Y H, et al. An integrated


https://doi.org/10.1051/matecconf/20141405003
https://doi.org/10.1016/j.actamat.2013.03.030
https://doi.org/10.1016/j.actamat.2012.12.047
https://doi.org/10.1016/j.actamat.2012.12.047
https://doi.org/10.1016/j.actamat.2012.12.047
https://doi.org/10.1016/j.jmrt.2021.05.081
https://doi.org/10.1016/0001-6160(86)90056-8
https://doi.org/10.1007/s40962-018-0220-9
https://doi.org/10.1007/s40962-018-0220-9
https://doi.org/10.1007/s11665-013-0820-8
https://doi.org/10.1007/s11837-020-04080-0
https://doi.org/10.1007/s41230-017-7146-3
https://doi.org/10.1007/s41230-017-7146-3
https://doi.org/10.3390/ma10111236
https://doi.org/10.1016/j.jallcom.2013.10.036
https://doi.org/10.1007/s11661-004-0066-z
https://doi.org/10.3390/ma7031625
https://doi.org/10.1016/j.jmrt.2024.12.006
https://doi.org/10.1016/j.jallcom.2016.04.099
https://doi.org/10.1016/j.jallcom.2016.04.099
https://doi.org/10.12442/j.issn.1002-185X.20220837
https://doi.org/10.12442/j.issn.1002-185X.20220837
https://doi.org/10.12442/j.issn.1002-185X.20220837
https://doi.org/10.12442/j.issn.1002-185X.20220837
https://doi.org/10.12442/j.issn.1002-185X.20220837

60 =

L7 S S

545 3

microporosity model of 3D X-ray micro-tomography and
directional solidification simulations for Ni-based single
crystal superalloys[J]. Computational Materials Science,
2021, 188:110172.

[85] YANG X, DONG H, WANG W, et al. Microscale simu-
lation of stray grain formation in investment cast turbine
blades[J]. Materials Science & Engineering: A, 2004,
386(1/2):129-139.

[86] YAN X W, XU Q Y, LIU B C. Numerical simulation of
dendrite growth in nickel-based superalloy and validated
by in-situ observation using high temperature confocal
laser scanning microscopy[J]. Journal of Crystal
Growth, 2017, 479: 22-33.

[87] STEINBACH 1, PEZZOLLA F. A generalized field
method for multiphase transformations using interface
fields[J]. Physica D, 1999, 134(4): 385-393.

[88] EIKEN J, BOTTGER B, STEINBACH 1. Multiphase-
field approach for multicomponent alloys with extrapola-
tion scheme for numerical application[J]. Physical
Review E, 2006, 73: 066122.

[89] YANG C, XU Q Y, LIU B C. Primary dendrite spacing
selection during directional solidification of multicompo-
nent nickel-based superalloy: multiphase-field study[J].
Journal of Materials Science, 2018, 53(13): 9755-9770.

[90] WANG W, LEE P, MCLEAN M. A model of solidifica-
tion microstructures in nickel-based superalloys: predict-
ing primary dendrite spacing selection[J]. Acta Materi-
alia, 2003, 51(10):2971-2987.

[91 ] WARNKEN N, MA D, DREVERMANN A, et al. Phase-
field modelling of as-cast microstructure evolution in
nickel-based superalloys[J]. Acta Materialia, 2009,
57(19): 5862-5875.

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

[93] GUO C W, LI JJ, YU H L, et al. Branching-induced
grain boundary evolution during directional solidification
of columnar dendritic grains[J]. Acta Materialia, 2017,
136: 148-163.

[94] GUO C W, WEN K R, WANG J C, et al. Competitive
growth of diverging columnar grains during directional
solidification: a three-dimensional phase-field study[J].
Computational Materials Science, 2022, 210: 111061.

[95] YANG C, XU Q, LIU B. GPU-accelerated three-dimen-
sional phase-field simulation of dendrite growth in a
nickel-based superalloy[J]. Computational Materials Sci-
ence, 2017, 136: 133-143.

[96 ] YANG C, XU Q, SU X, et al. Multiphase-field and
experimental study of solidification behavior in a nickel-
based single crystal superalloy[J]. Acta Materialia,
2019, 175: 286-296.

(97 1 SKAL. BA AR e Tl 15 4B R 7 17 5 [ 22 R85 A ADL B

TEAAD]. Lt R, 2014,
ZHANG H. Multi-scale numerical simulation and pro-
cess optimization of directional solidification of single
crystal superalloy blade[D]. Beijing: Tsinghua Univer-
sity, 2014.

[98] YAN X, XU Q, TIAN G, et al. Multi-scale modeling of
liquid-metal cooling directional solidification and solidifi-
cation behavior of nickel-based superalloy casting[J].
Journal of Materials Science & Technology, 2020, 67:
36-49.

[99 ] SHIBUTA Y, SAKANE S, TAKAKI T, et al. Submi-
crometer-scale molecular dynamics simulation of nucle-
ation and solidification from undercooled melt: linkage
between empirical interpretation and atomistic nature[J].
Acta Materialia, 2016, 105: 328-337.

Wik H 9= 2025-05-30; 5% H 481: 2025-08-08

FBIUH  F A & 3 R AR R 22 A0 H (2022YFB370
8100)

WIRAER: A (1987—), T, 11, AFsR A, BF5E 7 10 R
BRI R S AR U, W R MhE: JE T 81 {54R | 4048
(100095), E-mail: yunsongzhao@163.com; Wk (1982—),
B, W, B, BE5E 7 10 R R A bR S 4B, 3R R
ks AU UE X 2B 30 S AU R RAEM R 5 T
F224BE (100083 ), E-mail: zhihao-yao@163.com

(ALirsh: E4AW)


https://doi.org/10.1016/j.commatsci.2020.110172
https://doi.org/10.1016/j.jcrysgro.2017.09.020
https://doi.org/10.1016/j.jcrysgro.2017.09.020
https://doi.org/10.1103/PhysRevE.73.066122
https://doi.org/10.1103/PhysRevE.73.066122
https://doi.org/10.1007/s10853-018-2236-1
https://doi.org/10.1016/S1359-6454(03)00110-1
https://doi.org/10.1016/S1359-6454(03)00110-1
https://doi.org/10.1016/S1359-6454(03)00110-1
https://doi.org/10.1016/j.actamat.2009.08.013
https://doi.org/10.1016/j.actamat.2011.11.037
https://doi.org/10.1016/j.actamat.2017.07.002
https://doi.org/10.1016/j.commatsci.2021.111061
https://doi.org/10.1016/j.commatsci.2017.04.031
https://doi.org/10.1016/j.commatsci.2017.04.031
https://doi.org/10.1016/j.commatsci.2017.04.031
https://doi.org/10.1016/j.actamat.2019.06.025
https://doi.org/10.1016/j.actamat.2015.12.033
mailto:yunsongzhao@163.com
mailto:zhihao-yao@163.com
mailto:zhihao-yao@163.com

	1 定向凝固过程的温度场模拟
	1.1 主要定向凝固方法
	1.2 宏观温度场计算模型
	1.3 定向凝固温度场特点
	1.4 温度场模拟在工艺优化中的应用

	2 定向凝固过程的流场与溶质传输模拟
	2.1 金属液流动和溶质传输计算模型
	2.2 溶质传输模拟
	2.3 流场模拟

	3 定向凝固铸件的应力与应变模拟
	3.1 宏观应力、应变场计算模型
	3.2 铸件宏观应力、应变分布特点
	3.3 铸件枝晶组织应力分布特点

	4 定向凝固铸件的组织模拟
	4.1 元胞自动机法
	4.1.1 计算模型
	4.1.2 CA法模拟晶粒组织
	4.1.3 CA法模拟枝晶组织

	4.2 相场法
	4.2.1 计算方法
	4.2.2 相场法模拟凝固过程的枝晶与溶质偏析行为

	4.3 宏-微观多尺度耦合组织模拟

	5 结论与展望
	参考文献

