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Research Progress in Microsegregation Modelling of Alloy Solidification
ZHAQO Guangwei, SHI Zengmin, YE Xicong, LIU Wenjun

(College of Mechanical and Material Engineering, China Three Gorges University, Yichang 443002)

Abstract The research on microsegregation modelling of the alloy solidification is comprehensively reviewed.
The representative work and the latest research progress in this field are introduced, including the typical microseg-
regation model for binary alloy, the model for multicomponent alloy and the microsegregation modelling coupled with
phase diagram calculation. The effects of the dendritic morphology, solid back diffusion and the thermodynamic data
acquisition efficiency on microsegregation simulation are discussed. And the further research needed in this area of the
issues is prospected.

Key words solidification, microsegregation, modelling, multicomponent alloy, calculation of phase diagrams

Scheil” ; Scheil ¢ (1),

’ o S(,hell
s ,  Leverrule s (2) s
) (4. 6]
. s C.=C,fL" " (@)
’ ’ ’ (jl‘:(:o/[(l_k)[1+k] (2)
’ 7”0 :CL ;CU ;fL ;}\’
s N s Gulliver-Scheil
, y [7.8] s
b (j L[)J ’
e, Lever-rule . Lo—10] “
. ( ) ” N “ ” “ ”
s , Gulliver-
s . Scheil Lever-rule ,
[3—5] , 20 . Kraft
» Scheil ,Lever-rule  Gulliver Scheil
, “Gulliver- .
(51201093); (KJ2011B032)

,1981 s s E-mail: zgwhit@163. com



/ .« 119 -«
Ls-4.7.10] , Dg—>0  Dg—>co Gulliver-
Brody Y Scheil  Lever-rule . Nastac ' s
, (3 [23] s :
s B-F . . s Scheil
C: :koco[l*(172(1&))][5](&”71) (2t (3) H .
:C§ sa i fs N
B-F > Clyne- 1 (4) @
(12 les (13] . (14 —Be
Kurz » Ohnaka + Voller + VollerBe Table 1 The expressions of parameter @ corresponding
[15.16] _ [17] .
ckermann » Won-Thomas » Daming Xu to the models expressed by Eq. (4)
bet9l 5 Clyne-Kurz ~ M% .B-F
D
B ’ ° Gulliver-Scheil =0 [4,6]
’ Lever-rule =1 [4,6]
, Fe-0. 62C.Fe-0. 1C .
] Brody-Flemings d=2a [11]
. Ohnaka L1sd
. &= 2a[1—exp(—1/a)]—
R Clyne-Kurz [12]
expl —1/(2a) ]
R Fe-1. 52Mn.Fe-0. 13C
Ohnaka d= A+ /(1 +A+0a) [13]
' ) Voller &= 2a/[(1—fu)'+200] [14
£e<0. 9 . ¢ / ¢ :
) Voller-Beckermann o N
Ohnaka , Voller t14] s O=2a" /[(1— f.)*+2a" ] [15,16]

. Voller-Beckermann

’ ’

. Won-Thomas =g
Clyne-Kurz s
. Daming Xu'®'"
Fick
b (4) b
@ 2 1
=Gl =gk £]0 70 e @
: D .
. 1
,Bower 7 Gulliver s
. BBF R
. (SBD)

. Kobayashi "

N ’ ’

O= 2qa" [ 1— (—1/a")]—
Won-Thomas « Llmew /e [17]
exp[—1/(2a")]

Daming Xu D=0~ ¢ /(1+0 - ) [18,19]
2425 [24]
. ‘MnS
o [25 ’
/
R [18.24] Fick
2
2.1
. Mehrabian ™% 1970 Gulliver-Scheil

Ni*Al*CLl 1)
R , Sharp

[27.28]



e 120 - A 2014 2 C ) 28 2
. Lacaz ¥ B-F ) Fe-18Cr-8. 5Ni
(1] Al-Cu-Si-Mg . Wolf . Boettinger Gulliver-Scheil Ni-Al-
[30.31] , Ta .
s CALPHAD
B-F B Clyne-Kurz 2 s
Ogilvy % , .
s Xie MY Thermo-Calc Al-Cu-Mg
, , . . ,Yan [
. Howe [ )
o s PanEngine .
, , Al4, 5Cu-1Si-0. 5Mg  Al70571%)
. . Matsu- ,
miya BV , Gulliver-Scheil . Cefalu
, , Kobayashi bl s
. . 3 Ni-Cr-Mo “ oo 7
Lacaze % , s s ,
) . . Vusanovi M Al
Roosz 7 Al-Cu-Mg , ,
. . Al1. 155i-1Mg
; . JMATPRO
s s Lever- .
rule . Dupont % Du b R
Gulliver-Scheil ~ Level-rule “ Led s
, 3 Thermo-Calc ,
. . . Larouche FY
. Thuinet " Thermo—Calec  “Windows ”
) . TC-API . 0 0.5,
s . Gulliver-Scheil Lever-rule .
Fe-Ni-C Ohnaka [z Al-
tol, Ni C 4,5Mg-0. 35Mn . DICTRA
2.2 o
s ro) Panda (Lever-rule)
s s (Gulliver-Scheil) Al356. 1
, / ) , / .
o N . Al-Fe-Mg-Mn-Si
Miettine [V . Panda
, , . [52] 3
. . , Al-Si-Mg )
, . CALPHAD
, Ohsasa M Al-2. 06Si-1. 58Mg
; : 3 B N

( . Gulliver-Scheil .

’

[54]



« 121 -

(CA )
s Al-4. 5Cu-0. 5Mg-1. 0Si

PanEngine

o L}

CA

PanEngine o

[55—57]

9«

., Fe-V-Cr,Al-Cu-Si, Al-Cu-Mg
Si-Mg ,
.1 [55] AF1. 0Cu-6. 3Mg
¢, (n=Mg Cuw o
0.35

0.30 + —— i =1 b =

0.20
0.15}

0.10 F

Mass fraction of Cu

0.05

0.20 0.25 0.30 035 0.40

Mass fraction of Mg
AF1. 0Cu-6. 3Mg
[s5]

0.00 y
0.05 0.10 0.15

1 D, oAl

Fig.1 Solidification paths of AF1. 0Cu-6.3Mg alloy on the
o-Al liquidus surface with different solid-back

diffusion parameter @,

Doré % “mapping” ,

ping” . ,

ping” s °

CPU > . Du [
Al-Cu-Mg s ’
Al-Cu-Mg .

“mapping’

[60]

s ’ “ map—

ping” . s

(D o

CPU ,

(2 o

(3 o

CALPHAD >

(2]

10

[M].
,2004:1
(1] 22002(8) :39
Kraft T, Chang Y A. Predicting microstructure and micro-
segregation in muticomponent alloys[J]. J Minerals, Me-
tals Mater Soc,1997.49:20
Battle T P. Mathematical modelling of solute segregation in
solidifying materials[J]. Int Mater Rev,1992,37(6) ;249
Kraft T, Exner H E. Numerical simulation of solidification,
Part 1. Microsegregation in binary alloys[]]. Z Metallkd,
1996,87:598
Flemings M C. Solidification processing[ M]. New York:
McGraw-Hill Inc,1974 .31
Battle T P, Pehlke R D. Mathematical modeling of microse-
gregation in binary metallic alloys [J]. Metall Trans B,
1990,21.357
Geiger G H, Poirier D R. Transport phenomena in metallur-
gy[ M]. Menlo Park: Addison-Wesley Publishing Company,
1973.431
Dupont J] N, Robino C V, Marder A R, et al. Solidification
of Nb-bearing superalloys: Part [[. Pseudoternary solidifi-
cation surface[ J]. Metall Mater Trans A, 1998,29 (11):
2797
Du Y. Chang Y A, Liu S H, et al. Thermodynamics de-
scription of the Al-Fe-Mg-Mn-Si system and investigation of

microstructure and microsegregation during directional soli-



122 -

2014 2 C ) 28 2

11

12

13

14

16

17

18

19

20

21

22

23

24

26

27

dification of an Al-Fe-Mg-Mn-Si alloy[J]. Z Metallkd,2005,
96(12):1351

Brody H D, Flemings M C. Solute redistribution in dendri-
tic solidification[ ] ]. Trans Metall Soc AIME, 1966, 236
615

Clyne T W, Kurz W. Solute redistribution during solidifica-
tion with rapid solid state diffusion[J]. Metall Trans A,
1981,12:965
Ohnaka 1.
during solidification with diffusion in solid phase[J]. ISIJ
Trans,1986.26.:1045

Mathematical analysis of solute redistribution

Voller V R. A semi-analytical model of microsegregation in
a binary alloy[J]. J Cryst Growth,1999,197.:325

Voller V R, Beckermann C. A unified model of microseg-
regation and coarsening[ J |. Metall Mater Trans A,1999,30
(8):2183

Voller V R, Beckermann C. Approximate models of micro-
segregation with coarsening [J]. Metall Mater Trans A,
1999.30:3016

Won Y M, Thomas B G. Simple model of microsegregation
during solidification of steels[]J]. Metall Mater Trans A,
2001,32:1755

Xu D M. A unified microscale parameter approach to solidi~
fication-transport process-based macrosegregation modeling
for dendritic solidification: Part | . Mixture average-based
analysis[ ] ]. Metall Mater Trans B,2001,32:1129

Xu D M. A unified micro-scale parameter approach to solidi~
fication-transport process-based macrosegregation modeling
Part [I.
computations[ J |. Metall Mater Trans B,2002,33:451
Bower T F, Brody H D. Flemings M C. Measurements of
solute redistribution in dendritic solidification [J]. Trans
Metall Soc AIME,1966,236:624

Kobayashi S. A mathematical model for solute redistribution
during dendritic solidification[ J]. ISIJ Int,1988,28:535

Nastac L, Stefanescu D M. An analytical model for solute

for dendritic solidification: Numerical example

redistribution during solidification of planar, columnar, or
equiaxed morphology[J]. Metall Trans A,1993,24:2107

’ s s

(Il +2003,35(10)
1156

XuD M, GuoJ J, Fu H Z. A unified microsegregation e~
quation deduced from a multi-scale dendrite solidification
model[ C]// Proceedings of the 5th Decennial International
Conference on Solidification Processing. Sheffield,2007:94
(Il
Mehrabian R. Flemings M C. Macrosegregation in ternary
alloys[J]. Metall Mater Trans B,1970,1(2):455

Sharp R M, Flemings M C. The composition of interden-

,2006,55(7):699

28

29

30

31

32

33

34

36

37

38

39

40

41

42

43

dritic eutectic[ J]. Metall Trans,1973,4(4).997

Sharp R M, Flemings M C. Solute redistribution in cellular
solidification[ J]. Metall Trans,1974,5(4) :823

Lacaze J, Lesoult G, Relave O, et al. Thermodynamics and
solidification of Al-Cu-Mg-Si alloys[J]. Z Metallkd, 1987,
78.141

Wolf M, Kurz W. The effect of carbon content on solidifica-
tion of steel in the continuous casting mold[ J]. Metall Trans
B.1981,12(1) .85

Clyne T W, Wolf M,Kurz W. The effect of melt composition
on solidification cracking of steel, with particular reference
to continuous casting[J]. Metall Trans B,1982,13(2):259
Ogilvy A J, Kirkwood D H. A model for the numerical com~
putation of microsegregation in alloys[J]. J Appl Sci Res,
1987.,44 .43

Howe A A. Micro-segregation in peritectic alloys [ M]//
Rappaz M, et al. Modeling of casting, welding and ad-
vanced solidification processes V. Davos,1991:461
Matsumiya T. Mathematical analysis of segregation and
chemical compositional changes of nonmetallic inclusions
during solidification of steels[J]. Mater Trans, 1992, 33
(9).783

Kobayashi S, Tomono H, Gunji K. Mathematical analysis
of solidification process with consideration on solute segrega-
tion[ J]. ISIJ Int,1988,28(3):214

Lacaze J, Lesoult G. Modelling the development of microse-
gregation during solidification of an Al-Cu-Mg-Si alloy[ ] ].
IS1J Int,1995,35(6) :658

Roosz A, Exner H E. Numerical modelling of dendritic so-
lidification in aluminimrrich Al-Cu-Mg alloys[ J]. Acta Me-
tall Mater,1990,38(2) :375

Dupont J N. Mathematical modeling of solidification paths in
ternary alloys: Limiting cases of solute redistribution[J].
Metall Mater Trans A,2006,37(6):1937

Thuinet L, Combeau H. A new model of microsegregation
for macrosegregation computation in multicomponent steels.
Part [ : Theoretical formulation and algorithm[J]. Comput
Mater Sci,2009,45(2) :294

Thuineta L, Combeau H. A new model of microsegregation
for macrosegregation computation in multicomponent steels.
Part [ : Application to Fe-Ni-C alloys[J]. Comput Mater
Sci,2009,45(2) :285

Miettinen J. Mathematical simulation of interdendritic solidi-
fication of low-alloyed and stainless steels[ J]. Metall Trans
A,1992,23:1155

Ohsasa K, Nakaue S, Kudoh M, et al. Analysis of solidifi-
cation path of Fe-Cr-Ni ternary alloy[ J]. ISIJ Int,1995,35
(6):629

Boettinger W J, et al. Analysis of solidification path and mi-

crosegregation in multicomponent alloys[ M]// Thomas B



« 123 -

44

46

47

48

49

50

51

52

G, Beckermann C. Modeling of casting, welding and ad-
vanced solidification processes \ll. San Diego,1998:159

Xie F Y. Kraft T, Zuo Y. et al. Microstructure and micro-
segregation in Alrich Al-Cu-Mg alloys[J]. Acta Mater,
1999,2.489

Yan X, Chen S, Xie F, et al. Computational and experimen-
tal investigation of microsegregation in a Alrich Al-Cu-Mg-
Si quaternary alloy[J]. Acta Mater,2002,50:2199

Xie F Y, Yan X Y, Ding L, et al. A study of microstructure
and microsegregation of aluminum 7050 alloy[ J]. Mater Sci
Eng A.2003,355:144

Shawn C A, Krane ] M. Microsegregation in open and
closed multicomponent systems[ J]. Mater Sci Eng A,2003,
359:91

Vusanovi I, Sarler B, Krane M M. Microsegregation du-
ring the solidification of an Al-Mg-Si alloy in the presence of
back diffusion and macrosegregation[ J ]. Mater Sci Eng A,
2005,413-414.217

Du Q, Eskin D G, Jacot A, et al. Two-dimensional model-
ling and experimental study on microsegregation during so-
lidification of an Al-Cu binary alloy[J]. Acta Mater, 2007,
55:1523

Du Q, Jacot A. A two-dimensional microsegregation model
for the description of microstructure formation during solidi-
fication in multicomponent alloys: Formulation and beha-
viour of the model[J]. Acta Mater,2005,53:3479

Larouche D. Computation of solidification paths in multi-
phase alloys with back-diffusion[J]. Calphad,2007,31:490

. Al-Si-Mg

bl ’

54

56

57

59

60

[J]. ,2003,13(6) :

1483

3 Jie W Q, Zhang R J, He Z. Thermodynamic description of

multi-component multi-phase alloys and its application to the
solidification process[J]. Mater Sci Eng A, 2005,413-414;
497

[Jl

Lyl ,2011,47(9) ;1135
Thermo-Calc
2009,45(8) :956

Zhao Guangwei, Li Xinzhong,et al. Thermo-Calc based mul-

,2008,44(10) ;1175

[J]- b

ticomponent microsegregation model and solidification paths
calculations[ J]. China Found,2012,3:269

Doré X, Combeau H, Rappaz M. Modelling of microseg-
regation in ternary alloys: Application to the solidification of
Al-Mg-Si[J]. Acta Mater,2000,48:3951

Du Q. Eskin D G, Katgerman L. An efficient technique for
describing a multi-component open system solidification path
[J]. Calphad,2008,32.478

Zhao Guangwei, L.i Xinzhong, Xu Daming, et al. Numerical
computations for temperature, fraction of solid phase and
composition couplings in ternary alloy solidification with
three different thermodynamics data-acquisition methods[J].
Calphad,2012,36:155

(
22

23

24

26

27

28

117 )
Junji Saida, Mitsuhide Matsushita, Akihisa Inoue. Direct ob-
servation of icosahedral cluster in Zr70Pd30 binary glassy
alloy[J]. Appl Phys Lett,2001,79(3) ;412
Miracle D B. The efficient cluster packing model-an atomic
structural model for metallic glasses[ ] ]. Acta Mater, 2006,
54(16) .4317

[D].
,2010
s s , .Cu Cu-Zr-Al
[Jl. ,2004,40(11) 1183
) Cu-Zr(HD
[D]. ,2006
[D].
,2012

Dong M A, Alexandru Dan Stoica, Wang Xunli, et al. Effi-

cient local atomic packing in metallic glasses and its correla-

29

30

31

32

33

tion with glass-forming ability[J]. Phys Rev B,2009,80(1):
14202

Hua Tian. Ab Initio molecular dynamics simulation of binary
Cu64Zr36 bulk metallic [J]. J Appl Phys,2011,109(12):
123520

Zhang Jie, Wang Qing, Wang Yingmin, et al. Revelation of
solid solubility limit Fe/Ni= 1/12 in corrosion resistant Cu-
Ni alloys and relevant cluster model[ J]. ] Mater Res, 2010,
25(2).:328

, . . Nb Ti-Mo-Nb-Zr-Sn BCC
L1l
,2012(12) 3378
[Jl. ,2012(10) ;1201
. Cu-Ni
[D]. ,2010
( )



