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ABSTRACT A model for predicting the microsegregation of ternary alloys was developed via
extending a previously proposed unified microsegregation model for binary alloys. The present mul-
ticomponent/multiphase model retains the advanced features of the previous binary microsegregation
model, in which the unified microscale parameter Φ takes a general function form to account for more
possible influential factors, including the partition coefficient, solid fraction, solid diffusion coefficient,
dendrite geometrical morphologies and solidification rate, etc.

The algorithms for calculating the solidification paths of ternary isomorphous and eutectic alloys
were proposed, which closely couples with a commercial software package/database of Thermo–Calc
via its TQ6–interface in order to directly access to thermodynamic data needed in the multicompo-
nent/multiphase solidification path computations. In the solidification of primary phase and three
phases eutectic, solid fraction fs was selected to be a control variable when solving the equations
of the microsegregation models, while in the solidification of two phases eutectic, temperature was
selected to be a control variable as the relationship between the concentrations of solutes B and C
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was unknown. In each calculation iterative step, the names and number of the equilibrium phases were
obtained from Thermo–Calc, and then saved and compared with the calculation results of the previous
step. As the names and number of the equilibrium phases in each solidification stage of ternary eutectic
alloys are different, the three solidification types were determined by comparing with the results in the
computation process.

The availability and reliability of the proposed multicomponent/multiphase model and algorithms
were demonstrated by sample computations for the solidification paths of Fe–40V–40Cr, Al–4.5Cu–1Si,
Al–10Cu–2.5Mg and Al–1.49Si–0.64Mg (mass fraction, %) alloys under different solidification/cooling
rates, and by comparisons with the experimental results of quantitative measurements of corresponding
solidification microstructures.
KEY WORDS multicomponent/multiphase solidification path, microsegregation, Thermo–Calc
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T ;Pn3y�N��1B>\g+5�>�℄℄, ��L�xPu�o|vV"1�1%, ��N��1`,gq'm=W, 3�g7ZN�mWvNIg�1{&&
,�zgIlJ&>�. ��&>��\gN��,�%/�NN�, _I��%N��1%gxPu�iZ��zg.�%N��1u�b�Ogw 70 �W, Fujii j [1]f�)(�Y4�%>� Scheil J Lever–rule�1�℄, q'YkN��gU5�>. ��%N�+5�>m�1%gu�b� 1970�, MehrabianJ Flemings[2]f� Scheil �℄"1Y Ni–Al–Cu G%N��1%.��B!g�>�℄5��%N�g�1<Qox+, ÆJ((,��%N��gx+C��GI [2,3]. 	k�+5�>�℄gq'.C.VB, DIYh�5fI�_r�I�N℄m1N�BIjÆ�g�℄ [4−8]. �\, +[N�<Qou�rtgDIm_�℄�/Y�%N��1��<Qox+5�g8�, ÆJ.C.�g�>�℄,�Y�1<Qo{Nu�rt [5−11]. qK, E�g+5�>�℄mj9g<Qox+i� E�:6g�%/�NN����1%�	�eg.

Xu j [12−14] ℄DY�`5f=�1N�BIm=�I�_rg+5�>���℄. �6f�6J [12]g��}O, �OYxuG%1�/)�N��N�1g+5�>�℄, �6JfFO+�Y{N<Qou�D�
Thermo–Calc m#x+?g�%/�NN��1%g�	. �B_Nu�, ��N�g_w���`�����℄�`Y�w.

1 �P/�F,)HN��1\g+5�>`,��1gWv*N2. �
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– 1 – 1�jG%)�℄N�g�1�� [15].

1.1 �R�G.��A�0D+J�%YN�1g�Y4�%ggW��%N�gYN�1D�. [Yj A–B–C G%N��!t%�BI�xg
Zx�\, ��Yt% i(i=B d C) :����	C6J [12—14] \g+5�>u�:
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Fig.1 Schematic growth of α–dendrites and binary eutec-

tic (α+β) in a ternary solidification system (ternary

eutectic (α + β + γ) may form from a part of the in-

terdendritic liquid phase (L) in a later solidification

stage)

�$g�w%�, nWj)��1\BYNg�i�x$�; (c) ;3�id~iTN)�G+tMg3U�Y8U�U, n��1�wHN (A! 1 e); (d) Yj)�tMTN�gQUBI, R5f α, β TN)�tM!n
(tY8Ug1N�BI, �%/�N�1��
)�tMg~/��- λα/β �6++W�#BYNtMgI��- d2. f�	O}T, :�)�tMjY,�`1N�Y, M�:��d_ACjY)�1NY8g+5�>u� (i=B d C):
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1.3 3G��.��A�0D+J��}v�1�w<Qo)(�S (�6�sg7�1��Ciorg), #+Ng, G%N�6GN)��1\#1/��wGgn�z, 0, 961/��wG!Ng:���?G%)�pg�S:�$�, n
C3E

Li ≡ CTE
Li (i = B, C) (11)

2 8V�:	�f�)(�1�w<Qo�Sg}T, G%) – ) –)℄N���O6k 7 `:�g�1%tN: (1) Y�gYN�1; (2) Y�gTN)��1; (3) Y�gGN)��1; (4) YN�1 → TN)��1; (5) YN�1 →GN)��1; (6) TN)��1 → GN)��1; (7)YN�1 →TN)��1 → GN)��1. Æ�G%)�N��1%gE9�	���/H�1g$bp, !�1�|
g�1$Qp��1U	m!�1���gh�j8�.

2.1 .�17���<�1%gu�pEz=_�1g$bp	k8E
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Calc-��N4zg	:u�D�1$bpg4z�1N`Dm#:�. J%, G%)�N��1B>\�SNgx���1��D℄i����g, ÆJ:	#+�SNgx�C9vN�g�1��.

2.2 �G.���<G%��\YN�1\, 1/��wgn�z, 2, ��6N!O, �1:	6��YN/g�NwO�`, ÆJ, $�g�1��C, �1Um�J℄Ug�1%i$�g. ,�g�1Ui�B-�+5�>>tC9vg, #+J\+5�>>tg�p, �6	1N�i�x fs x,=W�V, ���vg fs ,��$wprW	�[16] C�`xP-�. 6s�&grW2�\, EL� Thermo–Calc�`�Su�Cd�:���g4z��S�1Nm#t::�j, :Wu��S���x�BI�xj. 6u�\, sLrW'0�1N�x fs Ju�d_g�SN�`�}: fs ≥ 1 9�|�1�v, ℄Qu�; fs < 1, +�SN�'�1��g�SN$�, 9�|�z�BZg�1���|, ez-�Zg��D℄

m��gZg�1$bp. �6�B6TN)�*T/�
fs �V�`��	N�Su�Cd�+.

2.3 $G��.���<TN)��1\, 1/��wgn�z	, 1, ��6G%N!O, �1�tkTN)�*g<�1L�`, n
B, C Tt%g:�or�vgGx-v2�. ��Tt%:��g-v2�i0Jg, .6TN)��1\, 	�N4zx,=W�V. 6"v4zC, L� Thermo–

Calc :pE�dD�N:��TN)��1Ng`Dm#t:. 6u�B>\, [ fs < 1, +�SN,G 1N\, {|TN)��1�v, ���BGN)��1. J\, ��GN)��1\g 4  �SN�!9v, :dG%)�pGg�N:��4zm1N:�.

2.4 3G��.���<�BGN)��1, J\R_)(�S, 1/��wgn�z��&	, 0,��4z, ��1N:�0�?$�,N_�1�v. ÆJ, >:	1N�x,=W�V, �&8 ∆fs �Lu�, #Æ!.x6�1B>\$��. pOu, �6G%)�N��1%q��	`>!A! 2e.

? 2 F$(�M��0b$t�_=
Fig.2 Flow chart of solidification path calculation for a ternary eutectic system
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3.1 �<5#OuG%)�℄�1��g�N+5�>�℄m�1%�	, j��$E	���g�`DgG%N��1��. �6k3�1 – 1 – 1�(Fe–40V–40Cr(YV�x, %, C�)) J�) – ) – )�(Al–4.5Cu–1.0Si J
Al–10Cu–2.5Mg)AT`G%�1���`u�, u��g.x�� 1. ! 3 , Fe–40V–40Cr N���$�1N�BI (SBD) .x Φ \g�1%u���. :	4D, 	k Φ g�W, N�g�1%!Kg�>�|Gr8, n Φ P.W\, vW�1(�g:��GN�Bb:�.U. ! 4 J 5 e��, Al–4.5Cu–1.0Si J
Al–10Cu–2.5Mg N�gu���. ��k:�6�!n��\ α NgvU1�L, ÆJ��1�iPz�. �! 4 :J, ���1��C, Al–4.5Cu–1.0Si !KYYN�1�TN)��1�GN)��1 3  �|, #\TN)�tMEV�6Q, qX:	Yj, +!Kgi�U
Al2Cu N�/gTN)�*; �[�1�z�k\, R!KYYN�1, +#�1%g.hi�B�U Si N�/g)�*. �! 5 :J, ���1��C, Al–10Cu–

2.5Mg �y!KY 3  �1��, �k��1\, �16TN)��1/(�vY. u����|, k��1\BYNgEVzU����1\, ����1:�!Kk��1\$a�Yg�1B>.

3.2 5LLU
3.2.1 jp\[eg` N��1B>\g+5�>q�`Æ�g�P, EN��Ug;b.x	%, F7~ 1 t���f-w

Table 1 Parameters used in calculation

Parameter Value

Solidification shrinkage of Al[17] 0.043

Dα
Cu in Al–4.5Cu–1.0Si, 48exp(−16069/T )

mm2s−1 [18]

Dα
Si in Al–4.5Cu–1.0Si, 202exp(−16069/T )

mm2s−1 [18]

Dα
Cu in Al–10Cu–2.5Mg and 29exp(−15600/T )

Al–1.49Si–0.64Mg, mm2s−1 [19]

Dα
Mg in Al–10Cu–2.5Mg and 37exp(−14900/T )

Al–1.49Si–0.64Mg, mm2s−1 [19]

Density of α phase, g·cm−3 [19] 2.7

Density of Al2Cu, g·cm−3 [20] 4.34

Density of Mg2Si, g·cm−3 [19] 2.00

Density of Si, g·cm−3 [19] 2.33
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35 mm, ClN% 30 mm). ,1v!+Yg℄\N�myg�1�z, `��vBg K ℄<q�m��a��x+u�g,j�� (ECON �\) 1v�,j!�1myF7B>\g4zx+, 142V6℄(\x-Gg℄tw 25 mm G. 1dg!g℄\N�gF71LA! 6e. M! 6 egF71Lg��:	4D, [�℄gF7�Qv), L℄gF7�QLK, �4℄gF�vp.�>!F71L:J, !N�myg�1%x!KYYN�1 → TN)��1 → GN)��1�|.L℄m�4℄�1mygqm�IR (EBSD) S��A! 7a J b e. ���N�TN)�tMgVPQ,	TN)�tM�GN)�tM9	��3C. ! 7a
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Table 2 Measured results from Al–1.49Si–0.64Mg alloy solidified in different molds

Mold Solidification Solidification Secondary dendrite Solidification path

time, s rate, s−1 arm spacing, µm

Graphite mold 10.969 0.0912 35.273 L+α → L+α+Mg2Si→L+α+Mg2Si+Si

Sand mold 183.633 0.00545 90.352 L+α → L+α+Mg2Si→L+α+Mg2Si+Si

Insulated mold 1644.380 0.000608 224.090 L+α → L+α+Mg2Si→L+α+Mg2Si+Si
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Fig.8 Calculated solidification paths of the Al–1.49Si–

0.64Mg alloys under different cooling ratesN. �F71L�Nmyg�1tM�>:9v!N�myg�1%, 	m�1\���0F7�i��LI��-j.x, ��\�� 2 \.

3.2.2 flg`r℄n L��6�WgG%)�N��1%u�>i, � Al–1.49Si–0.64Mg N�6$�+Yg℄\g�1B>�`u�. u�eg�1�i��LI��-�N�:�j.x0,_1P (�� 2), #�.x�� 1, u�d_gN�g�1%A!
8 e. :�, ��k3g_wN�:�+GGN)�p+� Si, Mg 6 Al \gvU1�L, ÆJ6$�gF7�iCg�1%4��U, 6�Lever–rule���CWTa�B�G%N��^��)�*: L+α →L+α+

Si→L+α+Mg2Si+Si.! 9 "DY$�F7�iC Al–1.49Si–0.64Mg N�gBY α NJ)�Ng�i�xgu���J_w1V�� (1V,� Image–Pro Plus �NvV�>D��`, ���6kN��Y:g�1tM\TN)�gEV�6Q, ÆJ�6�TN)��GN)�N��u).:	4_, _w1dg)�NEV	�1�ig{��:{, �4℄�L℄m[�℄\�1myg)�NEV (�i�x) ��, 3.03%, 4.26% J 8.73%. u����_w1V���, Zq�4C)�NEVjk�_w��,AiÆ,N�my\E�QVg3Y%� Fe, M�DIY
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Fig.9 Comparison of the volume fractions of α–primary

and eutectic phases between the calculated and mea-

sured results on the Al–1.49Si–0.64Mg samples solid-
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(1)�N��1+5�>���℄$9��_G%N��1+5�>g"1, 6*Wn3LO_IY�<Qou�D� Thermo–Calc mx+?v*{N, �O��WY�-u�G%1��)�DN��1%gxPu�	m FORTRAN u�>i. �$�1N�BI.xm�1�ij��C Fe–V–Cr, Al–Cu–Si, Al–Cu–Mgm Al–Si–Mg j�gG%N��1%g_Nu��|,�6�Og�℄m Thermo–Calc {N�	i:'��Yg.

(2) �6$�F7�Qg℄\�1g Al–1.49Si–

0.64Mg N�my�`Y�1F71Lg1vm+5�1tMgvV�>, ���6�℄J>i�`gN��1%mtMEVgu����_wvV�>x+7N�H,��&wGY�6�℄m�	gE9b.

(3) �6�`g�%/�NN��1%g_Nu�^�|, ����N�:�gN� (��i[:�+GGN)�p\), [�1F7�i$�\#�1%g��$Za�$��S�1�LN>DEVg�℄, ^:�a℄U>D�LNg`D�℄.
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