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Table 1 Compositions of experiment single-crystal alloys
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Mass fraction/%

Alloy No.

Ni Al Cr Co Re Ta Hf W Mo
SX-1 57.74 6 4.5 12.5 6.3 7 0.16 5.8 0
SX-2 55.45 6.1 4.5 12.5 6.5 9 0.15 5.8 0
SX-3 62.68 5.7 4 11.5 5 6 0.12 5 0
SX-4 58.18 5.7 5 13.5 5 6 0.12 6.5 0.5
SX-5 58.52 6.3 4 13.5 6.5 6 0.18 5 0
SX-6 58.02 6.3 5 11.5 6.5 6 0.18 6.5 0.5
SX-7 58.08 6.3 5 11.5 5 9 0.12 5 0
SX-8 55.58 6.3 4 13.5 5 9 0.12 6.5 0.5
SX-9 55.12 5.7 5 13.5 6.5 9 0.18 5 0
SX-10 56.62 5.7 4 11.5 6.5 9 0.18 6.5 0.5
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Fig.2 Thermal expansion coefficient (a) and solutal expansion coefficient (b) of density for each element in SX alloys
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Table 2 Physical properties of liquid metals

Element pu/(kgm ) A/(kgm K T/K /107K V/(10  mPmol ™) M/(g'mol ™)

Ni 7900 -1.19 1728.15 15.1 7.43 58.7

Al 2380 -0.35 933.35 15.0 113 26.98154
Cr 6290 -0.72 2178.15 11.0 8.27 51.996
Co 7750 -1.09 1765.15 1.40 76.0 58.9332
Re 18700 -0.82 3440.15 4.40 9.96 186.207
Ta 15000 —0.69 3123.15 4.60 12.1 180.947
Hf 12000 -0.63 2480.15 5.30 149 178.4

w 17500 -0.79 3655.15 4.50 10.5 183.8
Mo 9350 -0.50 2895.15 5.30 103 95.94
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Table 3 Difference between § and mfr
Element Al Cr Co Ta Hf W Mo
Bl(mpr) 215 233 =27 375 —459 -3057 2428 —1605

0.0055, fr,=0.0045, fy=0.0033, Ayw=0.0052, By~
0.0015.
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Table 4 Equilibrium distribution coefficients(k;) and liquidus
slopes(m) in three different methods for SX alloys

ks
f=0.1 f=05 (=09
Al 0.91 0.71 -3.6 0.88 0.89 0.91

2)

Element ky m

Cr 109 06 -1.77 094 099 1.04
Co 1.06 1 04 111 112 113
Re 147 193 141 170 180  1.89
Ta 077 076 -56 042 046  0.50
Hf 01" 01 -212 012 013 015
w 117 14 193 110 119 129

Mo IR 1 -43 089 091 092

1) Equilibrium distribution coefficients of Ha and Mo elements
obtained from Binary Alloy Phase Diagram; 2) Liquidus slopes
m obtained from Binary Alloy Phase Diagram.
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Fig. 3 Fitting curves between number of freckles and relative

liquid densities using k values of experiment at different

solidification fractions by Scheil model: (a) £=0.1; (b) f=0.5;
(c) £=0.9
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Fig. 4 Fitting curves between number of freckles and relative

liquid densities using k& values of experiment in different
solidification fractions by Lever model: (a) f;=0.1; (b) f=0.5;
(c) £=0.9

NG FEF AR, T Ta, HE JTHRE P
fENIE, MR AEFIHEIER, At RK PIEE
0, MMIERGEHEIE AR . R, AEANIRIREE



1004 o EA 4R AR 2019 4E5 A
1ol ® £=0.1 101¢ £=0.1
R*=0.29 R*=0.30
8r 8r

=)

Number of freckle
i

2_

O_

_2_

00 8.7 -84 81 -78 75 12
(Aplp)/107

10} ® £=0.5
R2=0.35

8_

N
T

Number of freckle
I

56 54 52 50 48 46
(Ap/p)/1072

Number of freckle

~185 -18.0 -17.5 ~17.0 ~16.5 ~16.0 ~15.5
(Aplpy)/1072

B 5 Scheil #A MEFRE—JoHEMEFE £ EITHEA

(7 B[] - 5 R DRI E 5 WBOAE AR X 85 P 22 R 5 6 L

Fig. 5 Fitting curves between number of freckles and relative

liquid densities using k values based on Ni-based binary phase

diagram at different solidification fractions by Scheil model:

(a) £=0.1; (b) £=0.5; (c) £=0.9
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Fig. 6 Fitting between number of freckles and the relative

liquid densities using & values based on Ni-based binary phase

diagram at different solidification fractions by Lever model:

(a) £=0.1; (b) £=0.5; (c) £=0.9
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Table 5 P value of each element at different solidification fraction

P/10°°
£ Cr Co Re Ta Hf W Mo
0.1 —27.8 -14 0.2 -36.0 27.8 32.0 =5.0 1.7
0.5 —146.6 7.4 0.9 -142.5 184.8 261.5 —24.0 8.9
0.9 —278.8 —13.6 1.6 —212.5 4954 1285.5 —41.7 16.8
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Fig. 7 Fitting curves between number of freckles and relative
liquid densities using Thermo-Calc in different solidification

fractions: (a) £=0.1; (b) £=0.5; (c) £=0.9
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Modeling of constituent-based freckle predictor for
nickel-base superalloys

BAO Chao-jun', LI Zhen-feng?, LIU feng', JIANG Liang'

(1. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China;
2. Zhuzhou AVIC Power Investment Casting Co., Ltd., Zhuzhou 412000, China)

Abstract: Aiming at the currently shortage of the freckle criterion in the alloy constituents, a constituent-based freckle
predictor for nickel-base suppalloy was modeled and verified by the experiment data. The effect of each element on the
liquid density was quantitatively analyzed by calculating the solutal expansion coefficient § and the thermal expansion
coefficient 7 of each element. The impact of each element was quantified by defining a freckle formation tendency factor.
Based on calculations of these variables, a constituent-based freckle predictor was modeled, which can predict the
influence between different alloy constituents and freckle formation. Three different equilibrium distribution coefficients
k were taken into this model and verified which was the best & value to predict freckle. The results show that the fitting of
the number of freckles using the k value based on binary phase diagram is poor, and the linear goodness-of-fit (R%)
maximum is only 0.4; while using the & values of experiment and Thermo-Calc the fitting is good, and the maximum R*
reach 0.87 and 0.95, respectively. Finally, the P values were calculated for the SX alloys, and the results show that the
hafnium has the strongest influence on freckle prevention, tantalum also has beneficial effects though not as pronounced
as hafnium; aluminum and rhenium have the stronger promoting effect on freckles, and tungsten is the second.

Key words: freckle; superalloy; constituent; freckle formation tendency factor; equilibrium distribution coefficient;

prediction model
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