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Estimation of the Interaction Parameters in Iron-base Solutions by

the Pseudopotential Formalism coupled with the Hard Sphere Model

Synopsis :

Yoshio WASEDA and Shuji UENO

A theoretical equation for the interaction parameters in multi-component metallic solutions has been re-
cently presented by the pseudopotential formalism for the free energy with the free energy of the hard

sphere model.

By applying this new theoretical equation, numerical calculations were made on 280 cases in

iron-base solutions closely related to steelmaking and the agreement between calculation and the available

experimental data appears to be at the reasonable level with 90% reliability of agreement in sign.

It was

also appreciated for the hard sphere term that the product of the difference in the hard sphere diameters
between solvent and solute plays a significant role in determining the sign and absolute values of the in-

teraction parameters.

Key words : interaction parameter ; iron-base solutions ; thermodynamics ; chemical potential ; liquid alloys.
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Table 1. Hard sphere diameter and its atomic
volume of several elements in liquid iron for the
present calculation.

Element o {nm) V (nm%) Element o (nm) V (nm%)
H 0.224  3.31x107% Mo 0.244 16.8%x1073
B 0.137 2.99 Pd 0.245 16.3
C 0.136 2.95 Ag 0.255 19.3
N 0.130 2.55 Cd 0.272 23.5
Mg 0.284 26.1 In 0.286 27.1
Al 0.253 18.9 Sn 0.286 28.4
Si 0.220 12.3 Sb 0.288 31.2
P 0.190 7.81 La 0.314 37.7
Ti 0.253 19.2 Ce 0.313 38.2
\ 0.237 15.8 Nd 0.300 33.6
Cr 0.225 13.8 Lu 0.296 30.7
Mn 0.233 15.3 Hi 0.294 29.4
Fe 0.225 13.2 Ta 0.262 20.8
Co 0.224 12.7 w 0.248 17.7
Ni 0.221 12.6 Re 0.241 16.2
Cu 0.225 13.2 Ir 0.239 15.8
Zn 0.240 15.7 Pt 0.247 16.8
Ga 0.250 19.0 Au 0.256 19.0
Ge 0.351 21.7 Pb 0.305 32.3
Zr 0.278 24.9 Bi 0.298 34.6
Nb 0.257 19.7 — — —
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Fig. 1. Relationships between the interaction pa-

rameter ¢%(hs) by the hard sphere model and the
quantity of (oy — 0y)(6y — o) with different hard
sphere diameters.
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Table 2. Comparison of the theoretical interaction parameters of &, &, and ¢, in liquid iron at 1873 K

by the present theory with the experimental values?.

J un (Bs)  €en (P9)  ein(cal)  ginlexp) | i (hs) &r (ps) er(cal) v (exp) & (hs) & (ps) i(cal) ¢ (exp)
H —-2.2 —2.0 —4.2 —0.44 —2.1 —0.44 —2.5 —0.43 0.61 4.8 5.4 3.6
B —0.44 —1.3 —-1.7 —0.89 —0.24 —1.1 —-1.3 —1.4 0.10 7.3 7.4 9.5
C —0.42 —1.4 —1.8 —-1.9 —0.22 —1.2 —1.4 —4.9 0.13 7.3 7.4 9.8
N —0.44 —=7.1 —=7.5 —4.5 —-0.24 —~3.8 —4.1 —9.8 0.12 6.4 6.6 6.1
Mg 0.82 —-2.5 —1.7 — 0.47 2.7 3.2 — —0.21 2.5 2.3 —
Al 0.39 —2.8 —2.4 — 0.20 0.89 1.1 — —=0.1 9.2 9.1 7.0
Si —0.063 —0.90 —0.96 —3.3 —0.034 0.54 0.51 0.034 0.019 9.0 9.0 12
P —0.31 —4.9 —5.2 —-7.2 —0.16 —2.2 —2.4 —3.8 0.090 11 11 12
Ti 0.41 2.8 3.2 —9.7* 0.23 —3.3 —3.1 — —0.12 —1.3 —1.5 240
\ 0.19 2.0 2.2 1.3 0.10 1.9 2.0 2.6 —0.059 0.24 0.18 5.3
Cr 0.11 1.1 1.2 0.90 0.061 0.81 0.87 0.0048 [ —0.034 0.54 0.51 0.034
Mn 0.21 —0.15 0.06 0.016 0.11 1.1 1.2 0.90 —0.063 —0.90 —0.96 —3.3
Co —0.10 —1.4 —1.5 —0.93 —0.044 —0.64 —0.68 —4.6 0.025 0.087 0.11 —
Ni —0.030 —2.0 —2.0 —1.8 —0.010 —0.97 —0.98 —0.0027 0.006 —0.13 —0.12 1.2
Cu 0.12 —-3.3 —-3.2 — 0.002 —0.017 —0.015 3.9 —0.001 6.1 6.1 3.6
Zn 0.10 —-3.2 —3.1 — 0.059 0.79 0.85 — —0.21 2.5 2.3 —
Ga 0.51 —-3.9 —3.4 — 0.30 0.89 1.2 — —0.13 7.3 7.1 —
Ge —-3.5 —5.3 —8.9 e —2.1 —0.24 —-2.3 E— 0.89 9.4 10 E—
Zr 0.80 3.0 3.8 3.0 0.46 4.8 5.3 — —=0.21 —-1.7 —2.0 —
Nb 0.43 3.8 4.2 2.1 0.24 3.2 3.4 — —0.11 1.6 1.5 —0.66
Mo 0.22 2.2 2.4 1.1 0.13 1.2 1.4 0.0047 [ —0.06 2.1 2.1 —
Pd 0.077 —6.2 —6.1 E— 0.042 —2.6 —2.6 — —0.021 —2.3 —2.3 —
Ag 1.4 —5.3 —3.9 E— 0.79 0.026 0.82 —2.1 —0.35 1.2 —1.5 I
Cd 0.72 —5.0 —4.3 — 0.41 1.0 1.4 — —0.19 4.9 4.7 —
In 0.96 —6.2 —5.3 — 0.55 1.3 1.9 — —-0.25 6.1 5.8 —
Sn 1.3 —7.1 —5.8 e 0.72 0.63 1.3 3.3 —0.32 8.8 8.5 7.1
Sb 1.8 —8.9 —7.1 e 1.0 —0.30 0.73 —_ —0.46 11 10 —
La 2.1 —1.2 0.91 63 1.2 6.2 7.4 — —0.53 —4.8 —5.3 —
Ce 2.2 —0.86 1.4 21 1.3 6.1 7.4 — —0.57 —4.0 —4.5 —
Nd 1.8 —0.54 1.3 — 1.0 5.9 6.9 — —0.46 —6.6 —7.0 B
Lu 1.3 0.52 1.9 — 0.76 5.6 6.4 — —0.34 —4.7 —5.0 —
Hf 1.1 2.7 3.8 3.4 0.65 4.5 5.1 — —0.29 0.61 0.32 —_—
Ta 0.49 3.6 4.1 0.38 0.28 3.1 3.4 — —0.13 1.7 1.6 27
w 0.29 . 2.0 2.3 3.1 0.17 0.78 0.95 — —0.076 3.0 2.9 —
Re 0.18 —0.15 0.031 — 0.10 —1.5 —1.4 — —0.048 2.6 2.6 —
Ir 0.16 —-3.2 —3.0 — 0.91 —2.2 —2.1 — —0.041 1.6 1.5 e
Pt 0.12 —-5.3 —5.2 —_— 0.069 —-3.0 —2.9 — —0.033 0.39 0.35 —
Au 0.31 —6.9 —6.6 — 0.17 —2.1 —1.9 — —0.08 1.3 1.2 —
Pb 1.3 —-9.2 —8.0 —5.2 0.74 0.47 1.2 4.4 —0.33 6.7 6.4 6.1
Bi 2.1 —9.8 —-7.7 — 1.2 0.34 1.6 — —0.54 8.5 8.0 —

* i (exp) = 3.9 (ref. 28)
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Table 3. Comparison of the theoretical interaction parameters of &, & and & in liquid iron at 1873 K by

the present theory with the experimental values

1

J & (hs) & (ps) el(cal) & (exp) & (hs) & (ps) & (cal) e (exp) & (hs) & (ps) & (cal) & (exp)
H 2.9 5.1 8.0 2.4 3.9 1.6 5.5 3.8 1.0 3.3 4.3 2.3
B 0.65 5.5 6.1 1.5 0.88 2.7 3.6 12 1.0 2.9 3.9 5.0
C 0.65 4.2 4.9 7.0 0.65 0.79 1.4 13 1.0 5.6 6.6 7.2
N 0.67 9.5 10 8.0 1.0 5.6 6.7 7.2 1.1 1.1 2.2 0.75
Mg -1.1 1.7 0.55 — —1.6 5.3 3.7 8.2 —1.6 —12 —13 E—
Al —0.53 10 9.9 4.7 | —0.76 7.4 6.7 5.3 —0.78 0.86 0.081 1.6
Si 0.090 11 11 12 0.13 7.3 7.4 9.7 0.12 6.4 6.6 6.1
P 0.45 12 12 7.3 0.64 4.2 4.9 7.0 0.67 9.5 10 8.0
Ti —0.60 —18 —19 —7.2 | —0.85 —8.5 —-9.4 —31* -0.90 —21 —22 —118

\ —0.29 -7.3 —7.6 —4.9 | —0.40 —4.6 —5.0 —6.1 —0.43 —11 —11 —26

Cr —0.16 —2.2 —2.4 —3.8 | —0.22 —-1.2 —1.4 —4.9 —0.24 -3.8 —4.1 -9.8
Mn —0.31 —4.9 —-5.2 —=7.2 | —0.42 —1.4 —-1.8 —-1.9 —0.44 —=7.1 —=7.5 —4.5
Co 0.12 1.0 1.1 0.92 0.16 1.3 1.5 1.8 0.15 1.9 2.1 2.9
Ni 0.030 1.8 1.8 0.68 0.046 2.2 2.2 2.4 0.050 3.0 3.0 1.6
Cu —0.005 2.8 2.8 —9.3 | —0.007 4.0 4.0 4.0 0 —2.2 —2.2 2.2
Zn —0.15 7.3 7.2 — —0.22 6.3 6.0 — —0.23 —0.20 —0.43 —
Ga —0.70 10 9.5 e —0.98 8.2 7.2 — —-0.99 0.33 —0.66 —
Ge 4.6 20 24 e 6.0 13 19 2.3 6.0 10 16 —
Zr —1.1 =27 —28 E— -1.5 -13 —15 — —1.6 —36 —37 —236

Nb —0.59 —12 —13 —5.3 | —0.84 —8.0 —8.9 —23 —0.86 —18 —-19 —27

Mo —0.31 —2.3 —2.7 —=0.32] —0.44 —-2.5 —3.0 —6.1 —0.45 —4.4 —4.9 —5.1
Pd —0.12 3.1 3.0 — —0.19 4.9 4.7 — —0.19 6.7 6.5 —
Ag —1.8 5.1 3.3 — —2.4 6.6 4.2 12 —2.5 —2.3 —4.7 —
Cd —0.99 12 11 — —1.4 11 9.7 — —1.4 0.72 —0.70 e
In —1.3 15 13 — —-1.9 14 12 — —1.9 0.19 —1.7 —
Sn —1.7 18 17 5.0 | —2.4 16 13 9.7 —2.4 4.0 1.6 2.3
Sb —2.4 25 23 —_— —-3.3 20 17 6.2 —3.4 10 6.9 3.2
La —2.8 -31 —34 — —3.9 —10 —14 —59 —4.0 —48 —52 —515

Ce -3.0 —32 —35 e —4.2 -10 —15 —59 —4.2 —49 —54 —515

Nd —2.4 —28 =31 — —3.4 —9.8 —13 I —3.5 —44 —47 —
Lu -1.8 —27 —29 — —2.5 —10 —13 — —2.6 —41 —44 —
Hf —-1.5 —29 —31 — —2.2 —=15 —=17 I —2.2 —38 —41 —280

Ta —0.68 —13 -4 — —0.97 —8.3 —9.2 — —0.99 —19 —20 -39

w —0.40 —0.34 —0.74 —20 —0.57 —1.7 —2.2 —6.5 —0.59 —-1.8 —2.4 —-3.8
Re —0.26 3.6 3.4 — —0.37 1.9 1.5 — —0.38 4.7 .3 —_—
Ir —0.22 5.3 5.1 — —0.32 4.2 3.9 — —0.32 8.8 8.5 e
Pt —0.18 5.4 5.2 — —0.27 5.0 4.8 — —0.28 10 9.8 —
Au —0.43 10 9.6 —_— —0.62 8.8 8.1 — —0.64 8.1 7.4 —
Pb -1.7 23 22 6.7 | —2.5 21 18 5.7 —2.5 6.8 4.3 —
Bi —-2.8 27 24 —_— —3.9 23 19 — —4.0 8.5 4.5 —

*

taken from ref. 29
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Fig. 2. Interaction parameters of carbon &f in li-
quid iron at 1 873 K for 3d transition metals.
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Table 4. Comparison of the theoretical interac-

tion

parameters of ¢ in liquid iron at 1873 K by

the present theory with the experimental values®.

j & (hs) & (ps) & (cal) & (exp)
H 3.9 3.0 7.0 3.4
B 0.63 1.8 2.4 2.5
C 0.88 2.7 3.6 12
N 1.0 2.9 3.9 5.0
Mg —1.6 9.5 7.9 —
Al -=0.77 9.5 8.7 —
Si 0.10 7.3 7.4 9.5
P 0.65 5.5 6.1 1.5
Ti —0.76 —6.7 —7.5
\' —0.37 -3.2 —3.6 -
Cr —0.24 —1.1 —1.3 —1.4
Mn —0.44 1.3 1.7 —0.89
Co 0.13 0.40 0.53
Ni 0.042 0.52 0.56 O.lZ
Cu 0 3.7 3.7 —
Zn —0.22 8.1 7.8 —
Ga —-1.0 10 9.5 B
Ge 6.0 14 20 —
Zr —-1.6 —11 —13 —
Nb —0.85 —5.6 —6.6
Mo —0.44 —1.1 —1.5
Pd —0.19 1.5 1.3
Ag —2.5 8.7 6.3 —
Cd —1.4 14 13 —
In -1.9 18 16
Sn —2.4 19 17
Sb —3.4 23 20
La —-3.9 —4.9 —8.8
Ce —4.2 —5.5 —9.7 —=
Nd —3.4 —5.3 —8.7 —
Lu —2.6 —6.7 -9.2 —_—
Hf —=2.2 —12 -4 —
Ta -0.98 —6.0 —7.0 -
' —0.58 -0.31 —0.89 —
Re —0.37 1.1 0.75 —
Ir —0.32 1.3 0.93 E—
Pt —-0.27 1.1 0.85 —
Au —0.63 7.5 6.9 —
Pb —2.5 25 22 —
Bi —4.0 28 23 —
T T T T T T T T
5 Pt
‘O; - s.of Pa St HES
o fL Ni Re, &i
ol 88" { } Coffe 71 ¢4 B5n -
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3. Atomic number dependence of interaction

parameters for nitrogen in liquid iron at 1 873 K.
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