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Abstract—The solubility of oxygen in titanium-containing iron—nickel melts is studied experimentally for
the example of Fe—40% Ni alloy at 1873 K. The experiments yield values for the equilibrium constant of the
reaction of titanium and oxygen dissolved in Fe—40% Ni melt (log K(yyge — 409 niy = —15.17), the Gibbs

energy of that reaction ( AG("l )(Fe — 40% Ni) = 543360 J/mol), and the interaction parameters for those solutions

(eTicre_domni = —1.420; eqre_ a0 niy = —0-472; e1i(pe_ 4o niy = 0.116). For a broad range of alloy com-

positions in the Fe—Ni system, the equilibrium constant of the reaction of titanium and oxygen dissolved in
the melt, the Gibbs energy of that reaction, and the interaction parameters for those solutions are calculated
at 1873 K. The solubility of oxygen in titanium-containing iron—nickel melts is determined at 1873 K. The
reducing properties of titanium fall with increase in the Ni content to 40% and then increase sharply with fur-
ther increase in the melt’s Ni content. This may be explained in that increase in the Ni content is associated,

on the one hand, with significant decrease in the bond strength of oxygen atoms in the melt (y"O(Fe) =0.0103;
Yoniy = 0.337) and, on the other, with considerable increase in the bond strength of titanium atoms

(YTigs)(Fey = 0-0083; ¥7;(5)(niy = 0.000083). The solubility curves of oxygen in iron—nickel melts pass through
a minimum. As the Ni content increases, the minimum is shifted to lower Ti content.
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Iron—Nickel alloys are widely used in engineering
today. We know that the presence of oxygen in such
alloys impairs their performance. The physicochemi-
cal properties of oxygen solutions in iron and nickel
melts have been studied in some detail. The thermody-
namic parameters of such solutions may be found in
handbooks [1, 2]. However, in order to optimize the
production of iron—nickel alloys, we need to study the
thermodynamic parameters of oxygen solutions in
Fe—Ni melts, since they cannot be derived by adding
the properties of solutions in pure iron and nickel.

In the production of iron—nickel alloys, titanium is
used as an alloying element. It has greater oxygen
affinity than iron and nickel. If titanium is added to the
unreduced melt, much of it will be oxidized and lost.
Hence, it is of both theoretical and practical interest to
investigate the thermodynamics of solutions of oxygen
in Fe—Ni melts.

THERMODYNAMIC ANALYSIS

In iron—nickel melts, the reaction product of tita-
nium and dissolved oxygen is the oxide Ti;Os. The
reaction of titanium and dissolved oxygen

813

Ti305(8) = 3[Ti](pe—ni) + SO (Fe—ni)s (1
. 3 5
K, < LETI (%0V0) ()
ari o,
may be expressed as the sum of the reactions
Ti,05(s) = 3Ti(s) + 5/20,(g), 2
AG(,, = 2427004 —414.41T, J/mol [3];
3Ti(s) = 3[Ti]l%(Fe—Ni);
o . 4 3)
AGZ3) - 3R Tln(YTl(s)(Fele)MFele);
M+, x 100
5/20,(g) = 5[0]1%(Fe—Ni)a
4)

AGE4) _ SRT]n('YO(Fe—Ni)MFe—Ni)‘
Mg % 100

For Eq. (1), the Gibbs energy is calculated as
AG(()l) = AG(()Z) + AG(()S) + AGE4).

Since the thermodynamic calculations in the
present work correspond to a temperature of 1873 K,



814

Table 1. Equilibrium concentrations of titanium and oxy-
gen in Fe—40% Ni alloy at 1873 K, % (experimental values)

[Ni] [Ti] [O] [Ni] [Ti] [O]

423 | 001 | 00145 | 412 | 0487 | 0.0019
42.0 | 0.015 | 0.0133 | 404 | 0.6 0.0025
404 | 0.038 | 0.0065 | 404 | 0.72 | 0.0031
42.1 | 0.107 | 0.0050 | 41.3 | 0.882 | 0.0028
41.6 | 0.153 | 0.0045 | 40.9 | 1.03 | 0.0027
42.1 | 0.158 | 0.0017 | 404 | 1.11 | 0.0018
41.6 | 0249 | 0.0025 | 40.4 | 1.12 | 0.0020

where titanium is solid (7}, = 1944 K [4]), YTi(s)(re) 18
calculated.
The solution of solid titanium in iron

Ti(s) = [Ti]l%(Fe)a

AGs, = RTln(yoTi(Le)MFE) (3)
© My, x 100
may be expressed as the sum of the reactions
Ti(s) = Ti(l), »
AGj, = 2093, J/mol [5];
Ti() = [Ti] 1%(Fe) >
(7

AG;” = RTIH(M)
M, x 100

For solutions of liquid titanium in iron, the tem-
perature dependence of Y7 Was presented in [6]

InyTi1)rey = —20890/T + 6.228.

The Gibbs energy for Eq. (5) at 1873 K is AG(5, =
—143930 J/mol. That permits the calculation of
YTi(s)(Fey from the equation

. AG: My, x 100
InYTi)re = fﬁ” IH(TM—F)-

Thus, Y5 re = 0-0083 at 1873 K.

The oxygen concentration in the melt in equilib-
rium with the specified titanium content for Eq. (1)
may be calculated from the formula

log[% O pe_ni = é{lOgK(l) +logar; o, — 3log[% Ti]
(€))

Ti Ti .
— [3erire—ni) + Seore—niy][% Til

- [Seg(Fe—Ni) + 3e$i(Fe7Ni)][% 0o]}.
The oxide Ti;O5 (T, = 2050 K [7]) is solid at
1873 K. Therefore, ar; o, = 1. On the right side of
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Eq. (8), [% O] is small and may be expressed in terms
of the ratio (K;,/[% Til*)!/* if we assume in Eq. (la)
that fi; = 1 and f, = 1. This does not introduce much
error in the calculations [3]. Then Eq. (8) takes the
form

108[% OJpn; = %{logl((l)— 3log[% Ti]

- [3e$ii(Fe—Ni) + Se—(r)i(FefNi)] [% Ti] (8a)

K 1/5
— [Seg(FefNi) + 3e’?i(FefNi)]( (1? 3) }
[% Ti]

or in general form

log[% Olr. ; = 4~ 3log[% Ti

c )

1% Ti*"

+ B[% Ti] +

EXPERIMENTAL

In the present work, we investigate the solubility of
oxygen in titanium-containing iron—nickel melts. In
particular, we select the Fe—40% Ni alloy, which is
widely used in engineering.

The experimental method and procedure were
described in [8]. The batch consists of carbonyl iron
(99.99% purity), electrolytic nickel (99.99% purity),
and iodide titanium (99.8% purity). A LECO TC-600
gas analyzer (precision £5 x 107%) is used for analysis
of the oxygen content in the metal samples; the tita-
nium and nickel content is determined on a Horiba
Jobin Yvon Ultima-2 atomic-emission spectrometer
with inductive plasma (precision +0.001%).

RESULTS AND DISCUSSION

The experimental results are presented in Table 1
and in Fig. 1. The dashed line in Fig. 1 corresponds to
the solubility of oxygen in Fe—40% Ni melt at 1873 K:
[O](Fe—40% Ni) = 0.17% [9].

Quattro Pro software is used for regression analysis
of the experimental data on the basis of Eq. (9). We
obtain the following values of the coefficients in
Eq. (8) (determination coefficient R?> = 0.70)

10g[% O1%% 4 i) = — 3.034 — glog[% Ti]

(10)
4
+0.402[% Ti] + 386010
[% Ti]”
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In Eq. (9)

A= élogK(l);

1/, Ti Ti .
B = _§[3eTi(Fe—40% Ni) + €0 (Fe—40% Ni)]s

1.- 0 0 1/5
C= _g[seO(Fe—40%Ni)+3eTi(Fe740%Ni)](K(l)) .

That permits calculation of the interaction param-
eters and equilibrium constants in Eq. (1) on the basis
of experimental data.

Iron—Nickel melts are characterized by slight devi-
ation from ideal behavior [10]. That permits the calcu-

lation of the interaction parameters s’i(Fe_Ni) (and cor-

respondingly e’,-(Fe,Ni)) from the following formula, in
the first approximation [11]

Sllz(Fe—Ni) = d(Fe)XFe + gji(Ni)XNi' (1)

Knowing eg ., = —0.17 [1] and eg(y;, = 0 [2] at
1873 K (Table 2), we find from Eq. (11) that
eg(Fe_4o% niy = —0.106. Taking account of the numeri-

cal values in Eq. (10) and the value of eg(Fe_m% niy for
Fe—40% Ni alloy at 1873 K, we obtain

€Tireso niy = —1.420; €ore a0 iy = —0-472;
eg(Fe—m% iy = 0.116; 108K 1y (re—sa0% niy = —15.17;
K1y (Fe—a0% iy = 6.761 x 10716;
AG ) re—soze iy = 543360 J/mol.

10° 3
L Fe—40% Ni_
107!k
W
= 1072
9 F L o
- (o]
103 3 °
10—4_...” Ll Lol L1
102 107! 100
[Ti], %

Fig. 1. Dependence of the oxygen concentration in
Fe—40% Ni melt on the Ti content at 1873 K.

On that basis, we may calculate the interaction
parameters for Fe—Ni alloys of different composition
(Table 2).

FO]‘ Eq (4) at 1873 K, we ﬁl’ld that AGZ4)(FE—4O% Ni) ==

—559136 J/mol. The molecular mass for Fe—Ni melts
is calculated from the equation [11]

My ni = MpXg + My Xy
and the activity coefficient y; g, _y;, fromthe equation [12]
Iy pe_niy = XFelnY?<Fe) + XNilnY;(Ni)
° ° Fe
+ Xpe X[ Xni (Iny7oniy = INYjey + Si(Ni)) (12)

. . Ni
+ X (InYjrey — INViniy + irey) |-

Table 2. Equilibrium constants of Eq. (1) and the activity coefficients and interaction parameters in Fe—Ni melts at 1873 K

Ni, %
Parameter

0 20 60 80 100
AGYy,, J/mol 601471 559428 543360 554108 593874 664 140
logK;, —16.792 —15.619 —15.170 —15.470 —16.580 —18.542
X 1.0 0.808 0.612 0.412 0.208 0
Xni 0 0.192 0.388 0.588 0.792 1.0
Mg, ni 55.847 56.393 56.950 57.519 58.098 58.69
Yiics) 0.0083 0.00229 0.00067 0.00023 0.00011 0.000083
Yo 0.0103 [1] 0.0128 0.0214 0.0457 0.1171 0.337 [2]
ed —0.17 1] —0.139 —0.106 —0.072 —0.037 01[2]
en 0.041 [1] 0.078 0.116 0.156 0.197 0.240
e —0.34[6] —0.405 —0.472 —0.542 —0.615 —0.690
S, —1.026 [6] —1.219 —1.420 —1.629 —1.845 —2.071
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J 1/3Cr,03 = 2/3[Cr] + [O]
MnO = [Mn] + [O]

(4 1/3V,05=2/3[V] + [O]

1/2S8i0, = 1/2[Si] + [O

logK
d

6 1/5Ti;05 = 3/5[Ti] + [O]
CO =[C] +[0]

4+ 7
1/3A1,05 = 2/3[Al] + [O]
_5 | | 1 1
0 20 40 60 80 100
Ni, %

Fig. 2. Dependence of the equilibrium constants for the
reduction of Fe—Ni melts by chromium (/), manganese (2),
vanadium (3), silicon (4), carbon (5), titanium (6), and
aluminum (7) on the Ni content at 1873 K.

In calculating the activity coefficient Yo g ni), We
use the values yqo g, = 0.0103 [1] and yg;) = 0.337
[2] (Table 2) and also the interaction parameters
€o(re) = 0.270 [13] and eqp;, = —5.179 [13]. Table 2
presents the results.

Knowing AG(|ype_s0% niy aNd AG{4)(pe_s0% niy and
calculating AG(y)pe_a0niy = 1650814 J/mol at
1873 K, we may determine the Gibbs energy for
Eq. (3): AG(3)(re_a0% niy = —548318 J/mol. That permits
the calculation of Y7 (re_40% niy from the equation

AGr) , ln(MTi x 100)‘

1nY°Ti(s)(Fe-40% Ni) = 3IRT

MFe—4O% Ni

At 1873 K, YTi)(Fe—doniy = 0.00067. Knowing
Yrigs)rey = 0.0083 (Table 2) and Vi) re - 40% niy» WE
may determine the activity coefficient 7w
0.000083 from Eq. (12) and then the activity coeffi-
cient Y1y re—niy for Fe—Ni alloys of different compo-
sition (Table 2). In the calculations, we use the value

sgii(Fe) = —06.17 [14]. The handbooks do not give a value

for s?ie(Ni). It is assumed to be zero, by analogy with
aluminum [15].

On the basis of the results, we may calculate the
Gibbs energy AG(;, and equilibrium constant K, for

Fe—Ni alloys of different composition (Table 2). The
dependence of the equilibrium constants for Eq. (1)
on the Ni content is shown in Fig. 2 in comparison

with data for the reduction of Fe—Ni melts by chro-
mium [16], manganese [17], vanadium [18], silicon
[17], carbon [19], and aluminum [20]. The equilib-
rium constants are presented for the reaction of the
reducing agent with a single oxygen atom dissolved in
melt. That clarifies the comparison of the results. As
we see for the example of titanium, the equilibrium
constant for Eq. (1) at first increases with increase in
Ni content to ~40% and then declines at higher Ni
contents. This may be explained in that increase in the
Ni content significantly lowers the bond strength of
the oxygen atoms in the melt (yq gy =0.0103; yoni) =
0.337), on the one hand; and considerably increases the
bond strength of the titanium atoms (7)) = 0.0083;

YTisniy = 0.000083), on the other.

Given the values of the equilibrium constants for
Eq. (1) and the interaction parameters for alloys of dif-
ferent composition at 1873 K (Table 2), we may write
Eq. (8a) in the form

log[% O] = —3.359 — glog[% Ti]

3.441x 107" (132)
+0.315[% Ti] + 241X 10,
[% Ti]”
0g[% Ol e s niy = —3.124 — glog[% Ti]
(13b)
4
+0.358[% Ti] + 2243210,
[% Ti]”
108[% O] pe s iy = —3.034 glog[% Ti]
(13¢)
-4
+0.402[% Ti] + 386010,
[% Ti]”
102[% Olre o niy = —3.094 — glog[% Ti]
8.450 x 107 (139
[% Ti]”
102[% Ol re oy = —3.316— glog[% Ti]
5525x 107" (13¢)
[% Ti]”
10g[% OJy; = —3.708 — glog[% Ti]
(13f)

2.431x 107"
[% Ti]"”

The dependence of the equilibrium oxygen concen-
tration on the Ti and Ni content in Fe—Ni melts at

+0.546[ % Ti] +

STEEL IN TRANSLATION  Vol. 44 No. 11 2014
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Table 3. Equilibrium concentrations of titanium and oxygen in Fe—Ni melts at 1873 K, % (calculated values)

[O]

il Fe Fe—20% Ni Fe—40% Ni Fe—60% Ni Fe—80% Ni Ni

0.01 0.00708 0.01231 0.01532 0.01330 0.00790 0.00317
0.02 0.00469 0.00812 0.01009 0.00877 0.00524 0.00211
0.05 0.00275 0.00477 0.00593 0.00518 0.00311 0.00126
0.1 0.00188 0.00327 0.00408 0.00358 0.00217 0.00089
0.2 0.00133 0.00234 0.00295 0.00261 0.00160 0.00066
0.5 0.00096 0.00173 0.00224 0.00205 0.00130 0.00056
1.0 0.00091 0.00172 0.00235 0.00227 0.00152 0.00069
2.0 0.00124 0.00258 0.00391 0.00420 0.00313 0.00160

1873 K according to Egs. (13a)—(13f) is shown in Table 3
and in Fig. 3. As follows from the results, the reducing
properties of titanium at first decline with increase in Ni
content to 40% and then rise sharply at higher Ni con-
tents. The solubility curves of oxygen in iron—nickel
melts pass through a minimum, which is shifted to
lower Ti content with increase in the Ni content.

The titanium content corresponding to the mini-
mum oxygen concentration may be determined from
the equation [21]

[%R] = oo e
2.3[mep + neg|

(14)

where m and n are the subscripts in the formula for the
oxide R, O,. In the case of Ti;Os, Eq. (14) takes
the form

[%Ti]' = — (14a)

10715
1072t
x© E
s I
10_3§
10—4 Ll Lol Lol L
1072 107! 10°
[Ti], %

Fig. 3. Dependence of the oxygen concentration in Fe—Ni
melts on the titanium content at 1873 K, with 0% (7),
20% (2), 40% (3), 60% (4), 80% (5), and 100% (6) Ni.
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The titanium content at the minima and the corre-
sponding oxygen concentrations according to
Eq. (14a) are as follows:

Ni, % 0 20 40 60 80 100

[% Ti]' 0.827 0.729 0.648 0.582 0.526 0.478

[% Olpmin 8:96 x 16.6 x 22.0x 20.4x 13.0x 5.56x

10+ 10 10* 10 10* 107
CONCLUSIONS

The solubility of oxygen in titanium-containing
iron—nickel melts has been investigated experimen-
tally for the example of Fe—40% Nimelt at 1873 K. We
have determined the equilibrium constant for the
reaction of titanium and oxygen dissolved in Fe—40%
Ni melt (log K(yre—40% niy = —135.17), the Gibbs energy

of this reaction (AG(;)ge_a9% niy = 343360 J/mol), and

the interaction parameters characterizing the solu-
. o)

tions (er;(re—40% ni) = —0.472;

Ti
€Ti(Fe—40% Ni) — 0.116).

Ti
= —1.420; €0 (Fe—40% Ni)

Over a broad concentration range at 1873 K, we
have calculated the Gibbs energy of the reaction of
titanium and oxygen dissolved in Fe—Ni melts, the
equilibrium constant of this reaction, and the interac-
tion parameters characterizing the solutions. We have
determined the solubility of oxygen in titanium-con-
taining iron—nickel melts of different composition at
1873 K.

The reducing properties of titanium fall with
increase in the Ni content of the melt to 40% and then
increase sharply with further increase in the Ni con-
tent. This may be explained in that increase in the Ni
content is associated, on the one hand, with signifi-
cant decrease in the bond strength of oxygen atoms in

the melt (Yo () = 0.0103; y5n;) = 0.337) and, on the
other, with considerable increase in the bond strength
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of titanium atoms (YT = 0.0083; Yrigmiy =
0.000083).
The solubility curves of oxygen in Fe—Ni melts pass

through a minimum. As the Ni content increases, the
minimum is shifted to lower Ti content.
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