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The oxygen solubility in iron-nickel alloys with niobium was experimentally studied in Fe-40 pct
Ni melt at 1823 K (1550 �C). It was shown that the presence of niobium decreases the oxygen
solubility in this melt. The equilibrium constant of interaction of niobium with oxygen dissolved
in the Fe-40 pct Ni (logKð1ÞðFe�40%NiÞ ¼ �4:619), the Gibbs energy of this reaction
(DG�ð1ÞðFe�40%NiÞ ¼ 161; 210 J=mol), and the interaction coefficients characterizing these solutions
(eONbðFe�40 pctNiÞ ¼ �0:630; eNb

OðFe�40 pctNiÞ ¼ �0:105; eNb
NbðFe�40 pctNiÞ ¼ 0:010) were determined. In

the wide concentration range, the equilibrium constants and Gibbs energy of interaction of
niobium and oxygen dissolved in the Fe-Ni melts and the interaction coefficients for these
solutions were calculated for 1823 K (1550 �C). For this temperature, the oxygen solubility in
the niobium-containing Fe-Ni melts was also determined. With an increase in the nickel con-
centration in the alloy the niobium affinity to oxygen rises appreciably. This appears to be
associated with a decrease in the bond strength between metal and oxygen in the melt as the
nickel concentration increases (c�OðFeÞ ¼ 0:0084; c�OðNiÞ ¼ 0:297).
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I. INTRODUCTION

THE Fe-Ni-based alloys are widely used in modern
technology. The presence of oxygen in these alloys
degrades their service characteristics. The thermody-
namic properties of oxygen solutions in iron and nickel
have been studied previously. The thermodynamic
parameters of these solutions have been published.[1,2]

However, since no additivity of properties of oxygen
solutions in the Fe-Ni melts with respect to pure iron
and nickel is observed, it is necessary to study the
thermodynamic parameters of oxygen solutions in the
iron-nickel alloys to optimize the production of these
alloys.

Upon production of iron-nickel alloys, niobium is an
alloying element. This element has the higher affinity to
oxygen in comparison with iron and nickel. When
niobium is added to the nondeoxidized melt, its
substantial portion can be oxidized and lost. In the
nickel-niobium and iron-nickel alloys with niobium, the
oxygen solubility was not studied earlier. For this
reason, the investigation of thermodynamics of oxygen
solutions in the iron-nickel alloys with niobium is of
scientific and commercial interest.

II. THERMODYNAMIC CONSIDERATION

In the iron-nickel melts, the product of interaction of
niobium and oxygen dissolved in melt is NbO2 oxide.
The reaction

NbO2 sð Þ ¼ Nb½ � þ 2 O½ �; ½1�

Kð1Þ ¼
ð½pctNb� � fNbÞ ð ½pctO� � fOÞ2

aNbO2

; ½1a�

where fNb and fO are the activity coefficients of Nb and
O, respectively, can be represented as a sum of reactions

NbO2 sð Þ ¼ Nb sð Þ þO2 gð Þ: ½2�

DG�ð2Þ ¼ 773; 302 � 160:15T; J/mol[3];

Nb sð Þ ¼ Nb lð Þ: ½3�

DG�ð3Þ ¼ 26; 921 � 9:8T; J/mol[4];

NbðlÞ ¼ Nb½ �1pctðFe�NiÞ; ½4�

DG�ð4Þ ¼ RT ln
c�NbðFe�NiÞMFe�Ni

MNb � 100

� �
;

O2ðgÞ ¼ 2 O½ �1pctðFe�NiÞ; ½5�

DG�ð5Þ ¼ 2RT ln
c�OðFe�NiÞMFe�Ni

MO � 100

� �
;

where MNb and MO, and c�NbðFe�NiÞ and c�OðFe�NiÞ are
atomic masses and activity coefficients of Nb and O,
respectively.
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For Reaction [1], the oxygen concentration in melt
being in equilibrium with a given niobium content can
be calculated by the following equation; assuming

log pctO½ �Fe�Ni ¼
1

2

n
logKð1Þ þ log aNbO2

� log½pctNb�

� eNb
NbðFe�NiÞ þ 2eNb

O Fe�Nið Þ

h i
½pctNb�:

� 2eOO Fe�Nið Þ þ eONb Fe�Nið Þ

h i
½pctO�

o
;

½6a�

NbO2 oxide [Tm = 2270 K[5] (1997 �C)] is solid at
1823 K (1550 �C), therefore aNbO2

¼ 1.
eNb
Nb Fe�Nið Þ ; e

Nb
O Fe�Nið Þ ; e

O
O Fe�Nið Þ ; and eONbðFe�NiÞ are the

interaction coefficients.
The [pctO] term in the right side of Eq. [6a] because of

its smallness can be written using the ratio
Kð1Þ=½pctNb�
� �1=2

if is assumed in Eq. [1a] that fNb � 1
and fO � 1. Such a substitution does not give a
substantial error.[3] Then Eq. [6a] becomes

log pctO½ �Fe�Ni ¼
1

2

n
logKð1Þ � log½pctNb�

� eNb
NbðFe�NiÞ þ 2eNb

O Fe�Nið Þ

h i
½pctNb�:

� 2eOO Fe�Nið Þ þ eONb Fe�Nið Þ

h i

� Kð1Þ= pctNb½ �
� �1=2o

;

½6b�

or, in general terms,

log pctO½ �Fe�Ni ¼ A�1=2 log pctNb½ � þ B pctNb½ �
þ C= pctNb½ �1=2:

½7�

III. EXPERIMENTAL

The experiments were carried out in an induction
furnace fed by a 400-kHz high-frequency generator with
a power of 10 KVA. The scheme of experimental
apparatus is shown in Figure 1. The charge contained
99.99 pct-pure carbonyl iron (OOO ‘‘Sintez-PKZh’’,
Russia), 99.99 pct-pure electrolytic nickel (OAO
‘‘GMK ‘‘Noril’skiy Nikel’’, Russia), and 99.9 pct-pure
aluminothermal niobium (ZAO ‘‘SpetsMetalMaster’’,
Russia). The charge mass was 100 g. This specimen with
the composition corresponding to that of alloy under
investigation was placed into an Al2O3 crucible; in turn,
this crucible was put into another outer protective
alumina crucible. Then, the charge was placed into the
furnace and was melted in the Ar-H2 atmosphere.

Hydrogen and argon were preliminarily purified from
oxygen, water vapor, sulfides, organic compounds, and
mechanical and other impurities. The consumptions of
argon and hydrogen were 150 and 50 mL/min, respec-
tively. When the specimen was completely melted, the
hydrogen supply was stopped and metal was held under

the argon atmosphere (150 mL/min) at 1823 K
(1550 �C). Niobium was added into the melt without
breaking the seal of furnace and, then, the melt was held
at the given temperature under the argon atmosphere
until the equilibrium was achieved. The temperature was
measured by the Pt-6 pctRh/Pt-30 pctRh thermocouple.
In the course of preliminary experiments by sampling

(every 5 minutes) and analyzing the niobium and
oxygen concentrations, it was found that the system
achieves the equilibrium in 18 to 20 minutes after
niobium was added.[6] In these experiments, to be sure
that the equilibrium is achieved, the holding time was
about 30 minutes. Then, the melt was sampled and
chemically analyzed. Samples were taken by a quartz
tube with an internal diameter of 6 mm, which was
equipped with copper crystallizer. Since metal was
melted in an induction field, its surface was dome-
shaped. For this reason, NbO2 film was arranged along
the perimeter of crucible wall, i.e., the central part of
melt surface was film-free. Samples were taken through
this film-free surface. 70-mm-long specimens had a
diameter of 6 mm.
The oxygen concentration in the melt was determined

with an accuracy of ±5 9 10�5 mass pct using a Leco
TC-600 Gas Analyzer. Niobium and nickel were ana-
lyzed with an accuracy of ±0.001 mass pct using an
Ultima 2 Horiba Jobin-Yvon ICP optical emission
spectrometer.

IV. RESULTS AND DISCUSSION

The results obtained are given in Table I and
Figure 2. The dashed line (Figure 2) shows the oxygen
solubility in the Fe-40 pct Ni at 1823 K (1550 �C)
[O](Fe-40 pctNi) = 0.144 pct, which was calculated by the
method published earlier.[7]

The experimental data were processed according to
Eq. [7] by the methods of regression analysis using a

Fig. 1—Schematic diagram of the experimental apparatus.
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Quattro Pro program. The following coefficients for this
equation were obtained (determination coefficient
R2 = 0.91);

log½pctO�ðFe�40pctNiÞ ¼ �2:310� 0:5 log½pctNb�
þ 0:100½pctNb� þ 2:156

� 10�3=½pctNb�1=2:
½8�

In Eq. [7] A ¼ 1=2 logKð1Þ; B ¼ �1=2 eNb
NbðFe�40pctNiÞþ

h
2eNb

OðFe�40pctNiÞ�; C ¼�1=2 2eOOðFe�40pctNiÞþ
h

eONbðFe�40pctNiÞ�

Kð1Þ
� �1=2

. Based on the experimental data, this allows
the calculation of the interaction coefficients and the
equilibrium constant for Eq. [1].

Since the Fe-Ni melts are characterized by a slight
deviation from ideality,[8] in the first approximation, it
can assumed for the calculation of the ejiðFe�NiÞ and
ejiðFe�NiÞ interaction coefficients that[9]

ejiðFe�NiÞ ¼ ejiðFeÞXFe þ ejiðNiÞXNi: ½9�

With the knowledge of the values eOOðFeÞ = �0.2
[1]

and eOOðNiÞ = 0[2] at 1823 K (1550 �C) (Table II), and
using Eq. [9], eOOðFe�40pctNiÞ = �0.1248. Taking into
account the values of the coefficients in Eq. [8], and
the eOOðFe�40pctNiÞ value, it was determined for the

Fe-40 pct Ni alloy at 1823 K (1550 �C) that
eONbðFe�40pctNiÞ = �0.630; eNb

OðFe�40pctNiÞ = �0.105;
eNb
NbðFe�40pctNiÞ = 0.010; logKð1ÞðFe�40pctNiÞ = �4.619;
Kð1ÞðFe�40pctNiÞ = 2.404 9 10�5; DG�ð1ÞðFe�40pctNiÞ ¼
161; 210 J=mol.
Based on the data obtained, the interaction coeffi-

cients were calculated for different compositions of
Fe-Ni alloys (Table II). The logKexp

ð1Þ values for each
experiments (Table I) were calculated according to Eq.
[1a] using the estimated interaction coefficients.
According to Eq. [5], for the Fe-40 pct Ni alloy

DG�ð5ÞðFe�40pctNiÞ ¼ 2RT ln
c�OðFe�40pctNiÞMFe�40pctNi

MO � 100

� �
:

At 1823 K (1550 �C) DG�ð5ÞðFe�40%NiÞ ¼ �223;
261 J=mol. The molecular masses for the Fe-Ni melts
were estimated according to the equation

MFe�Ni ¼MFeXFe þMNiXNi;

and the activity coefficient c�iðFe�NiÞ was determined
using the formula[10]

ln c�i Fe�Nið Þ ¼ XFe ln c�i Feð Þ þ XNi ln c�i Nið Þ þ XFeXNi

� XNi ln c�i Nið Þ � ln c�i Feð Þ þ eFei Nið Þ

� �h

þ XFe ln c�i Feð Þ � ln c�i Nið Þ þ eNi
i Feð Þ

� �i
;

½10�

where e are the molar interaction coefficients.
To calculate the c�OðFe�NiÞ activity coefficient, c�OðFeÞ =

0.0084,[1] c�OðNiÞ = 0.297[2] (Table II), eNi
OðFeÞ ¼ 0:538,[11]

and eFeOðNiÞ ¼ �5:667
[11] were used. The obtained results

are given in Table II.
After the calculation of DG�ð2ÞðFe�40pctNiÞ = 481,349 J/

mol and DG�ð3ÞðFe�40pctNiÞ = 9,056 J/mol for 1823 K
(1550 �C), with the knowledge of DG�ð1ÞðFe�40pctNiÞ and
DG�ð5ÞðFe�40pctNiÞ, one can determine the Gibbs energy for
Eq. [4], DG�ð4ÞðFe�40pctNiÞ = �105,934 J/mol. This allows
the calculation of c�NbðFe�40pctNiÞ according to the equation

ln c�NbðFe�40pctNiÞ ¼
DG�ð4Þ
RT

þ ln
MNb � 100
MFe�40pctNi

� �
:

At 1823 K (1550 �C) c�NbðFe�40pctNiÞ = 0.150. Using
c�NbðFeÞ = 0.171[3] (Table II) and c�NbðFe�40pctNiÞ, the

activity coefficient for the Fe-Ni alloys was estimated
according to Eq. [10] (Table II). In these calculations,

Table I. Equilibrium Concentrations of Niobium and Oxygen in Fe-40 pct Ni Alloy at 1823 K (1550 �C), Mass Percent (Experi-

ment)

[Ni] [Nb] [O] logKexp
ð1Þ [Ni] [Nb] [O] logKexp

ð1Þ

40.3 0.070 0.0230 �4.467 39.8 1.23 0.0065 �4.531
38.3 0.223 0.0080 �4.895 39.5 2.22 0.0063 �4.502
38.3 0.319 0.0076 �4.804 38.8 2.24 0.0053 �4.655
39.2 0.336 0.0094 �4.601 40.7 3.01 0.0080 �4.325
38.8 0.715 0.0082 �4.469 39.2 4.74 0.0054 �4.817
39.9 0.783 0.0059 �4.720 38.3 6.72 0.0080 �4.716
41.1 0.822 0.0063 �4.658 38.3 8.17 0.0119 �4.583

Fig. 2—Experimentally determined oxygen concentration in the
Fe-40 pct Ni melt as a function of the niobium concentration at
1823 K (1550 �C).
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the interaction coefficients eNi
NbðFeÞ = �3.91

[12] and

eFeNbðNiÞ = 4.29[13] were used.

Based on the results obtained, the Gibbs energies for
Reaction [1] and the equilibrium constants of this
reaction (DG�ð1Þ, Kð1Þ) were determined for the Fe-Ni
alloys (Table II). The equilibrium constants of Reaction
[1] as a function of the nickel content are given in
Figure 3. As is seen, the value of the equilibrium
constant decreases considerably as the nickel concen-
tration in melt rises. This may be attributed to a
decrease in the bond strength between metal and oxygen
weakens as the nickel concentration in melt increases
(c�OðFeÞ = 0.0084; c�OðNiÞ = 0.297).

Taking into account the equilibrium constants for
Reaction [1] and the interaction coefficients (Table II),
as applied to the alloys with different compositions at
1823 K (1550 �C), the oxygen solubilities in the melts
can be described by the following equations:

log½pctO�Fe ¼ �2:001� 0:5 log½pctNb� þ 0:170½pctNb�
þ 6:984� 10�3=½pctNb�1=2; ½11a�

log½pctO�ðFe�20pctNiÞ ¼ �2:037� 0:5 log½pctNb�
þ 0:136½pctNb� þ 5:260�10�3=
½pctNb�1=2; ½11b�

log½pctO�ðFe�40pctNiÞ ¼ �2:310� 0:5 log½pctNb�
þ 0:100½pctNb�
þ 2:156�10�3=½pctNb�1=2; ½11c�

log½pctO�ðFe�60pctNiÞ ¼ �2:736� 0:5 log½pctNb�
þ 0:063½pctNb�
þ 5:545�10�4=½pctNb�1=2; ½11d�

log½pctO�ðFe�80pctNiÞ ¼ �3:207� 0:5 log½pctNb�
þ 0:024½pctNb�
þ 9:797�10�5=½pctNb�1=2; ½11e�

log½pctO�Ni ¼ �3:611� 0:5 log½pctNb� � 0:013½pctNb�
þ 1:967�10�6=½pctNb�1=2: ½11f�

The dependence of the equilibrium oxygen content on
the nickel and niobium concentrations in the Fe-Ni
melts, which was calculated by Eqs. [11a] through [11f]
is shown in Table III and Figure 4. It follows from the
data obtained, the affinity of niobium to oxygen
increases considerably with the nickel concentration.
The curves of oxygen solubility in the iron-nickel melts
pass through minimum and its position shifts to the
higher niobium contents with an increase in the nickel
content. As for pure nickel, no minimum was observed
in the range of niobium contents under consideration.

Fig. 3—Equilibrium constant of deoxidation of Fe-Ni melts with
niobium as a function of the nickel concentration at 1823 K
(1550 �C).

Table II. Equilibrium Constant of Reaction [1], Activity Coefficients, and Interaction Coefficients in Fe-Ni Melts at 1823 K

(1550 �C)

Parameter

Ni (pct)

0 20 40 60 80 100

DG�ð1Þ, J/mol 139,519 142,015 161,210 190,738 223,607 251,777
log K(1) �4.002 �4.074 �4.619 �5.471 �6.414 �7.222
XFe 1.0 0.808 0.612 0.412 0.208 0
XNi 0 0.192 0.388 0.588 0.792 1.0
MFe-Ni 55.847 56.393 56.950 57.519 58.098 58.69
c�Nb 0.171[3] 0.120 0.150 0.231 0.293 0.194

c�O 0.0084[1] 0.0107 0.0178 0.0375 0.0969 0.297[2]

eOO �0.2[1] �0.1631 �0.1248 �0.0849 �0.0433 0[2]

eNb
Nb 0[1] 0.0049 0.0100 0.0153 0.0208 0.0266

eNb
O �0.17[1] �0.1381 �0.105 �0.0705 �0.0346 0

eONb �1[1] �0.8187 �0.630 �0.4336 �0.2290 �0.0161
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The niobium concentration corresponding to the
minimum oxygen concentrations can be estimated by
the following equation[14]:

½pctR�0 ¼ � m

2:3 meRR þ neRO
� 	 ; ½12�

where m and n are the stoichiometric coefficients in
RmOn oxide. For NbO2, this equation takes the form

½pctNb�0 ¼ � 1

2:3 eNb
Nb þ 2eNb

O

� 	 : ½12a�

The niobium concentrations calculated by Eq. [12a]
for the points of minimum and the corresponding
oxygen contents are given below:

Ni (pct) 0 20 40 60 80
½pctNb]0 1.279 1.602 2.174 3.459 9.000
[pctO]min 0.0148 0.0121 0.0055 0.0016 3.4 9 10�4

V. CONCLUSIONS

1. The oxygen solubility in the niobium-containing
Fe-Ni melts was experimentally measured in the
Fe-40 pct Ni alloy at 1823 K (1550 �C). It was shown

that the presence of niobium decreases the oxygen
solubility in this melt. The equilibrium constant of
interaction of niobium with oxygen dissolved in the
Fe-40 pct Ni (logKð1ÞðFe�40pctNiÞ = �4.619), the
Gibbs energy of this reaction (DG�ð1ÞðFe�40pctNiÞ ¼
161; 210 J=mol), and the interaction coefficients
characterizing these solutions (eONbðFe�40pctNiÞ ¼
�0:630; eNb

OðFe�40pctNiÞ ¼ �0:105; eNb
NbðFe�40pctNiÞ =

0.010) were determined.
2. The Gibbs energy of interaction of niobium and

oxygen dissolved in the Fe-Ni melts, the equilibrium
constants of this reaction, and the interaction coeffi-
cients for these solutions were calculated for a wide
range of compositions at 1823 K (1550 �C). For this
temperature, the oxygen solubility in the niobium-
containing Fe-Ni melts was also determined.

3. With an increase in the nickel concentration in these
melts, the niobium affinity to oxygen rises apprecia-
bly. This appears to be associated with a decrease in
the bond strength between metal and oxygen in the
melt as the nickel concentration increases (c�OðFeÞ =
0.0084; c�OðNiÞ = 0.297).
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