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The issue of thermodynamic equilibrium in Fe—-O-H system at the temperature of steel-making processes (1600 °C)
was considered. The historical data array, features of experiments on obtaining them and their drawbacks were ana-
lyzed. A new more correct calculation of hydrogen and oxygen concentration in liquid iron and in the gas phase was
performed. New coefficients of activity were calculated, proceeding from precise thermodynamic principles, unlike the
earlier used artificial models based on interaction parameters. 19 Ref., 6 Figures.
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Interaction in Fe—O—H system, together with Fe—O-C
system, is fundamental in steel production [1-3]. This
system has been studied in great detail for the con-
ditions of reduction of iron oxides in the solid phase
and in less detail for interaction of liquid iron with
the gas phase. In the latter case, most of the known
fundamental studies were focused either on determi-
nation of hydrogen solubility in liquid iron, or of ox-
ygen solubility, using a gas mixture of H,0-H, [3].
Despite the importance of the data on interaction in
this system, in publications there is practically no de-
tailed diagram of phase equilibrium at high tempera-
tures (for instance, 1600 °C) or any consistent data on
hydrogen or oxygen activities, when they are simul-
taneously present in liquid iron. The majority of these
data (obtained in the previous century) use artificial
simplified models of the solutions with application of
interaction parameters, which do not have an appro-
priate and substantiated thermodynamic base [2-4].
The differences in previous experiments and the then
applied analytical methods do not allow plotting the
respective phase diagrams, based on such data.

In order to develop a thermodynamically sub-
stantiated approach to equilibrium in this system, in
this work the available data on hydrogen and oxygen
concentration in liquid iron were analyzed, and new
calculations were performed and respective diagrams
were plotted.

Known experimental data. One of the first stud-
ies of hydrogen and oxygen solubility in iron were
the works by Hamilton and Vacher [5, 6]. They used
a gas-vapour mixture of H,O-H, as an auxiliary sub-

stance to study oxygen solubility in parallel with in-
vestigations of Fe-O-C system equilibrium. They
also took the first measurements of hydrogen content
and came to the conclusion that its quantity is quite
insignificant, and has no influence on oxygen content.
Compared to measurements taken 30-40 years later,
it is clear that in these experiments [5, 6] the exact
hydrogen content could not be measured, using the
methods available in those times.

Development of the theory and technology of
steel production was accompanied by a series of in-
vestigations of hydrogen and oxygen solubility, due
to higher requirements made of the steel quality [2],
in particular, for railway transport [7]. More detailed
measurements at that time, taken at different tempera-
tures, and, what is important, at different argon and
hydrogen ratios in H,O-H_-Ar gas phase, are given
in work [8]. They determined the formal constant of
equilibrium of the following reaction

H,0=H, +[O], @
showing that it is not steady, but depends on H,O/H,
and Ar/H, ratio [8]. However, the researchers did not
pay enough attention to the question of how exactly
does the Ar/H, ratio influence either the equilibrium
of reaction (1), or hydrogen solubility in iron.

In a parallel study [9], the authors noted the in-
fluence of Ar/H, ratio not only on hydrogen content,
but also on oxygen concentration, even though in the
conditions of a limited concentration range. In work
[10], the authors added more experimental points in
this system at higher values of H,O/H, ratio at Ar/H, =
= 5. Later on in work [11] the limit of hydrogen sol-
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ubility in liquid iron was determined at 1600 °C in
25.9 ppm (or 10 %) or in 0.00142 mole fractions, if
iron is in equilibrium with pure hydrogen at the pres-
sure of 1 Atm.

In work [12] the authors noted the fact that it is
incorrect to consider the thermodynamics of just re-
action (1), ignoring hydrogen solubility in iron,
simultaneously with oxygen, even if its con-
centration is low. They synchronously analyzed
the content of hydrogen and oxygen in iron in
equilibrium with H,O-H, gas phase, but without
argon additives (Ar/H, = 0). Figure 1 shows the
results of these and other experimental measurements.
As one can see from this data, in the experiments in
[8] hydrogen concentration in the solution was practi-
cally unchanged, despite the variation of partial pres-
sure of water vapour. This does not agree well with
other independent data [9, 10, 12], possibly because
in work [8], the Ar/H, ratio was not kept constant.

Despite all these works, a very simplified ap-
proach, based solely on reaction (1) almost without
exception, predominated in the theory of steel-melt-
ing processes [1, 13] for a long time. In work [4] it
is shown that such an approach is incorrect from the
viewpoint of the rule of phases, as it ignores the pres-
ence of other components in the system. Application
of a similar approach to Fe—O-C system showed that
taking into account CO, and CO simultaneously much
better agrees with the experiments, than when it is just
CO. It is worth noting that the need to measure CO,
alongside CO, was shown already in 1930s [5, 6], but
this fact was not considered any further in terms of the
process thermodynamics.

Formalism of equilibrium in Fe—O-H-Ar sys-
tem. Available results can be first described by the
balance of masses. We will assume that all the main
components of the gas phase are ideal:

PHz * I:)Hzo + POg + I:)Ar = PO’ 2
where P° is the total pressure (1 atm). Introducing
designations A =P /P, B=P,/P, . we can write
(2) as follows:

PHz (1+A+B)=P°- Poz. A3)

As at high temperatures the equilibrium in the gas
phase is practically instantaneous, the partial pressure

of oxygen can be determined through the constant of
the reaction of water vapour dissociation:

2H,0=2H,+0O,; Py, = A?PIUK,, (4)
which has been assessed in detail many times. At
1600 °C by the data of [1, 12] Ig K, = 8.000-8.0827,

and by the new data Ig K, = 7.97161 (thermodynam-
ic data base «FactSage 8.0», 2020). Thus, the partial
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Figure 1. Experimental data (1 — [8]; 2 — [9]; 3 — [10]; 4 —
[12]) on oxygen and hydrogen content in liquid iron at 1600 °C.
Horizontal line shows the limit of oxygen solubility

pressure of hydrogen and oxygen in any mixture will

be defined as follows:

P,, =P (1— 47K )/(1+A+B);

_ ®)
Po, = A2PUK,,

An interesting conclusion can be made from for-
mula (5): partial pressure of oxygen does not depend
on B (Ar/H, ratio), unlike partial pressure of hydro-
gen, which depends both on Ar/H, and on H,O/H,. It
accounts for the discrepancies (Figure 1) in the exper-
imental results with argon application.

Hydrogen and oxygen in the gas phase interact
with liquid iron in proportion to their concentrations,
forming Fe—-[H]-[O] solution. In this case we assume
that Ar does not dissolve in liquid iron, and then the
content of hydrogen and oxygen will be proportional
to activities of these components in equilibrium with
partial pressures of hydrogen and oxygen. The com-
ponent activity (or coefficient of activity (y,)) is a mea-
sure of effectiveness in a particular solution in terms
of its reactions with other components. A classical
definition of the activity links it with partial pressure
of the dissolved component in the solution relative to
its reference state, as a pure substance:

0

a (X)) =R(X)/F, ©
where P, is the partial pressure of this component; P°
is its pressure in the reference state a’ = 1). Many
thermodynamic calculations take a default reference
state, designed for a pure substance. However, for a
metallurgical system at 1600 °C, the pure liquid oxy-
gen is not a reference state, as it cannot exist in such a
form. It was shown [16, 17] that such hypothetical ref-
erence states, which earlier were used in metallurgical
practice for years, lack thermodynamic and mathe-
matical substantiation [14]. In the thermodynamics
of metallurgical processes, the Wagner—Lupis—Elliott
formalism was traditionally used with expansion of
the coefficient of activity into the Taylor series [3, 4,
14], when the reference state was selected to be the

45




GENERAL PROBLEMS OF METALLURGY

formal composition of the solution with 1 wt.% of
the component (even if such a solution did not actu-
ally exist). However, the Taylor series expansion is
only valid around a point, where the derivative with
respect to concentration is taken [17], and it cannot
be extrapolated on the whole to a wide concentration
range. Work [18] showed that the traditional \Wagner—
Lupis—Elliott equations are invalid with respect to the
basic Gibbs—-Duhem equation [19]. The authors of
[17] showed the five main principles for correct selec-
tion of the reference state and calculation of the chem-
ical potential, and proved that the reference state of a
component in a solution is its solubility limit under
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Figure 2. Diagram of phase equilibrium in Fe—-O-H system at
1600 °C (a) and angle from the iron side, as component (b), using
correct chemical potentials [17]. Dash line determines the stoi-
chiometry of water vapour (mole ratio of hydrogen to oxygen is
equal to 2)
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these conditions, as all the required thermodynamic
and mathematical conditions are fulfilled only there.

Thus, for hydrogen the reference state at 1600 °C
is in place at its maximum content in iron (25.9 ppm)
at equilibrium with pure hydrogen at the pressure of
1 atm [11], while the reference state for oxygen (max-
imum oxygen content of approximately 0.20 %) is ob-
served at equilibrium with such a gas mixture, for which
the partial pressure of oxygen reaches 5.11-10-° atm
(contact with pure oxygen would have led to complete
transformation of iron into oxides). These maximum
concentrations correspond to activities, equal to 1 for
hydrogen and oxygen, as:

e Gibb’s energy function is continuous and dif-
ferentiated by the quantity of substance added to the
solution phase, when this solution is present (is not
hypothetical);

e component activities are real, measurable and
continuous, monotonically growing functions in the
solution phase (saturation state is reached within the
appropriate concentration range);

e in the saturated state the derivatives for compo-
nent activity by temperature and by pressure are zero.

Correct determination of the activities and free
energy enable calculating the detailed equilibrium in
Fe—O-H system.

Numerical thermodynamic calculation in Fe—
O-H system. Thermodynamic calculation will be
performed, using «FactSage 8.0» software and data
bases. The formal diagram of phase equilibrium in
this system at 1600 °C was first calculated in mole
fractions (Figure 2). One can see two phase regions
from the iron side: metal-gas or metal-gas-slag (liquid
iron oxides). If oxygen content is not high, and that
of hydrogen is practically absent, then the third possi-
ble phase (iron-slag) can be in equilibrium with iron
without any evident gas phase (Figure 2, b). The same
diagram was calculated in weight percent (Figure 3).
One can see that the line of equilibrium between slag
(FeO) and liquid iron is almost horizontal, that points
to practically unchanged oxygen solubility limit, de-
spite an increase of hydrogen content to a concentra-
tion of approximately 0.0019 % [H]. Further increase
of hydrogen in the system leads to an abrupt drop of
oxygen content in iron.

The next calculation was made for the case of add-
ed argon at Ar/H, ~ 0.1-0.2 and 5.0-6.0 under other
conditions being equal (Figure 4). As argon concen-
tration has little influence on oxygen content, the de-
pendence of hydrogen content on Ar/H, was assessed
at different H,O/H, (Figure 5).

This hydrogen content can be approximated by a
regression equation in Figure 5, which predicts hy-
drogen concentration the more accurately, the higher
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Figure 3. Phase equilibrium diagram in Fe-O-H system at
1600 °C. Regions of stability of different phases are shown
is B = Ar/H, ratio. It is logical, as at low argon content
(B — 0) the quantity of hydrogen in the solution will
strongly depend on A = H,O/H, (by expression (5)).
At B increase, particularly at B > A the hydrogen con-
tent will be mostly determined exactly by Ar/H, ratio
(it is rational to note that at 1600 °C the maximum
value of A <0.5-0.75, when iron oxides, i.e. slag, still
do not form). In previous experiments (see Figure 1)
using argon, the values of B = 5.0-7.6, that also ac-
counts for considerable differences in the measured
hydrogen concentrations at similar H,O/H, values.
The next question was determination of the coef-
ficients of hydrogen and oxygen activity in the solu-
tion. The direct approach uses the ratio of component
activity to its concentration in mole fractions and does
not require any artificial models of the solutions [12,
14, 16, 17]. In keeping with equation (6) in the refer-
ence state (a, = 1), the coefficient of activity of any
component (v,°), which will be equal to its reverse sat-
urated concentration (X):
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Figure 4. Oxygen and hydrogen content in Fe-O-H system at
1600 °C for different Ar/H, ratios. Dash lines show the solubility
limits of hydrogen and oxygen
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Figure 5. Hydrogen content in Fe—~O-H system at 1600 °C (Fig-
ure 4) for different Ar/H, ratios. Dash lines show the confidence
interval for the regression equation
72 =1XP. (7
Coefficients of activity of hydrogen and oxy-
gen change, depending on Ar/H, and H,0/H, ratios
within narrow limits, but nonlinearly (Figure 6). The
first ratio has a stronger impact on the coefficient of
oxygen activity and much less on the coefficient of

[~

e

o
— \t‘_,‘_‘t‘,e P

o
g

a

<5
=5
et M
e
B e e
e A

Figure 6. Natural logarithms of the coefficients of activity of oxy-
genIn(y,) = (@+bx +cy + dy?)/(1 + ex + fy + gy?): a = 4.9944208;
b =11.13995; ¢ = 32.451068; d = —0.88011301; e = 2.2286863;
f=6.515328; g =-0.17770942 (@) (a) and hydrogen In(y,) = a +
+bx + cy: a==6.5685561; b = 0.016389753; ¢ = 0.00018215654
(b) in liquid iron from Ar/H, and H,O/H, ratios at 1600 °C
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hydrogen activity. The second has an opposite effect:
has a stronger influence on the coefficient of activity
of hydrogen, and not oxygen, as it could have been
anticipated. One can see from regression equa-
tions in Figure 6, that the influence of y = Ar/H,
and x = H,O/H, ratios on the coefficient of activity
of hydrogen, is independent on the other, i.e. there is
no correlation between the influence of these ratios
(Figure 6, b). For oxygen, contrarily, the simultane-
ous impact of these ratios of the coefficient of activity
is in place (Figure 6, a). Approximating the surfaces
and equations, a nonlinear regression was plotted by
points, calculated in this work.

Thus, we can note that hydrogen content in liquid
iron, which is controlled by Ar/H, and H,O/H, ratios
simultaneously, influences the coefficient of activity
of oxygen and its concentration stronger that it was
earlier believed. A similar influence on the coefficient
of activity of hydrogen is smaller, and it depends more
on H,O/H,, as does hydrogen concentration at smaller
Ar/H, values.

Conclusions

1. Analysis of the known experimental data on inter-
action of Fe—O—H-Ar system was performed, as well
as calculations of phase equilibrium diagram, using
new data, allowing for correct determination and cal-
culation of the component activity.

2. It is shown that partial pressure of oxygen in
the gas phase is independent on Ar/H, ratio, unlike
partial pressure of hydrogen, which depends both on
Ar/H,, and on H,O/H,. It accounts for the available
discrepancies in the results of historical experiments,
using argon.

3. Hydrogen content in liquid iron can be approxi-
mated by a regression equation, which predicts hydro-
gen concentration the more accurately, the higher is
the Ar/H, ratio. At a low content of argon the quantity
of hydrogen will strongly depend on H,O/H,, and in
the opposite case the hydrogen content will be mostly
determined exactly by Ar/H, ratio.

4. The coefficients of activity of hydrogen and ox-
ygen change depending on Ar/H, and H,O/H, ratios
in narrow ranges, but nonlinearly. The first ratio has
a stronger influence on the coefficient of activity of
oxygen and a much weaker one on that of hydrogen.
The second has an opposite effect: it influences the
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coefficient of activity of hydrogen more than that of
oxygen, as one might have foreseen.

5. Investigation results are of practical importance
for controlling the hydrogen and oxygen content at
steel treatment by argon-based gas mixtures in the
presence of water vapour. This approach can be ex-
tended to alloyed steels and alloys of different com-
position.
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