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Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of chemistry and technologies in
the Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of chemical sciences to our community.
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Clarivate Analytics komnaHusicbl XypHandbl odaH api the Science Citation Index Expanded, the Social
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THE RMODYNAMIC ASSESSMENT OF SMELTING
OF MANGANESE AND CHROMIUM FERROALLOYS BASED
ON THE ANALYSIS OF THEIR STATE DIAGRAMS

Abstract. This paper proposes a technique for extracting thermodynamic data from state diagrams, which are
based on the modified Schroeder-Le Chatelier equation allowing to describe the lines of phase equilibria of binary
systems by mathematical expressions. We showed the possibility to apply the equation of dependence of the
Bjerrum-Guggenheim coefficient for the area of iron crystallization on the activity of iron of an ideal solution a-y for
binary systems Fe-Si, Fe-Cr, Fe-Mn, Fe-Al. The calculated partial excess entropy, enthalpy and the Gibbs energies of
mixing of the liquidus components of the said systems are proposed.

Key words: complex alloys, ferrosilicoaluminum, modified Schroeder- Le Chatelier equation, Bjerrum-
Guggenheim coefficient, partial excess enthalpy (AHF), entropy (AS®) and the Gibbs energy of mixing (G) of
liquidus component.

When smelting steel and special alloys, the ferroalloys obtained by alloying ferrosilicium and
aluminum, produced from very scarce materials such as quartzite, metal shavings, bauxite, etc., are used
as a reducing agent and a deoxidizing agent. For the first time in the world practice, a process for
obtaining complex silicon-aluminum alloys under the general name of ferrosilicoaluminum has been
developed.

When using ferrosilicoaluminum as a metal reducing agent while smelting refined grades of Mn, Cr
and Ti the question arises as to how exactly aluminum and silicon in a complex will behave themselves in
these alloys, since an alien metal (aluminum - when smelting ferromanganese and a low-carbon
ferrochrome, and silicium - when smelting ferrotitanium) is additionally introduced into the system.
Whether strong heteropolar (ionic, covalent, metallic) bonds of aluminum in the melts of Mn-Si-Fe, Si-Cr-
Fe systems, and those of silicium - in the melt of Al-Ti-Fe system will be formed. If in the corresponding
systems in the field of compositions of traditional refined ferroalloys they will experience negative
deviations from ideality and they are not inclined to form various complex associates, then there will not
be any obstacle in using a novel ferrosilicoaluminum in metallurgy as a metal reducing agent.

The state diagrams clearly reflect the nature of the interaction of components in the melt, its phase
composition and the structure of alloys under conditions of stable thermodynamic equilibrium.
Consequently, they contain all the fundamental and important data on the thermodynamic properties of
phases and components.

The analysis of the state diagrams and the developed technique of mathematical description of the
phase equilibrium line in terms of the Bjerrum-Guggenheim concept (@) showed that since this coefficient
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characterizes a degree of deviation of the energy state of a given component under equilibrium conditions
from ideality, then using it, it is possible to determine a magnitude and a sign of the exchange energy
between the components, and this deviation being the greater, the stronger the interparticle interaction
between the components is (@ > 1 is a negative deviation from ideality, ® <1, is a positive deviation from
ideality) [1-3].

The developed technique of mathematical description of the lines of phase equilibria allowed to solve
the direct Gibbs problem correctly, namely, to obtain an analytical dependence of the phase compositions
on the temperature at phase equilibria based on the laws of phase formation. It is shown that by means of
the osmotic Bjerrum-Guggenheim coefficient (®;), a real equilibrium in the system under study can be
determined in detail and its correct analytical expression be obtained [4-6].

The solution of the inverse Gibbs problem is in extracting the thermodynamic information contained
in the state diagram provided that the mathematical problem of phase equilibria is solved correctly [7].

We have solved the first stage of the Gibbs inverse problem, i.e., we have obtained the modified
Schroeder-Le Chatelier equation, allowing to describe analytically the liquidus and solidus lines. In this
connection, let us consider the way of deriving analytical expressions for the partial excess enthalpy
(AHM®) and entropy(ASF) of mixing the liquidus component in the systems with the ratio of ®= A;+ B; - a;.

The difference between the thermodynamic mixing function G for a real solution and the value of
this function for an ideal solution G ,; at the same T and p is called an excess thermodynamic function.

Therefore,

AG? =RTlnj,. (1)

The relationship between the activity coefficient and the Bjerrum-Guggenheim coefficient is established
as follows:

o JAGn" | Aui-Ag’_Ini/a) | Inyi/ngy

= m = - , @)
AGYS.  Auly—Aud,  In(xi/x}) Inx | /Inx}
where A GiZL is the Gibbs energy of melting of the component relates to its ideal component A Gi:; =

RTInX| - RTInX; .

Let us express the coefficient of activity in terms of the Bjerrum-Guggenheim osmotic coefficient.
In the physicochemical literature, this coefficient is called an osmotic coefficient [8] and it establishes a
relationship between the activity and concentration of the component in the solution, which substantially
differs from the analogous relationship between the activity coefficient and concentration:

In a; = (Dill’l Xj.

Since we are considering the variation of the quantity F; along the line of phase equilibria, hence, it
depends on the temperature and on the composition of equilibrium phases. At the same time, as can be
seen from expression (2), this quantity is a dimensionless quantity. Its identity with a well-known osmosis
is shown below.

The thermodynamic classification of solutions is based on the nature of the equations for the chemical
potentials of the solution components. In an ideal solution, the following expression is true for each
component:

1 (T,P,X) = u(T,P) + RTInX, (3)

—— 48 ——
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where - is a standard chemical potential of an i-th substance in a standard state; X; - is the molar

concentration of the i-component in the solution; member RTInX; - corresponds to a change of the
chemical potential due to the mixing (when forming an ideal solution).

By analogy with equation (3), the dependence of chemical potentials of a nonideal solution on the
concentration can be written [7] in the form of:

1(T,P,X) = 1) (T,P)+RTlny, X,, 4)

where v; is an activity coefficient.
The general condition of ideality is that for an ideal solution throughout the entire concentration range
the following condition is satisfied:

'\{i(T,P,Xl,..., Xk_1) =1 (1 = 1,2,..., k)

An advantage of using the coefficient of activity is that it allows to preserve a formal similarity of the
expressions for the thermodynamic properties of real solutions with the equations for nonideal solutions.
The activity coefficient of a solvent in contrast to the activity coefficients of the dissolved components
from purely arithmetic considerations is not the most suitable function for measuring deviations from
ideality. Therefore, instead of the activity coefficient for the solvent, it is more convenient to use another
correction factor called the osmotic coefficient of Bjerrum-Guggenheim [9, 10], which is introduced in the
following way:

1, (T,P,X) = 1) (T,P) + ®,-RT-InX,, (5)

where @ is the osmotic coefficient of Bjerrum and Guggenheim of a solvent ® — 1 at X;—1 and X, ...
— 0.
Comparing the expression In a; = ®;In x; with equation (5), we will find that

Iny, Ina,
or = .
InX, InX,

1

O-1=

(6)

Therefore, the activity coefficient can be expressed as follows:
1Ilji = (CD — 1) lnxi.

To calculate the partial excess thermodynamic mixing functions of the liquidus component we have
the initial data:

O =Ai+B;-a; (7
[AHmi 1 1 | .
a;, =ex —| ———=|l;
(TR T, T ®)
AH,_.
Iny ——oom | 111, ©)
R-®, (T, T)
dAG!
’ =—AS"; AGE = AHE™ _TASE. (10)
dT 1 1 1 1
x,p
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When differentiating function AG;.E with respect to T at x = const

(AGF)=-AS? =[RT(®; — 1) Inx] =R Inx(®; - 1 + T - @) =

1
RInx(®;—1+T-B;-a - ) (11)
R T?
ASE = Rinx(d;— 1 +B; - a; —=1); (12)
' RT
AHF™ =_B; - a;- AHp; - Inx;. (13)
For Fe-Mn, Fe-Cr, Fe-Si, Fe-Al systems under consideration we assumed the following
thermodynamic characteristics of iron: AH ey, pe= 15190.384 J/mole, Ty, re= 1811 K [11].
Calculation of excess thermodynamic mixing functions in Mn-based systems.
The initial data are taken from [12] and presented in Table 1.
Table 1 - Input parameters for calculating thermodynamic data in Fe-Mn system
No.in 7 g X" LnX" @' " L 1T
sequence > op. Fe Fe Fe Fe a Fe
1 1749 0.875 0 1.991 -0.136 1 5.534
2 1723 0.821 5.1512E-05 2.502 -0.153 0.992 5.577
3 1698 0.755 8.2152E-05 2.869 -0.165 0.986 5.608
4 1673 0.686 0.00010884 3.239 -0.178 0.98 5.64
5 1648 0.617 0.00013234 3.611 -0.190 0.975 5.672
6 1623 0.542 0.00015321 3.984 -0.203 0.969 5.704
7 1598 0.469 0.0001719 4.36 -0.215 0.963 5.737
8 1573 0.401 0.00018877 4.738 -0.228 0.957 5.770
9 1548 0.325 0.00020408 5.118 -0.241 0.951 5.803
10 1523 0.232 0.00021807 5.5 -0.254 0.946 5.837

Equation @" for y-Fe: ®"g=-2.33+2.194-a;

The thermodynamic characteristics of iron in Fe-Mn melt calculated by
presented in Table 2 and in figure 1.

Table 2 - Calculated thermodynamic data of y-Fe in Fe-Mn melt

equations (11-13) are

No. in | TK AH kl/g-at. AS kl/g-at-K AG kJ/mole
sequence

1 1749 0 0 0

2 1723 -0.0017 467.954159 -0.07555
3 1698 -0.0027 797.632826 -0.13165
4 1673 -0.00356 1123.464 -0.18956
5 1648 -0.0043 1445.416054 -0.24934
6 1623 -0.00495 1763.457148 -0.31102
7 1598 -0.00552 2077.555229 -0.37464
8 1573 -0.00603 2387.678037 -0.44026
9 1548 -0.00647 2693.793106 -0.50791
10 1523 -0.00688 2995.867768 -0.57764
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Figure 1 - Partial excess entropy, enthalpy and the Gibbs energy of mixing of the liquidus components in Fe-Mn system

Calculation of excess thermodynamic mixing functions in Cr-based systems

The initial data are taken from [12] and presented in Table 3.
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Table 3 - Input parameters for calculating thermodynamic
data in Fe-Cr system

i‘;m;g TK Xo're | LnXy, oy, D", bt 1T

1 1812 1 0 0.154 0.104 1 5.518764
2 1803 0.983 -5.4526E-05 0.145415 0.092303 0.99498 5.546312
3 1793 0.959 -0.00013484 0.135827 0.079238 0.989372 5.577245
4 1783 0.935 -0.00024809 0.126186 0.066101 0.983734 5.608525
5 1773 0.905 -0.00041931 0.116492 0.052893 0.978065 5.640158
6 1763 0.88 -0.00070744 0.106745 0.039612 0.972365 5.67215
7 1753 0.855 -0.00129236 0.096944 0.026258 0.966634 5.704507
8 1743 0.825 -0.00311079 0.08709 0.012831 0.960872 5.737235

The crystallization area of a-Fe is described by the equation: ®"g.=-2.226+2.33-a;
The thermodynamic characteristics of iron in Fe-Cr melt calculated by equations (11-13) are
presented in Fig. 2 and Table 4.
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Figure 2 - Partial excess entropy, enthalpy and the Gibbs energy of mixing of the liquidus components in Fe-Cr system
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Table 4 - Calculated thermodynamic data of a-Fe in Fe-Cr melt

No. Tk AH k)/gat. AS kl/g-atK AG kJ/mole
sequence

1 1312 0 0 0

2 1803 0.00192 319.5202762 20.03789

3 1793 0.004722 670.7393355 20.08159

1 1783 0.008638 1017.922868 20.12702

5 1773 0.014515 1361.037675 20.17422

6 1763 0.024346 1700.050331 022322

7 1753 0.044214 2034.927181 20.27408

8 1743 0.105791 2365.63435 20.32683

Calculation of excess thermodynamic mixing functions in Si-based systems

The initial data are taken from [12] and presented in Table 5.

Table 5 - Input parameters for calculating thermodynamic

data in Fe-Si system

docnence | T A P oy, o', bt 1T

1 2 3 4 5 6 7 8

2 1811 1 0 1.151 0.39 1 5.552
3 1773 0.955 -3.80722E-05 1.345 0.420 0.984 5.640
4 1733 091 -8.75179E-05 1.624 0.454 0.961 5.770
5 1693 0.87 -0.00013 1.913 0.489 0.937 5.906
6 1653 0.835 -0.00017 2.218 0.525 0.913 6.049
7 1613 0.805 -0.00021 2.514 0.561 0.888 6.199
8 1573 0.775 -0.00024 2.826 0.598 0.863 6.357
9 1533 0.748 -0.00027 3.174 0.633 0.837 6.523
10 1493 0.705 -0.00032 3.841 0.644 0.811 6.697
11 1485 0.69 -0.00033 4.012 0.647 0.804 6.743

The crystallization area of a-Fe is described by the equation:
D", =1.8685+1.4711-a;
and that for the area of the ordered phase a,-Fe by
D" =0.98655+0.42163;

The thermodynamic characteristics of iron in Fe-Si melt calculated by equations (11-13) are presented
in Table 6 and in Fig. 3.

Table 6 - Calculated thermodynamic data of o and o, -Fe in Fe- Si melt

No. in | T,K AH kJ/g-at. AS kJ/g-at-K AG klJ/mole
sequence

1 1811 0 0 0

2 1773 -0.000837 -624.71 -0.077
3 1733 -0.00187 -1481.49 -0.180
4 1693 -0.00276 -2295.06 -0.275
5 1653 -0.00352 -3064.01 -0.359
6 1613 -0.00418 -3786.88 -0.432
7 1573 -0.00473 -4462.19 -0.492
8 1533 -0.0015 -1458.67 -0.541
9 1493 -0.00168 -1623.72 -0.619
10 1485 -0.00173 -1662.67 -0.638
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Calculation of excess thermodynamic mixing functions in Al-based systems

The initial data are taken from [4] and presented in Table 7.
The crystallization area of a-Fe is described by the equation:

D", =0.3989+0.0495-a;,
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Table 7 - Input parameters for calculating thermodynamic data in Fe-Al system

No.

in

sequence T,K X " opt ke LnX" D', D", a're UT

1 1811 1.0 0 0.7033 -0.3494 1 5.534
2 1773 0.808 -4.3E-05 0.764 -0.350 0.980 5.640
3 1733 0.684 -9.7E-05 0.837 -0.351 0.957 5.77
4 1693 0.608 -0.00015 0911 -0.352 0.934 5.906
5 1653 0.551 -0.00021 0.987 -0.353 0.910 6.049
6 1613 0.505 -0.00027 1.065 -0.355 0.885 6.199
7 1573 0.466 -0.00034 1.116 0.435 0.860 6.357
8 1533 0.428 -0.00041 1.052 0.405 0.834 6.523
9 1493 0.387 -0.00048 0.986 0.374 0.808 6.697
10 1488 0.376 -0.0005 0.969 0.367 0.803 6.723

and that for the region of the ordered phase a,-Fe is described by:

D"p.=-0.5715+1.1707-a;.

The thermodynamic characteristics of iron in Fe-Al melt calculated by equations (11-13) are
presented in Fig. 4 and table 8.
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Figure 4 - Partial excess entropy, enthalpy and the Gibbs energy of mixing of the liquidus components in Fe-Al system
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Table 8 - Calculated thermodynamic data of o and o, -Fe in Fe- Al melt

No. in | T,K AH kl/g-at. AS kl/g-at-K AG kJ/mole
sequence

1 1811 0 0 0

2 1773 3.2E-05 25.2 -0.089
3 1733 6.02E-05 53.6 -0.198
4 1693 8.85E-05 80.6 -0.314
5 1653 0.00012 106.1 -0.435
6 1613 0.00016 130.0 -0.563
7 1573 0.0002 3619.0 -0.696
8 1533 0.00565 4111.1 -0.839
9 1493 0.00653 4563.1 -0.989
10 1488 0.00674 4669.8 -1.028

Thus, by the example of Fe-Cr, Fe-Si, Fe-Al, Fe-Mn state diagrams, we illustrated the technique for
solving the inverse Gibbs problem - extraction of the thermodynamic information directly from the state
diagram.

The thermodynamic characteristics of solutions with positive and negative deviations from ideality
have been calculated. In doing so we have found that in metal systems of Fe-Cr, Fe-Si, Fe-Al impurity
elements Si and Al in the region of rich in chromium alloys exhibit positive deviations from ideality.

This fact allows to draw conclusions about the possibility of deep refining of ferrochromium from
these elements, especially aluminum, using a complex alloy of ferrosilicoaluminum (FSA), since the
above elements have extremely low solubility in the leading element (chromium) and in this respect using
of FSA as a reducing agent does not cause certain difficulties.

The work has been carried out in accordance with the agreement concluded between the Ministry of
Education and Science of the Republic of Kazakhstan and Abishev Chemical-Metallurgical Institute under
the grant of IRN AR05130225.
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