	Ministry of industry and infrastructure development 
of the Republic of Kazakhstan 

	National Center on complex processing of mineral raw materials 
of the Republic of Kazakhstan

	Zh. ABISHEV CHEMICAL-METALLURGICAL INSTITUTE

	(Zh. Abishev ChMI)

	

	

	UDC 669.2:661.2+661.8
	
	

	IRSTI 53.03.09:53.03.03
	
	

	State registration No.0118РК00665
	

	Inv. No.
	
	

	

	

	
	
	APPROVED by

	
	
	Deputy director for

	
	
	scientific work of

	
	
	Zh. Abishev ChMI,

	
	
	Candidate of technical sciences 

	
	
	________________  N.Yu. Lu 

	
	
	«____» ___________ 2020 г.

	

	

	RESEARCH REPORT 

	

	Research of thermal stability of congruent-melting compounds for model systems based on concept of osmotic coefficient of Bjerrum - Guggenheim

	

	on theme:

	APPLICATION OF SOLUTION METHOD OF DIRECT GIBBS PROBLEM IN APPROACH TO ESTIMATE THERMAL AND STRUCTURAL PROPERTIES BASED ON PHASE DIAGRAM

	(final)

	

	

	

	Supervisor of research work, 
	
	

	Head of metallurgical melts laboratory, 
	
	

	Doctor of technical sciences, professor 
	_________________
	                S. Baisanov

	

	

	Karaganda 2020


[image: image421.png]D

resi





LIST OF EXECUTORS
	Supervisor of Research work,

Head of metallurgical melts laboratory, Doctor of technical sciences, professor   
	____________________

	S. Baisanov (introduction, sections1, 1.1, 1.2, conclusion)

	Responsible executor:
Leading researcher, 

candidate of chemical sciences

	
	

	
	____________________

	V.V. Tolokonnikova, (introduction, sections1, 1.1, 1.2, conclusion)



	Executors:
Leading researcher, PhD
	____________________
	Ye.K. Mukhambetgaliev (sub-section  1.1)


	Researcher  
	____________________
	G.I. Narikbayeva 
(sub-section  1.2)


	Researcher 
	____________________

	I.Ya. Korsukova 
(sub-section    1.1)



	Junior researcher
	____________________

	A.M. Baisanova 

(sub-section    1.2)




ТҰЖЫРЫМ

Есеп 76 б., 1 кітап, 14 сурет, 23 кесте, 34 деректер, 6 қос.

БЬЕРРУМ-ГУГГЕНГЕЙМ КОЭФФИЦИЕНТІ, КОНГРУЭНТТІ БАЛҚИТЫН ҚОСЫЛЫСТАР, ТЕПЕ-ТЕҢДІК ТҰРАҚТЫЛЫҒЫ, ГИББС ЭНЕРГИЯСЫ, ДИССОЦИАЦИЯ ДӘРЕЖЕСІ

Зерттеу нысаны болып конгруэнтті балқитын қосылыстардың кристалдануының айқын аймақтары бар модельдік металды және тотықты жүйелердегі фазалық өзгерістер табылады.

Жобаның мақсаты - гетерогенді реакциялар үшін Гиббс энергиясын есептеумен қатар Бьеррум - Гуггенгеймнің осмотикалық коэффициенті арқылы конгруэнтті балқитын қосылыстардың диссоциациялану (ассоциациялану) дәрежесінің шамасына салыстырмалы бағалау жүргізу.

Жұмысты жүргізу әдістері. ҒЗЖ орындаудың барысында моновариантты фазалық тепе-теңдіктердің сызығын сипаттаудың математикалық әдістері және қосылыстардың энтальпиясы мен балқу температурасын бағалаудың есептік әдістері қолданылды.

Жұмыс нәтижелері және олардың жаңалығы. Металл және тотық жүйелеріне арналған 
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графиктерін егжей-тегжейлі зерттеу конгруэнтті-балқитын қосылыстың балқу температурасында шамамен бір градусқа жақындағанда Бьеррум-Гуггенгеймнің осмотикалық коэффициенті 
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 Fe-Si металл жүйесі мен FeO-Cr2O3 тотық жүйесі үшін сынуға ұшырайтынын, яғни сәйкес балқитын қосылыстың микро құрамы үшін алаң пайда болатынын, ал балқу температурасынан жоғары ликвидус сызығының жалғасы циклды жасап, 1-ге оралатынын көрсетті.
Зерттеу арқылы алынған теориялық нәтижелері сұйық ерітінділер мен бу фазасының бар екендігін көрсетеді, бұл элементтерді бөлу мүмкіндігін бағалауға мүмкіндік береді, бұл прогрессивті технологияларды құрудың тікелей жолы болып табылады.

Жұмыстың экономикалық тиімділігі немесе маңыздылығы: бағдарламаларды қолдана отырып, жұмыста ұсынылған термодинамикалық деректерді есептеу әдістерін пайдалану гидрометаллургия, экстракция, айдау үрдістеріне қатысты маңызды міндеттерді шешуге мүмкіндік береді, яғни фазалық тепе-теңдік құбылыстары бар жерде. 

Енгізу бойынша ұсыныстар. Сонымен, метал және тотық жүйелерінің үйлесімді балқитын қосылысының балқу нүктесіндегі 
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графиктерін егжей-тегжейлі зерттеу жоғары температуралы конгруэнтті балқитын қосылыстардың балқуы кезінде сұйық фазадағы бөлінудің сипатын анықтауға мүмкіндік берді, ал бұл элементтердің бөліну мүмкіндігі туралы бағалаудың тікелей жолы.
Қолдану саласы - металлургия, металтану және металдарды термиялық өңдеу, материалтану.

SUMMARY

Report includes 76 p., 1 book, 14 figures, 23 tables, 34 references, 6 annexes

BJERRUM-HUGGENHEIM COEFFICIENT, CONGRUENTLY MELTING COMPOUNDS, EQUILIBRIUM CONSTANT, GIBBS ENERGY, DISSOCIATION RATE
Object of this research is phase transitions in model metal and oxide systems with strongly marked crystallization regions of the congruently melting compounds.
The project purpose is to perform the comparative assessment of value of dissociation (association) rate of the congruently melting compounds using the osmotic coefficient of Bjerrum Guggenheim with calculation of Gibbs energy for hetero - and homogeneous reactions.
Methods of research realization: During the research activity, the mathematical methods were used to describe the lines of the monovariant phase equilibria. Calculation methods were used to evaluate the enthalpy and melting point of compounds. 

Research results and their novelty. A detailed research of the 
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graphs demonstrate that when approaching the melting point of the compound with approximately step of one degree, the graph of the osmotic coefficient of Bjerrum-Guggenheim 
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 has a break for the Fe-Si metal system and the FeO-Cr2O3 oxide system, i.e. a can be observed a site for a microcomposition of a congruently melting compound, and the continuation of the liquidus line above the melting point shows that it makes a loop and returns to 1.

The obtained  theoretical  research results show the areas of existence of liguid solutions and  the vapor phase, which allow us to judge the possibility of separation of elements, and this is a direct path to the creation of progressive technologies.
Economic efficiency or meaningfulness of work : the use of offer in-process methods of calculation of thermodynamics data will allow to decide important tasks as it applies to the processes of hydrometallurgy, extraction, sublimation, i.e. wherein the phenomenon of phase равновесий is present.

Implementation recommendations. Thus, the detailed researches of the graphs 
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at a melting point of a congruently melting compound of the metal and oxide systems made it possible to define the nature of immiscibility in the liquid phase during melting of the high-temperature congruently melting compounds, thus this is a direct way to approve the possibility of the separating of elements.

The scope is the metallurgy, metal science and heat treatment of metals, materials science.
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INTRODUCTION
Basis and initial data for development of theme. Despite the big interest of scientists in the field of the theory of the physicochemical analysis to the question of a course of the curves of monovariant equilibrium near a composition of a chemical compound, until recently it was not given sufficient attention. Up to date there is no the general thermodynamic justification for the existence of a singular maximum [1].
In our studied approach to identify the features of phase equilibria in various systems, the Фi value fully corresponds to the boundary conditions of almost all types of phase diagrams occurring in nature and predicted by N.S. Kurnakov [2, 3].

Justification of the need for this research. It should be noted that all existing calculation methods cannot be used to quantitatively describe the formation of the phase composition and structure of the multicomponent alloys of a given composition under equilibrium and nonequilibrium cooling conditions. 
Data on the planned scientific and technical level of development, about patent research and conclusions from them. Currently, we developed a method, the mathematical apparatus and the basic thermodynamic and concentration relationships on lines of phase equilibrium “olid-liquid». Of the whole variety of the calculation methods to solve the direct Gibbs problem, for example, from the theory of solutions, none is universal [4]. Our developed method for the mathematical description of the lines of the monovariant phase equilibria is based on a single analytical dependence and is a semi-empirical dependence as a modified Le Chatelier-Shreder equation [5, 6].
The research of the graphs of the Фi function of the crystallizing phases near their melting point (Tm.) demonstrated that when a temperature approaches a melting temperature (Tm, AnBm), the 
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values for them tend to zero. Under our developed method, the formula for changing of the distribution coefficients of lnx
[image: image10.wmf]L

1

/x
[image: image11.wmf]S

1

 = (ln[image: image13.png]


/[image: image15.png]


)/Ф1 components between the solid and liquid phases along the liquidus and solidus lines in the phase diagrams becomes undefined. Using the L'Hospital rule, it can be found a limiting value for the Фi dependence on activity, but it always results to be less than one at T = Tm, 1. This indicates the dissociation of a compound, while the dissociation rate will be ( = 1 - const. This method seems to us to be especially progressive to estimate the radius of curvature of the liquidus line at a melting point of a congruently melting compound; therefore, the purpose of our whole research is to perform a detailed analysis of the behavior of the osmotic coefficient of Bjerrum-Guggenheim in the area of the melting of a congruently melting compound for the metallic and oxide systems.
Data on the metrological support of the research. In this research, the software complex «Processing» (to calculate the osmotic coefficients of Bjerrum-Guggenheim) was used, and its own database of the thermodynamic data was developed for the individual substances and the complex chemical compounds included in the Gibbs program.
Novelty of this theme. First of all, it should be stated that over the last years we repeatedly demonstrated our received data on the study of the Φi graphs under the boundary conditions of almost all types of phase diagrams occurring in nature and predicted by N.S. Kurnakov. In previous researches, we stated the fact of an anomalous behavior of the osmotic coefficient of Bjerrum-Guggenheim during the melting of a congruent compound, but it did not explain the nature of this phenomenon [7].
Researches of the fundamental basis of the high-temperature reduction processes and nature of the metallurgical melts were significantly developed in the Russian Federation, where the priority in this field deservedly belongs to the Popel S.I. school (Ural State Technical University - Ural Polytechnic Institute, Ekaterinburg), schools of Vatolin N.A. - Pastukhova E.A. - Vyatkina G.P. (Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences, Ekaterinburg; Chelyabinsk State Technical University, Chelyabinsk Polytechnic Institute, Chelyabinsk) and Morachevsky (St. Petersburg), Voronin G.F. (Moscow) from the viewpoint of the theory of the thermodynamic activity and coefficient of activity.
This research first presents the studies of phase equilibria based on the Bjerrum-Guggenheim concept and is aimed at discovery the structure and properties of phases of various physical and chemical natures. They are completely novel and promising from the point of view of the fundamental liquid-phase state of materials and phase equilibria at high temperatures [4, 8-10].
The relationship of this research with other works. Currently, the authors developed a method, the mathematical apparatus and the basic thermodynamic and concentration relationships on the lines of phase equilibrium «solid-liquid». In this case, the mathematical expressions of the lines of the monovariant phase equilibria in various systems are presented on a unified analytical basis as a modified Le Chatelier-Shreder equation [11-13]. 
On the project theme «Research of thermal stability of congruently melting compounds for model systems based on the concept of the osmotic coefficient of Bjerrum-Guggenheim» (No. GR 0118RK00665) in 2018 on theme «Thermodynamic stability of congruently melting compounds during the melting for model systems», (report, inv. No. 0218RK00503) an analytical review of various approaches to the strict thermodynamic solution of questions about the shape of the curve of the maximum of a chemical compound on the phase diagram was performed; a choice of model metallic (Fe-Si and Fe-Ti) and oxide (FeO-Cr2O3 and FeO-TiO2) systems with extensive areas of congruently melting compounds of FeSi, Fe2Ti, FeCr2O3, Fe2TiO4 was performed; the initial data on composition and temperature were formed, taken from the crystallization fields of the liquidus and solidus lines to the eutectic point for the private systems of Fe-FeSi, FeSi-Si, Fe-Fe2Ti, Fe2Ti-Ti, FeO-FeO[image: image16.png]


Cr2O3, FeO·Cr2O3-Cr2O3, FeO-2FeO·TiO2, 2FeO·TiO2-TiO2; under the developed method of the mathematical description of the liquidus and solidus lines, the initial data were processed to obtain dependencies 
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. The character of the change of the osmotic coefficient of Bjerrum-Guggenheim for private systems along the phase crystallization line is presented; the analysis of the behavior of the osmotic coefficient of Bjerrum-Guggenheim near and above the melting temperature of congruently melting chemical compounds was performed.

In 2019, on the theme «Software development for solving and constructing the osmotic coefficient of Bjerrum-Guggenheim near a melting point of congruently melting compounds» (report, inv. No. 0219RK00207), the following results were obtained: software was developed to solve and construct the osmotic coefficient of Bjerrum-Guggenheim near the melting point of congruently melting compounds; a program of thermodynamic stability of congruently melting compounds during the melting was developed through the relationship of dissociation rate or association with the equilibrium constant; a program for calculating of the Gibbs energy for hetero- and homogeneous reactions was developed; it was calculated Gibbs energies of the dissociation reaction of stable chemical compounds of FeSi, Fe2Ti, FeCr2O4, Fe2TiO4; equilibrium constants and dissociation rate of congruently melting compounds of FeSi, Fe2Ti, FeCr2O4, Fe2TiO4; it was plotted graphs of the dependence of the change in the osmotic coefficient of Bjerrum-Guggenheim on the ratio of the activity of components in the ideal liquid and solid phases for quasi-binary systems, taking into account the dissociation rate of a chemical compound.

In order to achieve the stated purpose in the project in 2020 under the work schedule (Annex A), the following tasks must be completed:

- to study the behavior of the osmotic coefficient of Bjerrum-Guggenheim and plot the 
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graphs during the melting for the model metal systems;

- to study the behavior of the osmotic coefficient of Bjerrum-Guggenheim and plot the 
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graphs during the melting for the model oxide systems; 
1 Application of solution method of direct Gibbs problem in approach to estimate thermal and structural properties based on phase diagram
The phase diagram is an effective tool to solve most problems in materials science, geology, the chemical technology, metallurgy. However, the experimental research of the phase equilibria and the construction of phase diagrams of the metal systems are achieved at the cost of the significant material costs and time. Compositions of alloys are becoming more varied and complex, the range of their work conditions is expanding. As the number of components of the systems studied increases, material costs increase many times. Thus, the theoretical studies of phase equilibria in the multicomponent metallic systems, calculation and prediction of phase diagrams have a large scale now. It determines the actuality to develop research methods and computer technologies that would make it possible to calculate and display phase diagrams of the multicomponent systems using a minimum of experimental data.

The literature describes a large number of different models and methods of the thermodynamic calculation of phase equilibria in alloys of two-component and more complex systems [14-21].
Currently, methods of the thermodynamic equilibrium calculations in the multicomponent systems using a powerful arsenal of computer tools are well developed. There are many programs to calculate phase diagrams of the multicomponent systems, of which the most common and universal are ThermoCalc, ThermoSuite, FactSage, PANDAT, MTDATA and CaTCalc. All of them use the global conditional minimization of Gibbs energy to search for the equilibrium state of the system. There are many algorithms and software complexes such as Astra (Trusov - Moscow), Selector (Karpov-Irkutsk) and Oracle (Ponomarenko - Donetsk), and also the automated systems to calculate the equilibrium phase diagrams for various systems (system - CALPHAD), brought to a high degree of completeness in the sense of the mathematical, software and information. These software complexes (almost all) are characterized with the presence of their own thermodynamic data bases and are versatile and easy to operate. However, these systems have a common and significant drawback, which is their applicability only to calculations of homogeneous or condensed phase systems without regard to their mutual solubility. The mathematical apparatus of some of them is based on the ideal behavior of components in coexisting phases, i.e. a law of ideal systems with possibility of taking into account a certain part of contribution of non-ideality by allowing the formation of the molecular groupings (compounds) in the homogeneous phases.
Referring to the above software systems and similar foreign ones (the largest is CALPHAD system with a periodically published journal of the same name) give approximately the same result: the exchange reaction is considered more or less normal, and the entire crucible is dissolved in iron to obtain a homogeneous liquid high-carbon metal phase, which, of course, is not confirmed in any carefully conducted experiment. This is a consequence of the lack of the thermodynamic data on the solubility of phases in each other (in this case, carbon in liquid iron) and its effect on equilibrium.

Thus, the above requires a very careful and competent approach to use the available software systems to various objects which extremely limits the circle of people who actively use these tools.

Naturally, the capabilities of these software systems will be improved as private or more voluminous databases of phase diagrams of the binary, ternary and more component systems with a corresponding set of equations for lines and surfaces of coexisting phases.

In our studied approach to determine the features of phase equilibria in various systems, the Фi value fully corresponds to the boundary conditions of almost all types of phase diagrams occurring in nature and predicted by N.S. Kurnakov. A mathematical study of graphs of the Фi function of crystallizing phases near their melting point (Tm.) showed that all types of liquidus lines found in various phase diagrams can be divided mainly into five groups.
The developed program of the thermodynamic stability of a congruently melting compound during the melting through the relationship of the dissociation rate or association (α) with the equilibrium constant will permit us to study the graphs of Фi function of crystallizing phases near their melting point (Tm.) and show that when the temperature approaches the melting temperature (Tm, АnВm) the 
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 values  for them tend to zero.

Evaluation of the dissociation (association) rate of congruently melting compounds using the osmotic coefficient of Bjerrum-Guggenheim in parallel with the calculation of the Gibbs energy for hetero- and homogeneous reactions will make it possible to conclude that congruent compounds dissociate completely or not at the moment of melting, or two liquids can be in the moment of their melting, i.e. there is a horizontal site for the microcomposition at the melting point.
1.1 Behavioral research of the osmotic coefficient of Bjerrum-Guggenheim and 
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graph plotting during the melting for model metal systems

In this research report, we will investigate the behavior of the graphs of the 
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function for the crystallization line near congruently melting chemical compounds for the metallic (Fe-Si and Fe-Ti) systems with extensive areas of congruently melting compounds of FeSi, Fe2Ti. For the liquidus line, the mathematical expression looks like 
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 expression. In this case, for them 
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tends to zero as the temperature approaches Tm,АnВm. An anomalous phenomenon can be observed, a site appears at the maximum point. What is it? Does the compound completely decompose and two liquids appear during the melting?  
Thus, in  order to  confirm  or  exclude  this  phenomenon,  it  is  necessary to  perform  a more  detailed  research  of  the 
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   graphs  and  establish  at  what temperature the 
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value will tend to infinity, in this case 
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→ 1. The researches demonstrated that if the liquidus line is extended above the melting point, it makes a loop and returns to 1.
1.1.1 Fe-Si system and its FeSi-Fe quasi-system from iron side
From the point of view of the study of the behavior of the osmotic coefficient of Bjerrum-Guggenheim for the crystallization region of the congruent compound FeSi, it was found that the dissociation rate of FeSi is 45 % and dissociates well up to the eutectic temperature [22].

Figure 1 presents the behavior of the osmotic coefficient of Bjerrum-Guggenheim for crystallization region of FeSi from iron side for the microcomposition.
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Figure 1 - Graph of dependence of the osmotic coefficient of 
Bjerrum-Guggenheim from 
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We know that the melting point of FeSi = 1683 K, now we will decrease by one degree and see how the points on graph of dependence 
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will take place.

Figure 1 demonstrates that, at a temperature of 1674 K, the graph of the dependence of the osmotic coefficient of Bjerrum-Guggenheim undergoes a break. Why exactly is this point? The answer is obvious only when processing of the initial data. Even a change in composition in thousandths throws out this point from a straight line, so it is fixed at a given temperature equal to 1674 K. Table 1 shows the initial data from the melting point to temperature where the graph breaks.
The mathematical dependence of a given crystallization region of a congruent compound should be found. To do this, we process the data 
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 the with least squares method for a straight line dependence:
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Table 1 - Initial data from melting point to inflection point of 1674 K of graph of the dependence 
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	1683
	0,5000
	0,5000
	1,0000
	1,0000
	0,0000
	0,00000

	1682
	0,5260
	0,5000
	0,9011
	0,9971
	-0,0029
	0,02777

	1681
	0,5300
	0,5000
	0,8868
	0,9942
	-0,0058
	0,04836

	1680
	0,5330
	0,5000
	0,8762
	0,9913
	-0,0087
	0,06606

	1679
	0,5360
	0,5000
	0,8657
	0,9884
	-0,0117
	0,08082

	1678
	0,5337
	0,5000
	0,8737
	0,9855
	-0,0146
	0,10805

	1677
	0,5300
	0,5000
	0,8868
	0,9826
	-0,0175
	0,1458

	1676
	0,5290
	0,5000
	0,8904
	0,9798
	-0,0205
	0,17615

	1675
	0,5279
	0,5000
	0,8943
	0,9769
	-0,0234
	0,20943

	1674
	0,5279
	0,5000
	0,8944
	0,9740
	-0,0263
	0,2359


Thus, the mathematical expression (2) of the liquidus line for a very limited composition was obtained. Table 1 demonstrates that it varies within the composition range from 1,0 at a ferrosilicon melting point of 1683 K to 0,8944 at a temperature of 1674 K.

In order to confirm the presence of a site for crystallization region of FeSi, in fact, the data given in Table 1 are already sufficient, but to show the point of inflexion, the additional initial data were presented, consistent with [23].

Table 2 shows a comparative analysis of the calculated values with equation (2) and the experimental data from 1683 K to 1674 K
Table 2 - Comparative analysis of the calculated values with equation (2) and the experimental data of the FeSi-Fe quasi-system up to a temperature of 1674 K
	T,K
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	1683
	0,0000
	1,0000
	-0,008
	1,0000
	1,0000

	1682
	0,0278
	0,9971
	0,0186
	0,8552
	0,9011

	1681
	0,0484
	0,9942
	0,0447
	0,8781
	0,8868

	1680
	0,0661
	0,9913
	0,0709
	0,8841
	0,8762

	1679
	0,0808
	0,9884
	0,0971
	0,8867
	0,8657

	1678
	0,1081
	0,9855
	0,1232
	0,8882
	0,8737

	1677
	0,1458
	0,9826
	0,1494
	0,8892
	0,8868

	1676
	0,1762
	0,9798
	0,1747
	0,8897
	0,8904

	1675
	0,2094
	0,9769
	0,2008
	0,8902
	0,8943

	1674
	0,2359
	0,974
	0,227
	0,8904
	0,8944


Table 3 shows the initial data for the crystallization region of FeSi of the Fe-FeSi quasi-system below a temperature of 1684 K for plotting graphs of the dependence 
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. To show the mathematical dependence of the liquidus line below a temperature of 1684 K, the following thermodynamic data were used: Tm,FeSi = 1683 К, ∆ Hm,FeSi = 68617,6 J / mol. 
Table 3 - Initial data of the crystallization region of FeSi for particular Fe-FeSi system below a temperature of 1684 K
	T, K
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	1673
	0,5280
	0,5030
	0,8939
	0,988
	-0,1001
	-0,0293
	0,9711
	0,2614

	1648
	0,5710
	0,5060
	0,7513
	0,976
	-0,2619
	-0,1041
	0,9011
	0,3642

	1623
	0,5970
	0,5080
	0,6750
	0,969
	-0,3610
	-0,1813
	0,8342
	0,4613

	1598
	0,6130
	0,5090
	0,6313
	0,965
	-0,4239
	-0,2608
	0,7704
	0,5671

	1573
	0,6260
	0,5100
	0,5974
	0,961
	-0,4751
	-0,3429
	0,7097
	0,6657

	1548
	0,6360
	0,5120
	0,5723
	0,953
	-0,5100
	-0,4276
	0,6520
	0,7663

	1523
	0,6460
	0,5140
	0,5480
	0,946
	-0,5455
	-0,5152
	0,5974
	0,8565

	1498
	0,6530
	0,5160
	0,5314
	0,938
	-0,5682
	-0,6056
	0,5458
	0,9578

	1473
	0,6610
	0,5190
	0,5129
	0,927
	-0,5917
	-0,6991
	0,4970
	1,0469


In order to recalculate the equilibrium compositions of the liquid and solid phases from the base system to the particular system and vice versa, equations were calculated with consideration of the change in the net concentration of the melt components.

For the crystallization region of the congruently melting compound FeSi from iron side on phase diagram, the Ф
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 graph becomes straightforward (Figure 2) only when the compositions of the liquid phases are recalculated for the particular Fe-FeSi and FeSi-Si systems under the special formulas:


                 
х1= (Q1–(Q1+P1).x0)/((I1+J1–Q1–P1).x0–I1+Q1),

     (3)


            
x0 = (I1–Q1).x1+Q1/(I1+J1–Q1–P1).x1+(Q1+P1),
               (4)

For example, for the Fe-FeSi subsystem in the Fe-Si system: I1 = 1, J1 = 1, Q1 = 1, P1= 0. We should pay careful attention to arrangement of coefficients, thus the start counting with a congruent (incongruent) compound should be begun. If data on the composition and temperature of iron were taken, then the correct arrangement of the coefficients in equation (3) is given above.

After recalculation of gross concentrations to net graph of dependence the Ф
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 values began to have a strictly correlation dependence (Figure 2). This figure is identical to figure 1, only it is demonstrated below a temperature of 1684 K.

The received data on Ф
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 were processed by the least squares method and the following equation was obtained: 
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            Rxy= - 0.9991.                      (5)
The received strictly correlation dependence indicates that the melt contains only van der Waals forces of interaction between the components.

In general, we can talk about a structure of the melt by the behavior of the osmotic coefficient of Bjerrum-Guggenheim, for example, when the graphs of dependence 
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 have a convex character of dependence, then we assume that dissociation of the compound is in the melt, in the case of a concave character of the dependence of the Bjerrum-Guggenheim coefficient, we are already talking about association of a compound.

Further, we obtained a mathematical expression for the liquidus line for the crystallization region of FeSi of the particular system Fe-FeSi, equation (6).
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	(6)



Expression (6) is a semi-empirical dependence of Le Chatelier-Shreder equation.
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Figure 2 - Dependence of the Bjerrum-Guggenheim coefficient Ф
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'

FeSi

on activity ratio for particular system FeSi-Fe
Table 4 presents the results showing how accurately the obtained equation (6) describes the crystallization region of FeSi for particular Fe-FeSi system.

Table 4 – The comparative experimental and calculated data of the crystallization region of FeSi for particular FeSi-Fe system
	T, K
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	1673
	0,2614
	0,24383
	0,8939
	0,8867

	1648
	0,3642
	0,36002
	0,7513
	0,7488

	1623
	0,4613
	0,47103
	0,6750
	0,6805

	1598
	0,5671
	0,57688
	0,6313
	0,6363

	1573
	0,6657
	0,67762
	0,5974
	0,6029

	1548
	0,7663
	0,77330
	0,5723
	0,5752

	1523
	0,8565
	0,86396
	0,5480
	0,5509

	1498
	0,9578
	0,94968
	0,5314
	0,5285

	1473
	1,0469
	1,03052
	0,5129
	0,5074


Thus, for the crystallization region of ferrosilicon of the particular FeSi-Fe system, i.e. a branch of the liquidus line from iron side, the behavior of the osmotic coefficient of Bjerrum-Guggenheim showed a point of inflexion of the graph at 1674 K. The structure of the melt, presumably, looks like this: from a melting point of the congruent compound of 1683 K to 1674 К, there is a site for a microcomponent which indicates the presence of two immiscible liquids in the melt. Further, when the decrease of temperature to 1473 K, the FeSi particles and the prodissociating 
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and 
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 are in the melt.
Further in the text, for two crystallization regions of Fe-FeSi and FeSi-Si ferrosilicon, the features of the behavior of the osmotic coefficient of Bjerrum-Guggenheim will be shown, namely, the presence of a site and formation of a loop above the melting point of ferrosilicon.
1.1.2 Fe-Si system and its FeSi-Si quasi-system from silicon side
For this field, we are working according to the previous scheme. The points are added from the melting point of ferrosilicon 1683 K to point of inflexion (Figure 3). We compose the initial data and enter them in Table 5.

The initial data were compiled with a difference from the melting point of ferrosilicon to the point of inflexion of graph 3. At first glance, the difference is one degree, and a composition changes sufficiently mobile from 1. First, we take the data for iron
[image: image78.wmf]L
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, then recalculate a composition to the particular system of equation (3).
Now the behavior of the osmotic coefficient of Bjerrum-Guggenheim is studied for the region crystallization of FeSi from the silicon side for a microcomposition (Figure 3).
Figure 3 shows that at a temperature of 1673 K the graph of the dependence of the osmotic coefficient of Bjerrum-Guggenheim from 
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has a break. During the processing the initial data, this point at a given temperature was fixed.
Table 5 - Initial data from the melting point to point of inflexion of the graph of dependence 
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 for a particular system FeSi-Si 
	T,K
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	1683
	0,5000
	0,5
	1,0000
	1,00000
	0,00000
	0,0000

	1682
	0,4800
	0,5
	0,9231
	0,99709
	-0,00292
	0,0364

	1681
	0,4720
	0,5
	0,8939
	0,99418
	-0,00583
	0,0520

	1680
	0,4680
	0,5
	0,8797
	0,99128
	-0,00876
	0,0683

	1679
	0,4650
	0,5
	0,8692
	0,98839
	-0,01168
	0,0833

	1678
	0,4640
	0,5
	0,8657
	0,98549
	-0,01461
	0,1012

	1677
	0,4630
	0,5
	0,8622
	0,98261
	-0,01754
	0,1183

	1676
	0,4620
	0,5
	0,8587
	0,97973
	-0,02048
	0,1344

	1675
	0,4610
	0,5
	0,8553
	0,97685
	-0,02342
	0,1498

	1674
	0,4600
	0,5
	0,8519
	0,97398
	-0,02636
	0,1644

	1673
	0,4590
	0,5
	0,8484
	0,97111
	-0,02931
	0,1783
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Figure 3 - Dependence of the osmotic coefficient 
of Bjerrum-Guggenheim from [image: image90.png]
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The research results of the behavior of the osmotic coefficient of Bjerrum-Guggenheim near the melting points of compounds or substances demonstrated that this coefficient is a very fine structure-sensitive characteristic. What does this break mean? The structure of the melt changed. The presence of a micro-site means the presence of two immiscible liquids, and below the temperature of break from the melt the dissociation process begins.
The mathematical dependence of this crystallization region of FeSi-Si of congruent compound FeSi is found. To do this, we process the data 
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The comparative analysis of the calculated and experimental data is given in Table 6.

Table 6 – The comparative experimental and calculated data of the crystallization region of FeSi for a particular system FeSi-Si up to point of inflexion at a temperature of 1673 K
	T,К
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	1683
	0,0000
	1,0000
	0,0138
	1,0000
	1,0000

	1682
	0,03642
	0,9971
	0,0309
	0,90993
	0,9231

	1681
	0,05204
	0,9942
	0,048
	0,88539
	0,8939

	1680
	0,06832
	0,9913
	0,065
	0,87388
	0,8797

	1679
	0,08331
	0,9884
	0,0819
	0,86715
	0,8692

	1678
	0,10129
	0,9855
	0,0989
	0,86267
	0,8657

	1677
	0,11833
	0,9826
	0,1158
	0,85947
	0,8622

	1676
	0,13448
	0,9797
	0,1327
	0,85704
	0,8587

	1675
	0,14983
	0,9769
	0,1496
	0,85512
	0,8553

	1674
	0,16442
	0,974
	0,1665
	0,85354
	0,8519

	1673
	0,17832
	0,9711
	0,1833
	0,85222
	0,8484


Thus, a mathematical expression for the liquidus line is obtained for a very limited composition. Table 4 shows that a composition varies from 1,0 at a ferrosilicon melting point of 1683 K to 0,8484 at a temperature of 1673 K. 
Further in the text there is a demonstration of the behavior of the osmotic coefficient of Bjerrum-Guggenheim for the second part of the graph in Figure 3, i.e. below the inflexion temperature of 1673 K (Figure 4).
After processing of the initial data by the least squares method, we obtained the dependence (9) with a correlation coefficient of 0,9966:
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	(9)


The equation of a liquidus line for ferrosilicon of the particular system FeSi-Si takes the form: 
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Table 7 demonstrates an analysis of the calculated and experimental data.
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Рисунок 4 – Dependence of the Bjerrum-Guggenheim coefficient Ф
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 for a particular system FeSi-Si
Table 7 – The comparative experimental and calculated data according to equation (10) of the crystallization region of FeSi for a particular system FeSi-Si
	T, K
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	1673
	0,33286
	0,32639
	0,9157
	0,9141

	1648
	0,40715
	0,41997
	0,7614
	0,7804

	1623
	0,48324
	0,50938
	0,6872
	0,7006

	1598
	0,55941
	0,59465
	0,6273
	0,6449

	1573
	0,63408
	0,67579
	0,5823
	0,6020

	1548
	0,71096
	0,75285
	0,5480
	0,5666

	1523
	0,78723
	0,82588
	0,5198
	0,5359

	1498
	0,85897
	0,89492
	0,4941
	0,5083

	1485
	0,92917
	0,92927
	0,4948
	0,4948


It should be noted that the mathematical models of the liquidus and solidus lines obtained using the Bjerrum-Guggenheim coefficients agree with the experimental data [24]. Moreover, the nature of the change in this value along the lines of monovariant phase equilibria shows that in all range of system compositions in melts in equilibrium with the corresponding solid phases, the presence of groups of the FeSi type is found everywhere, as it is evidenced by the almost straight-line graphs Ф
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with close to unity correlation coefficients obtained at recalculating the compositions of melts for the possible presence of these groups.
Thus, the received research results show that the dissociation rate of the congruent compound FeSi of 45 %, established by calculation, makes it possible to see an immiscibility site for a microcomposition of 10 points (Table 5) [22]. For a crystallization line near congruently melting chemical compounds, the mathematical expression looks like an expression 
[image: image118.wmf]i

i

Ф

a

/

ln

x

ln

L

i

=

. In this case, Ф'i  for them tends to zero as the temperature approaches Tm,АnВm. And the second important point in the behavior of the osmotic coefficient of Bjerrum-Guggenheim is that if we continue its dependence above the melting point of the congruent compound, then it makes a loop and returns to 1. 

Now we see how the dependences (1, 2 for the crystallization region of FeSi-Fe) and (7, 8 for the crystallization region of FeSi-Si) will continue the liquidus line above the crystallization temperature of FeSi = 1683 K. Table 8 shows this analysis. Attention should be paid to the fact that at 1683 K the calculated composition for the liquid phase is 1,0. Then we increase the temperature to 1684 K, etc. What happens with composition? It begins to decrease, and then increase, and at a temperature of 8000 K it again comes to 1. 
Table 8 – The calculated data of the liquidus line on both sides from the FeSi melting point [image: image120.png]Qfqsi
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	Crystallization region of FeSi for quasi-system Fe-FeSi
	Crystallization region of FeSi for quasi-system Si-FeSi
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	Ф′' FeSi.calc.

under equation (7)
	XLFeSi calc. under equation (8)

	1683
	0,00000
	-0,00760
	1,00000
	1683
	0,00000
	0,01380
	1,00000

	1684
	0,00291
	-0,03391
	0,78550
	1684
	0,00291
	-0,01206
	0,41513

	1685
	0,00582
	-0,06027
	0,85787
	1685
	0,00582
	-0,03797
	0,75234

	1686
	0,00873
	-0,08668
	0,87239
	1686
	0,00873
	-0,06392
	0,79302

	1687
	0,01163
	-0,11313
	0,87869
	1687
	0,01163
	-0,08991
	0,80891

	1689
	0,01742
	-0,16617
	0,88458
	1689
	0,01742
	-0,14203
	0,82280

	1690
	0,02031
	-0,19275
	0,88623
	1690
	0,02031
	-0,16816
	0,82652

	1691
	0,02320
	-0,21938
	0,88747
	1691
	0,02320
	-0,19434
	0,82927

	1692
	0,02608
	-0,24606
	0,88846
	1692
	0,02608
	-0,22055
	0,83141

	1693
	0,02896
	-0,27278
	0,88927
	1693
	0,02896
	-0,24681
	0,83313

	1694
	0,03184
	-0,29955
	0,88995
	1694
	0,03184
	-0,27312
	0,83455

	1695
	0,03472
	-0,32637
	0,89054
	1695
	0,03472
	-0,29947
	0,83576

	1696
	0,03759
	-0,35323
	0,89106
	1696
	0,03759
	-0,32587
	0,83680

	1697
	0,04045
	-0,38013
	0,89152
	1697
	0,04045
	-0,35231
	0,83771

	1698
	0,04332
	-0,40708
	0,89194
	1698
	0,04332
	-0,37880
	0,83853

	1699
	0,04618
	-0,43408
	0,89232
	1699
	0,04618
	-0,40533
	0,83926

	2000
	0,77724
	-10,6144
	0,92806
	2000
	0,77724
	-10,4102
	0,89323

	3000
	2,15273
	-68,6616
	0,96859
	3000
	2,15273
	-67,4571
	0,95291

	4000
	2,84048
	-145,502
	0,98033
	4000
	2,84048
	-142,974
	0,97042

	6000
	3,52823
	-298,356
	0,98804
	6000
	3,52823
	-293,194
	0,98198

	7000
	3,72473
	-365,097
	0,98967
	7000
	3,72473
	-358,784
	0,98443

	8000
	3,87210
	-424,502
	1,00076
	8000
	3,87210
	-417,165
	1,00607


Referring to the research results of two quasi-systems, Figures of 1 and 3, Tables of 2 and 6, Figure 5 show a micro-site and a loop on both sides from a congruent connection. A composition returns to 1 at a temperature of 8000 K.
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Figure 5 – The schematic view of behavior of the osmotic coefficient of
Bjerrum-Guggenheim above the melting point of FeSi

Thus, as an example of the Fe-Si system for crystallization region of FeSi, the nature of behavior of the osmotic coefficient of Byerruma-Guggengeym higher than temperature of melting is shown and the micro-site for run-up of composition from 1,0 to 0,89 is found.
1.1.3 Fe-Ti system and its quasi-system Fe2Ti-Fe from iron side
In general, based on the crystallization region of the congruent compound Fe2Ti on both sides of this compound, it can be concluded that the graphs of dependence 
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 indicate its weak dissociation during the melting and a decrease in the dissociation rate with decreasing temperature [22].

For the Fe-Ti system, the dissociation rate of Fe2Ti is 0.04 % which also agrees well with conclusions of N.S. Kurnakov about an acute maximum for the Fe2Ti compound, i.e. the congruently melting compound is stable at the melting point [24].
In order to confirm our assumptions about the presence of a site for this system, seven additional points were taken from the melting point of the congruent compound Fe2Ti-Fe to temperatures considered by us before [23].

The initial data on composition and the corresponding temperature were processed according to the developed method [24] and new data were obtained. What should be understood by a word «new» is seven points from the melting point of Fe2Ti with an interval of one degree below the melting point of Fe2Ti equal to 1700 K. The processing of the initial data was made by the standard method [24] with finding the numerical values of the osmotic coefficient of Bjerrum-Guggenheim 
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 and are given in Table 9.
Table 9 – The initial data of the crystallization region of Fe2Ti of the quasi-system Fe2Ti-Fe
	T, K
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	1700
	0,66667
	1,00001
	1,0000
	0,00000

	1699
	0,67070
	0,96456
	0,9949
	0,14031

	1698
	0,66689
	0,99799
	0,9899
	0,23459

	1697
	0,66691
	0,99781
	0,9849
	0,29215

	1696
	0,66693
	0,99763
	0,9799
	0,33315

	1695
	0,66695
	0,99745
	0,9749
	0,35075

	1694
	0,66697
	0,99727
	0,9700
	0,36756

	1693
	0,66710
	0,99611
	0,9651
	0,37043

	1683
	0,67000
	0,97059
	0,9168
	0,35836

	1673
	0,72500
	0,61111
	0,8704
	0,33753

	1663
	0,75000
	0,50000
	0,8258
	0,32054

	1653
	0,77600
	0,40580
	0,7830
	0,30373

	1648
	0,78600
	0,37413
	0,7623
	0,28073

	1633
	0,81600
	0,29114
	0,7026
	0,26019

	1623
	0,84900
	0,21633
	0,6649
	0,24180

	1613
	0,85900
	0,19638
	0,6288
	0,22312

	1600
	0,87800
	0,16138
	0,5841
	0,20019


Based on the initial data (Table 9), a graph of dependence of the osmotic coefficient of Bjerrum-Guggenheim 
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on the ratio of activity of the liquid and solid phases 
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was plotted (Figure 6).
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Figure 6 - Dependence of the Bjerrum-Guggenheim coefficient
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for particular system Fe2Ti-Fe
By the least squares method for the curvilinear dependence, a mathematical expression for the osmotic coefficient of Bjerrum-Guggenheim on ratio of the activity of the liquid and solid phases was obtained in the form: 
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The liquidus line equation for particular system Fe2Ti-Fe takes the form of equation (12): 
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Table 10 shows the comparative experimental and calculated data under equations of (11) and (12).

Table 10 – The comparative experimental and calculated data under equations of (11) and (12)
	T, K
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	1700
	0,9997
	1,0000
	1,00000
	0,00000
	-0,00971

	1699
	0,96731
	0,9795
	0,99495
	0,15233
	0,24500

	1698
	0,95273
	0,9695
	0,98992
	0,20924
	0,32754

	1697
	0,93786
	0,9595
	0,98491
	0,23704
	0,36749

	1696
	0,92304
	0,9494
	0,97992
	0,25334
	0,39048

	1695
	0,91004
	0,9393
	0,97494
	0,26918
	0,40501

	1694
	0,89665
	0,9292
	0,96999
	0,27929
	0,41472

	1693
	0,88274
	0,9191
	0,96506
	0,28516
	0,42143

	1683
	0,73946
	0,8185
	0,91678
	0,28787
	0,43379

	1673
	0,61807
	0,7197
	0,87038
	0,28853
	0,42198

	1663
	0,51198
	0,6240
	0,82581
	0,28588
	0,40576

	1653
	0,42081
	0,5327
	0,78303
	0,28257
	0,38841

	1648
	0,38028
	0,4892
	0,76229
	0,28073
	0,37965

	1633
	0,27809
	0,3687
	0,70262
	0,27577
	0,35369

	1623
	0,22464
	0,2978
	0,66491
	0,27330
	0,33691


What we would like to pay our attention during the constructing of the graph (Figure 7), the added seven points from a temperature of 1668 K to 1693 K did not give the desired jump in the behavior of the osmotic coefficient of Bjerrum-Guggenheim 
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. The convexity of the graph shows the presence of dissociation of a congruent compound, an abrupt jump from the melting point and a smooth transition to decrease.
In order to confirm the presence of a loop above the melting point of Fe2Ti according to equation 12, temperatures were taken 0.5 degrees below and one degree above the melting temperature of 1700 K which presented in Table 11.

Table 11 – The calculated data to confirm the presence of a loop of the liquidus line from the iron side Fe-Fe2Ti under equation (12)
	T, K
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	1699,6
	0,99798
	0,13668
	0,9853

	1699,7
	0,99848
	0,10868
	0,9861

	1699,8
	0,99899
	0,07591
	0,9868

	1699,9
	0,99949
	0,03706
	0,9864

	1700,0
	1,00000
	-0,00971
	1,0000

	1700,1
	1,00051
	-0,06709
	0,99249

	1700,2
	1,00101
	-0,13912
	0,99275

	1700,3
	1,00152
	-0,23222
	0,99349

	1700,4
	1,00203
	-0,35716
	0,99435

	1700,5
	1,00253
	-0,53358
	0,99527

	1700,6
	1,00304
	-0,80149
	0,99622

	1700,7
	1,00355
	-1,25675
	0,99719

	1700,8
	1,00405
	-2,20115
	0,99816

	1700,9
	1,00456
	-5,33617
	0,99915

	1701,0
	1,00507
	37,11261
	1,00000


If we perform an analysis under equation (12) 
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, we will see that at a temperature of 1700 K the composition corresponds to 1, then it decreases and already at a temperature of 1701 K gives 1 again. 
Thus, for the crystallization region of the congruent compound Fe2Ti of the quasi-system Fe2Ti-Fe, the presence of a loop was proved. No sites were found at the crystallization temperature of the compound, as it was evidenced by the smooth course of the curve of the dependence of the Bjerrum-Guggenheim coefficient 
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. And the very acute maximum of the congruently melting compound on the phase diagram suggests that this compound does not dissociate well (0,04 %) which we confirm with our studies.
1.1.4 Fe-Ti system and its quasi-system Fe2Ti-Ti from titanium side 
Now we study the behavior of the osmotic coefficient of Bjerrum-Guggenheim 
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 from titanium side.

In the report for 2018 «The thermodynamic stability of congruently melting compounds during the melting for model systems», this crystallization region was researched by us quite fully. A mathematical expression for the line of monovariant phase equilibrium of liquidus and solidus was obtained as a semi-empirical dependence of Le Chatelier-Shreder equation [20].
Using the least squares method for a curvilinear dependence, a mathematical expression for the osmotic coefficient of Bjerrum-Guggenheim on ratio of the activity of the liquid and solid phases was obtained in the form:
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The equation of the liquidus line for the particular system Fe2Ti-Ti takes the form:
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Table 12 presents the comparative experimental and calculated data under equations of (13) and (14).

The graph in Figure 7 very well reflects the dissociation process of the congruent compound Fe2Ti. Starting from the melting point of the compound, there is a small convexity of the graph to approximately 1694 K, and then the graph places on an almost straight line which indicates the presence of only van der Waals interaction forces in the melt. The mathematical dependence and description of the behavior of the osmotic coefficient of Bjerrum-Guggenheim Ф
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 below the temperature of 1694 K is given in the report [20].
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Figure 7 - Dependence of the Bjerrum-Guggenheim coefficient
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According to dissociation character of congruent compound, the compound is very stable, poorly dissociated, and has an acute maximum. The loop was found with difficulty. Only one degree from the melting point gave a return of the composition to 1.
We examined two metallic systems of Fe-Si and Fe-Ti on presence of a microsite for immiscibility of congruently melting compounds of FeSi and Fe2Ti, respectively, at their melting point and assessing of the dissociation (association) rate of congruent compounds using the osmotic coefficient of Bjerrum-Guggenheim, we can conclude that these compounds dissociate completely or not at the moment of melting, or two liquids can be observed.

Table 12 – The comparative experimental and calculated data under equations of (13) and (14)
	T, K
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	1700
	1,0000
	1,0000
	0,00000
	0,27350
	1,0000

	1699
	0,9706
	0,9949
	0,169597
	0,28495
	0,9824

	1698
	0,9620
	0,9899
	0,261448
	0,29627
	0,9664

	1697
	0,9535
	0,9849
	0,319282
	0,30746
	0,9517

	1696
	0,9472
	0,9799
	0,373840
	0,31852
	0,9383

	1695
	0,9409
	0,9749
	0,416694
	0,32944
	0,9259

	1694
	0,9360
	0,9699
	0,460327
	0,34022
	0,9143

	1693
	0,9306
	0,9651
	0,494599
	0,35088
	0,9036

	1683
	0,8514
	0,9168
	0,539914
	0,44999
	0,8244

	1673
	0,7821
	0,8704
	0,564705
	0,53545
	0,7716

	1663
	0,7255
	0,8258
	0,596385
	0,60696
	0,7296

	1653
	0,6765
	0,7830
	0,625741
	0,66422
	0,6920

	1648
	0,6601
	0,7623
	0,653437
	0,68738
	0,6738

	1633
	0,5989
	0,7026
	0,688427
	0,73438
	0,6184

	1623
	0,5638
	0,6649
	0,712218
	0,74638
	0,5788

	1613
	0,5331
	0,6288
	0,737472
	0,74228
	0,5352


It was determinated that for the Fe-Si binary system, the dissociation rate of FeSi is 45 % which indicates a very good dissociation of this compound up to the eutectic temperature. The graph of the osmotic coefficient of Bjerrum-Guggenheim gives a break at a temperature of 1674 K which indicates a change in the short-range order of the melt. There is a regrouping of the components, the congruent compound FeSi dissociates, i.e. the melt has + FeSi + ions (Fe++ Si-). A microsite was found for run-up of composition from 1,0 to 0,89.
For the system Fe-Ti, no sites at the melting point of the congruent compound Fe2Ti were found. The reason is the low dissociation rate of the congruent compound Fe2Ti = 0,04 %.

The research of the graphs of the function of the osmotic coefficient of Bjerrum-Guggenheim Фi of crystallizing phases near their melting point (Tm.) showed that as the temperature approaches the melting point (Tm, AnBm), the values of 
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 for them tend to zero.

For all model metal systems, the research of the graphs of the osmotic coefficient of Bjerrum-Guggenheim near and above the melting point of congruent compounds shows that it passes through zero with a composition equal to unity, then goes to infinity and again comes to a composition equal to 1, i.e. loop.
1.2
Behavioral research of the osmotic coefficient of Bjerrum-Guggenheim and graph plotting during the melting for model oxide systems
In this report, we will research the behavior of graphs of the 
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 function for the crystallization line near the congruently melting chemical compounds for oxide (FeO-Cr2O3 and FeO-TiO2) systems with the extensive regions of congruently melting compounds of FeCr2O3, Fe2TiO4. For the liquidus line, a mathematical expression looks like an expression
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 for them tends to zero as the temperature approaches Tm,АnВm. An anomalous phenomenon can be observed that a site appears at a maximum point. What is it? Does this compound completely decompose and two liquids appear during the melting?

Thus, in order to confirm or exclude this phenomenon, it is necessary to research in detail the 
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 graphs and to establish at what temperature the 
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→ 1. The research showed that if the liquidus line is extended above the melting point, it makes a loop and returns to 1.

1.2.1 Crystallization region of FeCr2O4 of the FeO-FeCr2O4 quasisystem
The phase diagram of FeO-Cr2O3 is very interesting in terms of the behavior of the osmotic coefficient of Bjerrum-Guggenheim near the melting point of FeCr2O4 congruent compound (Figure 8). The wide crystallization region of the compound and slope maximum at the melting temperature made it possible to more accurately find a point of inflexion or, more correctly to say the temperature at which the melt radically changes its properties.
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Figure 8 – Phase diagram of FeO-Cr2O3

To confirm our conclusions about the presence of a site for congruent compounds with a high dissociation rate, we added 11 points to the initial data which given in Table 13.

Table 13 shows the initial data for the crystallization region of FeCr2O4 of quasi-system FeO-FeCr2O4. The following thermodynamic data were used to calculate the ratio of activity in liquid and solid phases with our developed method [25]: 
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Table 13 - Initial data of the crystallization region of FeCr2O4 for a particular system FeO-FeCr2O4
	T, K
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for a particular system FeO-FeCr2O4
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	2433
	0,50000
	1,0000
	1,0000
	0,00000

	2428
	0,50320
	0,9873
	0,9796
	1,61310

	2423
	0,50360
	0,9857
	0,9595
	2,87365

	2418
	0,50390
	0,9845
	0,9397
	3,98711

	2413
	0,50410
	0,9837
	0,9203
	5,06729

	2408
	0,50440
	0,9826
	0,9011
	5,91448

	2403
	0,50470
	0,9814
	0,8823
	6,65815

	2398
	0,50600
	0,9763
	0,8639
	6,09739

	2393
	0,50760
	0,9701
	0,8457
	5,51274

	2388
	0,51000
	0,9608
	0,8278
	4,72299

	2383
	0,51250
	0,9512
	0,8103
	4,20671

	2378
	0,51600
	0,9380
	0,7930
	3,62226

	2373
	0,52000
	0,9231
	0,7761
	3,16730

	2323
	0,54100
	0,8484
	0,6220
	2,88855

	2273
	0,56800
	0,7606
	0,4937
	2,5788

	2223
	0,60000
	0,6667
	0,3878
	2,3361

	2173
	0,64000
	0,5625
	0,3013
	2,0851

	2123
	0,68000
	0,4706
	0,2313
	1,9424

	2073
	0,72600
	0,3774
	0,1753
	1,7870

	2023
	0,77000
	0,2987
	0,1311
	1,6818

	1973
	0,81000
	0,2346
	0,0965
	1,6122

	1923
	0,85000
	0,1765
	0,0700
	1,5330

	1873
	0,88000
	0,1364
	0,0499
	1,5046

	1823
	0,91000
	0,0989
	0,0349
	1,4501

	1773
	0,93000
	0,0753
	0,0239
	1,4429

	1723
	0,94900
	0,0537
	0,0161
	1,4132

	1693
	0,96000
	0,0417
	0,0125
	1,3790


Table 13 shows that the graph of dependence of the osmotic coefficient of Bjerrum-Guggenheim on the ratio of activity of liquid and solid phase was plotted (Figure 9).
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Figure 9 - Dependence of the Bjerrum-Guggenheim coefficient
Ф
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for particular system FeO-FeCr2O4
Composition and properties of the melt change at temperature of 2403 K, i.e. this is the breakpoint of the graph. The initial data on Ф
[image: image196.wmf]'

'

4

2

O

FeCr

 and
[image: image197.wmf]S

L

4

2

4

2

/

O

FeCr

O

FeCr

a

a

 up to temperature of 2403 K were processed by the least square method. The equation of the dependence of the osmotic coefficient of Bjerrum-Guggenheim on the ratio of the activity of the liquid and solid phases with a correlation coefficient of -0,9941 was obtained.
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	(15)


The equation of the liquidus line FeCr2O4 for the particular system FeO-FeCr2O4 will take the form:
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	(16)


Comparison of the calculated and experimental data under equations of (15), (16) is shown in Table 14.

Table 14 – The comparative analysis of the calculated and experimental data under equations of (15, 16) for the particular system FeO-FeCr2O4
	T,K
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	1
	2
	3
	4
	5

	2433
	0,00000
	0,3844
	1,0000
	1,0000

	2428
	1,61310
	1,53092379
	0,9873
	0,9866

	2423
	2,87365
	2,65860411
	0,9857
	0,98456

	2418
	3,98711
	3,7676653
	0,9845
	0,98363


Continuation of Table 14
	1
	2
	3
	4
	5

	2413
	5,06729
	4,85833025
	0,9837
	0,98304

	2408
	5,91448
	5,9308205
	0,9826
	0,9826

	2403
	6,65815
	6,98535612
	0,9814
	0,98224

	2398
	6,09739
	4,62667846
	0,9763
	0,96886

	2393
	5,51274
	4,54912778
	0,9701
	0,96834

	2388
	4,72299
	4,47290145
	0,9608
	0,96322

	2383
	4,20671
	4,39798324
	0,9512
	0,95795

	2378
	3,62226
	4,32435706
	0,938
	0,95251

	2373
	3,16730
	4,25200694
	0,9231
	0,94692

	2323
	2,88855
	3,59525611
	0,8484
	0,93191

	2273
	2,57875
	3,04940471
	0,7606
	0,85582

	2223
	2,33606
	2,60044786
	0,6667
	0,7623

	2173
	2,08510
	2,23564474
	0,5625
	0,65464

	2123
	1,94236
	1,94358203
	0,4706
	0,53942

	2073
	1,78695
	1,71425909
	0,3774
	0,42568

	2023
	1,68177
	1,53921621
	0,2987
	0,32263

	1973
	1,61219
	1,41174295
	0,2346
	0,23706

	1923
	1,53302
	1,32723158
	0,1765
	0,17182

	1873
	1,50461
	1,28379237
	0,1364
	0,12602

	1823
	1,45012
	1,28334441
	0,0989
	0,09672

	1773
	1,44294
	1,33358337
	0,0753
	0,0808

	1723
	1,41324
	1,45159973
	0,0537
	0,07644

	1693
	1,37902
	1,56779112
	0,0417
	0,07169


Below the temperature of 2403 K, the mathematical expressions of the liquidus line are presented in the report [23], therefore, in this section, we do not perform the mathematical expression of the liquidus line of monovariant phase equilibrium.
1.2.2 Crystallization region of FeCr2O4  of the Cr2O3-FeCr2O4 quasisystem
The second of crystallization region of the FeO-Cr2O3 system (Figure 10). The initial data of the FeCr2O4-Cr2O3 system are presented in Table 15. According to the phase diagram of the FeO-Cr2O3 system [24], the right side of the chemical compound has a very small region of the intermediate γ-phase. In order to find the site, the same number of points was added as we added for the particular FeO-FeCr2O4 system.
To recalculate the equilibrium compositions of the liquid and solid phases from the base system to the partial  system under equation (3), the coefficients of 
I = 1, J = 1, Q = 0, P = 1 were used.

Referring to the calculated data on the composition for the particular system FeCr2O4-Cr2O3, the ratio of the activity of the liquid and solid phases under the Le Chatelier-Shreder equation and the osmotic coefficient of Bjerrum-Guggenheim presented in Table 15, a graph of the dependence of the osmotic coefficient of Bjerrum-Guggenheim on the ratio of the activity of liquid and solid phases was plotted (Figure 10).
Table 15 - Initial data for crystallization region of FeCr2O4 of the particular system FeCr2O4-Cr2O3

	T, K
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for particular system FeCr2O4-Cr2O3
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	2433
	0,5000
	1,0000
	1,0000
	0,0000

	2428
	0,4500
	0,8182
	0,9796
	0,1029

	2423
	0,4450
	0,8018
	0,9595
	0,1873

	2418
	0,4400
	0,7857
	0,9397
	0,2579

	2413
	0,4350
	0,7699
	0,9203
	0,3178

	2408
	0,4300
	0,7544
	0,9011
	0,3693

	2403
	0,4250
	0,7391
	0,8823
	0,4141

	2398
	0,4200
	0,7241
	0,8639
	0,4534

	2393
	0,4150
	0,7094
	0,8457
	0,4882

	2388
	0,4100
	0,6949
	0,8278
	0,5191

	2383
	0,4050
	0,6807
	0,8103
	0,5469

	2378
	0,4000
	0,6667
	0,7930
	0,5719

	2373
	0,3900
	0,6393
	0,7761
	0,5668

	2323
	0,3400
	0,5152
	0,6220
	0,7158

	2273
	0,3100
	0,4493
	0,4937
	0,8821

	2223
	0,2850
	0,3986
	0,3878
	1,0298

	2173
	0,2690
	0,3680
	0,3013
	1,2001


The graph  in  Figure  10  shows  a  slight convexity  up to  the break point of 
2373 K, which indicates a small dissociation rate within 5% [22].
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Figure 10 - Dependence of the Bjerrum-Guggenheim coefficient
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Using the least squares method for a curvilinear dependence, a mathematical expression for the osmotic coefficient of Bjerrum-Guggenheim on ratio of the activity of the liquid and solid phases was obtained in the form:
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The equation of the liquidus line for particular system FeCr2O4-Cr2O3 takes the form:
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Table 16 shows the comparative experimental and calculated data under equations of (17) and (18).

Table 16 – The comparative analysis of the calculated and experimental data using equations of (17), (18) for the particular system FeCr2O4- Cr2O3
	T,K
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	2433
	0,0000
	0,01539
	1,0000
	1,00000

	2428
	0,10290
	0,09952
	0,8182
	0,81264

	2423
	0,18734
	0,17692
	0,8018
	0,79145

	2418
	0,25792
	0,24754
	0,7857
	0,77781

	2413
	0,31783
	0,31132
	0,7699
	0,76571

	2408
	0,36934
	0,36820
	0,7544
	0,75373

	2403
	0,41411
	0,41812
	0,7391
	0,74128

	2398
	0,45340
	0,46101
	0,7241
	0,72801

	2393
	0,48816
	0,49680
	0,7094
	0,71365

	2388
	0,51913
	0,52543
	0,6949
	0,69795

	2383
	0,54690
	0,54680
	0,6807
	0,68062

	2378
	0,57195
	0,56084
	0,6667
	0,66134

	2373
	0,56676
	0,53642
	0,6393
	0,62337

	2323
	0,71580
	0,73930
	0,5152
	0,52613

	2273
	0,88211
	0,90828
	0,4493
	0,45975

	2223
	1,02979
	1,04773
	0,3986
	0,40493

	2173
	1,20005
	1,16171
	0,368
	0,35604


Behind a break point 2373 K, the equations of dependence 
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 were processed by the least square method for linear regression and an equation with a correlation coefficient equal to – 0,992 was calculated: 
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The equation of the liquidus line of FeCr2O4 for a particular system FeCr2O4-Cr2O3 will take the form of equation (20):
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	(20)


Thus, the received research results show that the calculated dissociation rate of the congruent compound FeCr2O4 for oxide system of FeO-Cr2O3 averages 5% for two regions of quasisystems of FeO-FeCr2O4 and FeCr2O4-Cr2O3. The run-up in temperatures from the melting point of FeCr2O4 to a point of inflexion makes it possible to see the site of immiscibility for a microcomposition from 11 points (Figures of 9 and 10) and Tables of 14 and 16.
For a crystallization line near the congruently melting chemical compounds, the mathematical expression looks like an expression
[image: image223.wmf]i

i

Ф

a

/

ln

x

ln

L

i

=

. In this case, 
[image: image224.wmf]'

m

n

B

A

Ф

 for them tends to zero as the temperature approaches Tm,АnВm, and then at what temperature the value of 
[image: image225.wmf]'

m

n

B

A

Ф

  tends to infinity, in this case 
[image: image226.wmf]m

n

B

A

x

ln

→ ∞, i.e. 
[image: image227.wmf]m

n

B

A

x

→ 1, i.e. it makes a loop and goes back to 1.
Now we study how equations of (15), (16) for the crystallization region of FeO-FeCr2O4 and equations of (17), (18) for the crystallization region of FeCr2O4-Cr2O3 will continue the liquidus line above the melting point of FeCr2O4 = 2433 К.

Table 17 presents such analysis (Figure 11).

Table 17 – The calculated data of the liquidus line from both sides above the melting point of FeCr2O4
	Crystallization region for FeCr2O4 of quasisystem of FeO- FeCr2O4
	Crystallization region for FeCr2O4 of  quasisystem of Cr2O3-FeCr2O4

	T, K
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 EMBED Equation.3 [image: image233.wmf]S

4

2

O

FeCr

a


	
[image: image234.wmf]"

.

,

4

2

расч

O

FeCr

Ф


	
[image: image235.wmf]L

.

,

4

2

расч

O

FeCr

x



	2433
	1,0000
	0,3844
	1,00
	2433
	1,0000
	0,0154
	1,00

	2435
	1,0083
	-0,0795
	0,90
	2435
	1,0080
	-0,020
	0,66

	2450
	1,0721
	-3,6578
	0,98
	2500
	1,30829
	-1,7416
	0,86

	2460
	1,1163
	-6,1422
	0,98
	2600
	1,90414
	-6,4717
	0,91

	2470
	1,1621
	-8,7078
	0,98
	2700
	2,69538
	-13,7613
	0,93

	2480
	1,2093
	-11,3566
	0,98
	2800
	3,72187
	-23,8208
	0,95

	2500
	1,3083
	-16,9112
	0,98
	2900
	5,02618
	-36,9749
	0,96

	2600
	1,9041
	-50,3398
	0,99
	3000
	6,65298
	-53,6177
	0,97

	2700
	2,6954
	-94,7303
	0,99
	3500
	21,25816
	-205,092
	0,99

	3000
	6,6530
	-316,7607
	0,99
	4000
	50,805
	-512,652
	0,99

	4000
	50,8052
	-2793,7998
	1,00
	5000
	172,045
	-1775,27
	1,00
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Figure 11 – The schematic view of site and loop for 
microcomposition of FeO- Cr2O3 system
Attention should be paid to the fact that for the crystallization region of FeO-FeCr2O4 at the melting point of FeCr2O4, the calculated composition for the liquid phase is 1.0. Next, we increase the temperature to 1684 K, etc. What happens with composition?  It  begins  to  decrease,  and  then  increase,  and  at a temperature of 
8000 K it again comes to 1.  
Referring to the research results of two oxide systems and their quasisystems of FeO-FeCr2O4 and Cr2O3-FeCr2O4, according to Figures of 9 and 10, Table 17, Fig. 11 shows a micro site and a loop on both sides of a congruent compound. The composition returns to 1 at 4000 K.
1.2.3 Crystallization region of Fe2TiO4 of the FeO-Fe2TiO4 quasi-system
The initial data on the crystallization region of the congruent compound Fe2TiO4 for a particular system FeO-Fe2TiO4 (left side of a compound, Figure 12) is demonstrated in Table 18.

Previously, in the report “The thermodynamic stability of congruently melting compounds during the melting for model systems”, we studied this crystallization region quite fully [23]. A mathematical expression for the line of the monovariant phase equilibrium of liquidus and solidus in the form of a semi-empirical dependence of the Le Chatelier-Shreder equation was obtained.

In order to recalculate the equilibrium compositions of the liquid and solid phases from the base system to a particular system under equation (3), the coefficients of I = 2, J = 1, Q = 1, P = 0 were used.
Table 18 – The initial data of the crystallization region of 2FeO·TiO2 for particular system FeO-Fe2TiO4
	T, K
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	1668
	0,3333
	1,0000
	1,0000
	0,0000

	1667
	0,3100
	0,8158
	0,9948
	0,0258

	1666
	0,3080
	0,8021
	0,9896
	0,0476

	1665
	0,3060
	0,7887
	0,9844
	0,0664

	1664
	0,3050
	0,7821
	0,9792
	0,0855

	1663
	0,3040
	0,7755
	0,9740
	0,10343

	1653
	0,2550
	0,5204
	0,9237
	0,12152

	1643
	0,2200
	0,3929
	0,8754
	0,14244

	1633
	0,1900
	0,3065
	0,8291
	0,15850

	1623
	0,1700
	0,2576
	0,7847
	0,17878

	1613
	0,1500
	0,2143
	0,7421
	0,19360

	1603
	0,1350
	0,1849
	0,7014
	0,21013

	1593
	0,1240
	0,1649
	0,6625
	0,22846

	1585
	0,1180
	0,1545
	0,6325
	0,24520
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Using our developed methodology for the mathematical description of the lines of phase equilibria, we obtained data on the osmotic coefficient of Bjerrum-Guggenheim  
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 under Le Chatelier-Shreder equation and plotted a graph (Figure 12).
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Figure 12 - Dependence of the Bjerrum-Guggenheim coefficient
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for particular system FeO-Fe2TiO4
The graph of dependence 
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presented in Figure 12 has a strictly correlation dependence. This type of dependence shows that only van der Waals forces of interaction between particles are present in the melt.

Using the least square method with a correlation coefficient equal to -0,9529, we obtained a mathematical dependence: 
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The  equation   of   the   liquidus   line   Fe2TiO4   for   a   particular   system 
FeO-Fe2TiO4 will take the form:
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Equation (22) is a modified Le Chatelier-Shreder equation. The numerator contains the Le Chatelier-Shreder equation itself for ideal systems, without the integral component of the dependence of heat capacity on temperature, and the denominator is the mathematical dependence of the osmotic coefficient of Bjerrum-Guggenheim.
Comparison of the calculated and experimental data under equations of (21) and (22) is given in Table 19.
Table 19 – The comparative analysis of the calculated and experimental data using equations of (21) and (22) for particular system FeO-Fe2TiO4
	T, K
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	1668
	0,0000
	0,0540
	1,0000
	1,0000

	1667
	0,0258
	0,0568
	0,8158
	0,9124

	1666
	0,0476
	0,0597
	0,8021
	0,8393

	1665
	0,0664
	0,0625
	0,7887
	0,7776

	1664
	0,0855
	0,0654
	0,7821
	0,7250

	1663
	0,10343
	0,0682
	0,7755
	0,6796

	1653
	0,12152
	0,0957
	0,5204
	0,4362

	1643
	0,14244
	0,1220
	0,3929
	0,3361

	1633
	0,15850
	0,1473
	0,3065
	0,2802

	1623
	0,17878
	0,1716
	0,2576
	0,2433

	1613
	0,19360
	0,1948
	0,2143
	0,2163

	1603
	0,21013
	0,2170
	0,1849
	0,1951

	1593
	0,22846
	0,2383
	0,1649
	0,1776

	1585
	0,24520
	0,2547
	0,1545
	0,1655


Table 20 demonstrates the calculated data using equation (22).

Thus, summing up this crystallization region, it is safe to say that the dissociation rate of Fe2TiO4 from FeO is very small, in the region of 0,03 %. The melt structure consists of particles between which there are only van der Waals forces of interaction. Figure 12 shows that the graph of the dependence of the osmotic coefficient of Bjerrum-Guggenheim 
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for particular system FeO-Fe2TiO4 passes through unity at the melting temperature of Fe2TiO4. In order to see the loop and estimate the curvature of the liquidus line using equation (22), we place in this equation a temperature above the melting point, for example, 1669 K. What happens with a composition? It began to increase, at a temperature of 1700 K, it sharply decreased then began to increase to 5000 K, and then it came to unity with an increase in temperature.
Table 20 – The calculated data to confirm the presence of a loop above the melting point of Fe2TiO4 from FeO side under equation (22)
	T, K
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	1668
	1,0000
	0,0540
	1,00

	1669
	1,0053
	0,0511
	1,11

	1670
	1,0105
	0,0483
	1,24

	1700
	1,1790
	-0,0437
	0,02

	1800
	1,8991
	-0,4369
	0,23

	1900
	2,9095
	-0,9886
	0,34

	2000
	4,2712
	-1,7321
	0,43

	3000
	48,5889
	-25,9296
	0,86

	4000
	163,8815
	-88,8793
	0,94

	5000
	339,8799
	-184,9744
	0,97

	6000
	552,7420
	-301,1971
	0,98

	7000
	782,3074
	-426,5399
	0,98

	8000
	1015,1231
	-553,6572
	0,99

	10000
	1461,8960
	-797,5952
	0,99

	15000
	2377,4615
	-1297,4940
	0,99

	18000
	2795,8412
	-1525,9293
	0,99

	20000
	3031,8800
	-1654,8065
	1,00


1.2.4 Crystallization region of Fe2TiO4 of the TiO2-Fe2TiO4 quasisystem
The initial data on a composition and a corresponding temperature were processed according to the developed method [25] and the new initial data were obtained which presented in Table 21.

In addition to the 2018 report «The thermodynamic stability of congruently melting compounds during the melting for model systems» [23], only four points were added to the initial data with a run-up of one degree Kelvin. In order to recalculate the equilibrium compositions of the liquid and solid phases at a given temperature from the base system to the partial system under equation (3), the coefficients of I = 2, J = 1, Q = 0 and P = 1 were used.
A feature of the graph (Figure 13) is that the points do not place on a straight line, and break cannot be observed, i.e. during the data processing on a composition and, changing the thousandths of a composition, at a specific temperature the points place with a small convexity.
Table 21 - Initial data for a particular system Fe2TiO4-TiO2
	T, K
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	1668
	   0,66667
	1,0000
	0,0000

	1667
	0,643
	0,9006
	 0,0501

	1666
	0,643
	0,9006
	 0,1002

	1665
	  0,6422
	0,8974
	 0,1456

	1664
	  0,6419
	0,8963
	0,192

	1663
	0,642
	0,8966
	  0,2411

	1653
	0,604
	0,7626
	  0,2929

	1643
	0,576
	0,6792
	  0,3441

	1636
	0,563
	0,6442
	 0,389
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Figure 13 - Dependence of the Bjerrum-Guggenheim coefficient 
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for particular system Fe2TiO4-TiO2
Using the least square method for a curvilinear dependence, a mathematical expression for the osmotic coefficient of Bjerrum-Guggenheim on ratio of activity of the liquid and solid phases was obtained in the form:
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The equation of the liquidus line for particular system Fe2TiO4-TiO2 will take the form:
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Table 22 presents the comparative experimental and calculated data under equations of (23) and (24).

In order to see the loop and estimate the curvature of the liquidus line under equation (24), it is necessary to substitute in this equation a temperature above the melting point, for example, 1669 K.
Table 22 – The comparative analysis of the calculated and experimental data under equations of (23) and (24) for particular system Fe2TiO4-TiO2
	T, K
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	1668
	0,0000
	0,11800
	1,0000
	1,0000

	1667
	0,1102
	0,15609
	0,9535
	0,9669

	1666
	0,2017
	0,19254
	0,9493
	0,9469

	1665
	0,2790
	0,22736
	0,9451
	0,9330

	1664
	0,3453
	0,26052
	0,9409
	0,9225

	1663
	0,4027
	0,29203
	0,9368
	0,9139

	1653
	0,4567
	0,51511
	0,8405
	0,8572

	1643
	0,5068
	0,56687
	0,7690
	0,7908

	1636
	0,5472
	0,49787
	0,7315
	0,7092


The composition began to increase, then at a temperature of 1680 K it decreases and again goes up, and at 1800 K it comes to unity (1). Table 23 shows the calculation of equation (24), and Figure 14 shows a schematic view of a supposed loop.
Table 23 – The calculated data to confirm the presence of a loop above the melting point of Fe2TiO4 from the FeO side under equation (24)
	T, K
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	1668
	1,000000
	0,118
	1,00

	1669
	1,005254
	0,078277
	1,07

	1680
	1,064467
	-0,46506
	0,87

	1690
	1,120593
	-1,12486
	0,90

	1700
	1,178966
	-1,93854
	0,92

	1800
	1,899141
	-17,9708
	0,96

	1900
	2,909496
	-47,6612
	0,98

	2000
	4,271223
	-91,3479
	0,98

	2050
	5,102928
	-118,802
	0,99

	2100
	6,045153
	-150,245
	0,99

	2500
	18,37144
	-569,32
	0,99

	3000
	48,58893
	-1603,06
	1,00


Thus, for the FeO-TiO2 system, the dissociation rate of Fe2TiO4 is very small, averaging 0.03 % at the melting point of the congruent compound Fe2TiO4; therefore, the graphs of the osmotic coefficient of Bjerrum-Guggenheim did not show a change in structure of the melt.
Based on the results obtained, the following conclusions can be drawn.

For the oxide system, the dissociation rate of FeCr2O4 is on average 5 % for two quasisystems FeO-FeCr2O4 and FeCr2O4-Cr2O3.
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Figure 14 - Schematic view of site and loop for 
microcomposition of the FeO-Cr2O3 system
The run-up in temperatures from the melting point of FeCr2O4 of 2433 К to point of inflexion 2403 K makes it possible to see the site of immiscibility for a microcomposition. A sharp curvature in the graph of the osmotic coefficient of Bjerrum-Guggenheim indicates a change in the short-range order of the melt.

For the FeO-TiO2 system, sites were not found at the melting point of the congruent compound Fe2TiO4. The reason is the low dissociation rate of Fe2TiO4 – 0,03 % 
CONCLUSION
Brief conclusions based on the research results.

1 The mathematical equations as semiempirical Le Chatelier-Shreder dependences describe the crystallization regions of congruently melting compounds of FeSi and Fe2Ti of the binary metal systems (Fe-Si and Fe-Ti) and FeCr2O3, Fe2TiO4 of the binary oxide (FeO-Cr2O3 and FeO-TiO2) systems (Annex C).

2 The nature of change in the osmotic coefficient of Bjerrum – Guggenheim from ratio of the activity of the components in the ideal liquid and solid phases for particular systems is presented in a graphical form, which makes it possible to reason about the forces of interaction between components.

3 The enthalpies of melting of the compounds were determined by calculation: 2FeO·TiO2 = 131297,1 J/mol, FeCr2O4 = 202829 J/mol 
4 A program of the thermodynamic stability of a congruently melting compound during the melting was developed through relationship between the dissociation or association (α) rate with the equilibrium constant in C # (Сsharp) (Annex D).
5 A method, an algorithm and a program for calculating of dissociation rate of congruently melting compounds using the Gibbs energy of the dissociation reaction of compounds (Annex E) was developed.

6 A corresponding complex of the mathematical apparatus to calculate the dissociation rate of a chemical compound and an analytical description of the lines and surfaces of crystallization of phases was proposed (Annex F).

7 It was determined that for the Fe-Si binary system, the dissociation rate of FeSi is 45 % which indicates a very good dissociation of this compound up to the eutectic temperature.

8 For the Fe-Ti system, the dissociation rate of Fe2Ti is 0,04 % which also agrees well with the conclusions of N.S. Kurnakov on an acute maximum for the Fe2Ti compound, i.e. a congruently melting compound is stable at melting temperature.

9 For the oxide system FeO-Cr2O3, the dissociation rate of FeCr2O4 is on average 5 % for the two quasi-systems of FeO-FeCr2O4 and FeCr2O4-Cr2O3.

10 For the FeO-TiO2 system, the dissociation rate of Fe2TiO4 is very small, averaging 0,03 % at the melting point of the congruent compound Fe2TiO4.
11 Research of the graphs of the function of the osmotic coefficient of Bjerrum-Guggenheim Фi of the crystallizing phases near their melting point (Tm.) showed that as the temperature approaches the melting temperature (Tm, AnBm), the values of 
[image: image277.wmf]'
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 for them tend to zero. 
12 For all model systems, a research of the graphs of the osmotic coefficient of Bjerrum-Guggenheim near and above the melting point of congruent compounds shows that it passes through zero at a composition equal to unity, then goes to infinity and again comes to a composition equal to 1, i.e., makes loop.
13 It was determined that for the Fe-Si binary system, the dissociation rate of FeSi is 45 % which indicates very good dissociation of this compound up to the eutectic temperature. The graph of the osmotic coefficient of Bjerrum-Guggenheim gives a break at a temperature of 1674 K which indicates about changing the near order of the melt. There is a regrouping of the components, the congruent compound FeSi dissociates, i.e., there is the melt itself + FeSi + ions (Fe + + Si-) in the melt. A microsite was found for the run-up of a composition from 1,0 to 0,89.
14 For the oxide system FeO-Cr2O3, the dissociation rate of FeCr2O4 is on average 5 % for two quasisystems of FeO-FeCr2O4 and FeCr2O4-Cr2O3. The run-up in temperatures from the melting point of FeCr2O4 of 2433 К to point of inflexion 2403 K makes it possible to see the site of immiscibility for a microcomposition. A sharp curvature in the graph of the osmotic coefficient of Bjerrum-Guggenheim indicates a about changing the near order of the melt.

15 For systems of Fe-Ti and FeO-TiO2, sites at the melting temperature of congruent compounds of Fe2Ti and Fe2TiO4, respectively, were found. The reason is in the low dissociation rate of congruent compounds.
Evaluation of completeness of the task solution
The tasks of researchers for 2018-2020 completely were resolved. A comparative evaluation of a value of the dissociation (association) rate of congruently melting compounds using the osmotic coefficient of Bjerrum-Guggenheim was performed in parallel with the calculation of the Gibbs energy for hetero- and homogeneous reactions. The proposed method to calculate the dissociation rate of the stable chemical compounds based on the concept of the osmotic coefficient of Bjerrum-Guggenheim is new. This method is based on the mathematical expressions of the lines of monovariant phase equilibria as a semi-empirical Le Chatelier-Shreder dependence. As an example of the oxide and metallic systems based on iron, silicon, chromium and titanium, it was first shown that the osmotic coefficient of Bjerrum-Guggenheim can be as a criterion for evaluating of the structure of melts, and the obtained equations in this case correspond to the boundary conditions formulated by N.S. Kurnakov.
Development of recommendations for the specific using of research results.

The received results from the scientific and practical points of view will make it possible to solve the important tasks on the processes of hydrometallurgy, extraction, sublimation, etc. where there is a phenomenon of phase equilibria [27-31].

Among the problematic tasks of the physicochemical analysis, we state the problem of dissociation of the congruently melting compounds due to the fact that the clarifying in the thermal stability of a compound has a practical importance to develop a technology for obtaining the semiconductor compounds with a predetermined degree of defectiveness of their structure; the development of a complex semiconductor doping process where can be observed a donor-acceptor interaction reaction which is essentially equivalent to dissociation reaction of a corresponding compound.
Evaluation of the technical and economic efficiency of implementation.

Our fundamental research in the physical and chemical analysis as the solving of the direct and inverse Gibbs problems gives grounds for the serious generalizations and scientifically based practical recommendations. Thus, the received results of this project in the field of coexistence of the liquid solutions and vapor phase make it possible to approve the possibility of separating of elements.
Evaluation of the scientific and technical level of the research in comparison with the best achievements in this field. 
The research was performed at a high scientific level on the basis of the in-depth theoretical research in phase equilibria in the complex metallurgical systems. The application of the Bjerrum-Guggenheim concept to reveal the nature of phase diagrams, phase equilibria and the proof of its colossal efficiency is made in the field of the theory of melts for the first time only by the Kazakhstan scientific school.
Researches are aimed to reveal the structure and properties of phases of various physicochemical nature; they are completely novel and promising from the point of view of the fundamental liquid-phase state of materials and phase equilibria at high temperatures [32-34]. The originality of this project is that the research provides for an unconventional approach to a problem of the studying of the dissociation of the high-temperature congruent-melting compounds.

The research results for 2018-2020 3  рapers will be published in the peer-reviewed scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor. Monograph.  (Annex B).
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Annex 1.1 

to Agreement No. __dated ______2018 

for grant funding
TECHNICAL SPECIFICATIONS AND WORK SCHEDULE

according to Agreement No. __dated ______2018

1.Branch of the republican state enterprise on the right of economic management «National center for complex processing of mineral raw materials of the Republic of Kazakhstan» of the Committee for industrial development and industrial safety of the Ministry for investment and development of the Republic of Kazakhstan «Zh. Abishev chemical-metallurgical institute»
1.1 By priority: 1. The rational using of the natural resources, including water resources, geology, processing, new materials and technologies, safe products and structures

1.2 By sub-priority: 1.1 The basic and applied research in the chemical science

1.3 By project theme: No. AP05130225/GF “Research of the thermal stability of congruently melting compounds for model systems based on the concept of the osmotic coefficient of Bjerrum-Guggenheim”.

1.4 The total amount of the project is 30 200 000 (thirty million and two hundred thousand) tenges, including with a dividing by years, for the performance of research in accordance with item 3:

- for 2018 - in the amount of 10 000 000 (ten million) tenges;

- for 2019 - in the amount of 10 090 000 (ten million and ninety thousand) tenges;

- for 2020 - in the amount of 10 110 000 (ten million and one hundred ten thousand) tenges.

2. Characteristics of the scientific and technical products under qualification features and economic indicators

2.1 Research direction: the basic research.

2.2 Scope: theory of the metallurgical processes, the physical and chemical analysis.

2.3 End result:

for 2018: a literary review of various approaches of a rigorous thermodynamic solution of questions about the shape of the maximum of congruently melting compounds was performed, the thermal stability of the congruently melting chemical compounds was mathematically substantiated by studying of the behavior of the osmotic coefficient of Bjerrum-Guggenheim near and above a melting temperature of this compound. The model systems and the initial thermodynamic constants used in calculating the Gibbs energy of heterogeneous reactions were selected. In order to calculate the osmotic coefficient (Фi,) in region of the congruent compounds of the model systems, the initial data on composition and temperature were formed. Report at the International conference.

- for 2019: a program for the calculating of the Gibbs energy of hetero-homogeneous reactions was compiled, and then the dissociation rate of compounds to calculate the thermodynamic stability of a congruently melting compound during the melting. The equilibrium constants of the reactions of formation (decomposition) of the chemical substances using the Gibbs energy, the dissociation or association (α) rate were calculated. The new data on composition were obtained taking into account the dissociation or association (α) rate and new graphs of the osmotic coefficient of Bjerrum-Guggenheim for the congruently melting chemical compounds were presented. Publication in a peer-reviewed scientific journal. 

- for 2020: a detailed study of the Ф’AxBy graphs was made for a number of the selected model metal and oxide systems and the nature of the immiscibility in the liquid phase during the melting was determined. A comparative assessment of the thermodynamic stability of the compound during the melting using the relationship of their dissociation or association (α) rate with the equilibrium constant αi= t(kp,i) where kp = t(ΔGT,i) with the data obtained through the osmotic coefficient Ф’AxBy from a phase diagram of the corresponding system. Publication in a scientific foreign journal with a non-zero impact factor. 3 Papers will be published in peer-reviewed scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor. Monograph.

2.4 Patentability: It is not patentable.

2.5 The scientific and technical level (novelty): Researches will be first presented which aimed at revealing of the structure and properties of phases of the different physicochemical nature and will be defined the features of phase equilibrium in the metallic and oxide systems for areas of the high-temperature congruently melting compounds based on the Bjerrum-Guggenheim concept with the establishment of the nature of immiscibility in the liquid phase during the melting.

2.6 The using of the scientific and technical products is performed: by a contractor by agreement with a customer.

2.7 Type of using of the result of scientific and (or) research and technical activities: Reports, report at the conference, papers in the scientific and technical journals by profile.

3. Name of work, terms of their realization and results

	Code of task, stage
	Name of works under the Agreement and main stages for its implementation
	Period of implementation 
	Expected result

	
	
	Beginning 
	Completion
	

	1.
	The thermodynamic stability of the congruently melting compounds during the melting for model systems
	January, 2018
	November 01, 2018
	The thermodynamic stability of the congruently melting compounds during melting will be determined for model systems.

A literary review will be made on the thermodynamic stability of the congruently melting compounds during the melting and the initial data for calculating of the osmotic coefficient (Фi,) in the metallic and oxide systems will be formed.

	1.1
	Formation and the similar data for all regions of crystallization of the congruently melting compounds for the binary model metal and oxide systems
	January, 2018


	June, 2018
	The initial data will be formed for all crystallization regions of the congruently melting compounds for the binary model metallic and oxide systems.

The initial data will be generated along the liquidus line and presented in tabular form for calculating of the osmotic coefficient (Фi,) in an area of the congruent compounds

	1.2
	Processing of the initial data with the construction of graphs of the dependence of the osmotic coefficient (Фi,) on the activity near a melting point.
	July, 2018
	November 01, 2018
	The initial data will be processed with the construction of graphs of the dependence of the osmotic coefficient (Фi,) on the activity near a melting point. The initial data will be processed and the nature of the change in the osmotic coefficient (Фi,) in an area of the congruent compounds during the melting point will be shown. Report at the International conference. 1 Paper will be published in a domestic scientific journal with a non-zero impact factor. 

	2
	Creation of software for solving and constructing of the osmotic coefficient of Bjerrum-Guggenheim near the melting point of congruently melting compounds.


	January, 2019
	November 01, 2019
	Software will be created for solving and constructing of the osmotic coefficient of Bjerrum-Guggenheim near a melting point of congruently melting compounds.

A program of thermodynamic stability of a congruently melting compound during the melting will be developed through the relationship of the dissociation or association (α) rate with the equilibrium constant. A program for calculating of the Gibbs energy for hetero-homogeneous reactions was compiled.

	2.1
	Development of  methods for an algorithm and a program for calculating of the dissociation rate of the congruently melting compounds of model systems using the Gibbs energy of the dissociation reaction of compounds
	January, 2019


	June, 2019
	A method, an algorithm and a program for calculating of the of dissociation rate of the congruently melting compounds of the model systems using the Gibbs energy of the dissociation reaction of compounds will be developed.

	2.2
	Development of a nonlinear regression program for expressing of the dependence of the osmotic coefficient of Bjerrum-Guggenheim
	July, 2019


	November 01, 2019
	A non-linear regression program will be developed to express the dependence of the osmotic coefficient of Bjerrum-Guggenheim. A program for calculating of the osmotic coefficient of Bjerrum-Guggenheim by the nonlinear regression will be developed. 1 Paper will be published in a peer-reviewed foreign scientific journal with a non-zero impact factor.

	3
	The using of the method for solving of the direct Gibbs problem in the approach to assessments of the thermal and structural properties based on a phase diagram
	January, 2020


	01 November, 2020
	The method of solving of the Gibbs direct problem will be applied when approaching the estimates of the thermal and structural properties based on a phase diagram.

The dissociation (association) rate of congruently melting compounds will be assessed through the osmotic coefficient of Bjerrum-Guggenheim in parallel with the calculation of the Gibbs energy for hetero-homogeneous reactions.

	3.1
	Studying of the behavior of the osmotic coefficient of Bjerrum-Guggenheim and plotting of Ф’AxBy graphs during the melting for model metal systems
	January, 2020


	June, 2020
	The behavior of the osmotic coefficient of Bjerrum-Guggenheim will be studied and Ф’AxBy graphs during the melting for the model metal systems will be plotted. The dependences of the osmotic coefficient of Bjerrum-Guggenheim Ф’AxBy on activity and their mathematical expression for the metallic systems will be studied.

	3.2
	Studying of the behavior of the osmotic coefficient of Bjerrum-Guggenheim and plotting of Ф’AxBy graphs during the melting for model oxide systems.
	July, 2020


	November 01, 2020
	The behavior of the osmotic coefficient of Bjerrum-Guggenheim will be studied and Ф’AxBy graphs during the melting for the model oxide systems will be plotted. 

The dependences of the osmotic coefficient of Bjerrum-Guggenheim Ф’AxBy on the activity and their mathematical expression for oxide systems.

3Papers will be published in the peer-reviewed scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor. Monograph.
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ANNEX C
Method for mathematical description of lines of monovariant

phase equilibria based on Bjerrum-Guggenheim concept
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Method for studying of phase equilibria using the Bjerrum-Guggenheim concept and development of mathematical model of lines of monovariant phase equilibria on phase diagram

For the ideal systems where the solid and liquid solutions are formed, the equilibrium phase compositions change along the liquidus and solidus lines under the Le Chatelier-Shreder equation [1,2]:
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This system from two equations with two unknown quantities is solved as follows [2]:
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considering the fact that 
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as a result will be received:
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where (Нm,1(2) - enthalpy of melting of 1 and 2 components at melting temperature, J/mol; R – an universal gas constant, J/mol K; Тm,1(2) and Т - melting temperature of 1 and 2 components and crystallization of melts, K; (Сp,1(2) - change in heat capacity during melting of components.

For a comparative analysis of the ideal and real systems, for example, for the iron-phosphorus system (Figure 1) [3], the dotted line on phase diagram shows the mathematical calculation of the liquidus and solidus lines for an ideal system under equations (6-7), taking into account the thermodynamic data of components.

Calculations using equations (6-7) show [4, 5] that for any binary system there is a significant deviation from ideality (Figure 2), due to the presence in the solid and liquid phases of significant van der Waals and chemical interparticle interactions between components. 
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Figure 1 – Phase diagram of the real and ideal (dotted line) Fe-P system (points - experimental data, solid line - calculated with the developed method)
The nonideality in the system is very well traced in graphs of dependences 
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on return temperature (Figure 2). On these graphs, as follows from equations of (1) and (2), the ideal system is characterized by straight lines 1-4, while the real one according to experimental data [3] is characterized by the curved lines of 5 and 6.
In general, to study the phase diagrams and analytically describe the liquidus and solidus lines of real systems, knowledge of the general patterns of the interactions of atoms and molecules in a condensed state is needed. The patterns of the gas state of substances used now to describe the properties of liquid states do not give a practical way for prediction [1]. Thus, for the analysis and study of real systems, it would be important to introduce such correction factor that would be suitable to describe all types of systems.
During the analyzing of some phase diagrams of binary systems, we found a general pattern [4, 6-10] which made it possible to obtain the mathematical expressions for the liquidus line (L) and solidus (S). This pattern is based on deviation of the energy parameters of the components of a real system from an ideal one. Moreover, a value of this deviation along the curves of «solid-liquid» equilibrium, i.e. ratio of the Gibbs energy of melting of a component (
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) is in correlation with ratio of the activities of this component in the liquid and solid phases. In this case, an ideal component of the Gibbs energy of melting of a component is understood as difference between the ideal components 
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of the partial chemical potentials of the components in the solid and liquid phases along the liquidus and solidus curves. 
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Figure 2 - Graphs of dependence 
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for α-Fe crystallization region of system Fe-P
The well-known [1] Bjerrum-Guggenheim coefficient was used as a measure of deviation which written in the following form for the  «solid-liquid» equilibrium:

[image: image302.wmf].

/lnx

lnx

/ln

ln

1

)

/x

ln(x

)

/a

ln(a

S

i

L

i

S

i

L

i

S

i

L

i

S

i

L

i

S

i,id

L

i,id

S

i

L

i

,

,

g

g

m

m

m

m

+

=

=

D

-

D

D

-

D

=

D

D

=

®

id

i

m

L

S

i

m

i

G

G

Ф


(8)

In the physicochemical literature, this coefficient is called an osmotic coefficient [1] and it establishes a relationship between activity and concentration of a component in solution which differs significantly from the analogous relationship between coefficient of activity and concentration: 
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Since we study the change in the quantity along the line of phase equilibria, therefore, it depends on the temperature and composition of the equilibrium phases. At the same time, as seen from expression (8), this quantity is a dimensionless quantity. Its identity with the well-known osmosis is demonstrated below.

The thermodynamic classification of solutions is based on nature of the equations for the chemical potentials of components of solution. In an ideal solution for each component, the following expression is true:
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where 
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 - a standard chemical potential of the i-th substance in a standard state; xi –a molar concentration of i-component in this solution; term RTlnxi - corresponds to change in the chemical potential as a result of mixing (with formation of an ideal solution). 
By analogy with equation (9), the dependence of the chemical potentials of a non-ideal solution on concentration can be written, according to [3], in the form:
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where  (i - coefficient of activity.

The general condition of ideality is that for an ideal solution in the entire concentration range, the following condition is made:
(i(T,P,x1,..., xk-1) = 1  (i = 1, 2,..., k).

Advantage of the using of coefficient of activity is that it permits to maintain the formal similarity of the expressions of the thermodynamic properties of real solutions with equations for the non-ideal solutions. The coefficient of activity of the solvent, in contrast to the activity coefficients of the dissolved components, for purely arithmetic reasons is not the most suitable function to measure deviations from ideality. Thus, it is more convenient for solvent to use another correction factor instead of the coefficient of activity, called an osmotic coefficient of Bjerrum- Guggenheim [1], which is introduced as follows:
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where 
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 - an osmotic coefficient of Bjerrum- Guggenheim of solvent  
[image: image309.wmf]i

Ф

 ( 1 at x1(1 and x2,3 ... ( 0.

Comparing this expression with equation (10), we find that
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Hence, it can be observed that when a osmotic coefficient is used, the formal similarity with equation for the ideal solutions is lost, but a coefficient 
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is much more sensitive to small deviations from ideality than a coefficient of activity. This circumstance is of great importance to study the features of crystallization lines of phases in various systems.

It should be noted that in the thermodynamics of solutions the osmotic coefficient 
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is also used when studying of the phenomenon of osmosis. Here the activity of solvent (1) is related to the osmotic pressure (П) by means of the equation:
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where V
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- a partial molar volume of solvent.
Ratio of the vapor pressure of a solvent over a real solution to its vapor pressure under an ideal solution is called an osmotic coefficient:
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When the combining of equations of (13) and (14) 

lnai = 
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identity of a coefficient with phenomenon of osmosis is shown, which characterizes the deviation of the properties of real solutions from the same properties of an ideal solution.

As mentioned above, an important feature of various crystallization regions of binary systems is the presence of a close correlation between the thermodynamic properties along the curves of monovariant phase equilibrium. This connection for the simplest systems is manifested as a linear dependence of the osmotic coefficient of Bjerrum-Guggenheim of the crystallizing component 
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 in the liquid and solid phases in the form [5, 6, 10-14]. 
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 where a coefficients of Аi and Вi are constants determined with nature of components and nature of the interparticle interaction; 
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is an exponent of the Le Chatelier-Shreder equation for the ideal systems (1, 2). 

Since an osmotic coefficient characterizes the degree of deviation of the energy state of a given component under the equilibrium conditions from ideality, this deviation is the greater, the stronger is the interparticle interaction of this component with other components. To a first approximation, such interaction can be divided into two components: van der Waals (the interatomic or intermolecular interaction which is inevitably present in melt of any system) and directional (associated with the appearance of directed hetero- and homopolar relations between components in the melt). Moreover, in both cases, the force of interaction, and consequently, the degree of deviation of property of a component from ideality will depend on the number of particles in both states. From the theory of statistical thermodynamics [15, 16], the first is defined as
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along the line of phase equilibrium can be represented in the form:
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or
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(17)

where (Gas,i- the Gibbs energy of melting, upon reaching which the transition of this component completely into the associated state is possible.

Consequently, equations (16, 17) allow from the standpoint of the statistical thermodynamics to explain the physical meaning of dependence 
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on ratio of activity of a crystallizing component.

It should be noted that, depending on the nature of the interparticle interaction in melts, for different systems, a different type of change of 
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will be observed along the liquidus and solidus lines. As it will be shown below, if only van der Waals forces of interaction between the elementary structural units of the studied component with the second dominate in the melt along the liquidus line, then a linear relationship is observed (here, the elementary structural units mean atoms of elements or molecules of compounds). In the case of formation of various groups from the initial elements or dissociation of a studied compound in the melt, the true number of atoms or molecules of a given phase will depend more strongly (and according to very complex dependences, including the dissociation rate of compounds) on the temperature and composition of the melt which should inevitably lead to a curvilinear dependence (17).
The noted with a joint study of equations (12, 14-16), makes it possible to obtain an equation for a coefficient of distribution of the crystallizing component (compound) in the liquid and solid phases as a modified Le Chatelier-Shreder equation for systems with solubility of components in the solid state:
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For the eutectic systems without solubility in the solid state, this equation will be written:
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Expressions (16-18) show the semi-empirical dependences to calculate the liquidus and solidus lines for any real system in crystallization region of a corresponding phase according to the following dependences:
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Solution of the system of equations (20) gives expressions similar to (6) for the solidus and liquidus lines:
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It should be noted that for metal systems an  integral (heat capacity) component in the received expressions, when calculating of fusion lines in a wide temperature range, has little effect on the final result (deviation is hundredths and thousandths of units). Thus, in calculating of the liquidus and solidus lines, the second term can be ignored, i.e. an integral component. Naturally, when study of systems of the polyatomic (oxide) substances, the influence of this component increases and it should be taken into account.
On the basis of equations (16-20), a method for processing experimental data was determined. The available experimental results in binary phase diagrams contain for each point of the liquidus and solidus lines of two coordinates, namely: the concentration of a crystallizing component 
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and temperature K. The last-mentioned are represented in other coordinates using equations (1-2, 8 and 16-17) i.e. 
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 as functions of the ratio of activities in the liquid and solid phases to estimate the state of the melt along the equilibrium lines. For this, the experimental data from various binary systems were used to obtain these values 
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where 
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 - concentration of a crystallizing component at a given temperature; 
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- activity of a crystallizing component for an ideal solution, calculated with the Le Chatelier-Shreder equation.

The presented method is to study the crystallization regions of pure components at the melting temperature. According to this method, the Bjerrum-Guggenheim coefficient 
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is most sensitive to structural changes in the melt.

The second option is to find the Bjerrum-Guggenheim coefficient 
( [image: image351.png]


) along the liquidus and solidus lines in the form of dependencies:
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which made it possible to determine the semi-empirical dependences to calculate the liquidus and solidus lines of each crystallizing phase of the studied system:
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where (Нm,1(2) - enthalpy of fusion of 1 and 2 components at melting temperature, J/mol; R – an universal gas constant, 8,3144 J/mol K; Тm,1(2) and Т - melting temperature of 1 and 2 components and crystallization of melts, К; [image: image356.png]


 - the Bjerrum-Guggenheim coefficient for the 1st and 2nd components which makes it possible to find the correlation dependence and obtain a mathematical expression for ratio of the activities of the i-component in the liquid and solid phases.

For dependences (16, 23, 24), the coefficients of equations are calculated by the least square method, with determination of a correlation coefficient Rxy (for a linear dependence) or according to (17) the convergence variance σ (for a nonlinear dependence).

All calculations are performed using programs written in the Delphi language.

Thus, this section presents a method for the mathematical description of the lines of monovariant phase equilibria in the phase diagram. The main point of this method is as follows:

1  On the selected phase diagram, we select the crystallization region of a component (solvent) from the melting point to the first reference point (eutectic, phase transition, congruent compound).

2  In reference books we find the temperature and enthalpy of melting of all substances and their compounds.
3  We take data on temperature and a corresponding composition, for example, the phase diagram of Fe-P (Figure 1), at Tm.Fe = 1811 K, a composition is 1,0 Fe and 1,0 S; and then we take coordinates to 1323 K eutectic.

4  In a tabular form, it looks like this:
Table C. 1 - Example of input of source data
	T,K
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	1811
	1,0
	1,0
	Exp(eq.1)
	Eq. 23
	Eq. 24

	1773
	0,9798
	0,9991
	0,9797
	1,0513
	1,0049

	1723
	0,9552
	0,9958
	0,9508
	1,2110
	1,0998

	1673
	0,9339
	0,9912
	0,9212
	1,3788
	1,2005

	1623
	0,9149
	0,9858
	0,8907
	1,5507
	1,3014

	1573
	0,8978
	0,9802
	0,8594
	1,7256
	1,4055

	1523
	0,8822
	0,9744
	0,8272
	1,9079
	1,5132

	1473
	0,8677
	0,9686
	0,7942
	1,9427
	1,6234

	1423
	0,8541
	0,9629
	0,7604
	2,2849
	1,7371

	1373
	0,8411
	0,9571
	0,7256
	2,4824
	1,8534

	1321
	0,8285
	0,9514
	0,6886
	2,6974
	1,9831


5  We plot graphs of dependence [image: image363.png]
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. As a rule, for crystallization regions of α-γ-Fe, the dependences of the Bjerrum-Guggenheim coefficient ([image: image368.png]
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)  have a correlation dependence.
6  Next, we find the numerical values of the functional dependences of  [image: image372.png]
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 on ratio of the iron activity for the liquid and solid phases
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  Rxy=  - 0,9919 
(27)
 [image: image379.png]®r, = 4,4453 —3,6065 - ak, /a3,



     
  Rxy=  - 0,9972.
(28)
7  We substitute in equations of (25) and (26) the values of dependences of the Bjerrum-Guggenheim coefficient ([image: image381.png]


, [image: image383.png]


), then in a mathematical form the surface of iron crystallization to a phase transition at 1638K will be described by an expression: 
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8  We substitute in these equations only the values of the ratio of activities in the liquid and solid phases calculated by the Le Chatelier-Shreder equation (1) for an ideal system, we obtain the values of compositions of the real system.
For this Fe-P system, the crystallization region of α-Fe up to the 1323K eutectic, we see the convergence of the calculated and experimental data:
Table C. 2 - Convergence of calculated and experimental data
	Т
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	Ф’Feоп.
	Ф’Feрасч.
	Ф”Feоп.
	Ф”Feрасч.

	1773
	0,9798
	0,9798
	0,9991
	0,9991
	0,9797
	1,0513
	1,0514
	1,0049
	1,0050

	1723
	0,9552
	0,9552
	0,9958
	0,9958
	0,9508
	1,2110
	1,2120
	1,0998
	1,1007

	1673
	0,9339
	0,9338
	0,9912
	0,9911
	0,9212
	1,3788
	1,3784
	1,2005
	1,2002

	1623
	0,9149
	0,9149
	0,9858
	0,9858
	0,8907
	1,5507
	1,5508
	1,3014
	1,3014

	1573
	0,8978
	0,8979
	0,9802
	0,9802
	0,8594
	1,7256
	1,7256
	1,4055
	1,4055

	1523
	0,8822
	0,8823
	0,9744
	0,9744
	0,8272
	1,9079
	1,9085
	1,5132
	1,5136

	1473
	0,8677
	0,8678
	0,9686
	0,9686
	0,7942
	1,9427
	2,0946
	1,6234
	1,6237

	1423
	0,8541
	0,8542
	0,9629
	0,9629
	0,7604
	2,2849
	2,2845
	1,7371
	1,7368

	1373
	0,8411
	0,8412
	0,9571
	0,9572
	0,7256
	2,4824
	2,4827
	1,8534
	1,8536

	1321
	0,8285
	0,8282
	0,9514
	0,9513
	0,6886
	2,6974
	2,6974
	1,9831
	1,9831


Thus, using of the Fe-P phase diagram as an example, a diagram of application scheme of the mathematical method to describe the lines of the monovariant phase equilibria based on the Bjerrum-Guggenheim concept was shown.
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ANNEX D
Development of algorithm to calculate the dissociation rate of congruently melting compounds of metal and oxide systems using the Gibbs energy of the dissociation reaction of compounds

The algorithm to calculate the Gibbs energy of hetero- and homogeneous reactions includes the following steps:

Step 1: Enter a reaction, for example, dissociation of a congruent melting compound FeSi = Fe + Si

Step 2: For each substance, enter the initial data (table 1).
Step 3: The program should calculate the phase transitions for reaction, from min to max. For example, for this reaction: 298-1033 K, 1033-1185 K, 1185-1667 K, 1667-1683 K, 1683-1703 K, 1703-1811 K  and 1811-3000 K. (For example, up to 3000 K).

Table D.1 – The initial thermodynamic data [24, 25, 26] to calculate the Gibbs energy of reaction
	Substance
	T, K
	ΔH0
J/mol
	ΔS0
J/(mol·K)
	A
	B
	C

	FeSi
	298
	-80332,80
	50,20
	10,6
	3,6
	-0,20

	FeSi
	1683
	68617,60
	40,80
	19,50
	0
	0

	Fe
	298
	0
	24,20
	17,50
	24,80
	0

	Fe
	1033
	5104,00
	4,90
	37,70
	0
	0

	Fe
	1185
	912,10
	0,80
	7,7
	19,50
	0

	Fe
	1667
	1108,00
	0,70
	43,90
	0
	0

	Fe
	1811
	13811,00
	7,60
	43,50
	0
	0

	Si
	298
	0
	18,8
	23,70
	3,3
	-4,3

	Si
	1703
	50210,00
	29,5
	27,20
	0
	0


Step 4: Before starting the thermodynamic calculation for the specified reaction, first of all, it is necessary to calculate the reaction at a standard temperature. Thus, we start the whole reaction.

Calculate ΔH, ΔS, ΔGр-ии, heat capacity coefficients of A, B, C at a standard temperature of 298.15 K.
ΔHр-и = ΔHкон – ΔHнач = ([image: image392.png]Fe
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 = 0 + 0 + (-80332,8) = 

= - 80332,8 J/mol;
ΔSр-и = ΔSкон – ΔSнач = ([image: image398.png]Fe

AS3Se
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 = (27,2 + 18,8) - 30,2 = 

= - 4,2 J/(mol·K);
ΔA = (AFe + ASi) - AFeSi = 17,5 + 23,7 – 10,6 = 30,6;
ΔB = (BFe + BSi) - BFeSi = 24,8 + 3,3 – 3,6 = 24,5;
ΔC = (CFe + CSi) - CFeSi = 0 + (- 4,3) – (- 0,20) = - 4,1;
Gр-ии = ΔGк - ΔGн;
Gр = ΔGFe + ΔGSi - ΔGFeSi ;
GSi = 0 – 18,8 × 298 = - 5602,4 J/mol;
GFe = 0 – 27,2 × 298 = - 8105,6 J/mol;
GFeSi = - 80332,8 - 50,2 × 298 = - 95292,4 J/mol;
ΔGр = (- 8105,6) + (- 5602,4) - (- 95292,4) = - 13708 + 952092,4 = 
= 81584,4 J/mol; 
ln(Кр) = - 32,929.
Step 5: To start the reaction from 298.15 K, remember the calculated data:ΔHр-и = - 80332,8 J/mol;
Δр-и = - 4,2;
ΔGр-ии = 81584,4 J/mol;
ΔA = 30,6;

ΔB = 24,5;

ΔC = - 4,1.

Step 6: For convenience of further calculation, we round 298.15 K to 300 K and keep it up to the first phase transition, i.e. 298 - 1033 K.
ΔH300 = ΔH298 + A × t0 + B × t1/2 × 103 + C × t3/3 × 106;
ΔS300 = ΔS298 + A × t2 + B × 10-3×t0 + C × t1/2 × 106,
где    t0 = T - 298;   t1 = T2  - 2982;    t2 = lnT - ln298; t3 = T3 - 2983;
ΔH300 = 80332,8 + 30,6 × 2 + [24,5 × (3002 - 2982)]/(2 × 1000) + [- 4,1 ×

× (3002 - 2982)]/(3 × 1000000) = 80332,8 + 61,2 +0,03 + 0,733 = 80393,3 J/mol;
ΔS300 =  4,2  + 30,6 × (ln300 - ln298) + 24,5 × (1/1000) × 2 + [- 4,1 × (3002 -

- 2982)]/(2 × 1000000) = 4,1 + 0,1836 + 0,049 + (- 0,00000245) = 

= - 3,967 J/(mol·K); 
ΔCр = A + B × 10-3 × T + C × 10-6 × T2 = 30,6 + 24,5 × 1/1000 × 300 + (- 4,1) × 

× 90000/1000000 = 30,6 + 7,35 - 0,369 = 37,581 J/(mol·K);
ΔGр-и = ΔH  - TΔS = 80393,3 + 300 × 3,967 = 81583,4 J/mol;
ln(Кр) = - 32,713.
Step 7: Select the step of a temperature interval, for example, 100 K

Calculation at 400 K.
ΔH400 = 80332,8 + 30,6 × 101,85 + 24,5 × (4002 - 2982)/2 × 1000 +  (- 4,1) × (4002-

-2982)/3 × 1000000 = 80332,8 + 3116 + 24,5 × 711/2000 - 51,3 = 

= 84270,261 J/(mol·K);
ΔS400 = - 4,2 + 30,6 × (5,991 - 5,697) + 24,5 × 101,85/1000 + (- 4,1) × (160000 -

- 88804)/3 × 1000000 = 800 - 4,2 + 8,996 + 2,495 + 0,09 = 7,194 J/(mol·K);
ΔCр = 30,6 + 24,5 × 0,001 × 400 - 4,1 × 0,0000001 × 160000 = 30,6 +9,8 - 0,656 = 

= 39,744 J/(mol·K);
ΔGр-и = 84270,261 - 2877,6 = 81392,661 J/mol;
ln(Кр) = - 24,480.
Calculation at 1033 К.          

ΔCр = 30,6 + 24,5 × 1033/1000 + (- 4,1) × 1067089/1000000 = 30,6 + 25,31 - 4,37 = = 51,54 J/(mol·K);
ΔH1033 = 22491 + 11984 + 1470,3 = 113337,5 J/mol;
ΔS1033 = - 4,1 + 30,6 × (ln1033 - ln298) + 24,5 × 1/1000 × 735 - 41 × 

× 978285/20000 - (- 4,1) + 38036 + 18,0075 - 2,005 = - 6,106 + 56,0435 = 

= 49,938 J/(mol·K);
ΔGр-и = 113337,5 - 51586,914 = 61751,546 J/mol; 

ln(Кр) = - 7,202.
Step 8: We reached the first phase transition of 1033 K. The next phase transition is 1033 K-1185 K. This phase transition belongs to iron, i.e. at a given temperature, the enthalpy, entropy and heat capacity coefficients increase. And again, as at 298 K, we calculate the initial data for the 1033 K-1185 K phase transition.
ΔHр-и = 118441,48 J/mol;

ΔSр-и = 54,74 J/(mol·K);

ΔGр-ии = 61893,24 J/mol;   

ΔA = 50,80;   

ΔB = - 0,30;
ΔC =  - 4,1.
Step 9: Next comes repetition until the next phase transition, etc.
ANNEX E 
TECHNICAL SPECIFICATION

For development of software model to calculate the change in isobaric potential by the Temkin-Shvartsman method
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1. INTRODUCTION
During the development of the high-temperature chemical and metallurgical processes at various research stages, a question arises of the assessing of the probability of the chemical reactions, and, as a consequence, determining the equilibrium constant. Calculation of the change in isobaric potential (Δ[image: image405.png]


) in a wide temperature range is most often performed to find out the most probable direction of the process. In this case, it is believed that reactions for which Δ[image: image407.png]


<0, the formation of reaction products is impossible, that is, it is considered that attempts to perform these processes are impossible. 
The developed model to calculate the Gibbs energy of hetero- and homogeneous reactions suggests further development into a software package designed to assess the magnitude of the dissociation rate of congruently melting compounds using the osmotic coefficient of Bjerrum-Guggenheim in parallel with the calculation of Δ[image: image409.png]


.
2. BASIS FOR DEVELOPMENT
The basis for development is IRN АP05130225 on theme: “Research of the thermal stability of congruently melting systems based on concept of the osmotic coefficient of Bjerrum-Guggenheim”.  Referring to GOST 19.201-78 “Development of software to solve and construct the osmotic coefficient near the melting point of congruently melting compounds”.
3. PURPOSE OF DEVELOPMENT

Software for calculating of the Gibbs energy of hetero- and homogeneous reactions is the first stage in implementation of a complex software package designed for processing of phase diagrams with obtaining mathematical expressions for the lines of phase equilibria, obtaining of calculated data on an equilibrium constant (Кр) and dissociation (α) rate of a congruently melting compound using the osmotic coefficient of Bjerrum-Guggenheim.
4. PROGRAM REQUIREMENTS

4.1  Performance requirements
The developed program must perform the following actions:

- starting the program;

- entering the equation;

- recognition for all substances present in reaction. For each substance there are the initial thermodynamic data from the database T298, (K); ΔH0298 (J / Mol); ΔS0298 J/(mol·K), heat capacity coefficients of A, B, C, D, E, and then the same characteristics, but for all phase transitions inherent in the same substance;
- if they are in the database, they are displayed on panel as a table;

- if not, then program makes a request «Enter data» and then thermodynamic data are entered manually in a tabular form;

- saving of entered thermodynamic data in database;

- arrangement of phase intervals;

- request for step temperature mode;

- viewing of the initial thermodynamic data, equation coefficients, temperature ranges;

- calculation of thermodynamic data on reaction for all phase transitions;
- construction of a graphical dependence in coordinates of ΔG, ΔH, ΔS - T;

- program must be able to select and copy text data into standard Windows system clipboard for subsequent insertion into any document that allows such an operation (for example, a Microsoft Word or Microsoft Excel document).

4.2 Organization of input and output data.

In the process of program operation, the input information for the program should be: the experimental data, database files, mouse manipulations, and key codes pressed by a user on computer keyboard. The output is displayed and, if necessary, printed. 

4.3 Control of input and output information

The program should control the user’s choice of “Exit” menu item and warn him about the loss of “not saved changes”.

4.4 Requirements for composition and parameters of technical aids.

The system must run on IBM-compatible personal computers.

Minimum configuration:

- Pentium processor type or higher;

- Amount of random access memory is 32 MB and more;

- Amount of free space on hard disk is 40 MB.

Recommended configuration:

- processor type - Pentium II 400;

           - amount of random access memory is 128 MB;

           - amount of free space on hard disk is 60 MB.
4.5 Software compatibility requirements

Program must run under the Win 32 family of operating systems (Windows 95/98/2000 / ME / XP, etc.).

4.6 Requirements for software used by program

Program requires the operating system WINDOWS 95 or later, mouse and printer drivers.
4.7 Timing and memory size


The response time of program to pressing any of keys and manipulating the mouse should not exceed 0.25 s, if system resources meet requirements for composition and parameters of hardware. Reaction to menu commands, except for Opening, Saving, should not exceed 2 s. Response to Open, Save commands depends on size of data file and search settings.

4.8  Reliability requirements

4.8.1  Requirements for reliable operation
Program must function normally with an uninterrupted operation of computer. In the event of a hardware failure, the restoration of the normal operation of the program should be performed after: restart of the operating system; startup of the executable file of the program; re-execution of actions that were lost before the last saving of information to a file on a magnetic disk. The level of reliability of the program must correspond to the programming technology, which provides for: inspection of the source code of program; offline testing of program modules (methods); testing the interface of modules (methods) of program; complex testing of program.

4.8.2 Recovery time from failure

Recovery time from failure shall consist of: time of restarting  of the operating system by a user; time of startup of executable file of program by user; time of re-enter of lost data.

4.9 Requirements for programming languages

Program development should be made in C# (Сsharp). 
5. REQUIREMENTS FOR PROGRAM DOCUMENTATION
The software documentation for the developed model of system to calculate the isobaric potential for hetero- and homogeneous reactions is a calculation and explanatory note.
6. STAGES AND STEPS OF DEVELOPMENT
Table E.1 - stages and deadlines
	Stage name
	Period of execution

	Task analysis. Development of technical specifications. Software design
	01.01.19-31.03.19

	Subprogram development for grouping of thermodynamic data under the equation of all substances
	01.04.19-30.05.19

	Development of software for all stages of the algorithm
	01.05.19-30.06.19

	Combining of the developed parts in a single model
	01.06.09-30.06.19


7. CONTROL AND ACCEPTANCE PROCEDURE
Tests of the presented software, provision and quality control of its operation on basis of a model system, values of which were obtained by a numerical method, made under the following principles:

- startup of program; 
- entering of equation;

- entering of initial data or from database;

- ordering of phase intervals;

- request for step temperature mode;

- viewing of the initial thermodynamic data, equation coefficients and temperature ranges.
ANNEX F
INSTRUCTIONS

for operation with program «Calculations of the osmotic coefficient of Bjerrum-Guggenheim by nonlinear regression»
1. PROGRAM SETUP
This program does not require installation, it is enough to copy the MNK files and place them in any suitable folder on hard drive of your computer.
2. STARTUP OF PROGRAM
To startup the program, double click on the MNK executable file which will display the following welcome window.
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After startup of program and the welcome window displays, the necessary calculations can be started. In the drop-down window of “Regression equation selection” menu item, select one of 4 equations:

I - Nonlinear regression of y = A + Bx + C,

II - Nonlinear regression through a given point of y = A + Bx + C (through given point),

III - Linear regression of y = A + Bx,

IV - Linear regression through a given point of y = A + Bx (through given point).

In the field “Name of experiment” the name of a calculated regression is entered. For example, data of the first calculation will be called as “Experiment 1”.

Note: if there are already names in list of experiments, then a new name should not coincide with the existing names.
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If necessary, in text area «Description of experiment» any notes can be made related to a calculated equation, for example, describe a source where data is taken from.
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I - Nonlinear regression of y =A + Bx + C
To calculate coefficients of equation of y = A + Bx + C, the data of X and Y (in our case, Xi and Фi) is used for the crystallization region of Fe2Ti for particular system Fe2Ti-Fe, such as: X = 0,965; 0,917; 0,870; 0,826; 0,783; 0,762; 0,703; 0,665; 0,629; 0,471. Y = 0,124; 0,156; 0,206; 0,271; 0,332; 0,415; 0,512; 0,627; 0,756 and 1,031.

After choosing of name of an experiment and regression equation, click on the «Show» button located to the right of the drop-down list, as a result of which a window with a table image for performing of the necessary calculations will open. In an appeared table with the experiment data (K, n, T, X, Y), columns 1-5 are filled, after which “Calculate” button is pressed. 
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Program makes the necessary calculations, gives the coefficients for the calculated regression and presents the equation itself. In addition, the program calculates and reports the correlation coefficient R and significance of tR equation.
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II - Nonlinear regression through a given point
The second option for obtaining of a mathematical model using the nonlinear regression equation of Y = A + Bx + C / (K - x) includes operations of the obtaining of coefficients of this equation, provided it passes through a given point, that is, a point with certain coordinates. Designate these coordinates as Z1 for Y and Z2 for X. In this case coordinates of a given point are Z1 = 0; Z2 = 1.
When choosing of the second option, a window opens where an experimenter enters the experimental values (X0, Y0, Z1, Z2, K). 
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Next, the user clicks “Calculate” and program makes the necessary calculations with coefficients for nonlinear regression of Y = A + Bx + C / (K - x) passing through a given point with coordinates of Z1 and Z2.
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III - Linear regression of y = A + Bx
As an example, to calculate coefficients of A and B of the linear regression of Y = A + Bx (option 3), data of X and Y (for crystallization region of Fe in Fe-Cr), is used such as X = 0,995; 0,994; 0,992; 0,990; 0,989; 0,988; 0,987; 0,986; 0,986. Y = 0,088; 0,100; 0,159; 0,199; 0,233; 0,261; 0,293; 0,306 and 0,319.

A user enters the experiment data of X and Y and clicks “Calculate” button. Program makes the necessary calculations and gives coefficients of A and B for the equation of y = A + Bx, and also shows an equation itself.
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Criterion for accuracy of the received equation is degree of variance σ and also a correlation coefficient R.
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IV - Linear regression through a given point of y = A + Bx 

If the resulting equation passes through a given point, regression variant 4 of y = A + Bx will be. Coordinates of a given point as Z1 for Y and Z2 for X are indicated. In this case there is Z1 = 0 and Z2 = 1. As in the case of nonlinear regression, a user enters the experiment data and coordinates of a given point of Z1 and Z2 into the table and clicks “Calculate”.
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As a result of calculations, the coefficients A and B are obtained for a new equation, and also criterion for accuracy of equation σ (degree of variance).
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The received equation has the form:Y = 22,772 – 22,772X.
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