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Abstract. The article presents the results of a study of the thermodynamic-diagram analysis of the Fe-Si-Al-Ba multicompo-
nent system, where, on the basis of thermodynamic data, the boundary ternary systems of the basic four-component Fe-Si-Al-Ba
system are constructed. As a result, it was determined that the system consists of 12 elementary tetrahedra. For each of the tetra-
hedra, analytical equations are determined, with the help of which it is possible to establish the location in the factor space of the
general system of the compositions of various metal melts with the calculation of their normative phase compositions. The cor-
rectness of the breakdown into elementary tetrahedra can be seen due to the volumes of the same tetrahedra, where the sum of
these volumes is equal to one (1.00000). The quasi-volumes in the system Fe-Si-Al-Ba, simulating the compositions of the
resulting metal products during the smelting of an alloy of ferrosilicoaluminum with barium in the process of reduction, have
been established. As a result, it turned out that the Fe-Si-Al-Ba system does not include ternary and quaternary compounds,
with the exception of interstitial solid solutions containing Fe-Si and Fe-Al phases doped with barium, as well as silicon-
barium-aluminum containing eutectic. In this case, the region of the composition of the alloy with a barium content of 8-10%
will be the most optimal. Further, with an increase in the concentration of barium in the alloy above 10%, it leads to the loss of
barium with atmospheric oxygen, and also leads to a violation of the melting process.

Keywords: barium, ferrosilicoaluminum, four-component system, thermodynamic-diagram analysis, quasi-volume, tetra-

hedra.

1. Introduction

The state diagrams of various systems contain valuable
information about the composition and structure of the pro-
posed smelting products and serve to obtain melts as close as
possible to the specified compositions and a certain tempera-
ture zone of the process, thereby predicting their properties
and methods of technological modes of production.

In modern scientific and applied metallurgy, an important
place is occupied by the study of the structure of liquid melts
obtained by pyrometallurgical processing of various raw
materials. As a rule, the initial raw material, whether it is an
ore or a concentrate, contains in its composition compounds
that are not stable in a liquid state, i.e. decaying into stable
constituent parts after overcoming their liquidus temperature.
The generally accepted thermodynamic studies of processes
in multicomponent systems are quite complex and require
the use of extensive mathematical calculations and are direct-
ly related to the need to determine the thermodynamic func-
tions of a large number of independent reactions. In many
ways, some data on the properties of substances necessary to
determine the Gibbs free energy of reactions are limited or
absent, which in such cases excludes the applicability of
thermodynamic analysis to study multicomponent systems.

Designed and developed in KhMI im. Zh. Abisheva,
thermodynamic diagram analysis (TDA) of complex sys-
tems, has established itself as the simplest and at the same
time accurate method for studying phase patterns in compari-

son with classical thermodynamic studies of metallurgy pro-
cesses. The effectiveness of the method, as an application to
metallurgical technology, is the ability to reveal the features
of the phase structure of the resulting melts in the process of
metallurgical processing of various raw materials. Based on
the results of such studies, phase composition diagrams are
constructed that allow one to trace phase metamorphism and
predict the final state of a single system that simulates the
composition of the melt under study.

2. Materials and methods

To study the production technology of ferrosilicoaluminum
with barium, as well as during deoxidation and partial alloying
of steel, it is necessary to know the thermodynamic parameters
of the components and the properties of the Fe-Si-Al-Ba system.

This article discusses the possibility of constructing a phase
structure diagram for the Ba-Fe-Al-Si system, simulating the
compositions of barium-based alloys using thermodynamic
diagram analysis. To carry out triangulation or breakdown of a
metallic system into phase triangles of coexisting phases, it is
necessary to determine the values of the Gibbs energy (AGags) of
all compounds formed between the components of the system.
Reference data on AGggg for some compounds of the system are
taken from [1-3]. However, AGags values are not available for
almost many compounds. The value of the standard Gibbs ener-
gy of any compound at any temperature can be determined
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using the well-known Gibbs-Helmholtz equation with known
and (the index T indicates the temperature dependence) [5]:
AG? = AH? —TAS? 1)

Since for many compounds of the system not only the val-
ues are not available, but also information about their heat
capacity in both solid and liquid states, the article posed the
problem of constructing a diagram of the phase structure of the
Fe-Si-Al-Ba system only at standard temperature (298 TO).
This also makes it possible to simulate the direction of reac-
tions for various combinations of components and compounds
in the Fe-Si-Al-Ba system.

The Hertz method was used to determine the S°s values
for compounds for which there are no data in reference books
[5, 6]. This method is based on the empirical formula estab-
lished by Hertz for elements and inorganic compounds:

Sggs =K, '(M/Cp,ZQS)Va -m @)

where, Kg - Hertz constant (20.5); M - molecular weight;
Cp,208 - molar heat capacity at 298 K; m is the number of atoms
in the compound.

Due to the fact that the Hertz method with a fixed value of
Kg = 20.5 does not allow obtaining high accuracy, the authors
of [5] improved it and found that there is a good relationship
between the average values of the Hertz constant (Kg) and the
molar mass (Ma) of the element, which is the role of the anion
in the compound:

2
x“-e*

(e -1)°
where, x - 42.4 [ Ma.

The calculation of the heat capacity of solids was carried out
according to the Debye theory. The method is based on quantum

K,=335- ®)

Table 2. Values of the Debye heat capacity, J/mol K

Ne n/e Qo/T C, Ne n/e Qo/T
1 2 3 4 5
1 0 24.94 26 25
2 0.1 24.94 27 26
3 0.2 24.89 28 2.7
4 0.3 24.85 29 28
5 04 24.77 30 29
6 05 24.64 31 3.0
7 0.6 24.52 32 3.1
8 0.7 24.35 33 3.2
9 0.8 24.18 34 3.3
10 0.9 24.02 35 3.4
11 1.0 23.76 36 35
12 1.1 23.51 37 3.6
13 1.2 23.22 38 3.7
14 1.3 22.97 39 3.8
15 14 22.68 40 3.9
16 15 22.38 41 4.0
17 1.6 22.05 42 41
18 1.7 21.71 43 4.2
19 1.8 21.34 44 4.3
20 1.9 20.96 45 44
21 2.0 20.58 46 45
22 21 20.21 47 4.6
23 2.2 19.83 48 4.7
24 2.3 19.46 49 4.8
25 24 19.04 50 4.9
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concepts of atomic vibrations in the crystal lattice of a solid. The
method provides a fairly accurate calculation of the heat capaci-
ty of simple solids. Its capabilities as applied to solid com-
pounds have hardly been studied, although the method for cal-
culating Cp of complex substances is well known [7].

The initial calculation data are the characteristic (Debye)
temperatures of the elements forming the compounds, as well as
the melting temperatures of the elements and compounds (Table
1). The characteristic temperatures of the QD elements are cur-
rently determined experimentally, so there is no need to calcu-
late them using the Lindemann formula. It is only necessary to
correct them for the test compound using the Koref formula:

Qb = Qo Tret / T

/
where, Tm and T are the melting points of the com-

pound and the element, respectively.

(4)

Table 1. Melting points (Tm) and characteristic temperatures
(QD) of substances in the crystalline state

Ne n/e Element Tm K Qo K
1. Ba 1000 424
2. Fe 1808 373
3. Al 933 390
4, Si 1700 689

Next, we calculate the argument of the Debye function
using the following formula:

C,=Qu/T ®)

After that, using the Debye function table, we find the
isobaric heat capacity of the elements (Table 2) and summing
them up according to the Neumann-Kop rule, determining
the isochoric heat capacity of the compound.

C, Ne n/e Qo/T Cy
6 7 8 9
18.58 51 5,0 9.20
18.16 52 5,2 8.62
17.74 53 54 8.12
17.32 54 5,6 7.61
16.90 55 5,8 7.11
16.51 56 6,0 6.61
16.07 57 6,2 6.19
15.65 58 6,4 5.77
15.27 59 6,6 5.44
14.85 60 6,8 5.10
14.43 61 7,0 4761
14.06 62 75 4.05
13.68 63 8,0 3.477
13.30 64 9,0 2.665
12.93 65 10 1.887
12.56 66 12 1.117
12.18 67 14 0.703
11.84 68 16 0.473
11.51 69 18 0.330
11.17 70 20 0.243
10.84 71 22 0.181
10.50 72 24 0.140
10.17 73 26 0.1096
9.83 74 28 0.0883
9.50 75 30 0.0720
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The next step is to convert the isochoric to isobaric heat
capacity, which can be done using the semi-empirical

Nernst-Lindemann formula:
C,=C,+0,0051-T ~C§/Tne, (6)

All the thermodynamic parameters of the compounds in
the Fe-Si-Al-Ba system obtained as a result of the calculation
are shown in Table 3.

Table 3. Results of calculation of thermodynamic parameters

Ne - AGggs AS;e8 Cpass
nle Connections kJ/mol J/mol
1 FeAl -53.333 65.98 47.41
2 Fe,Als -203.912 206.37 197.76
3 FeAls -114.51 121.57 100.14
4 FeAl, -78.2408 - -
5 FesAl -98.7 - -
6 FeSi -76.5798 46.024 48.53
7 FesSi -84.59 - -
8 FesSis -197.6396 209.62 199.6
9 FeSi, -73.2911 55.23 66.11
10 Fe,Si -82.887 104.01 72.06
11 BaSi -242.38 - -
12 BaSi, -258.68
13 BaAl -62.7

. Results and discussion

Diagram of the phase structure of the Fe-Si-Al system. The
Fe-Si-Al system (Figure 1) consists of three binary systems
Fe-Al, Fe-Si and Si-Al. There are 5 double compounds in the
Fe-Al system - FesAl, FesAls, FeAl, FeAly, FeAls. The Fe-Si
system also contains 5 binary compounds - FesSi, Fe;Si,
FesSis, FeSi, FeSiy, of which only FeSi is stable in the liquid
state. There are no double compounds in the Si-Al system.

Si
100

Fe T

2

FeAl; 70 FeAls 80

Figure 1. Fe-Si-Al system

In general, the Fe-Si-Al ternary system consists of three
simple elements and 10 double compounds. Triangulation of
the Fe-Si-Al system was carried out using the Hess law:

AGp =Y con - Y sou, (7

At a positive value of the Gibbs energy of the reaction,
the points corresponding to the initial compounds were con-
nected on the state diagram. At a negative value of the Gibbs
energy of the reaction, the reaction products were combined.
In this way, the triple system is divided into stable triangles
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of coexisting phases. Using this method, the Fe-Si-Al system
was divided into 11 stable triangles. Moreover, all compo-
nents of a single stable triangle do not interact with each
other. The areas of interest to us for the composition of the
FSA alloy with barium in relation to the Fe-Si-Al system will
be in the Si-FeAls-FeSi, and FeSi,-FeAls-FeSi phase regions.
This indicates that when the composition of the alloy falls
into the range of these compositions, the alloy will contain
free silicon.

Diagram of the phase structure of the Ba-Fe-Si system.
When triangulating the Ba-Fe-Si subsystem, 8 thermodynami-
cally stable triangles of coexisting phases were formed (Figure
2). In the Ba-Si binary system, the most stable compound is
BaSi, with a melting point of 1180°C. It is reported in [8, 9,
10] that the BaSi, compound has a rhombic lattice with the
following parameters: a =8.92 A; b =6.80 A; c = 11.58 A.

Si
100

a4

Figure 2. Ba-Fe-Si system

Thus, the Ba-Si system undoubtedly contains BaSi, com-
pounds (congruent melting Tm=1180°C - barium disilicide
and BaSi (incongruent melting Tm = 840°C - barium silicide.
The melting point of barium, according to sources [4] is
710°C, and sources - 725°C. The melting point of silicon (a -
quartz) Tmelt = 1690K, 1688K and 1685K.

Ba
100

Fe T T 1 T T T
40 FeAl 50 AL

Als

U
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Figure 3. Fe-Al-Ba system
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Phase structure diagram of the Fe-Al-Ba system (Figure
3). This system contains three elements and 7 binary com-
pounds, and in the Fe-Al binary system, 5 double compounds
are known - FesAl, Fe,Als, FeAl, FeAl, and FeAls, and in the
Ba-Al binary system there are two compounds BaAl and
BaAl..

As a result of triangulation, the Fe-Al-Ba system was di-
vided into 8 stable coexisting phase triangles. On the Al-Ba
side, the most stable compound is BaAya.

Figure 4. Al-Si-Ba system

Diagram of the phase structure of the Al-Si-Ba system
(Figure 4). The system contains four double compounds -
BaSi, BaSi;, BaAl, BaA, there are no ternary compounds in
the system. This system is interesting from the standpoint of
determining the composition of the alloy at a constant iron
content of around 20%. Then, in the section at 20% iron,
when converted to the content of barium, aluminum and
silicon, an alloy with a content of 68% Si, 22% Al and 10%
Ba will be formed. This composition is in the Al-Si-BaSi;
region, which implies the precipitation of a free silicon phase
during crystallization. Aluminum will be in the composition
of the alloy in the form of a free phase, but possibly alloyed
with iron. This assumption was refined during the study of
the microcomponent composition of FSA and FSA alloys
with barium by the method of imprinting with a diamond
pyramid.

4, Conclusions

Thus, no ternary and quaternary compounds were found in
the Fe-Si-Al-Ba system, with the exception of interstitial solid

solutions containing Fe-Si and Fe-Al phases doped with bari-
um, as well as silicon-barium-aluminum containing eutectic.

In general, the macrostructure of the FSA alloy with bari-
um is represented by a highly porous surface. The main matrix
of the alloy is silicon, which is released in free form during
crystallization.

The most optimal is the region of the composition of the
alloy with a content of 8-10% barium. Exceeding the content
of barium over 10% will lead to its increased losses in the
form of oxidation by atmospheric oxygen - the pyroelectric
effect increases. In addition, the technological parameters of
the smelting of the FSA alloy with barium, when 10% of bari-
um in the alloy is exceeded, somewhat decrease. This is due to
an increase in the number of slag-forming compounds coming
together with barite ore and the possible transition of the
smelting process to the so-called slag mode, which disrupts
the normal operation of the furnace.
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TepMoguHaMUKAJBIK-THATPAMMAJIBIK Tajaay apKbLibl Fe-Si-Al-Ba
JKyHeciH 3epTTey
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Anmarma. Maxkanana Fe-Si-Al-Ba kel KOMIIOHEHTTI YHeECIHIH TepMOIUHAMUKAJIBIK-IHarpaMMaJIblK TalJayblH 3€PTTEY
HOTHWOKEJIEP] KETIPUIreH, MYHIa TEpMOIMHAMUKAIBIK MojiMerrep Herisinge Fe-Si-Al-Ba 06a3zaiblk TepPT KOMIIOHEHTTI
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JKYWECiHIH MIeKapaJiblK YINTIiK JKy#denepi canmbiHFaH. HoTmxkecinae xyiie 12 KapamalbM TeTpadapleH TYPaTBHIHIBIFBI
aHBIKTaNIBl. TeTpadaprepaid opKalChIChl YIUiH aHAJMTHKABIK TeHACYJIep aHbIKTalla b, OJIapIbIH KOMETiMEH dpTYpPJIi MeTal
OaJKpIMaJIapbIHBIH KYpaMIapbIHbIH KaJIlbl XKYHeCiHIH (aKTOPIBIK KEHICTIKTE OpHalacybIH, OJaplblH HOPMATHBTIK (ha3aliblk
KypaMJapblH eCenTey apKbUIbl OpHaTyFa 00J1a bl

KapanaiibiM TeTpasapiepre OeiyliH AYPHICTBHIFBIH COJI TETPAdPIIEPIiH KejeMiHe OailaHbICThl Kepyre Ooiaabl, MyHna
ochl keeMaepAiH KocbHabIck (1.00000) Oipiikke TeH.

ToTbIKCBI3AaHy YpaiciHAe (eppOCHINKOATIOMUHUN KOPBITIIACHIH OapuiiMeH OaJIKbITy Ke3iHAe TY3UIETiH MeTal
eHIMJepiHiH KypamblH MojaeipaciTiH Fe-Si-Al-Ba xyiiecinme kBasu keiemuep opHatburraH. Hortmxkecinme Fe-Si-Al-Ba
Kytieci Oapuitmen neripmenreH Fe-Si sxone Fe-Al ¢asamapel Gap KaTTel €HTi3y epiTiHAUIEpiH, COHIAW-aK KypambIHIA
IBTEKTHKA Oap KpeMHHU-Oapwii-aFOMUHHUHI KOCTIaFaHIa, YII JKOHE TOPT KOCBUIBICTApIbI KAMTHIMAUTHIHBI aHBIKTAIIBL. By
xKarmaiina Gapmii Memmepi §-10% OonaThIH KOPBITHAHBIH KYpPaMbl €H OHTAaWIBI Oosaabl. ©Opi Kapal, KOpbITHagarsl Oapuit
KOHICHTpauACHIHBbIH 10%-Fa >KoFapbUlaybIMEH ayaHbIH OTTETiMEH OapHiIiH KXOFalyblHAa, COHBIMEH KaTap OalKbITyIbIH
TEXHOJIOTHSIIBIK YPIICiHIH OY3bUTYBIHA OKETE .

Heezizei co30ep: bapuii, GeppocunukoamioMunull, mepm KOMNOHEHMMI JHCyle, MePMOOUHAMUKALBIK-OUASDAMMAIIbIK
manoay, Keasuvem, mempa’opayusi.

N3y4denune cucrembl Fe-Si-Al-Ba meTonom TepMoanHaMIyecKo-
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AHHOTanus. B cTatee nmpuBeaeHs! pe3yabTaThl UCCICIOBAHUS TCPMOANHAMHYECKH-INArPaMMHOTO aHAJIN3a MHOTOKOMIIO-
HeHTHOH cucteMbl Fe-Si-Al-Ba, rie Ha 0CHOBE TepMOAWHAMHYECKHX JAHHBIX MOCTPOCHBI IPAHUYHBIC TPOWHBIC CHCTEMBI 0a-
30BOM YETHIPEXKOMITOHEHTHOU crcTeMbl Fe-Si-Al-Ba. B pe3ynbrare onpeaenuium, 4To CUCTEMa COCTOUT U3 12 31eMeHTapHbIX
TeTpa’ipoB. [l KaxI0ro U3 TeTPasApOB ONpEeICHbl aHATUTUYECKUE YPAaBHEHHS, C TOMOIIBI0 KOTOPBIX MOKHO YCTAHOBHUTH
MECTOPACIOI0KEeHNE B (PaKTOPHOM IIPOCTPAHCTBE OOIIEH CHCTEMBI COCTABbI PA3IMYHBIX METAIIIMYECKUX PACIIABOB C BBIUHMC-
JICHUEM MX HOPMATHBHBIX (Da30BBIX COCTABOB.

IIpaBHIBbHOCTH Pa30MBKU Ha 3JIEMEHTApHBIE TETPAdAPHI, MOXKHO YBUIETh 3a CUET 00BEMOB 3THX K€ TEeTPa’ApoB, IIe CyMMa
aTHX 00beMOB pasHa exunuie (1.00000).

VYcraHoBiIeHb! KBa3noObeMbl B cucteMe Fe-Si-Al-Ba, Monenupyromine coctaBbl 00pasyroIHUXCcsl METANIHYSCKUAX TIPOIYK-
TOB TIpH BHIIUIABKE CIUIaBa (peppOCHIMKOAIIOMHUHUS ¢ OapueM B Ipoliecce BOCCTAHOBJIEHHs. B pesymbrare BBISICHHIOCH, YTO
cuctema Fe-Si-Al-Ba He BKJIrOYaeT TpOWHbBIC W YETBEPHBIC COCAWHEHHMS, 38 MCKIIIOUYCHUEM TBEPIbIX PACTBOPOB BHEIPEHHS,
conepxamux ¢a3sl Fe-Si u Fe-Al nerupoBaHHBIX OapueM, a Takke KPeMHHUN-0apHii-aIFOMUHINA COJIEPKAITYIO ABTEKTHKY. [1pn
3TOM HauboJjee ONTHMAILHBIM OYAET SIBISTHCS 00J1acTh COCTaBa cIulaBa ¢ cojepxkanueM Oapus 8-10%. [lanee ¢ yBennueHreM
KOHIEHTpauy Gapust B cruiae cBbime 10% NpUBOAMT K HOTepe Oapus ¢ KMCIOPOJOM BO3/lyXa, a TAaKXKe IMPUBOIUT HapyIle-
HHIO TEXHOJIOTHYECKOTO IIpoIiecca IIaBKH.

Knouesvle cnosa: bapuil,  eppocuiukoamiomunuli, — 4emvlpeXKOMNOHEHMHAs. — CUCMeEMA, — MEePMOOUHAMUYECKUL-
OUASPAMMHBII AHATU3, KBAZUOOBEM, Mempa’0payusl.
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