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Abstract. The article considers the phase diagram of the four-component metallic system Cr-Fe-Al-Si obtained using
the method of thermodynamic-diagram analysis (TDA). This method, developed at the Zh. Abishev Chemical Institute, allows
analyzing complex multicomponent systems without extensive and labor-intensive thermodynamic calculations, which is
especially important when designing new alloys with predetermined properties. A phase diagram of the Cr-Fe-Al-Si system
is constructed, which is graphically represented as a tetrahedron with four three-component faces (Fe-Al-Si, Fe-Si-Cr, Si-Al-
Cr and Fe-Al-Cr). As a result of the calculations, 24 elementary tetrahedra were identified, for which relative volumes were
determined and coefficients of the transformation equations were calculated using the Heath method. The sum of the relative
volumes of the tetrahedra is close to unity (0.9978), which confirms the correctness of the partitioning of the system.

Using the example of a complex alloy of aluminosilicon chrome (Cr-25; Fe-20; Al-15; Si-40), the phase composition
was calculated, it was shown that this alloy is modeled by tetrahedron No. 13 (CrSi>—Si—FeSi>—FeAls). The obtained data
allow us to describe the phase distribution in the studied alloy: 51.9% CrSiy, 3.4% Si, 19.2% FeSi2 and 25.3% FeAls. The
results of the study demonstrate that the TDA method is an effective tool for predicting the phase state of metal systems and
optimizing the composition of the charge to increase the productivity of smelting units and the quality of finished products.
The constructed diagrams can serve as a basis for further experimental studies and the development of new technologies for
smelting aluminosilicon chrome and other complex alloys.

Key words: Cr-Fe-Al-Si system, phase diagram, thermodynamic diagram analysis (TDA), aluminosilicochrome,
tetrahedral model, transformation coefficients, phase composition, mathematical modeling.

Introduction

When designing new types of alloys (with predetermined properties), it is necessary to consider
dozens of types of charge materials, more rationally and economically evaluate the phase composition of
the initial raw materials and products of their processing by calculation methods, subjecting the optimal
compositions to subsequent experimental verification. Less attention is paid to the study of the phase
composition of materials, although factors such as high-performance operation of the smelting unit, the
release of high-quality products, etc. depend on it. To assess the phase composition, the practice of using
X-ray phase and petrographic analysis methods is common. But they are used for solidified, solid
materials and the results obtained cannot be fully used in high-temperature melts in a liquid state.
Therefore, it is advisable to use a theoretical method to determine the phase composition.

Conventional thermodynamic studies of processes in multicomponent systems are quite complex
and require extensive mathematical calculations and are directly related to the need to determine the
thermodynamic functions 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
completely absent, which in such cases excludes the applicability of thermodynamic analysis to the study
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of multicomponent systems.

An alternative to the classical thermodynamic study of processes in metallurgy is the method of
analyzing geometric thermodynamics, developed at the Zh. Abishev Chemical Institute —
thermodynamic-diagram analysis of complex systems (TDA). This method is especially effective in
terms of application to metallurgical technology, since it allows identifying the features of the phase
structure of raw materials involved in metallurgical processing, changes in their composition as they are
reduced, and the state of the final products obtained from them. The final result of such studies is a phase
structure diagram of a single system that is closest to the compositions of the corresponding metallurgical
products. Using this diagram, one can clearly trace the evolution of phase transformations in metal
systems and predict their final state.

Materials and methods of research

The phase composition of the complex alloy of aluminosilicon chromium is characterized by a
four-component metallic system Cr-Fe-Al-Si.

Based on the calculated thermodynamic data, a diagram of the four-component system Cr-Fe-Al-
Si [1] was constructed and a mathematical model of its phase structure was created. Figure 1 shows the
phase diagram of the four-component system Cr-Fe-Al-Si that we obtained. It is graphically depicted as
a tetrahedron. Its faces are three-component systems: 1. Fe-Al-Si; 2. Fe-Si-Cr; 3. Si-Al-Cr and 4. Fe-Al-
Cr, which are also shown in the figure. As a result of the calculations, it turned out that the system consists
of 24 elementary tetrahedra, which are listed in Table 1. The breakdown of the overall system is carried
out taking into account congruent and incongruent compounds. The sum of the relative volumes of the
elementary tetrahedra is almost equal to one (0.9978), which confirms the correctness of the
tetrahedration.

Table 1 — List of tetrahedra of the Cr-Fe-Al-Si system

Neo Tetrahedron Volume
1 Si — Al — FeAl;— CrSi; 0,1967
2 FeAls — FeSi, — FeSi — Cr,Al 0,0779
3 FeSi — F85Si3 - F62A|5 - CI’zAl 0,0440
4 FezAls - Fessisf Fezsi - CrzAl 0,0133
5 Cr — Fe;Si— CrsSi — CrpAl 0,0255
6 Cl’ssi - Fezsi - Crssisf CrzAl 0,0156
7 CI’sSis - Fezsi - Fe55i3 - CrzAl 0,0168
8 CI’sSis - Fe58i3 — FeSi — CrzAl 0,0161
9 CI’sSis — FeSi — FeSiz - CrzAl 0,0264
10 CI’sSis - FeSiz —CrSi— FeAls 0,0310
11 CrSi—FeSi, — CrSip — FeAls 0,0499
12 Fe — Cr — CroAl — Fe,Si 0,0420
13 CrSiz — FeSiz -Si— FeAls 0,1421
14 Fe — CroAl — FeAl — Fe,Si 0,0513
15 FeAl — CrzAl — F82A|5 — Fezsi 0,0350
16 F82A|5 — CrzAl — FeAls — FeSi 0,0115
17 FEA|3 — CrzAl — CI’5A|8 — Cr58i3 0,0244
18 FeAI3 — CF5A|8 — CI’4A|9 — CI’5$i3 0,0085
19 FeAI3 — CF4A|9 — CI’A|4 — Cr58i3 0,0255
20 FeAI3 — CFA|4 — CF2A|11 — CI’Siz 0,0140
21 FeAI3 — Cl‘zAlﬂ — CI’A|7 — CI’Siz 0,0091
22 FeAl; — CrAl; — Al — CrSi; 0,0458
23 CrAl, — CrSi, — CrSi — FeAl; 0,0466
24 CrAl, — CrsSiz — CrSi — FeAls 0,0289

Total 0,9978
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The well-known work [2] presents the simplest and most accessible for manual calculation method
of deriving transformation equations expressing any secondary system through the primary components
of the base system. The criterion for the location of a given melt composition in one of the quasi-systems
is the positive values of all coefficients of the n-th number of secondary components of a certain polytope
(tetrahedron), calculated using the Heath equation. Taking into account the above, Table 2 contains the
coefficients calculated by us using the method [2] for each secondary component of 24 congruently and
incongruently melting quasi-systems of the base tetrahedron.
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Figure 1. - Phase diagram a) Cr-Fe-Al-Si and elementary triangles of the system: b) Fe-Al-Si; ¢) Fe-Si-
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Cr; d) Si-Al-Cr and d) Fe-Al-Cr

Results and discussion

The practical application of the results of TDA to the smelting of a complex alloy of aluminosilicon
chrome comes down to finding elementary tetrahedra, within which their compositions are limited, and
the normative distribution of primary phases between secondary compounds for them is equal to 100%
of the tetrahedron in question.

To determine the processability of the alloys formed during the melting process, their average
weighted material compositions were recalculated into four main elements of the Cr-Fe-Al-Si system,
which are given in Table 3.

The phase composition in each of the tetrahedra given in Table 1 can be described by substituting
the corresponding coefficients from Table 2 into the equation, which is the Heath transformation equation

[3]:
Xi = aiCr + biFe + ciAl + diAnd,

where X is the amount of secondary phase formed;

ai, bi, ci and di— transformation coefficients;

Cr, Fe, Al, Si— the amount of primary metallic components in the metal.

When analyzing the compositions of aluminosilicon chrome smelted from screenings of high-
carbon ferrochrome and high-ash Borlin coals from the position of the obtained transformation equations,
it was established that:

The composition of the aluminosilicon chrome alloy (Cr-25; Fe-20; Al-15; Si-40) is modeled by
tetrahedron Nel3 CrSio-Si-FeSio-FeAls(relative volume V=0.142136), for which the transformation
equations for calculating the equilibrium ratios of secondary components through the primary component
according to Table 3 are written as a system of four linear expressions. The phase composition of the
tetrahedron found will be as follows, wt.%:

CrSip = a:Cr + biFe + c1Al + d1Si = 2.079-25 + 0-20 + 0-15 + 0-40 = 51.975;

Si = a;Cr + baFe + c2Al + d2Si = -1.079-25 — 1.0-20 + 0.69205-15 + 1.0-40=3.40575;

Respond, = asCr + bsFe + czAl + d3Si = 0-25 + 2.0-20 - 1.38409-15 + 0-40 = 19.23865;

FeAls= asCr + bsFe + csAl + daSi=0-25 + 0-20 + 1.69205-15 + 0-40 = 25.38075.

From the calculation given it can be seen that this aluminosilicochrome contains 51.9% CrSiy; 3.4%
Si; 19.2% FeSiz and 25.3% FeAls [4].

Table 2 — List of elementary tetrahedra, their volumes and coefficients of equations for calculating
the equilibrium ratios of secondary components of the Cr-Fe-Al-Si system

Pentatopes, their volumes and transformation ratios
1 2 3 4 5 6 7 8 9 10 11 12
Cofno;;ﬁzm odd [ Al- FeSi- | FesSi- | FesSis- | FeSi- | Fe,Si- | FeSi- | FeSi- | CreSis- | CrsSis- | CrAlL- | CrSip-
" S Si- FeSi- FeSi- Fe,Si- Cr- CrsSiz- | CrsSis- | CrsSiz- | FeSi- CrSi- CrSi,- CrSi-
FeAI3— FeAI3— FezAls- FEZAls- Cl'3si- Cr3Si— F95Si3- Fe5Si3— FeSiz— FeSiz— CrSi- FeSiz—
Cl’siz Cl’zAl Cl’zAl Cl'zAl Cl'zAl CrzAl CrzAl CrzAl CrzA| FeAI3 FeAI3 FeAI3
Volumes 0,196729 |0,077971 |0,044077 |0,013396 |0,025536 |0,015624 | 0,016854 {0,016172 |0,026478 | 0,031028 |0,046657 |0,049939
Cr al 0 -0,36682 | 0,7187 |-1,42027 0 0 8,04978 | -2,4465 | 1,3245 | 3,33333 0 -2,07101
a2 -1,079 | 0,55078 |-0,49856 | 1,64041 1 -1,63441 | 1,3245 1,3245 | 0,97157 |-2,33333 |-2,07101 | 3,07101
a3 0 -0,44978 |-0,48596 |-0,48596 0 2,63441 |-8,37428 | 2,122 |-1,29607 0 3,07101 0
a4 2,079 1,26582 | 1,26582 | 1,26582 0 0 0 0 0 0 0 0
Fe bl -1,44499 | -1,99401 | 3,26471 | -6,45161 1,25 1,25 7,45161 | -2,26471 0 6,19048 | -2,14072 | -3,84615
b2 0 2,99401 | -2,26471 | 7,45161 | 1,39474 | -2,27957 0 0 2,99401 | -7,19048 | -1,44087 | 2,84615
b3 2,44499 0 0 0 -1,64474 | 2,02957 | -6,45161 | 3,26471 | -1,99401 2 2,13661 2
b4 0 0 0 0 0 0 0 0 0 0 2,44499 0
Al cl 1 1,37995 |-2,70368 |5,34293 0 0 }30,28249 | 9,2035 |[-4,98266 | -4,2841 |1,48148 |2,66172
c2 0 -2,072 |1,87552 |(-6,17108 | -3,7619 |6,14849 |-4,98266 |-4,98266 |-3,65494 |4,97615 |0,99715 |-1,96967
c3 0 1,69205 |1,82815 |1,82815 0 -9,91039 (31,50324 |-7,98275 | 4,87569 |[-1,38409 |-1,47863 |-1,38409
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c4 0 0 0 4,7619 | 4,7619 | 4,7619 | 4,7619 | 4,7619 |1,69205 0 1,69205
Si di 0 3,99401 [-6,53922 [25,80645 0 0 24,80645 | 7,53922 0 -6,19048 0 3,84615
d2 1 -2,99401 [7,53922 |-24,8064 |-5,57895 |9,11828 0 0 -2,99401 |7,19048 |3,84615 |-2,84615
d3 0 0 0 0 6,57895 |-8,11828 |25,80645 |-6,53922 |3,99401 0 -2,84615 0
d4 0 0 0 0 0 0 0 0 0 0 0 0
Pentatopes, their volumes and transformation ratios
13 14 15 16 17 18 19 20 21 22 23 24
Source Odds CrSiz- Fe- Fe- Fe2Als- FeAls- FeAls- FeAls- FeAls- FeAls- FeAls- CrAls- FeAls-
components Si- Cr- FeAl- FeAl- CrAl- CrAl- CrsAls- | CrsAlg- | Cr2Alu- | CreAlu- | CrsSis- Al-
FeSiz- Cr2Al- Cr2Al- Cr2Al- Fe2Als- CrsAlg- CrsAlg- CrAls- CrAls- CrAlz- CrSi- CrAlz-
FeAl; FeaSi FeaSi FesSi FeSi CrsSis CrsSis CrsSis CrSiz CrSiz FeAls CrSiz
Volumes 0,142136 | 0,042 0,05135 | 0,035076 | 0,011575 | 0,02445 | 0,008517 | 0,025534 | 0,01401 | 0,009128 | 0,028988 | 0,045851
Cr al 2,079 0 0,55209 | -0,80825 | -2,73677 0 0 0 0 0 0 0
a2 -1,079 1 -0,81792 | 054242 | 1,26582 | 1,86066 | -534118 | 4,96323 | -10,2272 | 18,23256 | 3,33333 | -3,62963
a3 0 0 1,26582 | 1,26582 | 2,47094 | -0,86066 | 6,34118 | -3,96324 | 11,22728 | -17,2325 | -2,33333 | 4,62963
a4 0 0 0 0 0 0 0 0 0 0 0 0
Fe bl 0 1 1 -1,46396 |-12,43182 | 2,44499 | 2,44499 | 2,44499 | 2,44499 | 2,44499 | -2,14072 | 2,44499
b2 -1 0 0 2,46396 0 3,23346 | -9,28192 | 3,45309 | -7,11547 | 7,25855 | 2,31912 | -1,44499
b3 2 0 0 0 13,43181 | -4,67844 | 7,83693 | -4,89808 | 5,67049 | -8,70353 | -1,62338 0
b4 0 0 0 0 0 0 0 0 0 0 2,44499 0
Al cl 0 0 -2,07692 | 3,04054 |10,29545 0 0 0 0 0 1,48148 0
c2 0,69205 | -3,7619 | 3,07692 |-2,04054 0 -2,2377 | 6,42353 |-2,38971 | 492424 |-5,02326 |-1,60494 1
c3 -1,38409 | 4,7619 0 0 -9,29545 | 32377 |-5/42353 | 3,38971 [-3,92425 | 6,02325 | 1,12346 0
c4 1,69205 0 0 0 0 0 0 0 0 0 0 0
Si di 0 4 -4 5,85586 |24,90096 0 0 0 0 0 0 0
d2 1 0 0 -9,85586 0 -5,73386 [16,45955 |-15,2948 | 9,47846 |-16,8976 |-6,19048 | 3,36388
d3 0 0 0 0 -26,90396 | 2,65222 |-19,5411 |12,21323 |[-10,4052 |15,97082 | 7,19048 |-4,29066
d4 0 5 5 5 3,003 4,08163 | 4,08163 |4,08163 | 1,92678 | 1,92678 0 1,92678

The chronology of the movement of low- and high-percentage aluminosilicochrome compositions
according to their Cr content takes place in the CrSi tetrahedron,-Si-FeSi>-FeAls. Table 3 shows the
average weighted chemical composition of aluminosilicochrome, as well as the phase composition of the
tetrahedron under study. The above tetrahedron has the second value in relative volume among the eleven
tetrahedrons found. In turn, the large volume of the tetrahedron provides the most favorable conditions
for the implementation of the smelting process, i.e. free regulation of the composition of the charge [5].

Table 3 — Average weighted chemical composition of aluminosilicon chrome and phase
composition of the tetrahedron in which the alloy is located — aluminosilicon chrome.

Metal composition, %
Alloy chemical phase
Cr| Fe | Al | And | crsi | And | REPOT Feal
Ne 1 25 20 15 40 51,9 3,4 19,2 25,3

Conclusions
Thus, in this paper, a phase diagram of congruently melting compounds of the Cr-Fe-Al-Si system

and its mathematical model are shown, which allow, based on the chemical analysis of the obtained
metal, to find their phase composition and, in combination with their other properties, to optimize the

technological process.
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Augatna. Makamaga Cr-Fe-Al-Si  TepT KOMITOHEHTTI MeETaUIABIK JKYHECIHIH (ha3aiblk JuarpamMmMachl
KapacThIPBIIAAbL, O TePMOTUHAMHUKAIBIK-ararpammansk tangay (TT) omici apkputel ambiarafd. K. OOiMeB aThIHIAFHI
XMMU-ge ozipieHreH Oyi omic KypAedi KOIKOMIIOHEHTTI KyHenepli KeH >KOHE €HOEK CHIMBIMABI TEePMOTUHAMUKAIIBIK
ecenreyiep XKyprizoei Tammayra MyMKiHAIK Oepemi, Oy anmapiH anma OepinreH Kacuerrepi Oap XaHa KOpPBITIIATAPIBI
xobamayma epekimie Maup3ael. Cr-Fe-Al-Si skyiiecinid (asaiablK KYpBUIBICHIHBIH JHATPAMMAChl CAJBIHIBI JKOHE O TOPT
YIIKOMITOHEHTTI KBIPBI Oap TeTpasap Typinzie rpadukansik Typae kopcerinmi (Fe-Al-Si, Fe-Si-Cr, Si-Al-Cr sxone Fe-Al-Cr).
Ecenreymnep HoTmxeciHae 24 sIeMEHTapIIbl TETPadap OOiHII albIHIBI, OJIAPIBIH CAIBICTHIPMAIBI KOJIEMAEP] aHBIKTAJIBI,
Xu3 omici OOWBIHINA TYPIECHOIPY TEHACYNIepiHiH Kod(hdummenTrepi ecenrennmi. TeTpa’ApiepmiH CalbICTHIPMAIIBI
KeJieMepiHiH KOCBIHABICH Oipre sxakbH (0,9978), Oy xyiieHi 6emyaiH IypbICTHIFBIH pacTaliIbl.

Kemeni amomocumukoxpom KopbitiachiHsiH (Cr-25; Fe-20; Al-15; Si-40) dasanbik KypaMsr ecenei, 6YJ1 KOphITIia
Nel3 Terpasapmen (CrSi—Si—FeSi—FeAls) mMomenbaeHeTiHi KopceTiami. ANBIHFAH JIEPEKTEP 3EPTTENETiH KOPBITIAAFEI
(azanapapiH GeiHyiH cumarrayra MyMKiHIDK Oepemi: 51,9% CrSiz, 3,4% Si, 19,2% FeSi, xone 25,3% FeAls. 3eprrey
soTmkenepi TAT omici MeTammnmelK skyienepmid ¢a3anblK KyiHiH Ooibkay jKoHE OalKBITy arperaTTapbhlHBIH OHIMIUTITIH
apTTHIPY MEH JaibIH OHIM CallachlH JKaKCapTy YIIiH INXTa KYPaMblH OHTAWIaHIBIPYIA THIMAL Kypai OOIbII TaOBIIATHIHEIH
kepcerTi. KyppiiFan anarpammanap aJqoMOCHIMKOXPOMIIBI JKoHEe 0acka a KypAeni JIETipJIeHreH KOphITHaaapabl OamKbeITy
OOMBIHIIIA )KaHa TEXHOJIOTHSIAP Il 93ipJeyre *KHe api KapaiiFbl 3KCIEPUMEHTTIK 3epTTeynepre Heri3 Ooa ajasl.
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AHHoTanus. B cratbe paccMaTpuBaercs a3oBasi 1uarpamMMa 4eThIpEXKOMIOHEHTHOH MeTainueckoi cuctemsl Cr-
Fe-Al-Si, mony4deHHast ¢ WCIOIB30BAHHEM METOa TePMOAWHaMHUYeCKH-auarpamMmuoro anamusza (TJIA). JlanHbIi MeTon,
paspaboranneiii B XMW um. XK. AOuineBa, Nmo3BoJsieT MPOBOJMTH aHAJIU3 CJIOXKHBIX MHOTOKOMIIOHEHTHBIX CHUCTeM 0e3
MpOBEACHUA O6IHI/IpHBIX U TPYAOEMKHUX TEPMOANHAMUYCCKUX PACUCTOB, UYTO OCO6CHHO BaXXHO MPH MPOCKTUPOBAHUN HOBBIX
CIJTABOB C 3apaHee 3aJaHHbIMH CBOMcTBaMu. [Toctpoena amarpamma dasosoro crpoenust cuctemsr Cr-Fe-Al-Si, kotopas
rpadUyuecKy MPEACTaBICHa B BUIE TETPAdApa C YEeThIphMs TpexkommoneHTHbIME Tpausmu (Fe-Al-Si, Fe-Si-Cr, Si-Al-Cr u
Fe-Al-Cr). B pesyabrate pacueroB BBIICICHO 24 3IIEMEHTAPHBIX TETPadApa, JUIS KOTOPBIX OMPENEICHBI OTHOCHTENbHBIC
00beMBbl U paccyuTanbl KO3(QUIMEHTHI ypaBHEHUI TpaHcopmanuu nmo Meroay Xuza. CymMMa OTHOCHTENBHBIX 00BHEMOB
TeTpasapoB Oim3ka k exaunuie (0,9978), uto noaTBepiKaaeT KOPPEKTHOCTh pa30MEHUsI CHCTEMBI.

Ha npumepe xomriekcHoro cruiaBa amoMmocunrkoxpoma (Cr-25; Fe-20; Al-15; Si-40) mposenen pacuer (ha3oBoro
cocraBa, MMOKa3aHo, YTO JaHHBIH cruiaB mopenupyercst Terpasapom Nel3 (CrSip—Si—FeSi,—FeAls). Tlomydennsie naHHbIC
MO3BOJIAIOT ONMCATh pacrpezencHue a3 B uccaeayemom cmiase: 51,9% CrSia, 3,4% Si, 19,2% FeSi, u 25,3% FeAls.
Pe3ynbTaThl HCcnenoBaHUSA JEMOHCTPUPYIOT, 4To Meton TJIA sBnsercs 3(p(heKTUBHBIM MHCTPYMEHTOM IPOTHO3UPOBAHUS
($a30BOro COCTOSHHSA METAUIMYECKUX CHCTEM M ONTHMHU3AIUM COCTaBA IIUXTHI JUIA HOBBIMIEHHUS HNPOU3BOAUTEIBEHOCTH
IUIaBWJIBHBIX arperaTtoB M KadecTBa TOTOBOM mponykiuu. IlocTpoeHHble amarpaMMbl MOTYT CIYXKHTb OCHOBOW ISt
JaJbHEHIINX SKCIIEPUMEHTAIBHBIX HCCICAOBAHUN M pa3pa0OTKM HOBBIX TEXHOJIOTHMI BBILIABKU AJIOMOCHIMKOXPOMa U
JPYTUX CIOKHOJIETHPOBAHHBIX CIJIABOB.

KunroueBbie cnoBa: Cr-Fe-Al-Si cucrema, ¢aszoBas auarpamMma, TepMOTMHAMHYCCKH-THArpaMMHubiil ananus (TJ[A),
AITIOMOCHJIMKOXPOM, TETpa’ApHyecKas Mojiellb, Kod(pduimeHTsl TpaHcdopmarmy, (a3oBblii COCTaB, MaTEeMAaTHYECKOE
MOZEIIUPOBAHUE.

220


about:blank
https://orcid.org/0000-0001-6902-1211
mailto:daniil.h@bk.ru
https://orcid.org/0009-0007-9698-3476
mailto:yzhumagaliyev@zhubanov.edu.kz
https://orcid.org/0000-0003-2227-0661
https://orcid.org/0000-0001-6902-1211
https://orcid.org/0009-0007-9698-3476
https://orcid.org/0000-0003-2227-0661

