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Abstract. Using the analytical option of the Origin Lab computer program, the analytical dependences of the
liquidus temperature on the composition for the PbTe-Bi,Tes, PbTe-Sh,Tes, Bi,Tes-Sh,Te; boundary systems
of the PbTe-Bi,Tes-Sh,Tes ternary system were determined. Based on these dependencies and thermal
analysis data of the ternary system, the analytical model of the temperature-composite dependence of the
crystallization surfaces of PbTe, Sh,Tes, Bi,Tez compounds and PbBi,Te,, PbBisTe;, PbBigTeo phases in the
PbTe-Bi,Tes-Sh,Tes system was determined. The resulting equations made it possible to visualize the phase
diagram of the PbTe-Bi,Tes-Sh,Te; system from the side of the PbTe-Bi,Te; in 3D coordinates. The
analytical model of the phase diagram of the PbTe-Bi,Tes-Sh,Te; system allowed constructing a three-
dimensional image of equilibrium phases from different angles, to obtain two-dimensional projections and to

tabulate the coordinates of the phase diagram.
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1. Introduction

One of the main problems of materials
science is the design of new functional materials
and the expansion of their existence horizons by
optimizing the desired properties and new
prospects for application in various fields. In
recent years, a lot of theoretical and
experimental work has been done to create the
thermoelectric materials, which are considered
as main method to solve the problems of fuel
use and energy harvesting [1-3]. Lead tellurides-
based alloys are the most successfully applied
thermoelectric materials used in the production
of similar materials [4,5]. Also, tetradymite-type
layered Bi,Tes-based alloys are classic low-
temperature thermoelectric  materials, and
recently, their electrical and thermal properties
have been enhanced through nanostructuring
[6,7].

As the information on topological

insulators increased [8, 9], layered bismuth and
antimony chalcogenides were also proven to
host topological surface states [10-12]. Ongoing
research in this field revealed that tetradymite-
like ternary compounds formed in A" -BY —Te
systems (A'V—Ge, Sn, Pb; BY-Sh, Bi) systems
including AVBY,Tes, AVBY,Te;, AVBYsTeso
are also three-dimensional topological insulators
[13-21]. The creation of new multicomponent
functional materials is possible based on the
phase equilibria data of the corresponding
systems. The desired properties can be achieved
by substituting appropriate elements in these
materials via the formation of solid solutions
[22-25].

The main principle of building a three-
dimensional (3D) computer model of a T-x-y
diagram of a ternary system is the construction
of three-dimensional images of its surfaces and
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phase regions. It may take a lot of time and
additional experiments to create the ideal model.
However, the computer model does not contain
the methodological errors detected during the
construction of phase diagrams using traditional
methods [26].

The phase relationship in the PbTe-
Bi,Tes-Sh,Te; system was studied by using

powder XRD, DTA, and SEM results of the
equilibrated alloys [27,28]. In this research, the
analytical method was used for 3D modeling of
crystallization surfaces of the PbTe-Bi,Tes-
Sb,Te; system based on the data of boundary
systems and a small number of experimental
DTA measurements.

2. Modeling Technique

The analytical method, tested in [29-31],

Sb,Te; system. For 3D modeling of

was used for the three-dimensional modeling of crystallization surfaces of phases the following

crystallization surfaces

in the PbTe-Bi,Tes-

equation was used:

Tia-2-3=Y Taa-2) (v) (1Y) Taa) (e)+are(1-x1)%y(1-y) (1)

Here y=Xo/(Xo+x3), y=X3/(Xo2+x3), X1, X2 and
Xs— are mole fraction of 1, 2, 3 components;
T11-2) and Ty1-3) — are liquidus temperatures for
boundary binary systems 1-2 and 1-3. The
parameter a; is determined from the
experimental data of the ternary system PbTe-
BizTeg-szTeg.

Modeling is made in the following order.
First, the temperature dependences on the
composition T = f (x) and T = f (y) were

determined for the liquidus of boundary binary
systems. Next, based on the experimental data
of the PbTe-Bi,Tes-Sh,Tes ternary system, the
function T = f (x,y) is defined, where: x-
=x(PbTe): y=x(Bi,Tesz)/[ x(Sh,Tez)+ x(Bi,Te3)];
Xi — molar fractions of PbTe, Bi,Te;, Sb,Tes
compounds. To determine the boundaries of
immiscibility of liquid alloys, the asymmetric
version of the model of regular solutions

AG? = [a+ b(1—x)*](1 —x)x + RT[xInx(1— x) In(1 — x)] (2)

And the thermodynamic condition for internal stability

(*AGY/0x%)p 1=-2% (a+b*x"2+2*b*x*(X-1)+b*x*(3*x-1))+8.31*T/(1-x)+8.31*T/x  (3)

were used. The obtained analytical expressions
for the PbTe-Bi,Tes-Sh,Tes ternary system and
its boundary binary systems are given in Tables

1 and 2. The analytical dependencies are given
in the form used by the Origin Lab computer
program.

2.1. Boundary binary systems

The boundary sides of the analyzed
system were studied. According to PXRD
(Powder X-ray Diffraction) and DTA
(Differential Thermal Analysis) data, the
existence of three PbBi,Tes, PbBisTe;, and
PbBigTe;o tetradymite-like layered ternary
compounds was confirmed. All listed ternary
compounds melt by peritectic reactions at 864,
856, and 851 K, respectively [32]. According to
[33-35], two members of nPbTe-mSb,Te;
homologues series, namely, PbSb,Te; and
PbSb,Te; are formed in the PbTe-ShyTe;

system, while further studies [35-39] show that
earlier reported Pb,SbeTe;; compound is stable
only in a small temperature range and
decomposes by solid-phase reaction. The
Bi,Tes-Sh,Tes system is characterized by the
formation of continuous solid solutions with a
tetradymite-like structure [21].

Here and throughout the text, the
following notation is adopted: a-is solid
solutions based on PbTe; pB-is solid solutions
based on Bi,Tez and Sh,Tes.
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Table 1. Phase diagrams and analytical dependencies for liquidus and solidus surfaces of the PbTe-
Bi,Tes, PbTe-Sh,Tes, and Sh,Tes—Bi,Tes systems (equations are presented in computer variation).

Phase diagrams System, region Equations: T,K=f(x) | Eq.
X:X(Bi2T83) X:X(BigTe;g) N.
Bi,Tes-PbTe. 1198-288.4*x- 4
el liquidus a-PbTe, | 1224*x/2+1321*x"3
x=0+0.62
1100 liquidus p1p2, 694.5+593.7*x- 5
x=0.62+0.7 518.5*x"2
1000 liquidus papse, 776.4+264,5*x- 6
x=0.7+0.825 215.4*x"2
liquidus B-Bi,Tes, | 654+354*x-148*x"2 | 7
875 x=0.85+1
1= solidus a-PbTe, | 1198-238*x-20458* 8
850 ' x=0+0.18 X"\2+63470*x"3
! solidus a-PhTe, 473+4510%*x- 9
N R S G I x=0.12+0.18 13000*x"2
solidus B-Bi,Tes, 760+100*x 10
Fig. 1. Phase diagram of PbTe-Bi,Tes x=0.88+1
[32] system solidus B-Bi,Tes, -9155+23100%*x- 11
x=0.88+0.91 13333*x\2
T. K BizTe;g- szTeg. 12
900- x=x(Bi,Te3)=0+1 | 895-35*x+15*x*(1-X)
" liquidus
b x=x(Bi,;Te3)=0+1 | 895-35*x-15*x*(1-x) | 13
= | | solidus
Sh,Te, 2|C' 40 (-'I/.) 80 Bi,Te,
Bi.Te,, mol%
Fig. 2. Phase diagram of Bi,Tes-
Sh,Tes [20] system
SbgTeg-PbTe
> liquidus a-PbTe 653+539*x+5.8*x"2 | 14
= A1 | x=x(PbTe)=0.38+1
y P liquidus psez, X=
1080 4 1 x(PbTe)=0.36+0.38 765+250*x 15
g 1 liquidus B-Sb,Te;
: - ' x=x(PbTe)=0+0.36 | 895-46*x-180*x"2 | 16
g0 N by = | solidus B-Sh,Te; | 895-650*x+1875*x"2 | 17
[ x=x(PbTe)=0+0.08
solidus B-Sh,Tes 555+5750*x- 18
SbaTes o yahon FoTe x=x(PbTe)=0.05-+0. 25000*x"2
1
Flg 3. Phase diagram of szTeg-PbTe solidus o-PbTe 58828+113775*x- 19
[39] system x=x(PbTe)=0.96+1 53750%x"2
solidus a-PbTe 446+4325*(1-x)-
x=x(PbTe)= 10545*(1-x)"2 20
0.96+0.94
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2.2.System PbTe-Bi, Tes-Sb,Tes

Analytical dependencies of the 3D Sh,Te; system are given in Table 2 (equations
modeling of the phases of the PbTe-Bi,Te; - 21-28).
Table 2. Analytical dependencies of the phases of the PbTe-Bi,Tes-Sh,Tes system.
T.K=f(x,y);
Phase number x=x(PbTe): y= x(Bi,Tes)/[ x(Sh,Tes)+ x(Bi,Tes)]; xi-mole Eq.N.
in Fig. 4. fractions of the PbTe, Bi,Tes, Sh,Tes
1 (1197-351*(1-x)-276.7*(1-x)"2-26.8%(1-X)"3)*y+ 21

(653+539*X+5.8*x2)*(1-y)+70%y*(1-y)*(1-X)
x=0+0.625, y=0+1
2 (1197-1465,3*x+9728*x/2-91304*x"3)*(1-y)+(1079-
1923,1*x+5841,7*x"2-6624,48*x\3)*y-48*y*(1-y), x=0.842+1, 22
y=0+1;
(446+4325*x-10545*x2)*(1-y)+ (443,5+2065*X)*y,
x=0.954+0.832, y=0+1

5 694.5+593.7*(1-x)-518.5*(1-x)"2)*y+(765+250*x)*(1-y)
+70*y*(1-y)*(1-x)  x=0.625+0.71, y=0-0.95 23
6 (776,4+264,5*%x-215,4*x"2)*(1-y)+(596,6+677,5*X-
437,5%x"2)*y, x=0.695+0.875, y=0~+1 24
7 (546+592*x-280*x"2)*(1-y)+(731+130*x)*y, x=0.81+0.875, 25
y=0+1
9 (629,6+421,9*(1-x)-190,5*(1-x)"2)*y+(895-46*x-180*x"2)*(1- 26
y)+ 70*y*(1-y)*(1-x); y=0+1
11 (-13642+34100*x-20000*x"2). x=0.9+0.97, y=0~1 27
12,13,14 12550+26300*x; 9542-26300*X; -5975+26300*X 28

According to the numbers of the indicated fragments of the phase diagram of the PbTe-
Bi,Tes-Sh,Tes system, T,K=f(x,y) are visualized in Fig 4:

Fig. 4. 3D view of the phase diagram of the PbTe-Bi,Tes-Sh,Tes system from the side of the PbTe-
Bi,Tes system.
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1- Liquid surface of solid solutions based on a-PbTe;
2- Solidus surface of solid solutions based on a-PbTe;
3- Solid solution based on a-PbTe;
4- Plane obtaining peritectic PbBi,Te4 compound
5- Liquidus surface of the peritectic PbBi,Te, compound;
6- Liquidus surface of peritectic PbBisTe; and PbBigTeio compounds;
7- Liquidus surface of the peritectic Pb,BigTe;; compound;
8- Liquid surface of solid solutions based on B-Bi,Tes;
9- Liquid surface of solid solutions based on -Bi,Tes and $-Sh,Tes;
10- Solid solution based on B-Bi,Te; and B-Sh,Tes;
11- Solidus surface of solid solutions based on -Bi,Tes and p-Sh,Tes;
12-14- Planes perpendicular to obtaining peritectic phases PbBi,Tes, PbBisTe;, PbBigTeo;
15- Heterogeneity areas of solid solutions based on a-PbTe-+ PbBi,Tey;
16- Heterogeneity area of PbBi,Te4 + PbBisTe; phase;
17- Heterogeneity area of PbBisTe; + PbBigTe;o phase;
18- Heterogeneity area of PbBigTeo+ solid solutions based on B-Bi,Tes and -Sh,Tes.
3. Conclusion
The use of 3D modeling made it possible of the Origin Lab program, contain,

to determine the analytical dependences of
integral and partial thermodynamic properties
depending on the mole fractions of all
components in the entire concentration range
(xi=0+1) in the 300-1250 K temperature range.
Based on obtained data, the homogeneity
areas of stable solid solutions and the areas of
the formation of ternary compounds and the
multiphase diagram of the PbTe-Sh,Tes-Bi,Tes
system in three-dimensional space were
determined. Analytical dependences, in the form
of 3D model, according to the analytical option
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MVYJUbTHU-3D MOAEJIUPOBAHUE ®A30BOH JAUAT'PAMMBbBI CUCTEMBI
PbTE-BizTEg-szTEg
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AnHoranusi: C MOMOIIBIO aHATMTHYECKOH OMIMH KOMIbIOTepHOH mporpammbl OriginLab ompenenens
AQHAIMTHYECKUE 3aBHCHMOCTH TEMIIEPaTypbl JHKBHIYyCa OT COCTaBa JUlsl rpaHW4YHbIX cucteM PbTe-Bi,Tes,
PbTe-Sh,Tes, Bi,Tes-Sh,Tes tpoiinoii cuctemsr PbTe-Bi,Tes-Sh,Tes. Ha ocHOBaHWH 3THX 3aBHCHMOCTEH U
JTaHHBIX TEPMHYECKOrO aHaJM3a TPOHHOW CHUCTEMBI MOCTPOSHA aHATMTHUYECKas MOJENb HMOBEPXHOCTEH
KpucTauh3aiiu coeaunennit PbTe, Sb,Tes, Bi,Tes u a3 PbBi,Tey, PbBisTe;, PbBisTe o B cucreme PbhTe-
Bi,Tes-Sb,Tes. ITonydeHHbIe ypaBHEHHUS TO3BOJIIN BU3YAIN3UPOBaTh (ha30ByI0 auarpaMmy cucremsr PhTe-
Bi,Tes-Sb,Tes co croponsr PbTe-Bi,Tes B TpexmepHBIX KOOpAWHATAX. AHATHUTHYECKAs MOJETs (Pa3oBOM
auarpammel cuctembl PhTe-Bi,Tes-Sh,Tes mo3BosiseT npeicTaBuTh TpeXMEpHOE H300paKeHHEe PaBHOBECHBIX
¢$a3 ¢ pa3HBIX paKypcoB, MOJYYHUTh JBYMEPHbIC TPOCKIMU U TaOYyIHPOBaTh KOOPIUHATHI (Ha3zoBOi
JarpaMMBl.

KuaroueBbie cioBa: cucrema PbTe-BiyTes-Sh,Tes, TpexmepHOe aHATUTHYECKOE MOEIHpOBaHUE, (ha3oBas
JHMarpaMma, JIMKBHIYC, COJTUTYC.

PbTe-Bi,Tes-Sh,Tes SISTEMININ FAZA DIAQRAMININ MULTI-3D MODELLOSMOSI

A.I. Agazada®, S.M. Riistomova’, i.M. Qocayeva’, E.N. Oruclu?, D.M. Babanh'?,
A.N. Mommodov'?

' Kataliz va Qeyri-iizvi Kimya Institutu,
H.Cavid pr., 113, AZ 1143 Baki, Azarbaycan
®Azarbaycan Dévlat Neft va Sanaye Universiteti,
Azarbaycan-Fransiz Universiteti,
Azadliq pr., 20, AZ 1010 Baki, Azarbaycan
3Azorbaycan Texniki Universiteti,
H.Cavid pr., 25, AZ 1073 Baki, Azarbaycan

Xiilasa: OriginLab kompiiter proqraminin analitik variantindan istifado etmoklo PbTe-Bi,Tes-Sh,Te; iiglii
sisteminin PbTe-Bi,Tes, PbTe-Sh,Tes, Bi,Tes-ShyTe; sorhod sistemlori tiglin likvidus temperaturunun
torkibdon analitik asililiglart miioyyon edilmigdir. Bu asililiglar va iiglii sistemin termiki analizi malumatlari
osasinda PbTe-Bi,Tes-Sh,Te; sistemindo PbTe, Sb,Tes, Bi,Te; birlosmolorinin vo PbBi,Tes, PbBi,Tes,
PbBigTeyy fazalarinin kristallasma sothlorinin analitik modeli islonmisdir. Almnan tonliklor PbTe-Bi,Tes-
Sb,Te; sisteminin faza diaqramimin PbTe-Bi,Te; torofdon miixtalif bucaqlardan ii¢olgiilii tosvirini qurmaga,
ikiolgiilii proyeksiyalarini alds etmays vo faza diaqraminin koordinatlarini cadvallegdirmays imkan verir.
Acar sozlor: PbTe-Bi,Tes-Sh,Tes sistemi, 3D modellosdirmo, faza diagramu, likvidus, solidus.
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