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GENERAL DESCRIPTION OF WORK

The relevance of the theme and the degree of development.
Modern scientific-technical progress is directly related to the creation
and application of unique functional materials. Metal chalcogenides
occupy a special place among these materials. They have been wi-
dely studied as semiconductor materials since the middle of the last
century. The development of nano-engineering in the last two deca-
des, the discovery of graphene and topological insulators, has given a
new impulse to the development of chemistry and material science of
metal chalcogenides. Researches showed that the binary compounds
Bi,Ses, Bi,Tesz and Sb,Te; have a tetradimity-like structure and ter-
nary analogs formed in the A"-BY-Te (A"V-Ge, Sn, Pb; BY — Sb)
systems have topological insulator properties are quite promising for
the application and can be used in spintronics, quantum computers,
medicine and et al.

Complex chalcogenides as well as valuable thermoelectric ma-
terials. Much of the recent research has focused on the multi-compo-
nent chalcogenide phases that occur in the Ag-A'V-BY-Se (Te) qua-
ternary systems, especially LAST, TAGS, and others. (LAST, TAGS
are the capital letters of the elements in these phases in English (Le-
ad-Argentum-Stibium-Tellurium, Tellurium-Argentum-Germanium-
Selenium)) is devoted to the fabrication of the composites based on
them and the study of their thermoelectric properties. Analysis of the
literature data shows that these materials are located in the Ag,Te-
AVTe-BY,Te; concentration area. Therefore, a purposeful search of
these phases and composite materials requires a direct study of phase
equilibria, intermediate phases, thermodynamic and crystallographic
properties of these intermediate phases in order to optimize their
compositions and functional properties.

Taking into account the above, in recent years, Azerbaijani scien-
tists have carried out a comprehensive study of a number of Ag,Te-
AVTe-BY,Te; systems. Wide area of solid solutions, as well as two- and
three-phase areas that are of interest as composite materials were deter-
mined and physical parameters that characterize the crystallization of
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these alloys from the liquid phase have been identified. However, the
Ag,Te-PbTe-Sh,Te; system and its selenium analog, where the LAST
materials were formed, were not studied until our studies.

The purpose and objectives of the study: obtaining new re-
sults on the thermodynamic and crystallographic properties of the
phase relations in the Ag,Se-PbSe-Sh,Se; and Ag,Te-PbTe-Sh,Tes
systems and intermediate phases formed in them which are of great
interest in the search of thermoelectric materials.

To achieve this goal, the following specific tasks were set and
solved:

v investigation of phase equilibria in the Ag,Se-PbSe-Sh,Se;
and Ag.Te-PbTe-Sh,Te; systems by the including of the EHQ met-
hod to the traditional methods of phase equilibrium studies and phase
diagrams construction;

v the refinement of phase diagrams of some boundary quasi-
binary systems of these systems;

v" determination of the primary crystallization phases and ho-
mogeneity areas of intermediate phases detected in the Ag,Se-PbSe-
Sh,Se; and Ag,Te-PbTe-Sh,Te; systems, obtaining individually and
identification of various solids solutions;

v' refinement the solid-state equilibrium diagram of the PbSe-
Sh,Ses-Se subsystem by using the EMF method and calculation the
thermodynamic functions of the lead-stibium selenides;

v" by using various modifications of the EHQ method, the ther-
modynamic study of the Ag,Se-PbSe-Sh,Se; vo Ag,Te-PbTe-Sh,Te;
systems, calculation the partial and integral thermodynamic functions
of solid solutions formed.

Research methods. The studies were conducted using DTA,
PXRD, EHQ, microstructure and SEM analysis methods, as well as
microstructure measurements. The DTA was conducted using a Lin-
seis STA PT 1600 and a "Termoskan-2" device, as well as on a mul-
tichannel DTA unit assembled based on the electronic TC-08 Ther-
mocouple Data Logger. Powder X-ray diffraction patterns of the
compounds and alloys were recorded on Bruker D2 Phaser and D8
ADVANCE diffractometers using CuK,- radiation. Difractograms
were analyzed by computer software crystal lattice parameters were
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calculated. Scanning electron microscopes "Field Emission Scanning
Electron Microscope JEOLJSM-7600F", "Tescan Vega 3" and C-
4EQMM 500T were used for microstructure analysis. The micro-
hardness of the samples was measured using a [IIMT-3 device.

Main provisions for the defense.

e 1.New information on phase equilibria in the Ag,Se-PbSe-
Sh,Se; and Ag,Te-PbTe-Sh,Te; quasi-ternary systems, different poly-
and isothermal sections of their phase diagrams, the liquidus surface
projections of both systems and non- and monovariant equilibria that
were determined;

e 2. A new specified version of the phase diagram of the PbSe-
Sh,Se; system, the solid-phase equilibria diagram of the PbSe-
Sh,Ses-Se system;

¢ 3.New phases in the investigated systems, their primary crys-
tallization and homogenization areas, crystallographic parameters;

¢ 4 Results of EMF measurements of circuits with solid elect-
rolyte concerning PbSe electrode and liquid electrolyte concerning
Ag electrode for PbSe-Sh,Ses-Se system and 2PbX-AgSbX, secti-
ons of Ag,X-PbX-Sh,X;systems, partial molar functions of PbSe, Pb
an Ag in alloys of investigated systems, the standard integral ther-
modynamic functions of the formations and solid solutions.

Scientific novelty.

The following new results were obtained and defended:

— anew version of the phase diagram of the PbSe-Sh,Se; sys-
tem which is different from the literature data is plotted and it was
established that the system is characterized by ternary compounds
Pb,Sh,Ses, PbsSheSes3and PbSh,Se, formed with decomposition by
peritectic reaction ;

— for the first time, the character of the physical and chemical
interaction in the Ag,X-PbX-Sh,X3 (X-Se, Te) systems was deter-
mined. It was shown that they are quasiternary sections of the corre-
sponding quaternary systems and are characterized by the formation of
wide areas of the solid solutions with cubic structures;

— the liquidus surface projections of both systems, a number of
poly- and isothermal sections of phase diagrams were plotted, prima-
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ry crystallization and homogenization areas of intermediate phases,
types, and coordinates of non- and monovariant equilibria were de-
termined;

— quaternary selenide and telluride phases of different compo-
sitions were obtained individually based on the phase diagrams, and
their cubic lattice constants and microstructure dependencies on the
composition were determined;

— the solid-phase equilibria diagram of the PbSe-Sh,Ses-Se
system was plotted based on EMF measurements concerning PbSe
electrode; the partial and integral thermodynamic functions of the
PbsSbsSe17, Pb,Sh,Ses, PbsSbeSeis and PbSh,Se, compounds were
calculated;

— by using the EMF measurements concerning Ag and PbTe
electrodes, the 2PbX-AgShX;, systems were investigated in the 300-
450 K temperature interval; the partial molar functions of PbSe(Te)
and Pb, as well as the integral thermodynamic functions of the for-
mations and standard entropies of the solid solutions, were calculated.

The theoretical and practical significance of the work.

The theoretical significance of the dissertation is that the new re-
sults set on the phase equilibrium and thermodynamic properties in the
AgoX-PbX-Sh,X3 systems are a contribution to the chemistry and ther-
modynamics of multicomponent metal chalcogenides. These results
are the scientific basis for the development and selection of technolo-
gical conditions for the synthesis and growth of the monocrystals of
the multi-component phases with variable composition found in these
systems. The new non-stoichiometric phases obtained are potential
thermoelectric materials and their application parameters, especially
LAST materials, can be optimized as a result of appropriate physical
studies.

The phase diagrams of the investigated systems, as well as the
thermodynamic, crystallographic, and other properties of new inter-
mediate phases, are fundamental physicochemical characteristics of
materials and can be included in relevant handbooks and information
databanks.

According to Google Scholar Citations, 16 references have be-
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en made to author's articles published in international scientific jour-
nals on dissertation topics

Some results obtained in the dissertation work can also be used
in the higher educational institutions of the republic when teaching
special courses "Solid State Chemistry", "Inorganic Materials", "Physical
and Chemical Analysis".

Testing and application. The results of the work were repor-
ted and discussed at the following scientific conferences: XVI Poc-
cuiickasg KOH(epeHIHs MO (PU3MUECKOW XUMHH M AJIEKTPOXMMHUHU
pacIuIaBiICHHBIX M TBepAbIX 3iekTponuToB (ExarepunOypr, 2013);
XII International conference on crystal chemistry of intermetallic
compounds (Lviv, 2013); XV, XVII Bcepoccuiickue kKoHbepeHIINN
"BricokouncThie BemecTBa W Marepuaibl. l[lomydenwe, aHammus,
npumenenue" (Hwxuuit HoBropon, 2015, 2018); Te3ucer [{oknanos
PecnyOnukanckoil HaydyHOW KOH(epeHIWH, MocBsimeHHoH 90-net-
Hemy roowmitero Akanemuka Torpyna Illaxraxturckoro (baky, 2015);
VII, VIII Beepoccuiickas koHdepenus "dusnko-XuMuyeckue mpo-
[[eCChl B KOHJEHCHUPOBAHHBIX CpeflaXx W Ha MeX(a3HbIX rpaHuUlax’ ,
®ATPAH , (Boponex, 2015; 2018) ; 2" and 3" International Turkic
World Conferences on Chemical Sciences and Technologies (Skopje,
2016; Baku, 2017); 13-e CoBemianue ¢ MEKIYHAPOIHBIM yU4aCTHEM
"dyrmamMeHTabHBIe TIPOOIeMbl MOHUKHU TBepaoro tena" (Yepno-
ronoBka, 2016); XI Mexnynapoanoe Kyprnakosckoe CoBelanue 1o
(usuko-xumudeckomy ananusy (Boponex, 2016); Umummilli lider
H. Oliyevin anadan olmasinin 95-ci ildéniimiina hasr olunmus "Miia-
sir tobiot elmlorinin aktual problemleri" (Gonco, 2018); Beepoccuii-
ckasg KoH(pepeHIHs "XuMus TBEpAOro Teida U (HyHKIHOHAIbHBIE
matepuainsl" u XII Bcepoccuiickuii CUMIO3UYM € MEXIyHapOIHBIM
yuyactueM "TepmoanHamuka u Marepuanoenenue"” (Cankr-IlerepOypr,
2018); Akademik M.Nagiyevin 110 illiyino hosr olunmus “Nagiyev
girastlori” beynalxalq konfransi (Baki, 2018); XXII International
Conference on Chemical Thermodynamics In Russia (Saint Peters-
burg, 2019);

Published works. Based on the materials of the dissertation,
25 scientific works -10 articles (7 of them in international indexed jo-
urnals) and 15 report thesis (7 of them in international conferences)
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were published .

The name of the organization in which the dissertation
work is carried out. The dissertation work was carried out in the la-
boratory of «“ General and Inorganic Chemistry ” department of Ba-
ku State University.

Personal contribution of the author. Statement of the dissertati-
on problem, experimental research and processing of the results. The
author's share in the co-authorship of scientific works was decisive.

Volume and structure of work. The dissertation consists of
an introduction (10699 symbols), four chapters (I chapter — 28181
symbols, 11-36092 symbols, I11- 44685 symbols, 1V-31919 symbols),
main results, a list of used scientific literature in 205 titles and has a
volume of 149 pages. The thesis includes 63 figures and 34 tables.

MAIN CONTENT OF WORK

In the introduction, the relevance of the dissertation topic is
substantiated, the goal, tasks, scientific novelty, theoretical and prac-
tical significance are formulated.

The first chapter briefly describes and critically analyzes the
literature data on the physico-chemical properties of the initial com-
pounds of the Ag,X-PbX-Sh,X3 (X-Se, Te) systems. The phase dia-
grams of the quasi-binary Ag,X-PbX, Ag,X-ShyX3 and PbX-Sh,X3
sections, as well as crystallochemical, thermal, thermodynamic data
for the intermediate phases, are given and analyzes.

This chapter also explores the modern physical and chemical
studies of multi-component chalcogenide systems containing silver,
p% and p-elements, the relevance of the topic and the choice of
objects are justified.

The second chapter is devoted to syntheses and experimental
research methods

For the syntheses, the elemental components (Ag, catalog
number 7440-22-4; Pb-7439-92-1; Sh-7440-36-0; Se-7782-49-2; Te-
13494-80-9) of a high degree of purity purchased from the German
company Alfa Aesar were used.

Alloys of the studied systems were prepared from previously
synthesized and identified binary and ternary compounds in vacuu-
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med up to ~ 107 Pa and sealed quartz ampoules. After synthesis, the
samples for investigations by the DTA method were annealed at 500 K
(Ag2Se-PbSe-Sh,Se; system) or 750K (Ag.Te-PbTe-Sh,Tes system)
during 500-600h and then cooled slightly.

Samples for PXRD, MSA, and microhardness measurements
were kept at temperatures for 300 s, corresponding to the isothermal
sections of phase diagrams and then quenched into cold water. For
the EMF measurements, the alloys-right electrodes were annealed at
400 K within 500h.

Studies have been conducted using DTA, PXRD, EMF, mic-
rostructure and SEM analysis methods, as well as microhardness
measurements (see research methods section).

The third chapter summarizes the results of the study of the
phase relations in the quasi-ternary Ag,Se-PbSe-Sh,Se; and Ag,Te-
PbTe-Sh,Te; systems.

At the beginning of the chapter, the refinement phase diagrams
of the boundary systems PbSe-Sbh,Se; of the Ag,Se-PbSe-Sh,Se;
system were preseTnIEed and compared with the literature data.

I- Pb,Sb.Se,
11 - Pb,Sb,Se,,
111 - PbSb.Se,

700] T

PbSe 20 40 60 80 Sh,Se,
mol % Sb.Se,

Figure 1. The phase diagram of the PbSe-Sb,Se; system
As can be seen (Fig.1), the PbSe-Sh,Se; system is quasi-ter-
nary and is characterized by ternary compounds Pb,Sh,Ses,
PbsSbeSes13 and PbSh,Se, formed with decomposition by peritectic
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reaction ;
L + B1<>Pb, Sh,Ses (pl point, 890K)
L + Pb, Sh,Ses <»Pb, SheSes3 (pz point, 868K)
L + PbsShgSe 5 <>PbSb,Seq (p3 point, 855K)

The crystal lattice parameters calculated by using the Topas
V3.0 computer software are the following:

Pb,Sh,Ses: orthorombic Sp.gr. Pnam, a=24.591(8); b=19.757(8);
c=4.166(8) A.

Pb,SbsSeis: monoklinic, Sp.gr. 12/m, a=24.591(3); b=4.0910;
c=25.212(1) A, p=93.95°.

PbSb,Se,4: orthorombic, Sp.gr. Pnnm, a=21.206(9); b=26.660(9);
c=4.068(1) A.

It should be noted that the results of the PbSe-Sh,Se; system
reflecting the equilibrium state were only possible after long thermal
treatment. This is primarily due to the fact that the peritectic equilib-
ria of the ternary compounds presented in the system are very close
(890, 868, and 855K), resulting in a very small initial crystallization
field (Fig. 1).

Another point should be noted. Both literary versions of the pha-
se diagram show that the PbSb,Se, compound melts congruently. If
this were the case, it would crystallize directly from the alloy and no
further thermal processing would be required for complete homogeni-
zation. Our experiments have shown that this compound is completely
homogenized only after the three-step thermal treatment, while the X-
ray diffraction pattern consists of a mixture of several phases.

Thermograms of the PbSh,Se, compound both before and after
the thermal treatment also show its incongruent melt (Fig.2). It can
be seen from the thermogram there is the thermal effect at 842 K (the
eutectic point melting) which disappears after thermal treatment. The 3
thermal effects in the DTA curve after annealing are fully consistent
with the phase diagram (Fig.1) and indicate the incongruent melting
of this compound.
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Figure 2. The thermograms of the alloys with composition 50 mol%
Sh,Ses: before (a) and after (b) thermal annealing

Ag,Se-PbSe-Sh,Se; system. Researches showed that only one
quasi-binary section (PbSe-AgShSe;) of this system divides it into two
independent subsystems.

The PbSe-AgSbSe2 system belongs to the peritectic type (Fig3).
Peritectic point (p) has coordinates ~18mol% AgSbSe; and 1230 K.
At the peritectic point, the homogeneity fields of the B- and y - pha-
ses are maximal and are ~ 5 and 88 mol%. Liquidus and solidus cur-

ves of the y-phase cross the total minimum point (M-895K) at ~ 85
mol% AgShSe;.

ILK

1300

1100

900 p 903

!

1 | 1
PbSe 20 40 60 80 AoShSe
mol® AgSbSe =

Figure 3. The phase diagram of the PbSe-AgSbSe, system
PXRD, microhardness and EMF measurements confirm the
11




phase diagram. As can be seen from Fig. 4, the samples of the y-phase
is one-phase, and their XRD patterns are qualitatively similar to that of
AgSbSe,. In the diffractograms of the samples in the B+y field, the
XRD patterns consist of the set of reflections of both phases. The
crystal lattice parameter of solid solutions calculated based on PXRD
are given in Table 1.

14000

§ 8 8§

Lin (Cou_nts)_
g
h

k

- 8 888§ 88

2-Theta - Scale
Figure 4. PXRD of the sme samples of the 2PbSe-AgShSe; system,
mol% AgSbSe,: 1-PbSe; 2-10; 3-30; 4-40; 5-60; 6-80; 7-100.

Table 1
Phase compositions and cubic lattice constants for
the alloys of the 2PbSe-AgShSe; system

n%;cr;)pgzlgggéz corrljggssiiion cubic lattice constants, A
0 (PbSe) B 6.1246(5)
10 Bit+y 6.1184(6); 6.0091(7)
20 Bty 6.1187(7); 6.0101(7)
30 Bty 6.1185(6); 6.0094(7)
40 y 5.9882(6)
60 y 5.9244(5)
80 Y 5.8521(5)
100 (AgShSe;) Y 5.7882(5)

The graph constructed based on these quantities (Fig. 5) allows
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us to determine the maximal concentration of the y-phase at room
temperature. It can be seen, in the 0-60 mol% 2PbSe composition in-
terval the lattice parameter is linear function of the composition.
With a higher value of the PbSe contents the lattice parametr is cons-
tant. The breakpoint in the "a-x" curve (39 mol% AgSbSe,) shows
the saturated composition of the y-phase.

a Al
6,2 -, .
bo6,115 !
"*1—.—0—.—:
‘ L 6.009 '
4P
i +
S5 Pty
H | ‘:I 1 |
2PbSe 20 40 60 80 AgSbSe,

mol%AgSbSe,
Figure 5. The dependence of the crystal lattice parameters on the
composition for the alloys of the 2PbSe-AgSbSe; system

Solid-phase equilibria diagram of the Ag,Se-PbSe-Sh,Se;
system. Figure 6 shows the isothermal sections at 300 and 800 K of
the phase diagram of the Ag,Se-PbSe-Sh,Se; system. Apparently,
they are qualitatively similar, and the specificity of the system is that
there is a wide solution area (y) based on AgSbSe,. At 800 K, this
area is 80 mol% in length along the quasi-binary PbSe-AgSbSe,
section, and width expanding along the AgSbSe, reach 12-13mol%-.
The solubility of PbSe is approximately 2-3mol%. The y-phase plays
a crucial role in the formation of phase areas in the system. It forms
connod lines with all other phases. As a result, a number of two- and
three-phase areas are formed in the system (Fig.6). At 300 K, instead
a-phase the low-temperature modification of the Ag,Se takes part
and the homogeneity region of the y-phase is narrows somewhat.
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T=800 K

- Pb,Sb.Se,
I1- Pb,SbSe,,
111 - PbSb,Se,

PbSe 20 40 60 80 Sh.Se. PbSe 201 40 il 60 80 Sh.se,

mol % mol %

Figure 6. The isothermal sections at 300 and 800 K of the phase
diagram of the Ag,Se-PbSe-Sh,Se; system

The phase fields on the solid-phase equilibrium diagram were
confirmed using PXRD and SEM methods. Fig. 7 shows the diffrac-
togram of 2 samples. Apparently, they contain (Ag,Se),+y and (Ags-
Se)+B+y phases, which is fully consistent with the phase diagram.

‘
Alloy #1
000
® - (Ag:Se),
2 N ¢ - rdas
g oo L
8
1000
] ‘
1 ‘
i e o oo ‘ ¢
0 s MWL_« _,__,,___,’.
2Theta (Coupled TwoTheta/Theta) WL=1 54060
| Alloy #2
1300
1000 + B
é . ® - (Ag:Se)
- 4+ -B-dasa
™] ¢ ¢ - v-dasa
00|
o ¢ . +
s .
m;-%—-b_..__h-j JU A L *. |
| © L) + (] U
100] | I | o + +
o \.J\..J\/ .)M vvvvv kg \7‘“____

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 7. The PXRD and compositions of the samples # 1 va # 2 showed
on Fig.4 of the Ag,Se-PbSe-Sh,Se;system
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Liquid surface projection of the Ag,Se-PbSe-Sh,Se; system. The
liquidus surface consists of 7 primary crystallization fields (Fig. 8). The
largest crystallization area is occupied by y-phase. The primary crystalli-
zation areas are limited by 12 monovariant equilibrium curves and 13
nonvariant equilibrium points (including boundary quasi-binary systems).

Ag.Se
.
1100

1000

E
PbSe 20 40 PP Pse 80 Sb.Se
mol %

Figure 8. Liquid surface projection of the Ag,Se-PbSe-Sh,Se; system.
Primary crystallization fields: 1 - a; 2 - B1; 3-v; 4 - B2; 5 - Pb,Sb,Ses;
6 - Pb4Sbeselg; 7- PbSnge4
Table 2
Nonvariant equilibria in the Ag,Se-PbSe-Sh,Se; system

Point on Equilibria Composition, mol% T K
fig.8 Ag,Se Sh,Se;
D T SAgS656, (7) 50.0 50.0 908
P, L+B;<Pb,Sh,Ses - 54.0 890
P, L+ Pb,5h,Se5c>Pb,SheSeys - 62.0 868
Ps3 L+Pb4Sbesel3<—> PbSb,Se, - 66.0 855
P, L+B,oy 9.0 9.0 1230
€1 L« PbSb,Se, + Bz - 72.0 843
e Loat By 75.0 - 930
€3 Looty 77.0 23.0 793
e Lo Bty 18.0 82.0 845
U, L+Bl<—>’y+ szszSEs 4.0 53.0 878
U, L+Pb,5h,565>7+Pb,SheSers 35 60.5 860
Us L+Pb,SheSe3—y+PbSbySes 4.0 65.5 850
U, [ +Broaty 73.0 5.0 910
E T B, +y+ PbSbSe, 55 69.5 843
M Loy 3.0 43.0 895

Note: a, By, B2, y- are a high-temperature modification of the Ag,Se com-
pound, solid solutions based on PbSe, Sb,Se; and AgSbSe, accordingly.
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Table 3
Monovariant equilibria in the Ag,Se-PbSe-Sb,Se; system

Curve on fig.8 Equilibria T,K
P.U, L+Brery 1230878
P.U; L+B;<>Pb,Sh,Ses 890-878
U,U, L<y+ Pb,Sh,Ses 878-860
P,U, L+Pb28bgse5<—> Pb4Sb58613 868-860
U,U; Ley+ PbsSheSess 860-850
PsU3 L+Pb,SheSe; 3> PbSb,Se, 855-850
UsE L<—>'Y+ PbSnge4 850-835
eE L B,+ PbSh,Se, 843-835
e.E Lo Bot v 845-835
P.U, L+Broy 1230-910
eU, Lo atPy 930-910
Uses Lo aty 910-793

The types and coordinates of the nonvariant equilibrium are gi-
ven in Table 2, while monovariant equilibria and temperature ranges
are present in Table 3.

The dissertation presents a number of poly- and isothermal sec-
tions of the phase diagram of the Ag,Se-PbSe-Sh,Se; system which
are discussed in the context of the general T-x-y diagram.

Ag,Te-PbTe-Sh,Tez. This system does not have quasi-binary
sections.

At 750 K, the system has a continuous B-solid solutions along
the 2PbTe-"AgossSh11sTe216" section (Fig.9). In the Ag,Te-Sb,Tes;
system, the width of this section is 3-4 mol%, and when the content
varies with the PbTe direction the width reaches 7-8 mol%. The
PbTe-AgSbTe, section is in the region of B-phase homogeneity in
the concentration range of 25-100 mol% PbTe; at low PbTe concent-
rations, this section crosses the two-phase field a+p. The B phase
forms connods with the a- phase and the y- phase based on Sh,Tes.

Solid-phase equilibria diagram at 300 K (Fig. 9). From the li-
terature data, it is known that the Agi9Sh,7Tes, phase decomposes at
635 K and turns into an oty two-phase. This also leads to the decom-
position of B-solid solutions in the Ag and Sb rich (<25mol% PbTe)
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area. As a result, the homogeneity of the B-phase decreases and new
(Ag2Te);+p+y and Ag,Tet+y heterogeneous phase areas are formed in
the system.

T=750K

PbTe 20 4( 60 80 Sb.Te

Figure 9. Isothermal sections at 750 and 300 K of the ‘phase diagram of
the Ag,Te-PbTe-Sbh,Te;system

The presence of a large (Ag,Te)+B+y heterogeneous area in
the system was confirmed by the RFA method. The diffractogram
clearly shows the reflexes of all three phases (Fig.10).

A000

® -PbTe(B)

g

$§ -sbTes (v)

u -Ag.Te

TIT(COUTTS]

g

1000
¢ ° .
g ‘ . o/l T I‘ 9 7 | ¢ Y
™ A Ui, U 9 [ R | W) (| .
0

5 10 20 30 40 50 60 70
2-Theta - Scale

Figure 10. The PXRD and phase composition of the
sample # 1 Ag,Te-PbTe-Sb,Te; system showed at Fig.9

The liquid surface projection of the Ag,Te-PbTe-Sh,Tes system
(Fig.11) consists of 4 primary crystallization areas. The liquid
surface of the B-phase is divided into two parts by the curve M;M,
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connected to the minimum points M; and M,. These parts can also be
described as B-phase liquid liquids based on PbTe and Ag1oSb,7Tes;.

AgTe

PhTe zlo 40 60M & éo Sb.Te,
mol % Sh,Te,
Figure 11. The liquid surface projection of the Ag,Te-PbTe-Sh,Te;
system. Primary crystallization areas: 1 —a (a'); 2-B; 3-v;
4- Pb5Sb2Tel1.

In the PbTe-Sb,Te; system, the crystallization area of the
PbeSh,Tey; ternary compound (area 4), formed at a peritectic reaction at
860 K (Fig. 11, point P;) and stable at a small temperature range (635-
847 K) is found. By connecting the monovariant curves coming from P,
and e; points at 847 K the L+PbgSh,Te;1<>p+y nonvariant transient re-
action occurs. As a result, both the liquid phase and the ternary compo-
und are fully utilized and the system becomes B+y bi-phase.

All non- and monovariant equilibria found in the Ag,Te-PbTe-
Sh,Tes system are given in Table 4.

The dissertation presents a number of poly- and isothermal sec-
tions of the Ag,Te-PbTe-Sh,Tez system and describes them in detail.
Let's look at the nature of interaction in the PbTe-"AgSbTe," section
in the context with the liquidus surface (Fig.11) and the solid-phase
diagram (Fig. 10).
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Table 4
Nonvariant equilibria in the Ag,Te-PbTe-Sh,Te; system

The point N Composition, mol%

on thepFig.9 Equilibria AgTe | SbTes | K

P, L+B<—> PbeszTell - 62 860

P, L+’Y<—> Pb@szTell 48 52 847

e L—PbgSh,Tey +y - 66 855

& Lo tp 62 : 967

€3 L<—>(x+Aglng27Te52 70 30 813

U L+ Pb68b2T611<—>B+y 11 59 847

M; LBty 42 46 825

M, Lootp 68 27 805
P.U L+B<— PbeSh,Tey; 860-847
e;U L PbgSh,Tey+y 855-847
UM, Lopry 847-825
P.M, L+y<—>Ag198b27Te52 847-825
M;:M, Loy 825-805
eM, LeoatP 967-805
e;M, L—o+p 813-805

Although for a long time, the "AgSbTe," component was consi-
dered a chemical compound now it is now known that it is Ag19Sh7-
Tes, and Ag,Te two-phase mixture. As can be seen from the T-x di-
agram (Fig. 12), the PbTe-AgShTe, section is located in the liquid
surface of the B-phase. Therefore, this phase first crystallizes from
the liquid. The presence on the liquidus curve of a minimum point in
the ~10-12mol%PbTe region is associated with the intersection with
the M;M; monovariant curve. Below liquidus, the crystallization of
the a + B eutectic mixture from liquid occurs. As a result, a three-
phase area L+a+f is formed. When the crystallization of eutectic is
completed, a two-phase o+ (~0-25 mol% PbTe) area is formed. The
crystallization of B-phase occurs within 30-100 mol% PbTe. It is no-
teworthy that B-phase melting (crystallization) occurs at large tempe-
rature intervals (up to 150 °). Because crystallization in real conditions
is an equilibrium process, the slow cooling process inhomogeneity of
the solid solution is observed.
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Figure 12. The polythermal section Ag,Te-PbTe-Sh,Te;of the phase
diagram of the PbTe-“AgSbTe,” system

Chapter 4 is devoted to the thermodynamic investigation of
three- and quaternary intermediate phases in the Ag,X-PbX-Sh,X3
systems.

At the beginning of the chapter, the characteristics of the applica-
tion of the EMF method to three-component and more complex hetero-
geneous systems are explored and experimental studies are planned.

For the thermodynamic studies

(-) PbX (solid) | liquid electrolyte, Pb2 + | (Pb-Sh-X) (solid) (+) (1)

(-) Ag (solid) | AgsRbls (solid) | (Ag map) (solid) (+) (2)
concentration cells were assembled and their EMF were determined
by using high-voltage B7-34A digital veltmeter at a temperature ran-
ge of 300-450 K.

The obtained experimental data were processed by the least-
squares method and presented in the form

E=a+bT+t(S2/n)+S2 - (T-T)2|" @A)

In (3), n is the number of pairs of E and T values, Sg and S, are

the dispersions of the individual EMF measurements and coefficient
b, T is the average temperature, and t is the Student criterion. At a
confidence level of 95% and the number of experimental points n > 20,
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the Student criterion ist < 2.

Solid-phase equilibrium diagram and thermodynamic proper-
ties of ternary compounds in the PbSe-Sb,Ses;-Se system. The re-
sults obtained by the EMF method as well as the PXRD results of the
selective compounds which were synthesized in the PbSe-Sh,Se3-Se
concentration area allowed us to obtain a scheme of the solid-phase
equilibrium in this subsystem (Fig. 13).

Se

A
I - Pb,Sb,Se
II - PbSb.Se,
90, 11 - Pb,Sb,Se
IV - Pb.Sb.Se
& 80 (93.2)
3 Sb.Se.+1+Se
PbSe+1+Se
70 \
Sh.Se.+1+I1
I+ | (76.1)
HHIHIV P R—_—
60 —2 Sb,Se,
PbSe+1+11 Y
22 m NI
7/ (68.9)
I
PbSe ’ ‘, (59.4)
: Pb

Figure 13. Solid-phase equilibria diagram of the PbSe-Sb,Se;-Se
system at room temperature. Numbers in brackets are EMF values
(mV) of the (1) type concentration cells

The EMF measurements of the (1) type concentration cell in
the (3) type linear equation form are presented in Table 5.
From these equations by using relations

AG; = —zFE

AS; =ZF(8E) =zFb
aT ),
AH; =—ZI{E—T(6EJ }=—2Fa
oT ),
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the partial molar functions of PbTe were calculated. Then by their
combination with standart termodynamic formation functions of PbSe,
the partial molyar functions of Pb were calculated (Table 6).

Table 5

Temperature dependences of the EMF measurements of the (1) type
cells in the temperature range 300-450 K for the samples of the
Pb-Sb-Se system

Phase area on the
Fig.13

E, mV=a+bT%t.Sg(T)

1-Sbh,Se;-Se

1/2
83.60+0.032T + 2{24 +1.1-10°%(T —374.3)2}

0.48

I-11- Sb,Se;

68.04+0.0269T =2 %+

1/2
4.35-10’6(T—3725)2}

58.91+0.0333T =2 % +

1/2
4.72-10‘6(T—372.5)2}

I-11-1v

43.63+0.0525T £2 % +

1/2
4.77-10‘6(T—376.0)2J

Table 6
Partial thermodynamic functions of the Pb in the Pb-Sh-Se system at
298 K
Phase area —AGpp — AHpp ASpo,
kJ-mol™* J-Kmol™

I-Sh,Ses-Se 114.45+£3.11 | 116.13+2.58 | -5.6+3.4

I-11- Sh,Se; 111,1843,07 | 113,13+2,41 | -6,5+3,0

I-1-111 109,78+£3,07 | 111,37+2,41 -5,3£3,0

I-11-1VvV 107,9443,08 | 108,42+2,42 | -1,6+3,0

From Fig.13 is can be seen, that the partial thermodynamic
functions of lead refer to the potential-determining reaction

Pb+0.55h,Se;+1.33Se = 0.167 PhgSbgSe;7

Pb+2.55h,Ses+0.5PbgSheSe17=4PbSh,Seq

Pb+6PbSh,Se,+0.5PbeShgSe17=2.5Ph,SbeSe;s

Pb+0.5Pb4ShsSe 3+0.5PbgSheSe17=3Pb,Sh,Ses
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According to these reactions, the standard thermodynamic
functions of formation and the standard entropies were calculated.
For example, for PbgShgSe;7 the calculations were based on the follo-
wing relations:

A,G°(Pb.SbSe,,) = 6AZp +3A,Z°(Sh,Se,)
AH°(PbeSb,Se,,) = 6AZss +3A,Z°(Sb,Se,)

SY(PhySh Se 1) = 6ASm +65°(Ph) +35°(Sh %) + 25°(Se)

For the calculations, we used the standard integral thermody-

namic data given in handbooks. The obtained values are summarized

in table 7. In all cases, the estimated standard deviations were calcu-
lated by accumulating the errors.

Table 7
Standard integral thermodynamic functions of formation and
standard entropies for the samples of the PbSe-Sh,Se;-Se system

Compound | A;G°(298K) | —AH"(298K) S°(298K)
kJ-mol™ JKLmol?
PbeShsSe7 1064+28 1080+20 1387+35
PbSh,Se, 239,546,2 243,0+3,9 320,5+7,2
Pb4SbeSe3 831,5+21,7 843,8+14,3 1070,4+21,9
Pb,Sh,Ses 351,9+9,3 356,8+6,5 430,6+10,6

Thermodynamic properties of solids solutions in the Ag,Se-
PbSe-Sh,Se; and Ag,Te-PbTe-Sbh,Te; systems. The partial molar
thermodynamic functions of the Ag, PbSe, PbTe and Pb in the alloys
of the 2PbX-AgShX, systems were calculated based on EMF measu-
rements of the (1) and (2) type concentration cells. Table 8 presents
the partial molar functions of Pb in alloys of the 2PbX-AgSbhX,
systems at 298 K

The standard thermodynamic functions of formation of the so-
lid solutions of the 2PbX-AgSbX; systems were calculated by integ-
ration of the Gibbs-Duhem equations along this section:
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Table 8

The partial molar functions of Pb in alloys of the 2PbX-AgSbX;

(X-Se, Te) systems at 298 K
. —AGpp — AHpp ASpb ,
Composition morl c.7hmol™
(2PbSe)q.1(AgSbSe,)o 120.2+3.1 118.7+2.4 5.0+2.9
(2PbSe)q.2(AgSbSe,)os 112.743.1 112.0+2.4 2.3+2.8
(2PbSe)q.4(AgSbSe,)os 106.4+3.1 106.242.5 0.743.1
(2PbSe)o 6(AgShSe,)o. 100.9+3.1 101.7+2.4 -2.742.9
(2PbTe)o.2(AgSbTes)os 77,43+1,70 | 75,97+157 | 4,90+4,77
(2PbTe)o.4(AgSbTez)os 73,41+171 | 73,16+1,63 | 0,84+4,94
(2PbTe)os(AgSbTez)o4 70,57+1,67 | 70,95+1,43 -1,74+4,38
(2PbTe)os(AgSbTez)o. 68,94+1,68 | 69,72+1,45 -2,62+4,44
Table 9

The standard integral thermodynamic functions of
solid solutions of the PbX-AgSbX, systems

— A,G°(298K) ‘ —AH°(298K) | 5°(298K)

Phase xJ-mol™ JKtmol™
(2PbSe),1(AgShSes)os | 103.3+4.8 102.245.1 183.046.0
(2PbSe)o,(AgShSes)os | 114.35.0 113.645.0 185.245.5
(2PbSe)o.4(AgShSes)os | 136.8+5.3 136.6+4.8 189.0+4.8
(2PbSe)os(AgShSes)os | 158.2+45.6 159.1+4.6 190.9+4.0
(2PbTe)o2(AgSbTey)os |  69.8+1.2 67.0+0.9 204.9+3.7
67.341.1 66.040.7 202.243.0

(2PbTe)o4(AgSbTez)os | 89.1+1.8 86.8+1.5 211.5+3.8
86.3#1.6 85.4+40.9 208.243.5

(2PbTe)os(AgSbTez)os | 106.442.3 105.2+2.0 216.1+3.5
104.3#2.0 104.240.9 213.743.4

(2PbTe)os(AgSbTes)o, | 122.242.9 122.3+2.5 220.0+3.5
119.042.5 121.941.1 218.443.9

Note: the values in italics are calculated based on measurements of EMF
circuits of type (2).
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ArZ°[(2PBX), (AgSHX )., ] =

9
Azpbx X + 2XA; Z° (PbX) + (1 X)A, Z°(AgSHX ,) ®)

=(1-%) j

The obtalned results are presented in Table 9. Table 9 also con-

tains integral thermodynamic data obtained from EMF measurements

of the (2) type concentration cells. As can be seen, the data obtained
by two modifications of the EMF method are practically identical.

RESULTS

1. The systems Ag,X-PbX-Sh,X3 (X-Se, Te) have been studied by
DTA, XRD, microstructure analyses, as well as microhardness
and EMF measurements of concentration chains of type

(-) PbX (bark) | maye elektrolit, Pb?* | (Pb-Sb-X) (bark) (+)

(-) Ag (bark) | AgsRbls (bark) | (Ag xalitada) (bark) (+)
Some poly- and isothermal sections, as well as the projection of the
liquidus surfaces of both systems are constructed, the primary crystal-
lization fields of phases and types of non- and monovariant equilibria,
coordinates of points and curves on the T-x-y diagrams are defined. It
has been established that these systems are quasi-ternary planes of
the Ag-Pb-Sb-X quaternary system and are characterized by the
formation of solid solutions with cubic structures.

2. A new version of the phase diagram of the PbSe-Sh,Se; system is
different from the literature is constructed. According to plotted
diagram, the system is charaterized by formation of the Pb,Sh,Ses,
Pb,SheSe;3 vo PbSb,Se, melted with decomposition by peritectic
reactions at 890, 868, 855 K, respectively.

3. It has been established that the liquid surface of the Ag,Se-PbSe-
Sh,Ses quasi-ternary system consists of 7 primary crystallization
areas. The only PbSe-AgShSe, quasi-binary section of the system
belongs to the peritectic type and divides it into two independent
subsystems. The sub-system Ag,Se-PbSe-AgShSe, belongs to the
nonvariant evtektic type, while the PbSe-AgShSe,-Sh,Se; subsys-
tem has a more complex phase equilibria, accompanied by a num-
ber of non- and monovaiant, transitional, and eutectic equilibria.

4. The T-x-diagram of the Ag,Te-PbTe-Sb,Tes system has 4 primary
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crystallization  surfaces, and continuous high-temperature
(635<T<830 K) substutional solid solutions are formed along the
PbTe-Ag19Sh,7Tes, section. However, this system is not triangula-
ted, since cooling, starting with 635 K, the Agi9Sh,7Tes, and its
rich B-solid solutions are partially decompose and various hetero-
geneous areas are formed in the triangle.

5. By studying the samples of the Ag,X-PbX-Sh,X3 systems after
annealing at different temperatures, a number of "composition-
properties™ diagrams have been established and the homogeneity
areas of the solid solutions have been refined. It has been found
that the lattice parameters of solid solutions on the PbSe-AgSbSe,
and PbTe-AgioShy;Tes, sections are a linear function of the
composition.

6. Based on EMF measurements concerning PbSe electrode, the solid-
phase equilibria diagram of the PbSe-Sh,Ses-Se system was plotted
including PbeSbgSes7, Pb,Sh,Ses, PbsSbsSe;s and PbSh,Se; com-
pounds; the partial molar functions of the PbSe and integral thermo-
dynamic functions of the compounds were calculated.

7. By using two modifications of the EMF method, the 2PbX-
AgSbX; sections of the 2PbX-AgSbX, systems were investigated;
the partial molar functions of PbSe(Te), Pb, and Ag were calculat-
ed; the standard integral thermodynamic functions for saturated
compositions of solid solutions were calculated by potential-
forming reactions method, while for intermediate compositions,
the integration of the Gibbs-Duhem equation by two ways was
used. The results obtained are in good agreement with each other.
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