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Abstract

Phase equilibria in the In,S;-FeS-PbS ternary system were investigated based on experimental studies of quasi-
binary sections. The samples were synthesized by the ampoule method and examined using differential thermal
analysis (DTA), X-ray diffraction (XRD), and microstructural Analysis (MSA). Seven quasi-binary sections (Feln,S,-
PbIn,S,, FeS-PbIn,S,, FeS-Pb¢In,¢S,4, FePbIn,Sg-In,S;, FeS-FePbIn,Sg, Fe1,5Pbss5In10S22-PbIn,S,, Fe1,5Pbs5In10S22-
PbS) were experimentally studied, and their quasi-binary character was established. In addition, limited solid-
solution regions were observed in several of these sections. It was established that two quaternary compounds,
FePbIn,Sg and Fe15PbssIn10Sz22, are formed in the In,S;-FeS-PbS system. These compounds were identified as
congruently melting phases with melting temperatures of 1140 K and 1150 K, respectively. The Fe1,5Pbs,s5In10Sz22
compound crystallizes in the monoclinic crystal system with lattice parameters a = 14.558 A, b = 3.856 A, ¢ =
15.558 A, B = 96.87°, V = 867 A3, Z = 1. The obtained experimental results allowed the phase equilibria to be
established and provide a consistent description of phase relations in the In,S;-FeS-PbS system.

Keywords: quasi-binary sections; quaternary compound; lattice parameters; eutectic; Feln2S4; monoclinic; physicochemical

analysis; PbeInioSz1.

KBA3IBIHAPHI IEPEPI3W CUCTEMM In,S;-FeS-PbS

YabBisa A. l'acaHoBa, lllapadaT [. MamegoB, 036ek M. AnieB, Hirap M. AnnasoBa, lllada b. 'ycefiHoBa
IHcmumym ximii Minicmepcmea nayku ma oceimu Asep6atioxcancvkoi Pecnybaiku, npocn. I. [xcasida, 113, Az1143, Faky,
Asepé6alioxncaH

AHoTalisa

da3oBi piBHOBaru B noTpiiHiii cucremi In,S;-FeS-PbS 6y/iu goc/iaxeHi Ha OCHOBI eKcllepyMEHTa/IbHOT0 BUBYEHHS
KBa3iGiHapHMX mnepepi3iB. 3pa3Kku CcHHTe3yBa/IMCS aMIyJbHUM MeTOAOM i JociaifKyBajHcs 3a [J0NOMOro
AudepeHuiitHoro tepmiyHoro aHaziisy (DTA), peHTreHiBcbkoi audpakunii (XRD) Ta MiKpOCTPpYKTYpPHOro aHaji3y
(MSA). ByJio ekcnepyMeHTa/IbHO AOC/IiJKeHO ciM KBa3i6iHapHux nepepisiB (Feln,S,-PbIn,S,, FeS-PbIn,S,, FeS-
PbgIn,,S;1, FePbIn,Sg-In,S;, FeS-FePbIn,Sg, Fe1,5PbssIni0Sz22 -PbIn,S,, Fe1,sPbssInieSz22-PbS), i BcraHoBiIeHO ix
KBa3iGiHapHuii xapakTtep. KpiM Toro, B AesAkux i3 nmux mepepisiB cnmocrepiraiucsa o6MexkeHi 06J1acTi TBepAuUX
po3umHiB. BcraHoB/ieHo, mo B cucremi In,S;-FeS-PbS yTBopiowoTbca aBi mouBipHi cnoayku: FePbIn,Sg Ta
Fe1,5Pbs,5In10S22. Lli cnosiykm iAeHTH(iKOBaHO AK KOHTPYEeHTHO IJIaBKi ¢pa3y 3 TeMnepaTypamu niasaeHHsa 1140 K i
1150 K BignmoBigHo. Cnosyka Fei1s5PbssInieSz2z Kpucranisyerbcsi B MOHOKJAIHHIM KpUcTadidHid cucTeMi 3
nmapaMeTpaMu rpatku: a = 14.558 A, b = 3.856 A, ¢ = 15.5584, B = 96.87°, V = 867 A3, Z = 1. Otpumani
eKcnepuMeHTa/ bHi pe3y/IbTaTH J03BOJIW/IM BCTAaHOBUTH (¢a30Bi piBHOBaru Ta 3aGe3smeyuTH Yy3roJKeHHiH OIHUC
¢a3oBux cniBBigHOWEHDb y cucTeMi In,S;-FeS-PbS.

Karuosi cnosa: kBasibiHapHi nepepi3u; NouBipHA CIIOJIYKA; TapaMeTpHU I'PAaTKHU; eBTEKTUKA; Feln,S,; MOHOKJIIHHA CUHTOHIS;
disnko-ximMiuHUM aHani3 PbglnyoS,;.
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Introduction

Ternary chalcogenide compounds such as
FeGa,S,, Feln,S,, and NiGa,S, are widely used in
microelectronics due to their unique magnetic,
optical, and electronic properties [1-13]. In this
context, the In,S3-FeS-PbS ternary system is of
particular interest, as it enables the formation of
complex multicomponent phases with potentially
valuable functional characteristics.

The development of new materials with
enhanced optical and luminescent properties
remains one of the important challenges in
materials science. The incorporation of PbS into
the In,S3;-FeS system leads to the formation of
more complex phase equilibria and significantly
affects the physicochemical behavior of the
system. In particular, the addition of PbS
promotes the formation of new multicomponent
phases, alters phase stability, and enables the
tuning of semiconductor properties. This, in turn,
highlights the relevance of studying such systems
as promising materials for optoelectronic and
photonic applications.

Previous studies have investigated the FeS-
In,Ss, FeS-PbS, and PbS-In,S; systems [14-23].
These systems form the basis for understanding
the phase relations in the In,S;-FeS-PbS ternary
system.

According to [15; 16], the PbS-In,S; system
forms two ternary compounds, PbIn,S, and
PbglnipS;1, melting at 1163 K and 1178K,
respectively.  Pbln,S, crystallizes in the
orthorhombic system (a = 11.688 A, b = 3.8528 A,
c = 13.763 A, Z = 4), while PbgIn;,S,; belongs to
the monoclinic crystal system (a = 27.629 A, b =
3.863 A, c=15.705 A, p=95.90°, Z = 2).

The FeS-In,S; system has been studied by
physicochemical methods, and the formation of
Feln,S, has been established [17-20]. This
compound melts congruently at 1163 K and
forms continuous solid solutions with In,S;. It
crystallizes in the cubic system and belongs to the
spinel structural type (a = 10.530 A) [18].

The synthesis of complex functional materials
and the study of their temperature-composition
relationships are of particular importance [24-
28].

The FeS-PbS system is of eutectic type and has
been extensively studied [29-35]. Due to
discrepancies in previously reported phase
diagrams, this system was reexamined, and the
eutectic composition was refined [36].

Analysis of the FeS-In,S; and PbS-In,S;
systems shows that materials obtained from

these systems are promising for magneto-optical,
luminescent, and photoelectric applications.

Despite the available data on the boundary
systems, the phase equilibria within the In,S;-
FeS-PbS ternary system remain insufficiently
investigated, especially in terms of quasi-binary
sections and the formation of quaternary
compounds.

In the present work, seven quasi-binary
sections of the In,S;-FeS-PbS system were
systematically studied using DTA, XRD, and MSA
methods. Several of these sections were
previously investigated by the authors; however,
in this study, all sections are analyzed under
consistent  experimental conditions and
integrated into a unified phase equilibrium
scheme.

The aim of this work is to systematically
investigate quasi-binary sections and establish
phase equilibria in the In,S;-FeS-PbS ternary
system based on experimental data, thereby

providing a comprehensive and unified
description of phase relationships and
contributing to the development of new

functional chalcogenide materials.

Experimental

Synthesis

The samples were synthesized by the ampoule
method. The starting materials were sealed in
evacuated quartz ampoules (residual pressure
~1073 Pa) and heated at 600-1200 K for 6-8 h.
Depending on the composition, the synthesized
samples were subjected to homogenizing
annealing for 350-400 h at 850-1000 K.

Research methods

The obtained samples of the In,S;-FeS-PbS
system were investigated by Differential Thermal
Analysis (DTA), X-ray Diffraction (XRD), and
Microstructural Analysis (MSA), as well as by
density and microhardness measurements.

DTA was carried out using a NETZSCH 404 F1
Pegasus instrument in the temperature range
from room temperature up to ~1450 K,
depending on the sample composition, at a
heating rate of 10 K/min. The temperature
accuracy was 2 K

Powder X-ray diffraction (PXRD) was
performed using CuKa;, radiation (A = 1.54056 A)
on a Bruker D2 Phaser diffractometer.

Microhardness measurements were carried
out using a PMT-3 tester, with loads selected
individually for each phase.

Microstructural analysis was performed on
polished and chemically etched samples using a
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MIM-7 microscope. A solution of K,Cr,0,; and
H,SO, (1: 1), diluted with water, was used as the
etchant.

The density of the samples was determined by
the pycnometric method using toluene as the
working liquid.

Results and Discussion

The obtained samples were experimentally
investigated by DTA, XRD and MSA methods,
allowing the determination of phase equilibria,
phase compositions and invariant reactions in the
system.

The FeS-Pbgln,¢S,1 quasi-binary section was
experimentally investigated [37]. The

corresponding phase diagram is presented in
Fig. 1.

It was established that a single quaternary
compound, Fe;.5Pbs.5IngoSz, (FesPb11In,0S44), is
formed in this system. This compound melts
congruently at 1150 K and exhibits a
homogeneity range extending from 35 to 46
mol.% Pb6ln10821.

Due to the congruent melting behavior of
Fe1sPbssinioSz2, the FeS-Pbglni¢S,; section is
divided into two subsystems: FeS-
Fe1,5pb5_51n10522 and Fe1_5Pbs,slnmSzz—PbGInlOSz1.
Both subsystems are of eutectic type.

1178

Fes 20 40

Ph:lns5:,

Fig. 1. Phase diagram of the FeS-PbsIn10S21 system [37]

As shown in Fig. 1, the system is characterized
by the formation of the congruently melting
compound FeisPbssinieSz; and two eutectic
equilibria. The eutectic reactions occur at
30 mol.% Pbglny¢S,; and T = 1025 K, and at
70 mol.% Pbgln,(S,; and T = 950 K.

Limited solid solubility was observed in the
system: up to 1 mol.% Pbgln,,S,; in FeS and up to
10 mol.% FeS in Pbgln;(S,1.

X-ray study showed that the Fe15PbssIngoS22
compound crystallizes in a monoclinic system

with lattice parameters a = 14.558, b = 3.856,
c=15.5584, B = 96.870, v = 8674, z = 1.
Calculation of X-ray diffraction patterns of
Fe1sPbss Ini10S22 and FePbIniSs compounds are
given in Table 1.

The standard enthalpy (Af298) and Gibbs
energy of formation (A;Gzes) for the
Fe15PbssInioS;; compound were calculated to be
833 + 34 k] /mol and 757 + 34 k] /mol,
respectively. In addition, the entropy (S298) was

found to be 33 kC/mol. [38].
Table 1

X-ray diffraction calculations for FePbIn4Ss and Fe1.5Pbss In10S22 compounds

FePbIn4Ss Fe1,5Pbs,5In10S22 PbsIni10S21

dexp I/IO dexp I/IO dexp I/IO
6.1607 5 4.9655 5 15.6423 5
4.5437 20 4.6638 8 13.7474 5
4.,1955 15 4,5293 20 9.9469 5
3.7455 30 4.2721 5 7.8205 5
3.5664 25 3.9587 25 6.5447 10
3.4086 50 3.8767 30 5.4391 10
3.1973 100 3.8037 40 4.5862 10
2.8478 30 3.6812 10 4.5467 20
2.7198 20 3.63085 20 4.2813 55
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2.6579 35 3.5800 30 3.9585 10
Continued from Table 1

2.5753 20 3.4203 100 3.9050 50
2.4878 10 3.28197 25 3.8649 20
2.3685 10 3.1833 20 3.8255 60
2.2601 5 3.12978 10 3.7259 20
2.5689 10 3.05298 10 3.6999 5
2.1009 10 2.89909 40 3.6564 5
2.0443 60 2.83284 30 3.5599 20
1.9403 30 2.7443 80 3.4979 85
1.8796 80 2.70905 40 3.4291 5
1.8467 15 2.6663 20 3.2709 60
1.6864 10 3.6317 15 3.1906 65
1.6217 10 2.53436 15 3.1607 10
1.5456 8 2.4514 10 3.1335 10
1.4212 10 2.39155 70 3.1037 30
1.3834 10 2.33335 20
1.3276 10 2.2348 20
1.2537 6 2.05127 20
1.2274 15 1.94936 25

1.92782 70

1.6792 20

The FeS-Pbln,S, quasi-binary section was
experimentally investigated. The resulting phase
diagram is shown in Fig. 2. The system is of
eutectic type, with a eutectic point at 45 mol.%
FeSand T =985 K.

A limited solid-solution region based on

PbIn,S, (7 -phase) was observed, extending up to

T.K
1400

1200

1000

10 mol.% FeS. These solid solutions crystallize in
the orthorhombic crystal system.

According to X-ray diffraction data, the lattice
parameters decrease with increasing FeS content:
for pure PbIn,S,;, a = 11.686 A, b = 3.853 A, ¢ =
13.764 A, whereas for the solid solution

containing 10 mol.% FeS, a =11.65 Ab=3824c
=13.70 A.

+ 1168

800
3-FeS+y

600

560

a+
400 p

B-FeS+y

410

@  gFeS+y

FeS 20 40

60 80 PbIn,S,

Fig. 2. Phase diagram of the FeS-PbIn:S; system

The phase transformations a-FeS 2 -FeS and
B-FeS < &-FeS are eutectoid in nature and occur
at410 K and 560 K, respectively.

An experimental study of the Feln,S,-PblIn,S,
quasi-binary section was carried out. The
corresponding phase diagram is shown in Fig. 3.
It was established that a quaternary compound,
FePbln,Sg, is formed in this system.

The liquidus surface of the section consists of
three primary crystallization fields
corresponding to a (solid solution based on
Feln,S,), FePbIn,Sg, and [ (solid solution based
on PbIn,S,).

As seen from Fig. 3, the compound FePbln,Sg
(vy-phase) melts congruently at 1140 K and
divides the system into two eutectic subsystems.
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K

1400

1200

1000

1163

FelnaSq

Fig. 3. Phase diagram of the Feln2S4+-PbIn2S4 [38]

Limited solid solubility was observed in the
system: up to 5 mol.% PblIn,S, in Feln,S, and up
to 10 mol.% Feln,S, in PbIn,S,.

The FePbIn,Sg compound forms eutectic
equilibria with the initial components and
exhibits a homogeneity range extending from 43
to 53 mol.% PbIn,S, [39].

Phase relations in the FePbIn,Sg-In,S; quasi-
binary section were analyzed experimentally. The

T.K

1400 [~

1200

1000

phase diagram corresponding to this section is
depicted in Fig. 4. The system is of eutectic type,
with a eutectic point at 45 mol.% In,S; and T =
1000 K.

As seen from Fig. 4, limited solid solubility is
observed in the system: up to 10 mol.%
FePbln,Sg in y-In,S; and up to 10 mol.% In,S; in
FePbIn458.

1370

600

1 L

693

FePblnass 0 40

Fig. 4. Phase diagram of the FePbIn4Ss-In2S3 system.

X-ray diffraction analysis showed that in solid
solutions based on In,S;, the cubic crystal
structure of y-In,S; is preserved.

The lattice parameters follow Vegard's law
with increasing FePblIn,Sg content: a = 10.740 A
for pure vy-In,S;, a = 10.746 A at 2 mol%
FePbIn,Ss, a = 10.782 A at 5 mol.% FePbIn,S,
and a = 10.824 A at 10 mol.% FePblIn,Ss.

The FeS-FePbln,Sg quasi-binary section was
characterized by experimental methods. A phase

diagram of the investigated section is given in Fig.
5. The system is of eutectic type, with a eutectic
point at 40 mol.% FeS and T =975 K.

As seen from Fig. 5, the phase transformations
a-FeS 2 3-FeS and B-FeS 2 §-FeS are eutectoid in
nature and occur at 411 K and 560 K,
respectively.

Limited solid solubility was observed in the
system: approximately 1 mol.% FePbIn,Sg in a-
FeS and up to 10 mol.% FeS in FePbIn,Ss.
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T, K
1400

1200

1000

114

800

ANN

ann

FeS 20 40

60 80  FePblnSs

Fig. 5. Phase diagram of the FeS-FePbIn4Ss system

The Fe1sPbssinipS22-Pbln,Ss section exhibits
quasi-binary behavior and is characterized by a
eutectic-type phase diagram. The eutectic point is
located at 50 mol.% PbIn,S, and T =980 K.

Two terminal solid solutions are formed in the
system: «, based on Fe;.;Pbs.5Ini0S;, and B,
based on PbIn,S,.

The a-solid solution crystallizes in the
monoclinic crystal system, whereas the (-solid
solution belongs to the orthorhombic crystal
system.

At room temperature, limited solid solubility
is observed: up to 15mol.% PbInzSs; in
Fe1sPbssIniS;z and up to 8 mol%
Fe1,5Pb5,5II‘110522 in PbIn254.

The liquidus surface consists of two primary
crystallization fields corresponding to the a- and
B-solid solutions [40].

The Fe1sPbssInioS22-PbS section is
characterized by quasi-binary behavior. The
eutectic reaction occurs at 35 mol.% PbSand T =
1015 K.

Limited solid solubility is observed in the
system: up to 2 mol.% Fe1sPbssInioS;2 in PbS and
up to 12 mol.% PbS in FeqsPbs 5In10S22 [40].

As evident from the obtained data, all
investigated systems represent quasi-binary
sections of the In,S3;-FeS-PbS ternary system.
Table 2 summarizes the compositions and
invariant points of these sections.

Table 2
Invariant points in quasi-binary sections of the In,S;-FeS-PbS ternary system
Section Invariant T (K) FeS In,S3 PbS Reaction
point (mol%) (mol%) (mol%)
Feln,S,-PbIn,S, eutectic 950 17.5 50 32.5 LsB+y
Feln,S,-PbIn,S, eutectic 1010 35 50 15 Sa+y
FeS-Pbln,S, eutectic 985 48 26 26 LS 8-FeS+y
FeS-Pbgln;(S21 eutectic 1025 70 16 14 L & 8-FeS +
Fe15Pbs,s5In10S22
FeS-Pbgln;¢S,1 eutectic 950 30 38 32 L S PbglnySyq +
Feq.sPbs.sIng(Sz
Fe15Pbs5In10S22— eutectic 980 6 46 48 Sa+p
PbIn,S,
Fe15Pbs,5In10S22-PbS eutectic 1015 8 65 27 L S Fe15PbssIn1oSz2 + PbS
FePbIngSg-In,S; eutectic 1000 14 72 14 L S FePblIn,Sg + In,S3
FeS-FePbln,Sg eutectic 975 55 30 15 L S a-FeS + FePbIn,Sg

Phase equilibria in the In,S3;-FeS-PbS ternary
system were comprehensively investigated using
physicochemical analysis methods (DTA, XRD,
and MSA). Seven quasi-binary sections were
experimentally studied, and their quasi-binary
nature was confirmed.

Based on the obtained results, a consistent
and unified description of phase relationships in

the system has been established. It was shown
that two quaternary compounds, FePbIn,Sg and
Feq.sPbs.5sInq0S,,, are formed and melt
congruently at 1140 K and 1150 K, respectively.
The obtained results significantly expand the
understanding of phase equilibria in the In,S;-
FeS-PbS system and provide a reliable basis for
further investigation and design of new
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multicomponent chalcogenide materials with
potential functional applications.

Conclusions

Phase equilibria in the In,S;-FeS-PbS ternary
system were comprehensively investigated using
physicochemical analysis methods (DTA, XRD,
MSA).

Seven quasi-binary sections (Feln,S,;-PbIn,S,,
FeS-Pbln,S,;, FeS-Pbgln;,S,1, FePbln,Sg-In,S;,
FeS-FePbln,Sg, Fe1sPbssIni0S22-Pbln,S,,
Fe1,5Pbs 5In10S22-PbS) were  experimentally
studied, and their quasi-binary character was
established.
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