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The results of the investigation of phase equilibria in the AgsSnSes-Ag;SnSesl system by differential thermal
analysis and X-ray phase analysis are presented. It was established that the AgsSnSes-Ag;SnSesl system is
characterized by the formation of a continuous series of solid solutions between Ag,SnSesl and the high-
temperature cubic modification of AgsSnSes, as well as limited solid solutions based on the low-temperature
modification of the latter compound. The formation of solid solutions leads to a decrease in the polymorphic
transition temperature of AgsSnSes and stabilization of the high-temperature cubic phase at room
temperature. The obtained results are of interest from the viewpoint of crystal growth of solid solutions with

Se«>I substitution in the AggSnSeg-Ag;SnSesl system.
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1. Introduction
Argyrodite-type compounds with the

general formula A7, .,.B" XsY, (A™ -Cu’,

6-X " x
Ag', Li*, zn**, Cd*, Hg**; B™ - Ga**, Si*,
Ge™, sn*, P**, As®; X% - §%, Se”, Te”; Y~ -
CI7, Br, I") [1-3] are characterized by a broad
spectrum of functional properties owing to their
structural and compositional flexibility.
Compounds of this class exhibit
anomalously low lattice thermal conductivity
with weak temperature dependence, while the
rigid anionic framework ensures charge
transport  characteristic ~ of  conventional
semiconductors. As superionic conductors
comprising two structurally independent

subsystems — a rigid anionic framework and
weakly bonded Cu’ (Ag") cations — these
materials are considered a promising platform
for the design of highly efficient thermoelectric
systems through independent tuning of
electrical and thermal transport properties [4—
9]. Cubic argyrodite phases, distinguished by
high ionic conductivity, are of considerable
interest for applications as ion-selective
electrodes, sensors, solid electrolytes, and other
functional devices [10-13]. Furthermore, these
compounds exhibit notable optical [9, 14, 15]
and photovoltaic properties [16-18].

The search for novel multicomponent
phases of variable composition is generally
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carried out by increasing the chemical
complexity of already known functional
compounds. In this context, systematic

investigations of phase equilibria in relevant
systems are of particular importance. As is well
known, phase diagrams not only describe the
coexistence of phases within a system, but also
provide insight into phase formation
mechanisms,  thermal  stability, primary
crystallization and homogeneity regions, as well
as polymorphic transformations and other
specific features of the system [19-22].

Complex systems based on ternary
copper- and silver-containing argyrodites have
been investigated in a number of studies, and
their phase diagrams have been constructed [4,
22-32]. However,  analogous  systems
containing  halogen-substituted  argyrodites,
despite their attractive functional properties [9—
11, 14], remain insufficiently explored [33—-36].

The present work is devoted to the
investigation of phase equilibria in the
AgsSnSes—AgrSnSesl system, as well as to the
synthesis and characterization of solid solutions
with compositions AgsxSnSes«Ix (x = 0.2-0.8).

The  AgsSnSes  compound  melts
congruently at 1015 K and undergoes a po-
lymorphic transformation at 355 K [25, 37, 38].
The high-temperature modification (HT)
crystallizes in the cubic system (space group
F43m, a = 1.112 nm), whereas the low-tempe-
rature modification (RT) crystallizes in the
orthorhombic system (space group Pmn2:, a =
0.79168(6), b = 0.78219(6), ¢ = 1.10453(8) nm)
[2, 39].

To the best of our knowledge, no
literature data are available concerning the
melting temperature and crystallographic
parameters of the Ag;SnSesI compound.

The structural similarity of the parent
compounds creates favorable conditions for the
formation of solid solutions in the investigated
system.

2. Experimental

2.1. Materials and Synthesis

For the investigation of physicochemical
interactions in the system, the initial compounds
AgsSnSes and AgsSnSesl were preliminarily
synthesized (10 g each). The syntheses were
carried out by direct melting of stoichiometric
mixtures of high-purity elemental substances
(Ag rod, 99.997%; Sn ingot, 99.999%; Se
granules, 99.999%; | powder, 99.999%) in
evacuated sealed quartz ampoules under
vacuum conditions (1072 Pa).

Taking into account the high volatility of
elemental iodine, the synthesis of AgsSnSesl
was performed as follows: the required amounts
of silver, tin, and selenium were first loaded
into the ampoule and weighed, after which
iodine was introduced while the ampoule was
cooled in ice water. The ampoule was then
evacuated and sealed.

Since the saturated vapor pressures of
iodine (Thoit = 457 K) and selenium (Tpoil = 958
K [40]) are high at melting temperatures, the
syntheses were performed in an inclined
furnace. Quartz ampoules of approximately 15
cm in length and 1.2-1.3 cm in inner diameter
were used. During synthesis, a portion of the
ampoule (~6 cm) was kept outside the furnace,
forming a “cold” zone. In order to regulate the
vapor pressure of volatile components and
prevent ampoule rupture, this part was
additionally cooled with water. The lower part
of the furnace (“hot” zone) was gradually
heated to a temperature 30-50 °C above the
melting point of the synthesized compound.

During heating, the volatile components
of both systems migrated to the upper “cold”
part of the ampoule, where they condensed and
subsequently returned to the reaction zone. As
the reaction proceeded, the amount of volatile
components gradually decreased and was
almost completely exhausted within 1-2 h,
which was visually observed. Thereafter, the
ampoules were completely placed inside the
furnace, annealed for approximately 1 h, and
subsequently cooled together with the switched-
off furnace.
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The phase purity of the synthesized
samples was examined by differential thermal
analysis (DTA), X-ray diffraction analysis
(XRD), and scanning electron microscopy
(SEM).

Analysis of the DTA curve of synthesized
AgsSnSes (Fig. 1) demonstrated that the
compound undergoes a  polymorphic
transformation at 355 K and melts at 1015 K,
which is in good agreement with the literature
data reported above [23].

In contrast, the heating curve of
AgsSnSesl exhibited a single pronounced
thermal effect at 995 K, which was attributed to
its congruent melting temperature (Fig. 1).

X-ray diffraction analysis also confirmed
the single-phase nature of the synthesized
compounds. For AgsSnSes, the obtained
parameters (space group Pmn2;, a =
0.79170(6), b = 0.78217(7), ¢ = 1.10455(7) nm)
were in good agreement with the literature data
[30]. For AgsSnSesl, the parameters of the cubic
crystal structure (space group F43m, a = 1.1164
nm) were refined from the powder diffraction
pattern using the Le Bail method. These data
are consistent with the lattice parameters
reported for Ag-GeSesl (a = 1.10019 nm). The
increase in the lattice parameter from 1.10019
nm for Ag;GeSesl to 1.1164 nm for Ags;SnSesl
Is associated with the substitution of germanium
atoms by larger tin atoms.

HDSC, mV HDSC, mV
0.17 0.1-
1 Ag,SnSe,l 1 AgSnSe,
-0.01 _O‘OE\Xf'f
. 995 :
-0.17 e I 1015
027 027
800 900 1000 1100 300 400 900 1000
T K 7, K

Fig. 1. DTA heating curve for the compounds of Ag;SnSesl and AggSnSeg

Alloys of the AgsSnSes—AgsSnSesl
system were prepared by melting the identified
parent compounds in various ratios in sealed
quartz ampoules. Two series of samples were
synthesized for each composition. Samples of
series | were annealed at temperatures 30-50 °C
below the solidus temperature for 500 h,
followed by cooling together with the switched-
off furnace. Samples of series Il were quenched
from 900 K by rapid cooling in ice water.

2.2. Methods

The investigations were carried out using
differential thermal analysis (DTA), X-ray
diffraction analysis (XRD), scanning electron

microscopy and  microhardness
measurements.

DTA measurements were performed in
evacuated quartz ampoules within the
temperature range from room temperature to
1400 K at a heating rate of 10 K-min™ using a
NETZSCH 404 F1 Pegasus System differential
scanning calorimeter equipped with platinum—
rhodium thermocouples. Experimental data
were processed using NETZSCH Proteus
software. The temperature determination error
was approximately £2 K.

X-ray diffraction analysis was carried out
at room temperature using a BRUKER D8
ADVANCE diffractometer with  CuKou

radiation. Indexing of powder diffraction

(SEM),
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patterns was performed using Topas V3.0
software (Bruker). The errors of the lattice
parameters were determined using the software
package of the diffractometer and are given in
parentheses.

Microhardness measurements of slowly
cooled and quenched alloys were performed
using a PMT-3 microhardness tester equipped
with a Vickers indenter (a regular four-sided
pyramid with an apex angle of 136°) under a
load of 50 g. The measurements were carried
out at room temperature. Ten measurements
were performed for each sample, and the
average value of the indentation diagonal was
calculated.  The  numerical  values of
microhardness were determined according to
the following formula.

3. Results and discussion

Figure 2 shows the powder diffraction
patterns of several slowly cooled alloys (series
I) of the investigated system. As can be seen,
the XRD data confirm the formation of wide
solid-solution regions. The diffraction patterns

of alloys containing >40 mol% AgsSnSesl are
fully indexed within the cubic lattice of the
AgsSnSesl compound. In contrast, alloys con-
taining <25 mol% Ag-SnSesl exhibit diffraction
patterns identical to those of RT-AgsSnSes,
indicating that these compositions belong to the
homogeneity region of the y-phase. Alloys
containing 2540 mol% AgsSnSesl display
reflections corresponding to both parent
compounds and are therefore two-phase.

The alloys of series Il exhibited diffrac-
tion patterns characteristic of the cubic structure
of Ag:SnSesl. As an example, the powder
diffraction pattern of the alloy containing 30
mol% Ag-SnSesl is presented in Fig. 3.

The concentration dependences of
microhardness are presented in Fig. 4. As can
be seen, the microhardness of the quenched
samples (series II, 8-phase with cubic structure)
exhibits a smooth increasing trend relative to
the parent compounds, which is characteristic of
systems forming continuous substitutional solid
solutions.
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I ™ 2k L b -
I l 80mol%Ag7SnSesl
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g ; 50mol%AgzSnSesl
2 [ 0 a
‘w4000 F L 40mol%AgzSnSesl
5 o I g A
e |
". 5 30mol%Ag:SnSes]
:W—-’nn-——-*rm-«..,_ﬁ____.._m‘.u.‘wj \««‘ (S T h\w...ru_i‘\,a\_r\.}[ I\_A_A_ __,j et o L & ¥ R
2000 || 20mol%AgrSnSesl
- Snamemsesac k2 A A A,'--“ LW ."J‘I' . -.‘\,,‘-a‘f\.,.x\.a,,)l“-,,N_, L N N S N = A R N
e “ RT- AgsSnSeq
et e Aa AT ML o A
M PO O S i o N TR R PN T A T P D fhf_".ui
10 20 30 40 50 60 70

Diffraction angle [°20]
Fig 2. Powder X-ray diffraction patterns of slowly cooled alloys of the AgsSnSes—Ag;SnSesl system
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Fig 3. Powder X-ray diffraction pattern of the alloy containing 30 moa % Ag;SnSesl quenched from 800 K
into cold water.
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Fig. 4. Composition dependence of the microhardness of alloys in the AggSnSes—Ag;SnSesl system

Table 1.. DTA data and microhardness measurements for alloys of the AgsSnSes-Ag;SnSesl system

Composition, mol Microhardness Thermal effects, K
% AgrSnSes| Slowly annealed Samples quenched
samples from 900 K.
0 500 910 355; 1015
10 535 - 342; 1012
20 550 980 331-340; 1009-1014
30 560; 1010 - 331; 1007-1013
40 560; 1010 1035 1005-1012
60 1035 1060 1001-1007
80 1050 1065 998-1005
90 - - 996
100 1030 1040 995
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The  concentration  dependence  of
microhardness for the slowly cooled alloys
(series 1) demonstrates a somewhat different
behavior. The microhardness of RT-AgsSnSes
(black circles in Fig. 4) increases within the
composition range of 0-25 mol% AgsSnSesl
and remains nearly constant within the two-
phase y + & region. In this composition range,
the microhardness of the &-phase also remains
constant. This confirms the invariability of the
compositions of both phases within the
indicated two-phase region.

The microhardness behavior in the
AgsSnSesl-rich  region is similar to that
observed for the quenched samples, confirming
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the single-phase nature of the &-phase at
compositions containing more than 45 mol%
Ag7SnSesl.

Based on the DTA data, together with
the results of microhardness measurements
(Table 1), as well as XRD and SEM analyses,
the T—x phase diagram of the AgsSnSes—
AgsSnSesl system was constructed (Fig. 5).

The phase regions presented in Fig. 5
are also confirmed by SEM analysis. As an
example, SEM micrographs of alloys #1, #2,
and #3 are shown in Fig. 6. As can be seen,
the SEM image of alloy #2 reveals the
presence of two phases (y and J), whereas
alloys #1 and #3 are single-phase.

¥
310+

#1

\\ Y+5\ \
\
\

\ #2

) #3

AgSnSe, 20

mol %

60

|
80

Ag,SnSe.l

Fig. 5. AgsSnSes-Ag,SnSes| phase diagram

SEM HY: 15.0 KV WD: 12.08 mm VEGA3 TESCAN
View fleld: 554 ym Det: BSE

SEMMAG: 749 x  Date(m/dly): 07101/25

SEM HV: 15,0 kv
View fleld: 554 pm

[t
100 pm

ADNSU

WD: 1208 mm |

Det: BSE

a) b)

100 pm

SEMMAG: 749 X Date({midly): 07/01/25

VEGA3 TESCAN|

SEM HY: 15.0 KV
View flold: 554 pm
SEM MAG: 743 X Date(midy): 07/01/25

c)

WD: 12,08 mm

Dot: BSE 100 pm

Fig. 6. SEM micrographs of alloys #1 (a), #2 (b), and #3 (c) of the AgsSnSeg-Ag;SnSesl system
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Conclusion

Thus, new data on phase relations in the
AgsSnSeg-AgrSnSesl  system  have  been
obtained using differential thermal analysis, X-
ray diffraction, and microhardness
measurements.  The  AgsSnSes-Ag;SnSesl
system was found to exhibit a continuous series
of solid solutions with cubic structure between
AgsSnSesl and HT-AgsSnSes as well as limited
solid solutions based on RT-AgsSnSes. It was
shown that solid-solution formation is
accompanied by a decrease in the polymorphic
transition temperature of AgsSnSes, leading to
stabilization of the high-temperature ion-
conducting phase at and below room
temperature. The obtained solid solutions are of
interest as potential environmentally friendly
thermoelectric materials with anomalously low

thermal conductivity and as mixed ionic—
electronic conductors.
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Ags.SnSes.,Ix BORK MOHLULLARININ SINTEZI VO FiZiKi-KIMYOVi TODQIiQi

N.A. Bayramova, I.F. Hiiseynova, K.N.Babanl, N.M.Allazova, N.B.Babanh, M.Bulanova,
S.Z.imamoliyeva

AQsSnSes-Ag;SnSesl sisteminds faza tarazliglarinin diferensial termiki va rentgenfaza analizlorile tadqiqinin
naticolori togdim olunmusdur. Miioyyon edilmisdir ki, AggSnSes—Ag;SnSesl sistemi Ag;SnSesl ilo AggSnSeg
birlosmolorinin yiiksok temperaturlu kubik modifikasiyasi arasinda arasikasilmoz bork mohlul mohlullarin, eloco do
sonuncu birlogsmonin asagi temperaturlu modifikasiyasinin osasinda mohdud bork mohlullarin omolo golmasi ilo
xarakterizo olunur. Bork mohlullarin omolo golmosi AggSnSes birlosmosinin polimorf keg¢id temperaturunun
azalmasina vo otaq temperaturunda yiiksak temperaturlu kubik fazasinin stabillogsmasine gatirib ¢ixarir. 9ldo edilon
naticalor AggSnSes—Ag;SnSesl sistemindo Se«—>I avozlonmoasi ilo bark mohlullarin kristal yetigdirilmosi baximindan
maraq dogurur.

Acar sozlar: argirodit ailosi birlogmoalori, giimiis-qalay selenoyodidi, faza tarazliglari, bork mohlullar, T—x
diaqrami.
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