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(Cui-5Ag,)7SiSsI-based ceramics were prepared by pressing and sintering from the micro- and
nanopowders. The ceramic samples were investigated using microstructural analysis. The mi-
crohardness was measured using the method of pressing the Vickers pyramid. It has been shown
that the microhardness of (Cui_,Ag,)7SiSsI-based ceramics essentially less (~ 50%) than that of
the single crystals, but the tendency to the microhardness decrease with a decrease of the copper
content at the Cu™ —Ag™ cationic substitution is observed both for single crystals and ceramics.
With the growth of microcrystallites’ size in the range from 3 pm to 12 pm, the microhardness
of ceramics increases. The compositional dependences and size effects of microhardness, electrical
conductivity and density of (Cui—_»Ags)7SiSsI-based ceramics are analysed.
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I. INTRODUCTION

CuySiS5I and Ag;SiSsI superionic conductors belong
to the wide family of compounds with the argyrodite-
type structure [1, 2]. Electrical conductivity of
(Cui—Ag,)7SiSsI solid solutions was investigated in
Ref. [3]. It has been revealed that an increase in the si-
lver atoms content in (Cuj_,Ag,)7SiS51 solid solutions
leads to a nonlinear increase in electrical conductivity.
Moreover, the ratio of ionic conductivity to the electronic
one is nonlinearly increasing by almost five orders of
magnitude at the transition from Cu7SiSsI to Ag7SiSsI
[3]. Due to the high ionic conductivity, (Cu;—,Ag,)7SiSs]
crystals are promising materials for different areas of
solid state ionics (development of effective energy power
sources, new electrode materials, supercapacitors etc) [3].

Recently, the ceramics based on superionic conductors
with an argyrodite structure have benn investigated [4].
It should be noted that for a practical application the
superionic materials in the ceramic form are more sui-
table. Therefore, the ceramics are more intensively appli-
ed in the production of functional components for di-
fferent electronic devices.

Here we present the results of compositional studies of
mechanical parameters and dimensional effects in superi-
onic ceramics based on (Cu;_,Ag,)7SiS5I solid solutions.

II. EXPERIMENTAL

Cu;SiSsI and Ag;SiSsI compounds were synthesizad
from simple substances: copper, silver, silicon, sulfur,
and pre-synthesized binary copper (I) iodide and silver
(I) iodide, further purified by vacuum distillation and
directional crystallization, respectively, taken in stoichi-
ometric ratios in evacuated to 0.13 Pa quartz ampoules.
The synthesis regime of CuzSiSsI and Ag7SiSsI included
step heating up to 723 K at a rate of 100 K/h (ageing
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during 48 h), a further increase in temperature to 1470 K
for Cu7SiSsI and 1230 K for Ag7SiSsI at a rate of 50 K /h
and ageing at this temperature for 24 hours.

Alloys of CuzSiS5I-Ag7SiSsI system were synthesi-
zed using a direct one-temperature method from the
pre-synthesized Cu7SiSsI and Ag;SiS5I compounds. The
synthesis mode included step heating at a rate of 100 K/h
to 1023 K and ageing at that temperature for 24 hours,
a further increase in temperature to 1470 K at a rate of
50 K /h and ageing at that temperature for 72 hours. The
annealing was performed at the temperature of 873 K
during 120 hours. Cooling to room temperature was
carried out in the mode of the switched off oven.

The ceramic samples were prepared from powders of
different dispersion. The microcrystalline powders wi-
th an average particle size of ~ 10-50 pym were obtai-
ned by grinding in an agate mortar. The nanocrystalli-
ne powders were ground in a planetary ball mill PQ-
NO04 for 30 min and 60 min with the speed of 200 rpm.
The structural properties of (Cu;_,Ag,)7SiS5I powders
and ceramic samples were studied using XRD technique
and microstructural analysis. The XRD measurements
were performed using the diffractometer DRON 4-07
with CuK, radiation, angle scanning speed 26 was 0.02
degree, exposure was 1 s.

The powders were pressed at ~400 MPa and
annealed at 973 K during 36 hours. In such a way
the polycrystalline ceramic samples were fabricated in
the form of disks, 8 mm in diameter and 3-4 mm
thick. The ceramic samples were investigated though mi-
crostructural analysis using metallographic microscope
METAM-RI1. It has been shown that the ceramic samples
prepared by sintering a nanopowder obtained by grindi-
ng in a planetary ball mill are characterized by a more
homogeneous microstructure, characterized by the distri-
bution of particles in a narrower range, in contrast to
the samples obtained by sintering a micropowder with a
particle size of ~ 10-50 pm. As a result of the recrystalli-
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zation process, the average size of microcrystallites for
the samples obtained from micropowder grinding in an
agate mortar is ~ 12 pm, while for the samples obtained
from nanopowders grinding in a planetary ball mill for
30 min and 60 min is ~ 5 pm and ~ 3 pm, respectively.

We used the microindentation method using a Vickers
indenter to study the mechanical properties of ceramics
based on (Cuj_,Ag,)7SiSs1 solid solutions. This method
is often used to investigate ceramic samples [5]. The
measurements of microhardness using the method of
pressing the Vickers pyramid were carried out in the
load range of 0.1-2 N at room temperature. The mi-
crohardness PMT-3 meter with Vickers indenter (correct
quadrangular pyramid with an angle of 136° at apex)
was used to measure microhardness. The microhardness
values were calculated by the equation [6]:

P 2Psing P
H==—=""2 —1854— 1
3 e 8545 (1)

where a=136°, P is the load on the indentor, d is the
diagonal of the imprint. The depth of indenter imprints
was 1-10 pm (Fig. 1).

Fig. 1. Vickers indentor imprints and microstructure of
ceramic sample based on (Cug.25Ag0.75)751S51 solid solution
with an average crystallite size of ~ 5 pm.

Electrical conductivity were measured though
impedance spectroscopy [7] in the frequency range from
10 Hz to 2 x 10° Hz and temperature interval from
292 to 383 K using a combination of high-precision
LCR meters: Keysight E4980A and AT-2818 [3]. The
amplitude of the alternating current was 10 mV.
Measurements were carried out using a two-electrode
method, on blocking (electronic) gold contacts. Gold
contacts for measurements were obtained by chemi-
cal precipitation from the solutions [3]. It has been
revealed that with an increase in frequency the electrical
conductivity grows, which is typical of materials with
ionic conductivity in a solid state. For detailed studies of
the frequency behavior of electrical conductivity as well
as its separation into ionic and electronic components,
a standard approach using electrode equivalent circuits
(EEC) [7, 8] and their analysis on Nyquist plots was
used. The parasitic inductance of the cell (~ 2x 10~% H)
has been taken into account during the analysis of all
ceramic samples.
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III. RESULTS AND DISCUSSIONS

Figure 2,a presents the compositional dependences of
microhardness for the ceramic samples prepared on the
basis of (Cuj_,Ag,)7SiSsI solid solutions with z= 0,
0.25, 0.5, 0.75, 1. Previously, mechanical properties of
(Cu1—»Ag,)7SiSs1 single crystals were studied in Ref. [9].
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Fig. 2. The compositional dependences of microhardness at P

= 0.5 N (a) and ionic component of electrical conductivity (b)

for (Cui—Ags)7SiSs51 crystals (1) and ceramics with different
grain size: 12 pm (2), 5 pm (3), 3 pm (4).

It has been shown that the microhardness of
the ceramic samples prepared on the basis of
(Cui—Ag,)7SiSsI solid solutions is essentially less
(~ 50%) than the same parameter determined for si-
ngle crystals of the corresponding chemical composi-
tion. However, the tendency to the microhardness
decrease with a decrease of the copper content at the
Cut —Ag™ cationic substitution is observed both for si-
ngle crystals and the ceramics under investigation. The
revealed compositional dependences of microhardness
for abovementioned ceramics (Fig. 2,a) can be associ-
ated with the same reason as in the case of the single
crystals — an increase in the ionic radius of cations at the
Cu™ —Ag" isomorphic substitution [10]. The decrease of
the microhardness of the ceramic samples in comparison
with the single crystals of the same chemical composition
can be related to the presence of pores, intercrystallites
areas (with a great amount of structural defects) and, as
a consequence, free volume. To determine the porosity of
ceramic materials using a hydrostatic weighing method,
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density measurements were carried out. As a result, it
was measured that the density of the ceramic materials
is ~ 3 — 11% lower than the density of single crystals of
similar chemical compositions (Fig. 3).
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Fig. 3. The compositional dependences of density for
(Cui—5Ag,)7SiSsI crystals (1) and ceramics with different
grain size: 12 pm (2), 5 pm (3), 3 pm (4).
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Fig. 4. Dependences of microhardness at P = 0.5 N

(a) and ionic component of electrical conductivity (b) for

ceramics on microcrystallites size: (Cuo.75Ag0.25)751S51 (1),

(CuOA5Ag0A5)7Si85I (2), (Cu€_2)5AgoA75)7SiS5I (3), Ag7SiS5I
4).

Therefore, the microhardness of the ceramic samples
is less than the microhardness of single crystals. It

should be noted that the indentation the ceramic samples
formed not only due to the plastic deformation of some
areas in the microcrystal. The plastic deformation of
ceramic samples under an indente can be caused by the
contribution of intercrystallite areas with defects, as well
as by the material densification into the area of pores and
microvoids. It is well known that the following deformati-
on regions are observed under an indenter in a near-
contact zone: hydrostatic zone, plastic zone and elastic
zone. The size of these zones depends on the mechanisms
of the materials deformation as well as on the penetrati-
on depth of the indenter [11]. The parameters of the
abovementioned zones formation and the microhardness
are determined by the structural peculiarities of the
samples. It should be noted that the microhardness of
ceramics also depends on the average size of the mi-
crocrystallites which formed the ceramics after sintering
nano- and micropowders.

The difference in the mechanical behavior of cerami-
cs with different sizes of microcrystallites comparing to
single crystals of the similar chemical composition is
not only quantitative but also qualitative. As is known,
during the formation of the imprint due to the plastic
deformation of the material under the indenter, the
dependence of the yield strength op, as well as the
microhardness H on the size of microcrystallites d for
polycrystalline materials and ceramics is described by
the Hall-Petch relation [12]:

k k
UT:UO—F%; H:HO+7%> (2)

where o is the limit of (macro)elasticity, k¥ characterizes
the contribution of grain (microcrystallite) boundaries
to the material seal under the indenter and depends on
the resistance of the grain boundaries to the dislocati-
ons movement, k;, is some positive value. This relati-
on holds in a wide range of grain sizes. It follows from
this relation that when the grain size decreases, the
hardness of the polycrystalline sample should increase.
For the development of a plastic deformation in a si-
ngle crystal, it is necessary to fulfil the force slip condi-
tion of the dislocation o > o0y, where o is the external
mechanical stress. In the case of polycrystals and cerami-
cs, one more kind of barrier for the dislocation motion
emerges in addition to the obstacles distributed inside
the grains, namely, the grain boundaries. Therefore, in
a polycrystalline material, the movement of dislocati-
ons is more complicated, which is explained by Eq. (2).
However, in the formation of polycrystalline materi-
als and, especially, ceramics, an important factor that
influences the processes of deformation of the samples is
the technological factor.

The ceramic samples obtained by recrystallization are
characterized by the presence of a significant amount of
pores. Therefore, in the process of microindentation, the
deformation of ceramic samples under the indenter can
largely occur by punching the material into the area of
voids. As the sizes of the microimprints were much larger
than the size of the ceramic grains d, the reduction of
this parameter led to the formation of a more porous
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structure. As a result, its hardness slightly decreased. It
is shown in Fig. 4,a that with the growth of the grain size
from 3 pm to 12 pm, the microhardness of the ceramic
samples increases. The reason may be that the dimension
of the micro-indentations become equable with the di-
mension of the grains and in the micro-contact area the
defect structure of the materials decreases. Therefore,
the microhardness increases.

The microhardness value and the ionic component of
electrical conductivity were compared with the help of
the constructed compositional dependences (Fig. 2,b)
and the dependences of the corresponding parameters
on the size of microcrystallites (Fig. 4,b). As can be seen
from Fig. 2,b, the value of ionic conductivity at the cati-
onic Cu™ —Ag™ substitution tends to increase, while
the microhardness of ceramics decreases. When analyzi-
ng the values of the ionic conductivity and microhardness
in the context of the microcrystallite size decrease 12 pm
— 5 pm — 3 pum (Fig. 4), it is revealed that the tendency
to decrease is preserved for both compared values, whi-
ch is obviously related to the increase in the number of

grain boundaries due to the decrease in the size of mi-
crocrystallites.

IV. CONCLUSIONS

The compositional dependences and size effects of
the microhardness, electrical conductivity and density
of (Cui_,Ag,)7SiS51 solid solutions are analyzed. It has
been shown that at the isomorphic Cu™ —Ag*" substi-
tution, the microhardness of ceramics (as well as si-
ngle crystals) decreases. With the growth of the mi-
crocrystallites size in the range from 3 pm to 12 pm,
the microhardness of the ceramics increases.

The reduction in the microhardness value at the
Cu™ —Ag™" substitution correlates with a decrease in
their melting temperature. These features can be caused
by an increase in the ionic radius of the cation at the
isomorphic substitution, which leads to an increase in
the volume of the elementary cell and, as a consequence,
to a decrease in the hardness of the crystal lattice.
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MEXAHIYHI BJIACTUBOCTI KEPAMIK HA OCHOBI TBEPAUX PO3YMHIB (Cu;_,Ag,)7SiSsI

B. C. Bisanuu, I. O. enaep, K. B.Cky6enuy, A. I. Iloroain, I. IT. Cryaensik
JBH3 “Vorceopodcoruli Haytonasvhuti ynisepcumem”, eya. Ilideipna, 46, 88000, Yowczopod, Yrpaina

Cunapu cucremu (Cuj_,Ag,)7SiS5I cunresyBanu npsiMuM OJHOTEMIEPATYPHUM METOIOM i3 HOIepe-
aub0 cuaTe30Banux rerpapaux CuzSiSsI ra AgrSiSsI. 3 oeprkanux yHACHIIOK CHHTE3y TBEPAUX PO3Uu-
uis cknany (Cuj_,Ag,;)7SiSsI (z — 0.25, 0.5, 0.75, 1), Meroaom TBepA0da3HOro CIIKAHHSI MPECOBAHUX
3pa3KiB BUTOTOBJIEHO KepaMidHi Marepiajanm BinoBigHUX cKJjadaiB. HaHOKpHCTaIidHI TOPOITKHA OTpUMAa-
HO PO3METIOBAHHAM y IaHeTapHoMy KyaboBomy miamai PQ-N04 mporsrom 60 ta 30 xBuawH, TOAL sIK
MIKPOKpHUCTAII4HI 3pa3Ku OJE€pKAH] MEXaHIYHUM JMCHEPTyBaHHAM B ararosiit crymii. Orpumani BHacsi-
nok nomoutiB moporku (Cuy_,Ag,)7SiS51 (x — 0.25, 0.5, 0.75, 1) 10CaiIKEHO 3 BUKOPUCTAHHIM METOIIB
XRD ta SEM. TIpecysanu 3pa3ku 3a Tucky ~ 400 MIIa, sBignam — 3a remmneparypu 973 K, mporsrom 36
roji. YCTaHOBJIEHO, IO BHACIIAOK PeKpuCTaIi3alil cepenniii po3Mip KPUCTAJIITIB KepaMiku, OfepKaHol 3
10-50 pm MOpPOIIKY, CTAHOBUTL ~ 12 m, i3 HAHOMOPOIIKIB, OJEPKAHUX PO3METIOBAHHAM mpoTATroM 30
min Ta 60 min, — ~ 5 um Ta ~ 3 pm BiAmoBiAHO. BEMiproBaam MIKpOTBEPICTH METOIOM YIABIIOBAHHS
mipaminu Bikkepca B miamazoni maBantaxkenb 0.1-2 N. JlocmimKyBaiu eJIeKTPONPOBIIHICTh KePAMIYHUX
marepianiB TBepaux poszuunis ckaany (Cui_,Ag,)7SiSsI (z — 0.25, 0.5, 0.75, 1) meromom imnemancuol
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crekTpockomii B wacTorHoMy 1 x 10! -2 x 108 Hz giamaszoni. Pe3ymbrari gocmimgskens moxasasn, Mo Mi-
KPOTBEPJICTh KepaMiK, BUIOTOBJIEHUX Ha OCHOBI TBepaux posuumuis (Cuj_,Ag,)7SiS5I, cyrreBo Menma
(~ 50%) Big aHajsOrivHOro mMapaMerpa, BU3HAYEHOrO JJI MOHOKPHCTAJIIB BLANOBIAHUX CKJIaJiB, OJHAK
TeH/eHIlid 3MeHIIeHHsa MiKporsepaocTi 3a 3menmenns smicty Cu B mponeci karionnoro Cut— Ag™ za-
MIIEHHS B IUX MaTepiajax 30epira€ThCst K y MOHOKPUCTAJIAX, TAK i B OTPUMAHUX KEPAMiUHUX 3PA3KAX.
3MeHIeHHsT MIKPOTBEPIOCTI JTOCIPKEHNX KEPAMIYHUX 3PAa3KiB MOPIBHAHO 3 MOHOKPUCTAJAMU AHAJIOTI-
9HOrO XiMIi9HOTO CKJIaay MOXKe OyTH 3yMOBJI€HE HASIBHICTIO B HUX ITOPUCTOCTI, MiXKKPUCTATIIHAX TIITHOK
(i3 BesMKOIO KijIbKiCTIO CTPYyKTYypHUX AedekTiB) i, K HacaiIoK, BliabHoro o6’emy. Sk nokasanu nocsigzxe-
HHS CyTIepHOHHUX KepaMiK, IXHs MiKpOTBEP/IiCTh 3aJI€KUTh TAKOXK BiJl CEPeTHBLOTO PO3MipYy MiKPOKPHUCTa-
JIiB. YCTaHOBJIEHO, IO 3i 30iIbIIEHHIM PO3Mipy MIKPOKPHUCTAJIB Bim 3 MKM 10 12 MKM MiKpOTBEDIICTH
Kepamik 3pocrae. Ile moxke OyTH OB’ sI3aHO 3 THUM, IO PO3MIP MIKPOBIIOMTKIB I1i[1, 9YaC iHIEHTYBAHHS CTA€E
CIiBPO3MipHHUH i3 PO3MIPOM KPHCTAJIYHUX 3€PEH, & B JISHII MiIKPOKOHTAKTY Ie(dEKTHICTb Marepiary
3MeHTITyeThesd. [IpoBeieHo MOpiBHAHHA 3HAYEHb MiKPOTBEPAOCTI Ta MOHHOI KOMITOHEHTH €JIEKTPOITPOBiI-
HOCTI # MOOYIOBAHO KOHIIEHTPAIIHHY 3AJIEKHICTh Ta 3aJIEKHICTH BiIMOBIIHUX MapaMeTpiB Bij po3Mmipis
KpHUCTaJiTiB. YCTaHOBJEHO, IO 3HAYEHHs eJeKTPONpoBimHocTi B nponeci karionnoro Cu™— Ag™ zawmi-
[IEHH, XapPAKTEPU3YEThCH TEH/IEHIIEI0 /10 3pOCTaHHsd, HATOMICTb MIKPOTBED/IICTH KEPAMIK 3MEHIIYETHC.
Yuacmigok anamidy 3HadeHb HOHHOI KOMTIOHEHTH eJIeKTPOIMPOBITHOCTI Ta MiKPOTBEPJOCTI B KOHTEKCTi
3MEeHITIeHHs PO3MipiB KpHUCTAMiTiB 12 pm—5 pm—3 pm, BCTAHOBJIEHO, IO TEHIEHINSA 10 MOHOTOHHOTO
3MEeHIIeHHs 30epiracTbcsa Ay 000X MOPIBHIOBAHMX BEMWYWH, IO OYEBHUIHO IOB’SI3aHO 3i 30LMbITEHHIM
KLIBKOCTI MiK3€pEHHUX I'PDAHUIL Y 3B 3Ky 31 3MEHITEHHSIM PO3MipiB KPUCTAJIITIB.

KurrouoBi cioBa: apripogut, CynmepiioHHWI MPOBITHWK, Ke€pamika, MiKpOTBEDIiCTb, HOHHA TPOBiI-
HICTb.
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