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Abstract. Herein, we present the results of the microhardness investigations of  

Ag7+x(P1–xSix)S6 (x = 0, 0.1, 0.25, 0.5, 0.75, 1) single crystals. The influence of composition 

x on the dependence of microhardness on the applied load was investigated. The study was 

carried out within a wide range of the applied loads 0.05…2 N. It has been found that an 

increase in the load on the indenter leads to a monotonic nonlinear decrease in the values of 

microhardness in all studied samples. This indicates a “normal” indentation size effect. The 

observed effect in Ag7+x(P1–xSix)S6 single crystals at various x was described using the 

geometrically necessary dislocations model. The corresponding parameters of the 

geometrically necessary dislocations model were determined. The influence of ionic radii 

and electronegativity of structural polyhedra elements of Ag7+x(P1–xSix)S6 solid solutions 

was discussed.  
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1. Introduction 

Superionic conductors are promising materials showing 

an unusually high ionic conductivity in the solid state, 

which makes them useful in scientific and technological 

fields. Their high ionic conductivity creates prospects for 

developing efficient energy systems, namely solid-state 

batteries and fuel cells, where the speed and effectivity of 

ion transport are crucial factors [1–4]. Superionic 

conductors contribute to improving electrolysis and 

catalysis methods, offering new opportunities to increase 

the efficiency of chemical reactions. Due to their 

significant potential for optimization and innovation, 

these materials continue to attract the attention of 

researchers and engineers in various fields, opening up 

new horizons for process improvement [5–7]. 

Today, the ability of materials to withstand various 

mechanical loads is an important factor in ensuring their 

performance characteristics, namely durability and 

stability, and optimizing their composition can increase 

the strength of materials, which is critical for applications 

in the latest technologies. To accurately determine the 

mechanical properties of materials, the microhardness 

measurements are used. This method allows us to assess  
 

the materials resistance to local deformation and surface 

damage at the micro level. Microhardness measurements 

give researchers detailed data on how a material behaves 

under load, which helps to tune its properties to achieve 

optimum strength and wear resistance. This is important 

for developing high-performance materials used in solid-

state batteries and microelectronic components, as high 

microhardness prevents mechanical damage and 

deformation due to external factors [8–13]. 

The microhardness of superionic conductors allows 

estimating their strength and mechanical stability, which is 

important for highly conductive materials. Microhardness 

tests can provide insight into local mechanical properties, 

particularly in the presence of a heterogeneous structure 

or defects in material. Microhardness testing also provides 

an opportunity to perform a comparative analysis of 

different materials and estimate the impact of crystal 

structure on mechanical properties. Superionic conductors 

can exhibit different microhardness depending on their 

composition and structural features. The Vickers method, 

based on the application of tetrahedral pyramidal 

indenter, allows measuring microhardness even in small 

single-crystal samples, which is important from a 

practical point of view for experimental studies.  
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Despite the large number of superionic phases, the 

study of their mechanical properties is limited to only a 

few classes of lithium-containing compounds. Most of 

the works report on the study of oxide superionic 

materials such as garnet (Li7La3Zr2O12) and perovskite 

(Li0.35La0.557TiO3) types obtained in the form of ceramics, 

and LIPON-type (LixPOyNz) samples in form of amor-

phous glass thin films. The garnet and perovskite phases 

have a significant hardness in the range of 4.7 to 18 GPa 

[14, 15], meanwhile LIPONs have lower hardness 

1.5…5.8 GPa [15]. Microhardness of sulfide based solid 

electrolytes was studied for different compositions of 

Li2S-P2S5 system in form of amorphous glass and is 

about 1.9 GPa [15]. Studies of superionic materials in  

the single crystal (Ag7(Si1–xGex)S5I, Ag6+x(P1–xGex)S5I) 

form are limited to the results reported by us earlier  

[13, 16–18]. The microhardness of these phases is in 

range 0.90…1.15 GPa. 

This work aims to investigate the behavior of micro-

hardness of Ag7+x(P1–xSix)S6 superionic crystals at various 

compositions x and describe it using the geometrically 

necessary dislocations model (Nix–Gao model). 

2. Experimental 

The synthesis of Ag7+x(P1–xSix)S6 solid solutions with the 

composition x = 0.1, 0.25, 0.5, and 0.75 was carried out 

using the one-temperature synthesis method in evacuated 

to 0.13 Pa quartz ampoules from previously synthesized 

Ag7PS6 and Ag8SiS6 [19] taken in corresponding molar 

ratios. The process of synthesis of ternary chalcogenides 

Ag7PS6 and Ag8SiS6 is described in detail in previous 

studies [19, 20]. The maximum synthesis temperature at 

which all Ag7+x(P1–xSix)S6 compositions were in the 

molten state was 1015 °C, and all alloys were kept at this 

temperature for 72 h [19]. After that, all Ag7+x(P1–xSix)S6  

 

compositions were cooled to room temperature at a rate 

of 50 °C/h. As a result, bulk polycrystalline alloys 

Ag7+x(P1–xSix)S6 with x = 0, 0.1, 0.25, 0.5, 0.75, and 1 

with weight of 22 g each sample were obtained, and the 

corresponding single crystals were subsequently grown 

from the melt by the directed crystallization method [19]. 

The single crystals were grown in conical evacuated 

quartz ampoules according to the procedure described in 

Ref. [19]. As a result, single crystals of dark grey color 

with a metallic luster, 4 cm long and 1.2 cm in diameter 

were obtained [19]. 

The microhardness of Ag7+x(P1–xSix)S6 single crystals 

was studied at room temperature by using a PMT-3 tester 

equipped with a Vickers diamond indenter (a regular 

quadrangular pyramid with an angle at the vertex of 

136°). Before the experimental studies, the cut-off 

samples were polished by abrasive powders and diamond 

abrasive pastes to optical quality. 

It should be noted that the load on the indenter was 

within the range of 0.05 to 2 N and the indentation time 

at each constant load was 10 s. The diagonal lengths of 

each resulting Vickers indentation were measured using 

an attached optical microscope. Six indentations were 

made at each load, while the distance between two 

indentations was at least three times the resulting diago-

nal length. It is worth noting that at the maximum load on 

the indenter, the maximum depth of the imprint was 

within 7.5…8.5 μm, depending on the composition x. 

The load-dependent Vickers microhardness (H) was 

estimated using the known relation [21]: 

 
22

854.1
2sin2

d

P

d

P
H 


 ,     (1) 

where α is the angle of the Vickers vertex, Ρ – load 

applied on the indenter, and d – diagonal of the imprint. 

 

  

Fig. 1. Dependences of the microhardness H on the indenter load P for Ag7+x(P1–хSiх)S6 single crystals: overall view of the curve (a) 

and detailed in the region of higher loads (b). 
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3. Results and discussion 

The results of our studies have shown that for the crystals 

of individual ternary chalcogenides Ag7PS6 , Ag8SiS6  
as well as for the solid solutions Ag7.1P0.9Si0.1S6, 
Ag7.25P0.75Si0.25S6, Ag7.5P0.5Si0.5S6, and Ag7.75P0.25Si0.75S6 

an increase in the load on the indenter P leads to the 
monotonic nonlinear decrease in the values of micro-
hardness H (Fig. 1). 

One can see that an increase in the load on the 

indenter P within 0.05…0.3 N leads to a sharp decrease 

in the microhardness, while a further increase in the load 

leads to the unsubstantial decrease in the microhardness 

indicating a “normal” indentation size effect (ISE) in the 

studied crystals [22, 23]. 

It is worth noting that the formation of the imprint 

at the low loads (within the range ~ 0.05…0.3 N) occurs 

mainly due to the plastic deformation of single crystals 

under the indenter, while at higher loads, it is due to the 

compaction of single crystals [24–26]. 

Fig. 2 shows that, regardless of the applied load, the 

microhardness increases monotonically with the x value. 

Thus, at 1.5 N load the increase is ΔH = 0.04 GPa, from 

1.04 GPa for x = 0 to 1.08 GPa for x = 1. The tendency of 

microhardness values to grow is associated with different 

electronegativities of P, Si and S elements (χ(P) = 2.19, 

χ(Si) = 1.90 and χ(S) = 2.58 [27]), which form the basic 

structural polyhedral ([PS4], [SiS4], [(PSi)S4]) of the anionic 

sublattices in individual chalcogenides Ag7PS6, Ag8SiS6 

and solid solutions Ag7+x(P1–хSiх)S6 [19]. The observed 

electronegativity difference in ternary compounds is 

|Δχ|(P–S) = 0.39, |Δχ|(Si–S) = 0.68, and gradually changes 

in solid solutions. Electronegativity difference growth 

leads to an increase in bond rigidity and, consequently, a 

decrease in the compressibility of coordination polyhedra. 

A similar microhardness behavior was observed earlier 

when we studied the change in microhardness in the crys-

tals Ag6+x(P1–xGex)S5I, Ag7+x(P1–xGex)S6, Ag7(Si1–xGex)S5I 

formed by heterovalent P
+5 

→ Ge
+4

 and isovalent 

Si
+4 

→ Ge
+4

 substitutions [16–18]. Thus, for systems 

Ag6+x(P1–xGex)S5I, Ag7+x(P1–xGex)S6, the increase in electro-

negativity difference (|Δχ|(P–S) = 0.39, |Δχ|(Si–S) = 0.68) 

causes a microhardness values growth, meanwhile in the 

case of Ag7(Si1–xGex)S5I the decreasing in electronegati-

vity difference (|Δχ|(Si–S) = 0.68, |Δχ|(Ge–S) = 0.57) and 

microhardness is observed. Namely, the microhardness 

difference in Ag6+x(P1–xGex)S5I system equals 0.15 GPa 

[16], for Ag7+x(P1–xGex)S6 is 0.11 GPa [17], and for 

Ag7(Si1–xGex)S5I is 0.06 GPa [18] at 1.5 N. 

As can be seen from Refs [16–18], cationic substi-

tution (P
+5 

→ Ge
+4

 and Si
+4 

→ Ge
+4

) led to larger changes 

in microhardness values, which is obviously related to 

the larger differences (|∆RI| (P
+5

–Ge
+4

) = 0.015 nm; 

|∆RI| (Si
+4

–Ge
+4

) = 0.013 nm) between their ionic radii 

(RI (P
+5

) = 0.038 nm; RI (Ge
+4

) = 0.053 nm; RI (Si
+4

) = 

0.040 nm) [28]. Thus, a slight increase in microhardness 

(Fig. 2) was associated with the closeness of the ionic 

radii of P
+5

 and Si
+4

 [28], the difference between which is 

only |∆RI| (P
+5

–Si
+4

) = 0.002 nm, which leads to a very 

slight increase in the rigidity of the crystal structure. 
 

 

Fig. 2. Compositional dependence of the microhardness of 
Ag7+x(P1–хSiх)S6 single crystals at different indenter loads. 
 

 

Let us consider in detail the effect of heterovalent 

cationic P
+5 

→ Si
+4

 substitution on the change in the 

microhardness of Ag7+x(P1–хSiх)S6 single crystals within 

the framework of the gradient theory of plasticity. The 

appearance of size effect, during the indentation process, 

indicates a greater number and activity of dislocations  

in the material. Nix and Gao explained the ISE by intro-

ducing the concept of geometrically necessary dislo-

cations (GND) formed during the indentation process to 

distinguish them from the existing statistically distributed 

dislocations using the following equation [29, 30]: 
 

 

 
 

 
 

Fig. 3. The Nix–Gao plot H2 vs h–1 of Ag7.25P0.75Si0.25S6 (a)  

and Ag7.75P0.25Si0.75S6 (b) single crystals (black circles – 
experimental data, dashed line – approximated microhardness). 
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,       (2) 

where H and h are the measured microhardness and 

indentation depth, respectively. H0 is the hardness that 

would arise from the statistically stored dislocations 

alone, in the absence of any geometrically necessary 

dislocations, and h
*
 is a correlation dimension, related to 

indenter geometry, elastic shear modulus, and hardening 

property. 

To ascertain the parameters of the Nix–Gao model, 

the linear form of Eq. (2) was used: 

  12
0

2
0

2   hhHHH .     (3) 

According to this approximation, the parameter H0, 

which is the hardness considering intrinsic dislocations, 

is determined as the point of intersection of the line with 

the ordinate axis. The value of the correlation size h
*
 was 

determined based on the angle tangent of the line to the 

abscissa axis, taking into account H0. The values of HGND 

and hGND can be determined from the graphical depen-

dence at the beginning of deviation from the straight line. 

Thus, the dependence H
2
 vs h

–1
 was constructed for 

all compositions of Ag7+x(P1–хSiх)S6 crystals. As it seen 

from Fig. 3 for all studied compositions, the presence of 

a linear region (Fig. 3) of the H
2
 vs h

–1
 dependence was 

obtained. The linear dependence of H
2
 on the imprint 

depth h
–1

 indicates the presence of plastic deformation in 

the studied single crystals. This made it possible to 

ascertain the parameters of the GND model (Table). 

Here, HGND is the microhardness of the crystal at 

which the contribution of geometrically necessary 

dislocations begins to appear in plastic deformation 

during indentation process. hGND is the minimum depth of 

the indenter imprint, which is sufficient for formation of 

geometrically necessary dislocations [29]. 

To confirm the correctness of application of the 

GND model and determined parameters of the model, the 

(H/H0)
2
 on h

–1
 dependences were constructed. As it seen 

from Fig. 4, all extrapolated data at h → ∞ intersect in one 

point with value 1. This implies if h → ∞, then H → H0.  

It was found that for all Ag7+x(P1–хSiх)S6 single crystals 

this condition is fulfilled (Fig. 4), which once again con-

firms the application of this model. Finally, we consider 

the effect of heterovalent cationic P
+5 

→ Si
+4

 substitution 

on the change in the parameters of the GND model:  

h
*
, H0, hGND, and HGND (Fig. 5) for all compositions x. 

 

 

 

 
 

Fig. 4. Dependences of (H/H0)
2 on h–1 for all studied 

compositions x of Ag7+x(P1–хSiх)S6 crystals. (Color online) 

 

 

 
 

 
 

Fig. 5. Compositional dependence of the GND model parame-

ters: h*, H0 (a) and hGND, HGND (b) for the Ag7+x(P1–хSiх)S6 

single crystals. 
 

Table. Parameters of the GND model for Ag7+x(P1–хSiх)S6 single crystals. 

Composition h
*
, µm Н0, GPa hGND, µm HGND, GPa 

Ag7PS6 0.214 0.797 4.08 1.17 

Ag7.1P0.9Si0.1S6 0.182 0.769 3.05 1.27 

Ag7.25P0.75Si0.25S6 0.180 0.777 3.34 1.27 

Ag7.5P0.5Si0.5S6 0.241 0.829 3.12 1.26 

Ag7.75P0.25Si0.75S6 0.307 0.881 2.82 1.28 

Ag8SiS6 0.276 0.879 3.35 1.26 
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It has been found that heterovalent cationic 

P
+5

→Si
+4

 substitution in single crystals of Ag7+x(P1–хSiх)S6 

solid solutions leads to a nonlinear non-monotonic 

increase in the parameters h
*
 (correlation size) and H0 

(Fig. 5a). These are demonstrated in the presence of a 

minimum for solid solutions with x = 0.1 and x = 0.25 

and a slight maximum observed for the solid solution of 

the x = 0.75 composition (Fig. 5a), as compared to the 

initial ternary chalcogenides Ag7PS6 and Ag8SiS6 , with 

these extreme points being more pronounced for the h
*
 

parameter than for H0. It should be noted that this 

behavior of the h
*
 parameter indicates that the highest 

density of statistically distributed dislocations is observed 

in the x = 0.1, and x = 0.25 single crystals, and the lowest 

in the x = 0.25 single crystal. If we consider the change 

(Fig. 5a) of the parameter H0, or the value of the ultimate 

microhardness, i.e., the microhardness of the material 

without taking into account the additional effects caused 

by geometrically necessary dislocations, it becomes 

obvious that the compositional behavior of this  

parameter is quite similar to the compositional behavior 

of the microhardness (Fig. 2). The presence of a slight 

minimum and maximum in the compositional depen-

dence of the ultimate microhardness (Fig. 5a) is most 

likely caused by the disorder of the crystal structure 

(anionic sublattice) caused by the heterovalent cationic 

P
+5 

→ Si
+4

 substitution [14]. The non-monotonic nonlinear 

behavior of the hGND and HGND parameters (Fig. 5b), 

which is demonstrated in the presence of a minimum  

for the hGND parameter and, accordingly, a maximum  

for the HGND parameter for Ag7+x(P1–хSiх)S6 with x = 0.1, 

0.25, 0.5, 0.75 solid solutions in comparison with initial 

Ag7PS6 and Ag8SiS6, is most likely related to the 

peculiarities of solid solutions formation. Namely, due to 

presence of heterovalent cationic P
+5 

→ Si
+4

 substitution, 

of atom with different ionic radii and electronegativity, 

the disordering of cationic sublattice appears [19].  

The ternary chalcogenides Ag7PS6 and Ag8SiS6 are 

characterized by a fairly ordered crystal structure,  

since the site occupancy factor of all symmetrically 

independent Ag positions is 1 [19, 20]. In the process of  

Ag7+x(P1–хSiх)S6 solid solutions formation, the anionic 

and, consequently, the cationic sublattices are disordered, 

i.e., the site occupancy factor of Ag positions becomes 

less than 1 [19]. 

4. Conclusions 

The microhardness of single crystals of Ag7+x(P1–хSiх)S6  

(x = 0, 0.1, 0.25, 0.5, 0.75, 1) solid solutions was studied 

using the Vickers method. The dependence of the micro-

hardness of single crystals of Ag7+x(P1–хSiх)S6 solid solu-

tions on the depth of the imprint was interpreted within 

the framework of the geometrically necessary dislocations 

model (Nix and Gao theory) and the parameters of this 

model were determined. It was ascertained that for 

Ag7+x(P1–хSiх)S6 single crystals, P
+5

→Si
+4

 substitution leads 

to a nonlinear variations of the parameters of Nix–Gao 

model. Thus, for h
*
, H0 and HGND a nonlinear increasing, 

meanwhile for hGND – nonlinear decreasing is observed. 
 

It was found that with an increase in the ionic radius (RI) 

of phosphorus and silicon at their heterovalent 

substitution, the rigidity of the crystal structure of the 

studied materials decreases. Thus, as a result of the 

disordered crystal structure, GNDs in Ag7+x(P1–хSiх)S6 

solid solutions will occur at lower indenter loads, i.e., at a 

lower imprint depth, which will lead to the fact that the 

effect of GNDs on the microhardness of single crystals 

will be manifested at higher microhardness values. 
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Вплив гетеровалентного P
+5 

↔ Si
+4

 заміщення на мікротвердість монокристалів Ag7+x(P1–xSix)S6 

І.О. Шендер, А.І. Погодін, М.Й. Філеп, Т.О. Малаховська, О.П. Кохан, Л.М. Сусліков, В.С. Біланич, 

Р. Марійчук 

Анотація. У даній роботі наведено результати дослідження мікротвердості монокристалів твердих розчинів 

Ag7+x(P1–xSix)S6 (x = 0, 0.1, 0.25, 0.5, 0.75, 1). Досліджено вплив складу x на залежність мікротвердості (H) від 

прикладеного навантаження. Дослідження проводили в широкому діапазоні навантажень 0,05…2 Н. 

Установлено, що збільшення навантаження на індентор приводить до монотонного нелінійного зменшення 

значень мікротвердості у всіх досліджуваних зразках. Це свідчить про «нормальний» розмірний ефект 

індентування. Спостережувані розмірні ефекти індентування у монокристалах Ag7+x(P1–xSix)S6 описано в 

рамках моделі геометрично необхідних дислокацій. Визначено відповідні параметри моделі геометрично 

необхідних дислокацій. Обговорено вплив іонних радіусів та електронегативності структуроутворюючих 

елементів твердих розчинів Ag7+x(P1–xSix)S6. 

Ключові слова: аргіродити, монокристали, мікротвердість, гетеровалентне заміщення. 
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