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Abstract
The phase composition, structure, conductivity, crack resistance, and microhardness of crystals  (ZrO2)1-x(R2O3)x, where 
R = Y, Gd, Sm, and (x = 0.03, 0.04, 0.05) were studied. Crystals were grown by directed crystallization of the melt in a cold 
crucible. Crystals were studied by X-ray diffraction, transmission electron microscopy, impedance spectroscopy, and inden-
tation. The concentration dependences of the investigated characteristics of crystals are obtained. It has been shown that an 
increase in the concentration of the stabilizing oxide in all cases leads to a decrease in the amount of the transformed t-phase 
and reduces the value of the crack resistance of the crystals. In this case, a decrease in the size of the twins and an increase 
in the defectiveness of the structure are observed, which is accompanied by a slight decrease in the electrical conductivity of 
tetragonal solid solutions. The influence of the ionic radius of trivalent cations on the stabilization of tetragonal phases, con-
ductivity, and the mechanical properties of crystals is discussed. An increase in the values of crack resistance and a decrease 
in the values of high-temperature electrical conductivity of tetragonal solid solutions in the series  Y2O3 →  Gd2O3 →  Sm2O3 
at comparable concentrations of stabilizing oxides were established. It has been shown that  ZrO2 solid solutions stabilized 
with  Sm2O3 can be used as functional supporting membranes in solid oxide fuel cells.
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Introduction

Materials based on zirconia are solid electrolytes with oxy-
gen ion conductivity, the properties of which have been stud-
ied for many years. The results of these studies led to the 

creation of heating elements, oxygen sensors, solid oxide 
fuel cells, oxygen pumps, electrolyzers for hydrogen produc-
tion, etc. on their basis [1–5]. In such devices, solid solu-
tions based on zirconium dioxide can be used in the form 
of ceramics, films, and single crystals. The properties of 
materials even with the similar composition may differ in 
performance and stability when operating under different 
conditions [6–8]. This is due to the quality of the starting 
materials, synthesis methods, and heat treatment conditions.

The active layers (anode, cathode, electrolyte) of modern 
electrochemical devices’ cell designs are, as a rule, approxi-
mately 10–150-µm thin, which ensures high power density at 
operating temperature. However, the use of thin active layers 
requires a structurally supporting layer, which can be one 
of the functional layers of the device. For further develop-
ment and scaling of the technologies of solid oxide fuel cells 
and electrolyzers, it is essential to increase the mechanical 
strength of these components.

As a rule, cubic solid solutions based on zirconium 
dioxide, which have the highest conductivity, are used as 
solid electrolyte membranes. However, they have very low 
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resistance to thermal shocks and are typical brittle materials 
that, despite high microhardness, have low crack resistance 
of ~ 1 to 3 MPa·m1/2 [9–11]. An alternative material that can 
be used as solid electrolyte membranes is partially stabilized 
zirconia, which combines high hardness, strength, and frac-
ture toughness [12–14]. The combination of such character-
istics with high conductivity in a material is important for 
ensuring the reliability of the design of an electrochemical 
device and increasing its service life [15–18].

Zirconium dioxide has several polymorphic modifica-
tions [19]. At atmospheric pressure, monoclinic (m—P21/C), 
tetragonal (t—P42/nmc), and cubic (c—Fm3m) modifica-
tions are known for  ZrO2, which exist in different tempera-
ture ranges. Due to the destructive monoclinic-tetragonal 
phase transition (Tm ↔ t ~ 1473 K), pure zirconium dioxide 
is practically not used. However, it has been established 
[9–11] that the effect of this transformation transition can be 
eliminated by adding oxides of rare earth elements, yttrium, 
scandium, and oxides of alkaline earth oxides to zirconium 
dioxide. The degree of stabilization depends on the nature 
of the stabilizing oxide and its concentration. When a sta-
bilizing oxide is introduced into zirconium dioxide, accord-
ing to crystal chemical concepts, stable solid solutions can 
appear. Cubic solid solutions based on zirconia, stable up to 
the melting point, are called fully stabilized zirconia (FSZ). 
With a decrease in the concentration of the stabilizing oxide, 
solid solutions with a tetragonal structure are obtained. 
Since the upper temperature limit of the phase stability of 
these tetragonal solid solutions is the tetragonal-cubic phase 
transition temperature, and it is below the melting point, 
such materials are called partially stabilized zirconia (PSZ). 
With a further decrease in the concentration of the stabiliz-
ing oxide in the tetragonal solid solution, a monoclinic phase 
can appear. The formation of point defects in the crystal lat-
tice, for example, oxygen vacancies, leads to the stabilization 
of the high-temperature phase, creating a potential barrier to 
the movement of the interface. Such a process occurs when 
zirconium dioxide is stabilized by metal oxides with cati-
ons of a lower valence than that of zirconium. Thus, when 
yttrium oxide is introduced, there is one oxygen vacancy per 
two introduced trivalent  Y3+ ions. This contributes not only 
to the possibility of stabilizing the high-temperature modi-
fication of zirconium dioxide, but also makes this material 
an effective oxygen ion conductor.

There are two forms of tetragonal  ZrO2 [9–14]: “non-
transformable” t'-ZrO2 rich in yttrium oxide and t-ZrO2 
depleted in yttrium oxide, which is capable of undergoing 
a martensitic transition to the monoclinic phase—m. In the 
 ZrO2-Y2O3 phase diagram, in the concentration range rich 
in zirconium dioxide, the existence regions of the cubic 
and tetragonal phases are separated by a two-phase region 
(c + t). The cubic-tetragonal and tetragonal-monoclinic 
phase transitions in zirconium dioxide and solid solutions 

based on it have been studied in a number of works [20–22]. 
Phase transitions in zirconium dioxide are accompanied by 
the formation of twins in the structure, which fill the entire 
volume of the crystal grain. Twinning is the result of opti-
mal accommodation of spontaneous stresses caused by a 
phase transition from a cubic to a tetragonal phase [23]. 
The value of tetragonality depends on the composition of 
the solid solution.

To explain the high mechanical characteristics of partially 
stabilized zirconium dioxide, the mechanisms of “transfor-
mational” and ferroelastic hardening were proposed [7–10].

The action of the mechanism of transformation harden-
ing was explained by the fact that the emerging microcrack 
induces a martensitic t → m transition, which absorbs the 
stress energy at its tip. When a monoclinic phase appears, 
the propagating microcrack is compressed due to the larger 
specific volume of the monoclinic phase compared to the 
tetragonal one. For these reasons, in the end, the propagation 
of microcracks stops. The martensitic transformation of the 
tetragonal phase into a monoclinic phase at low temperatures 
provides an increased fracture toughness of ceramics based 
on this type of zirconium dioxide [24].

A number of authors [9–12] associate the hardening 
mechanism with a ferroelastic transformation caused by the 
transition of a cubic phase to a tetragonal one. It is known, 
that ferroelastic properties are possessed by a material that 
has two or more stable orientational states and is capable of 
transitioning from one state to another when a mechanical 
load is applied. The ferroelastic properties of tetragonal zir-
conium dioxide appear due to the symmetry-lowering phase 
transition of the initial cubic phase into the tetragonal phase 
(t'), which causes three energetically equivalent orientational 
states, also called twin variants or domains. When loaded, 
the domains can reorient their axes to accommodate stresses. 
The details of this effect have been studied by a number 
of authors [11, 25]. The twinned structure depends on the 
direction and type of loading, as well as on the orientation 
of the crystal and domain switching in ferroelastic materials.

Thus, several different strengthening mechanisms for par-
tially stabilized zirconia have been proposed. At the same 
time, it is obvious that they act in materials of partially sta-
bilized zirconium dioxide under different loading conditions 
in different ways: either the action of one of the harden-
ing mechanisms can prevail, or the action of several can be 
effective. It was shown [9–12, 26] that ferroelastic hardening 
should be considered as a possible mechanism of hardening 
at elevated temperatures, since the effect of transformation 
hardening is limited by the phase transition t → m tempera-
ture, which decreases significantly with the introduction of 
a stabilizing impurity [26].

Ceramic materials of partially stabilized zirconia 
3YSZ were studied as electrolytic membranes in SOFCs 
instead of the traditional solid electrolyte based on zirconia 
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containing 8 mol% yttria [15]. It was shown that due to 
the improvement of mechanical characteristics, it is pos-
sible to reduce the thickness of the electrolyte from 150 to 
75 µm, which improves the cell performance associated 
with a decrease in ohmic resistance. The authors see fur-
ther prospects in optimizing the composition and micro-
structure of the material, both electrolyte and anode and 
cathode materials.

In recent years, most commonly planar SOFCs have an 
anode supported cell design consisting of a thick Ni/YSZ 
substrate, a thin Ni/YSZ fuel electrode, a thin YSZ electro-
lyte layer, and a thin YSZ/lanthanum strontium manganite 
(LSM) cathode [16]. The reliability of this design largely 
depended on the strength characteristics of the YSZ. It has 
been established that lowering the concentration of the sta-
bilizing oxide below 5.8 mol%  YO1.5 can improve the frac-
ture toughness of membranes under oxidizing conditions by 
increasing the phase transformation ability of tetragonal zir-
conia. A decrease in the concentration of yttrium oxide con-
tributes to an increase in the efficiency of the transformation 
hardening mechanism. To ensure the stability of mechanical 
characteristics at operating temperatures (1073 K), in [16], 
co-doping with yttrium and cerium oxides was used. It has 
been established that the composition 1.5CeO2 4.5YO1.5-
SZ provides increased fracture toughness and resistance to 
low-temperature and high-temperature degradation (LTD 
and HTD) of the support layer in a solid oxide fuel cell or 
electrolysis cell support [16].

The study of the transport characteristics of partially sta-
bilized zirconia, which has high strength, fracture tough-
ness, and hardness has a great interest. The aim of this work 
is the synthesis and comparative study of the mechanical 
and transport characteristics of zirconium dioxide crystals 
partially stabilized by yttrium, gadolinium, and samarium 
oxides. The use of partially stabilized zirconium dioxide 
crystals grown by directional melt crystallization in a cold 
container as an object of study makes it possible to com-
pare the structure of materials, mechanical and transport 
characteristics depending on the type and concentration of 
the stabilizing oxide. In ceramic materials, comparison of 
these characteristics of materials based on zirconium dioxide 
is impossible without taking into account the influence of 
grain size on them, grain boundaries, and segregation of 
impurities in the grain and at the boundaries. The significant 
influence of these factors on the comparison results can lead 
to contradictory or conflicting results. When using crystals, 
we obtain bulk characteristics of the material that are close 
to those of ceramic grains of the same composition. When 
grown from a melt at a crystallization temperature, a sin-
gle crystal grows with a cubic lattice structure. As it cools, 
phase transformations take place in the corresponding tem-
perature ranges.

Materials and methods

Crystals of solid solutions based on zirconium dioxide, 
 (ZrO2)1-x(Y2O3)x,  (ZrO2)1-x(Gd2O3)x, and  (ZrO2)1-x(Sm2O3)x 
at x = 0.03, 0.04, and 0.05, were grown by the method of 
directed melt crystallization in a cold container [27]. Further 
in the text, short designations of crystals xYSZ, xGdSZ, and 
xSmSZ are used, where x is the concentration of the stabiliz-
ing oxide in mol%. The growth of crystals of different com-
positions was carried out under the same conditions. The 
starting materials used were oxides of zirconium, yttrium, 
gadolinium, and samarium of high-purity grade with a purity 
of at least 99.99%. The powders of the initial oxides were 
weighed and mechanically mixed beforehand. The mixture 
of powders was placed in a cylindrical split container con-
sisting of a set of copper tubes cooled with water. Metallic 
zirconium was used for initial melting, which, when heated 
by a high-frequency field, oxidized with heat release, heating 
the surrounding charge. When heated, this part of the load 
became electrically conductive enough to directly absorb 
the energy of the high-frequency field. The formed volume 
of the melt was the starting one and gradually spread to the 
walls of the cold container. A layer of sintered, unmelted 
charge was preserved on the walls, the so-called garnissage, 
which prevents the melt from flowing out and ensures the 
purity of the crystallized melt. Loading weight in all melts 
was 5 kg. The growth was carried out on a Kristall-407 high-
frequency setup at an operating frequency of 5.28 MHz and 
a cold container diameter of 120 mm. The growth rate of 
crystals is 10 mm/hour.

The phase composition of the crystals was studied using 
X-ray diffraction with a Bruker D8 instrument using the 
standard method for single crystals. The as-grown crystals 
had no predominant crystallographic orientation. Therefore, 
each crystal was preliminarily oriented along specific crys-
tallographic directions in the diffractometer. Then, the crys-
tals were cut into plates on a diamond disc cutting machine. 
The phase composition of the crystals was studied for plates 
cut from the crystals perpendicular to the < 100 > direction. 
The {100} planes of the crystals that had a multiphase com-
position exhibited simultaneous reflections on a single cut 
that were produced by different phases; these reflections 
split at large 2θ values of ~ 130 arc degrees. The phase frac-
tions were determined from the diffraction peak intensities 
normalized to the integral reflection coefficients of the dif-
ferent phases. The crystal microstructure was studied using a 
JEM 2100 transmission electron microscope at an accelerat-
ing voltage of 200 kV.

The microhardness of a material characterizes its ability 
to resist being pressed into it by another body or scratched. 
Hardness is not a physical constant of a substance but is 
a property that depends not only on the characteristics 
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of the sample, but also on the method of measurement. 
The microhardness of crystals was studied on the basis of 
a motorized microhardness tester DM 8 V AUTO using 
a Vickers diamond tetrahedral pyramid and loads up to 
20 N. A load of 3 N was chosen as a load for studying 
microhardness.

The fracture toughness was estimated from the value of 
the critical stress intensity factor (K1c), which was deter-
mined by the Vickers indentation method. To calculate 
K1c, the Niihara formula for the Palmquist fracture system 
was used [28–30]:

where K1c is the stress intensity factor (MPa·m1/2); L is the 
length of the radial crack (m); a is the indentation half-width 
(m); C is the Poisson’s ratio; E is Young’s modulus, Pa; and 
H is microhardness, Pa.

K1c was calculated for radial cracks around the indent, 
the length of which met the criterion of 0.25 ≤ l/a ≤ 2.5 for 
Palmquist cracks. The studies were carried out on a Wolp-
ert Hardness Tester 930 with a minimum load of 50 N. To 
study the crack resistance, the load used was 100 N.

The transport characteristics of the crystals were stud-
ied by impedance spectroscopy on a Solartron SI 1260 
analyzer. The temperature range of measurements was 
673–1173 K with a step of 50 K, the frequency range 
in which measurements were taken was 1–5 MHz. The 
measurements were carried out on plates cut from crys-
tals. The dimensions of the samples were 7 × 7 × 0.5 mm. 
Symmetrical platinum electrodes were deposited on a large 
surface (7 × 7) mm of the plates. To do this, platinum paste 
was applied to the plates and annealed at a temperature of 
1223 K for 1 h in air. The amplitude of the applied alter-
nating signal to the sample was 24 mV. A detailed analysis 
of the frequency spectrum of the impedance was carried 
out using the ZView program. The resistances of solid 
electrolytes were calculated from the obtained impedance 
spectra, and then, the electrical conductivity of the crystals 
was calculated.

K
1c = 0.035(L∕a)−1(CE∕H)2∕5Ha1∕2C−1

Results and discussion

Phase composition of crystals

Table 1 shows the phase composition, weight fraction of 
phases, and the degree of tetragonality of solid solutions of 
 (ZrO2)1-x(Y2O3)x,  (ZrO2)1-x(Gd2O3)x, and  (ZrO2)1-x(Sm2O3)x 
at x = 0.03, 0.04, and 0.05.

At a stabilizing oxide concentration of 3  mol%, the 
phase composition of the crystals differs. Thus, in 3YSZ 
and 3GdSZ crystals, two tetragonal phases with different 
degrees of tetragonality are formed. 3SmSZ crystals contain 
a mixture of monoclinic and tetragonal  ZrO2 modifications. 
Thus, when  Sm2O3 is used as a stabilizer, a concentration 
of 3 mol% is insufficient for stabilizing tetragonal phases 
in the entire volume of the crystal. At concentrations of 
4 mol% and 5 mol% of the stabilizing oxide, two tetragonal 
phases were present in all the crystals under study. Since the 
implementation of the mechanism of transformation hard-
ening depends on the amount of the transformed tetragonal 
phase (t) and the transformation ability of this phase, it is 
important to note that at comparable concentrations of the 
stabilizing oxide, the amount of the transformed phase (t) 
increases in the series  Y2O3 →  Gd2O3 →  Sm2O3. The degree 
of tetragonality of the transformed phase also depends on 
the type of stabilizing oxide and also increases in the series 
 Y2O3 →  Gd2O3 →  Sm2O3. This regularity correlates with the 
change in the ionic radius of the stabilizing oxide cation. 
The ionic radii of  Y3+,  Gd3 + , and  Sm3+ for a coordination 
number of 8 are 1.019 Å, 1.053 Å, and 1.079 Å, respectively. 
The larger the ionic radius of the stabilizing oxide cation, 
the greater the amount of the tetragonal phase with a higher 
degree of tetragonality (c/√2a) is present in the crystals at 
comparable concentrations.

The different degree of tetragonality of the phases t and t' 
indicates that different amounts of the stabilizing oxide are 
dissolved in them. In this case, a decrease in the content of 
the stabilizing oxide in the t-phase leads to an increase in 
the degree of tetragonality of the transformed phase. For the 

Table 1  Phase composition, weight fraction of phases, and degree of tetragonality of solid solutions

x, (mol%) Y2O3 Gd2O3 Sm2O3

Phase Fraction, wt.% c/√2a Phase Fraction, wt.% c/√2a Phase Fraction, wt.% c/√2a

3 t
t´

75 ± 5
25 ± 5

1.0147
1.0052

t
t´

80 ± 5
20 ± 5

1.0160
1.0059

m
t

25 ± 5
75 ± 5

1.0171

4 t
t´

65 ± 5
35 ± 5

1.0143
1.0049

t
t´

70 ± 5
30 ± 5

1.0151
1.0047

t
t´

85 ± 5
15 ± 5

1.0167
1.0034

5 t
t´

55 ± 5
45 ± 5

1.0139
1.0044

t
t´

60 ± 5
40 ± 5

1.0148
1.0040

t
t´

75 ± 5
25 ± 5

1.0158
1.0031
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non-transformable phase, a decrease in the degree of tetrag-
onality will be associated with an increase in the content 
of the stabilizing oxide in the t'-phase. With the total same 
content of the stabilizing oxide in the crystals in the series 
 Y2O3 →  Gd2O3 →  Sm2O3, not only the degree of tetragonal-
ity of the transforming phase increases, but also the degree 
of tetragonality of the non-transformable t'-phase decreases. 
This may be due to the lower content of the stabilizing oxide 
in the transformable phase and the higher content of the 
stabilizing oxide in the non-transformable phase.

Thus, at comparable total concentrations of stabilizing 
oxides in crystals, the use of a cation with a large ionic 
radius as a stabilizer leads to greater phase separation and 
brings the system closer to a more equilibrium state. It is 
possible that this is due to the fact that phase transformations 
during the transition from the cubic to the two-phase region 
in SmSZ crystals occur at higher temperatures than in GdSZ 
crystals, and in GdSZ crystals at higher temperatures than in 
YSZ crystals of the same composition.

The pattern of change in the weight fraction of phases 
and the degree of tetragonality in YSZ, GdSZ, and SmSZ 
solid solutions depending on the concentration of the stabi-
lizing oxide is similar. With an increase in the concentra-
tion of stabilizing oxides, the amount of the transformable 
phase (t) decreases and the amount of the non-transformable 
phase (t`) increases. The degree of tetragonality (c/√2a) of 
phases decreases with increasing concentration of stabiliz-
ing oxides.

Microstructure

A detailed study of the crystal microstructure was carried 
out by transmission electron microscopy. Figure 1 shows 
images of the structure of YSZ, GdSZ, and SmSZ crystals 
with a stabilizing oxide concentration of 3 mol%.

All crystals contain twins. In this case, twins occupy the 
entire volume of the material; no regions free of twins were 
observed in the crystals under study. The shape of the elec-
tron diffraction patterns from different parts of the crystals 
always corresponded to the single-crystal diffraction pattern. 
For 3YSZ and 3GdSZ crystals, the arrangement of reflec-
tions in the electron diffraction patterns corresponded to 
the tetragonal modification of  ZrO2. For 3SmSZ crystals, 
regions with monoclinic and tetragonal  ZrO2 modifications 
were observed. At the same time, microcracks were some-
times present at the points of junctions of the monoclinic 
and tetragonal phases. The twin structure morphology for 
3YSZ and 3GdSZ crystals was similar. The crystals con-
tained elongated twin plates ~ 200 nm in cross-section. When 
passing through a coherent twin boundary, the lattice ori-
entation changes. Therefore, the brightness of the image is 
different on different sides of the image of the boundary of 
the twin. The coherent boundaries of a twin have an elastic 
energy that is much lower than that of ordinary incoher-
ent boundaries. The twinning plane is the {110} plane. The 
appearance of the twins of the monoclinic phase in 3SmSZ 
crystals (Fig. 1c) differed from the twins of the tetragonal 
phase. The twins of the monoclinic phase were rather large 
twin plates intersecting at an angle of 90°.

Figure 2 shows images of the structure of YSZ, GdSZ, 
and SmSZ crystals with a stabilizing oxide concentration 
of 5 mol%.

The images of twins in 5YSZ and 5GdSZ crystals change 
noticeably in comparison with 3YSZ and 3GdSZ crystals. 
With an increase in the concentration of the stabilizing oxide 
in YSZ and GdSZ crystals, the sizes of twins decrease. At 
the same time, the fields of elastic stresses present in the 
crystals do not allow one to clearly see the boundaries of 
twins. The presence of a large number of fine twins makes 
the structure more defective. The 5SmSZ crystals contain 

Fig. 1  TEM images of the structure of 3YSZ (a), 3GdSZ (b), and 3SmSZ (c) crystals
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large twins whose morphology is similar to the twins in the 
3YSZ and 3GdSZ crystals.

Thus, the morphology of twins in YSZ and GdSZ crystals 
is similar. With an increase in the concentration of stabiliz-
ing oxides, a decrease in the size of twins and the formation 
of a more defective structure were observed. In SmSZ crys-
tals, even at a concentration of 5 mol%, large twins of the 
tetragonal phase are retained.

Microhardness and crack resistance

Table 2 shows the microhardness and crack resistance values 
of YSZ, GdSZ, and SmSZ crystals.

At comparable concentrations of stabilizing oxides, the 
values of microhardness of crystals decrease in the series 
 Y2O3 →  Gd2O3 →  Sm2O3, which correlates with the change 
in interionic distances with a change in the radius of the 
cation of the stabilizing oxide entering the solid solution. 
From the studied range of compositions, the minimum value 
of microhardness is observed for 3SmSZ solid solutions, 
which may be due to the presence of a monoclinic phase in 
these crystals. Regardless of the type of stabilizing oxide, 
for all the crystals under study, the microhardness increases 
with an increase in the concentration of the stabilizing oxide.

For stabilizing oxide concentrations of 4 and 5 mol%, 
the crack resistance values increase in the series 
 Y2O3 →  Gd2O3 →  Sm2O3. Moreover, the K1C values of 
4SmSZ and 5SmSZ crystals are more than twice as high 
as the K1C values of YSZ and GdSZ crystals at comparable 
concentrations. Such a change in the values of crack resist-
ance is associated with the phase composition of the crys-
tals, namely, an increase in the amount of the transformed 
tetragonal phase and the degree of its tetragonality, which, 
in turn, increases the contribution of transformation hard-
ening. For a concentration of stabilizing oxides of 3 mol%, 
this regularity does not hold. In tetragonal 3GdSZ crys-
tals, the crack resistance values are higher than in 3YSZ 
crystals. However, due to the presence of the monoclinic 
phase, the fracture toughness of 3SmSZ crystals is lower 
than that of 3YSZ and 3GdSZ crystals.

With an increase in the concentration of the stabilizing 
oxide in the YSZ, GdSZ, and SmSZ tetragonal crystals, 
the crack resistance values decrease. The maximum values 
of crack resistance in the YSZ, GdSZ, and SmSZ crystals 
under study are characteristic of the 3YSZ, 3GdSZ, and 
4SmSZ solid solutions, respectively. In this case, the K1C 
values for the 4SmSZ crystal are higher than those for 
3YSZ and 3GdSZ.

Fig. 2  TEM images of the structure of 5YSZ (a), 5GdSZ (b), and 5SmSZ (c) crystals

Table 2  Microhardness values 
and crack resistance of YSZ, 
GdSZ, and SmSZ crystals

x (mol%) Y2O3 Gd2O3 Sm2O3

Microhard-
ness HV, 
GPa

Fracture 
toughness 
K1C,MPa·m1/2

Microhard-
ness HV, 
GPa

Fracture 
toughness 
K1C,MPa·m1/2

Microhard-
ness HV, 
GPa

Fracture 
toughness 
K1C,MPa·m1/2

3 13.6 ± 0.4 9.0 ± 0.3 12.5 ± 0.4 10.5 ± 0.3 9.50 ± 0.4 8.5 ± 0.3
4 14.0 ± 0.4 4.5 ± 0.3 13.4 ± 0.4 6.0 ± 0.3 12.2 ± 0.4 13.5 ± 0.3
5 14.5 ± 0.4 3.5 ± 0.3 14.0 ± 0.4 4.0 ± 0.3 12.5 ± 0.4 11.5 ± 0.3
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Specific electrical conductivity

The temperature dependences of the electrical conductivity 
of crystals in Arrhenius coordinates are presented in Fig. 3.

It can be seen from Fig. 3 that the conductivity vs tem-
perature functions for crystals of all the series are linear 
in Arrhenius coordinates. This indicates that the electrical 
conductivity of the crystals changes monotonically over the 
entire experimental temperature range. Each series of crys-
tals is characterized by an increase in activation energy with 
increasing concentration of the stabilizing oxide. Thus, for 
YSZ and GdSZ crystals, with an increase in the concentra-
tion of the stabilizing oxide from 3 to 5 mol%, the activation 
energy monotonically increases from 0.87 to 0.95 eV and 
from 0.90 to 0.96 eV, respectively. For 4SmSZ and 5SmSZ 
crystals, the activation energies are 0.84 and 0.88 eV, respec-
tively. The increase in activation energy values with increas-
ing concentration of the stabilizing oxide from 3 to 5 mol% 
may be associated with the formation of a more defective 
twin structure in tetragonal crystals, which reduces the 
mobility of charge carriers. The activation energy values 
for SmSZ crystals are lower than for YSZ and GdSZ crys-
tals. At the same time, larger twin sizes and a less defective 
structure were observed in SmSZ crystals than in YSZ and 
GdSZ solid solutions.

Figure 4 shows the impedance spectra of 4YSZ, 4GdSZ, 
and 4SmSZ crystals at a temperature of 673 K. These imped-
ance spectra show an arc in the high-frequency region of 
the spectrum, reflecting volume conductivity, and a low-
frequency arc caused by the polarization resistance of the 
electrodes. From these spectra, it is clear that the interme-
diate frequency arc characteristic of intergranular conduc-
tion is absent, despite the fact that all samples have a twin 

structure. Thus, we can conclude that twin boundaries do not 
make an additional contribution to the increase in the overall 
conductivity of materials. But the interaction of twins with 
point defects can lead to the formation of defect complexes, 
which reduce the mobility of oxygen vacancies and the con-
ductivity of the material.

Figure 5 shows the dependence of specific electrical con-
ductivity at a temperature of 1173 K on the concentration 
of stabilizing oxides for YSZ, GdSZ, and SmSZ crystals.

From the data presented in Fig. 5, it is clear that at 
a temperature of 1173 K, YSZ crystals have the highest 
conductivity values. The electrical conductivity values 
of crystals depend on the type of stabilizing oxide and 
decrease in the series  Y2O3 →  Gd2O3 →  Sm2O3. This pat-
tern correlates well with a change in the ionic radius of the 
stabilizing oxide cation, namely, with an increase in the 

Fig. 3  Temperature dependences of electrical conductivity of YSZ, 
GdSZ, and SmSZ crystals

Fig. 4  Impedance spectra of the 4YSZ, 4GdSZ, and 4SmSZ crystals 
at 673 K

Fig. 5  Dependence of electrical conductivity at a temperature of 
1173 K on the concentration of stabilizing oxides
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ionic radius of the stabilizing oxide cation the conductivity 
of solid solutions decreases.

The conductivity of the studied crystals varies from 0.015 
to 0.03 S/cm. Thus, the difference in the electrical conduc-
tivity of all the studied crystals is small, and according to the 
obtained conductivity values, all crystals meet the require-
ments for electrolytic membranes in terms of the electrical 
conductivity (~ 0.01 S/cm).

Conclusions

A comparative study of crystals of  (ZrO2)1-x(Y2O3)x, 
 (ZrO2)1-x(Gd2O3)x, and  (ZrO2)1-x(Sm2O3)x solid solutions 
at concentrations x = 0.03, 0.04, and 0.05 has been carried 
out. It is shown that in the case of using a larger  Sm3+ cation 
compared to  Gd3+ and  Y3+, stabilization of the tetragonal 
modifications of zirconium dioxide occurs at higher concen-
trations of  Sm2O3 compared to  Gd2O3 or  Y2O3.

At comparable concentrations of the stabilizing oxide, the 
amount of the transformed t-phase and the degree of its tetrago-
nality (c/√2a) increase in the series  Y2O3 →  Gd2O3 →  Sm2O3.

The twin microstructure of crystals was studied by trans-
mission electron microscopy. With an increase in the con-
centration of stabilizing oxides in  (ZrO2)1-x(Y2O3)x and 
 (ZrO2)1-x(Gd2O3)x solid solutions, a decrease in the size of 
twins and the formation of a more defective structure were 
observed. In  (ZrO2)1-x(Sm2O3)x crystals, even at a concentra-
tion of 5 mol%, large twins of the tetragonal phase are retained.

An increase in the values of crack resistance of tetrago-
nal solid solutions in the series  Y2O3 →  Gd2O3 →  Sm2O3 is 
shown at comparable concentrations of stabilizing oxides. 
The observed dependence is due to an increase in the con-
tent of the transformable tetragonal phase and the degree of 
its tetragonality, which make the main contribution to the 
mechanism of crystal hardening.

It is shown that the conductivity of all the crystals 
under study exceeds 0.01 S/cm at a temperature of 1173 K 
and thus meets the requirements for electrolytic mem-
branes in terms of specific electrical conductivity. The 
conductivity of all the studied crystals varies from 0.015 
to 0.03 S/cm. As the ionic radius of the stabilizing oxide 
cation increases, the conductivity of the solid solutions 
decreases. But since the value of crack resistance for tetrag-
onal crystals  (ZrO2)1-x(Sm2O3)x is greater than for crystals 
 (ZrO2)1-x(Y2O3)x or  (ZrO2)1-x(Gd2O3)x,  ZrO2 solid solutions 
stabilized by  Sm2O3 are promising and can be used as func-
tional supporting membranes in solid oxide fuel cells.

Funding Russian Science Foundation, 22-29-01220, Nataliya 
Tabachkova.
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