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Abstract 

Compositionally complex oxides (CCOs) or high-entropy oxides (HEOs) are new multi-element 

oxides with unexplored physical and functional properties. In this work, we report fluorite 

structure derived compositionally complex zirconia with composition Zr1-

x(Gd1/5Pr1/5Nd1/5Sm1/5Y1/5)xO2-δ (x = 0.1 and 0.2) synthesized in solid-state reaction route and 

sintered via hot pressing at 1350 °C. We explore the evolution of these oxides' structural, 

microstructural, mechanical, electrical, and electromechanical properties regarding phase 

separation and sintering mechanisms. Highly dense ceramics are achieved by bimodal mass 

diffusion, composing nanometric tetragonal and micrometric cubic grains microstructure. The 

material exhibits an anomalously large electrostriction response exceeding the M33 value of 10
−17 

m
2
/V

2
 at room temperatures and viscoelastic properties of primary creep in nanoindentation

measurement under fast loading. These findings are strikingly similar to those reported for doped 

ceria and bismuth oxide derivates, highlighting the presence of a large concentration of point 

defects linked to structural distortion and anelastic behavior are characteristics of nonclassical 

ionic electrostrictors. 
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Introduction 

In recent years, an entirely different family of a material class has attracted substantial attention 

in the ceramics science community, known as compositionally complex oxides (CCOs) or high 

entropy oxides (HEOs), and are mainly derived from the concept of "high entropy" from high 

entropy alloys or multicomponent alloys 
123

. These are single-phase metal oxides consisting of 

five or more different cations in an equal or near equal atomic percent, i.e. the entropy of mixing 

ΔSmix higher than ≈ 1.5 kB/f.u that are integrated on the same crystallographic lattice site 
45

. 

HEOs have a large number of tuning spaces in composition and crystal structure, offering new 

perspectives for tailoring their materials properties  
67

. In 2015 Rost et al. synthesized the first 

HEOs (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, with a rock-salt structure that shows a reversible 

mixing/demixing behavior upon heating and cooling, respectively, and is truly entropy stabilized 

1
. Following this seminal work, the realm of HEOs was explored in different oxide systems, 

including fluorites 
8
, spinels 

9
, perovskites 

10
, rutiles 

11
, pyrochlores 

12
, and beyond. Compared to 

binary or doped oxides, improved properties such as high ionic conductivity, low thermal 

conductivity, colossal dielectric constant, improved thermoelectric figure of merit, etc., are often 

reported in the literature 
111314

.  

Fluorite oxide is an imperative type of structural/functional ceramics material. It has a plethora 

of technical applications, including solid-state ionic conductors, thermal barrier coatings, gas 

sensors, oxygen storage capacitors, biomarkers, memristors, and catalysts 
151617

. Most 

conventional fluorites are based on ceria, zirconia, or hafnia and are usually doped/stabilized 

with rare earth oxides (RE2O3) and alkaline oxides such as MgO and CaO 
18

. They hold 

properties like high ionic conductivity (0.01 S/cm at 600 °C 
16

), low thermal conductivity (1.5 

Wm
−1

 K
−1

, at 1000 °C 
19

), high-temperature phase stability, high hardness (12.4 GPa 
20

) and 

fracture toughness (10 MPa*m
1/2 20

). Moreover, unconventional mechanical (room temperature 

creep) and electromechanical characteristics have been observed in oxygen-defective fluorites 

such as CeO2-δ and δ-phase-Bi2O3-δ, which have newly advanced 
21222324

. These properties were 

associated with the presence of charge-compensating oxygen vacancies in the fluorites, mainly 

dopant-controlled 
1825

. In many HEO systems, high-entropy fluorite-structured oxides (HEFOs) 

have drawn much attention for their compositional design and modified performance 
26

. Gild et 

al. fabricated a series of bulk single-phase high-entropy fluorite oxides HEFOs, e.g., 
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(Zr0.2Ce0.2Hf0.2)(Y0.2Gd0.2)O2, with equimolar ZrO2-CeO2-HfO2 as the matrix with lower thermal 

and electrical conductivity than YSZ 
8
. A similar result was also reported by Chen et al. with 

HEFOs of (Zr0.2Hf0.2Ce0.2)(Sn0.2Ti0.2)O2-δ 
27

. Wright et al. explored non-equimolar 

(Zr1/3Hf1/3Ce1/3)1-x(Y1/2X1/2)xO2-x/2 based compositions where X = Yb, Ca, and Gd and 

investigated mechanical and thermal conductivities 
28

. M. Zhu and coworkers fabricated a series 

of multielement doped high-entropy ceria Ce1−x(Dy1/5Sm1/5Er1/5Y1/5Gd1/5)xO2-δ with single phase 

fluorite structure, which shows ionic conductivity of 1.05 × 10
−3 

S/cm at 500 ℃ 
29

. Spiridigliozzi 

et al. synthesized Ce0.2Zr0.2Y0.2Gd0.2La0.2O2−δ 
30

 and investigated densification behavior at 

ultrafast high-temperature sintering (UHS) 
31

. Similarly, F. Ye and co-workers investigated the 

sintering behavior of 5 multicomponent rare earth hafnate with defective fluorite structure by the 

UHS method 
32

. Rare earth-based HEFO powders containing up to seven equiatomic elements, 

i.e., Ce, La, Nd, Pr, Sm, Y, and Gd, were also synthesized by Djenadic and coworkers 
3334

.  

These authors also suggested that not only the entropy effect but also element type (valence, 

cation size), presence of Ce
4+

 as parent structure, synthesis method (equilibrium, non-

equilibrium), and crystallite size are also important factors to stabilize the desired single-phase 

structure in HEFOs. Since there is a limited number of tetravalent cations, most of the HEFOs 

synthesized so far are non-stochiometric oxides with oxygen vacancies 
35

. It is worth mentioning 

that the terms "high entropy", "entropy stabilized" and "compositionally complex" are 

alternatively used in the literature although they are not synonymous 
36

. Materials having a high 

number of elements residing on one or more sublattices are considered compositionally complex 

oxides (CCOs), which also encompass non-equimolar and medium entropic compositions 
28

. The 

HEO (a subset of CCO) refers to materials in which high configurational entropy has some effect 

on phase stabilization but it is not inevitably dominant over enthalpy 
436

. On the other hand, 

entropy-stabilized oxides (ESOs) are a subset of HEO with a strict thermodynamic definition. 

ESO requires both high configurational entropy and positive enthalpy of formation (+ΔH) so that 

entropy drives thermodynamic stability 
3037

.  

Inspired by the above-mentioned literature works, herein, we synthesize fluorite-structure 

derived multi-element doped compositionally complex zirconia (CCZ) ceramics and investigate 

their structural, microstructural, electrical, mechanical, and electromechanical properties. Two 

compositions were successfully synthesized namely, ((Zr0.9Gd0.02Pr0.02Nd0.02Sm0.02Y0.02)O2-δ: 

CCZ-10 and ((Zr0.8Gd0.04Pr0.04Nd0.04Sm0.04Y0.04)O2-δ: CCZ-20). It is worth mentioning that 
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praseodymium under reducing conditions is prevalently trivalent. Yet, the unstable tetravalent 

structure can introduce unexpected dissociative effects with the annihilation of oxygen vacancies 

38
. Although most of the reported HEFO compound in the literature has higher oxygen vacancy 

concentrations than typical doped or non-stoichiometric binary rare oxides, we kept the oxygen 

vacancy concentration of ≤ 2.5 % (δ = 0.1). Various literature reports that 10-20 mol% dopant 

concentration meaningfully impacts the electrical, mechanical, and electrostriction effect in the 

fluorite structure compounds, e.g. doped ceria 
213940

. High dopant concentrations modify the 

energy landscape of the lattice site and migration barriers, forming solid solutions that resemble 

RE2O3 and superstructure with dopant-oxygen vacancy complexes 
4142

. This thermodynamic 

effect challenges the conventional design rule for fluorite-structure oxides.  

Experimental work 

The starting basis powders for this study were monoclinic zirconia (UEP, DKKK Japan, SBET = 

23 m²/g, d50 = 250 nm). All these rare earth oxides (PrO1.83, NdO1.5, SmO1.5, GdO1.5, and YO1.5) 

have 99.9% purity (chemPur, Karlsruhe, Germany). The powders were dispersed in a 

stoichiometric ratio in 2-propanol and milled in a high-speed attrition mill (1000 rpm) for 4 

hours using zirconia milling balls (Ø = 2 mm). Then, the dispersion was sieved through a 100 

µm screen to remove milling debris and dried at 85 °C for 12 hours. The dried powder was 

crushed and screened through a 100 μm mesh. Afterward, the powder was consolidated by hot 

pressing (FCT Anlagenbau, Germany) in graphite dies of 40 mm diameter under vacuum at 1350 

°C for 1 hour at a uniaxial pressure of 60 MPa. The resultant CCZ-10 and CCZ-20 pellets were 

mirror polished and subsequently cut into a bar shape of dimensions 10 x 5 x 1.3 mm
3
. The bulk 

density was measured by the Archimedes method using distilled water as a medium. The 

crystalline phase purity was analyzed by X-ray diffraction (XRD, Philips PANalytical, 

Germany), containing CuKα1 radiation (λ = 0.15418 nm) within the 2θ range from 20-80° and 

Raman spectroscopy (Renishaw InVia Reflex, UK) equipped with an equipped with a 40 mW, 

532 nm Ar+ laser. The microstructure of the samples was examined by high-resolution scanning 

electron microscopy (SEM, Zeiss Gemini, Germany). The grain size was estimated by the linear 

intercept method, multiplying with a correction factor of 1.57 
43

. The mechanical properties, 

including Young's modulus, 4pt bending strength, Vickers hardness HV10, and fracture 

toughness were carried out following a standard protocol explained in detail elsewhere 
44

. The 

creep was measured from the nanoindentation measurements, as described in Ref 
45

. A maximum 
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load of 150 mN was applied using a trapezoidal load-hold (20 s)-unload cycle at a constant 

loading/unloading rate of 15 mN/s. The electromechanical properties were measured at room 

temperature using a proximity sensor. A sinusoidal electric field was applied at different 

frequencies, and the resulting electrostrictive displacements were determined at the second 

harmonic to the oscillation amplitude. The electrical properties are measured by AC impedance 

spectroscopy, using a Novo control frequency analyzer at 250-500 °C with a frequency range of 

3 MHz to 50 mHz under a bias perturbation amplitude of 25 mV in the air. Platinium (Pt) paste 

was brushed on the parallel face of the sample and then fired at 700 °C for 1 hour. Gold mesh 

and Pt wire were used as a current collector and current leads, respectively. Before the 

measurement, the sample was held for 20 min at the target temperature, ensuring thermal 

equilibrium. The impedance data were fitted with an equivalent circuit model using the ZView 

software. 

 

Results and Discussion 

    

Figure 1: (a) Room-temperature XRD pattern of the starting powders (CCZ-10 and CCZ-20) and 

respective sintered ceramics pellets. The XRD patterns are compared with monoclinic (ICSD code 

47803), tetragonal (ICSD code 123093), and cubic (ICSD code 92095) crystal structures of zirconia 

polymorphs. (b) Raman spectra of the sintered CCZ-ceramics (800-100 cm
−1

 wavenumber region).  

Fig. 1a shows the XRD patterns of starting CCZ powders and the surface of the sintered 

ceramics pellets. As can be seen, powders show a typical diffraction pattern of monoclinic 
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zirconia, suggesting that no solid solution was formed and powders have a core-shell type 

configuration. However, the diffractogram of the sintered samples shows tetragonal and cubic 

phases and no monoclinic phase. The CCZ-20 sample has a mixture of tetragonal and cubic 

phases, while CCZ-10 has mainly a tetragonal phase. The crystallographic phase structure is 

further confirmed by Raman spectra and shown in Fig. 1b. According to the literature study, the 

tetragonal phase reveals vibrational bands located at approximately 147, 261, 318, 463, and 637 

cm
−1 464748

. The peak positions of the CCZ-10 and CCZ-20 samples are in close agreement with 

the literature results. The spectrum of the cubic zirconia phase was similar to that of the 

tetragonal, with a common peak at ~145, 260, and 460 cm
−1

. The broad peak at 610 cm
−1

 in 

CCZ-20 is ascribed to the cubic phase. Gazzoli et al. reported that the cubic-zirconia phase 

presents a strong band between 607 and 617 cm
−1 46

. Similar to XRD, there were no 

representative peaks for the monoclinic phase, indicating that the results of the Raman and XRD 

analyses are consistent.  

 

   

Figure 2. Polished cross-sectional scanning electron microscopy images of the thermally etched (a) CCZ-

10 and (b) CCZ-20 samples, hot pressed at 1350 °C.  

 

The materials were fully densified during sintering, exhibiting a bulk density between 6.18-6.22 

g/cm³. The high densification is further evidenced by the SEM micrograph, which is illustrated 

in Fig. 2. As apparent, the grain size distribution is bimodal, with a nanoscale tetragonal matrix 

and large micron-sized cubic grains. Even though five cationic elements were used, neither 
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sample showed any cationic segregation. The cubic grains are relatively flat, with a small 

residual grain boundary curvature, and the tetragonal grains are faceted.  The co-existence of 

tetragonal and cubic phase in both materials indicates that the compositions are located in the t+c 

field of the zirconia/multi-rare earth oxide system which is a miscibility gap. This type of 

metastable microstructure is characteristically observed for low dopant contents e.g. in 

3YSZ/TZP (tetragonal zirconia polycrystal) ceramics, as reported in Ref. 
495051

. It was 

demonstrated that large grains comprise considerably higher dopant/stabilizer content than the 

fine matrix. The CCZ-20 sample showed a significantly higher fraction of cubic grains than the 

CCZ-10 sample. Such an outcome is expected due to the high stabilizer/dopant content in the 

former and indicates that a maximum level of entropy has been overcome in the material. The 

average grain size (tetragonal phase) of the CCZ-10 and CCZ-20 samples was 150 nm and 500 

nm, respectively. The energy dispersive X-ray spectroscopy (EDS) elemental mapping is shown 

in the supplementary information (Fig. S1-S2).  

Fig. 3a illustrates the geometry normalized impedance spectra in the form of Nyquist plots 

examined at 400 °C. The data was fitted by an equivalent-circuit model (shown in the inset) 

consisting of a resistor (R) connected in parallel with the constant-phase element (Q). Two 

depressed semicircles are observed in the complex impedance plane. Such depression is due to 

the non-ideal capacitance of the samples (CPE exponents value lower than 1). The high-

frequency semicircle corresponds to bulk (intra-granular) resistance, while the intermediate 

frequency arc is attributed to the grain boundaries (inter-granular) resistance 52
. The low-

frequency tail is associated with electrode phenomena and is irrelevant for further investigation. 

The low-frequency intercept of the depressed semicircle was taken as the sample resistance. The 

total ionic conductivity (σ) of the sample is measured using the formula    
 

 

 

 
  where R is the 

sample resistance, t is the thickness, and A is the electrode area. Electronic conductivity is 

negligible under atmospheric air. With increasing temperature, resistivity decreases and shifts to 

higher frequencies.  D
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Figure 3: (a) Representation of geometry normalized Nyquist plots (ρ' vs ρ") of CCZ ceramics, measured 

in atmospheric air at 400 °C. (b) The temperature-dependent Arrhenius plots of total ionic conductivity of 

the CCZ samples. The data is compared with the reference 8YSZ 
52

 and HEFO 

(Hf0.25Ce0.25Zr0.25Y0.125Gd0.125O1.875) samples 
28

. 

 

The electrical conductivity is plotted as a function of reciprocal temperature, which follows the 

Arrhenius equation and is shown in Fig. 3b,  

  
  

 
      

  

  
                                                                                                                            

(1), 

where    is the pre-exponent factor (temperature-independent), k is the Boltzmann constant, and 

Ea is the activation energy of migrating oxygen ions. As can be seen, the measured ionic 

conductivity of the CCZ-20 sample is higher than the CCZ-10 compound sample throughout the 

investigated temperature, which could be attributed to the higher oxygen vacancy concentration 

and higher % of cubic phase in the former than the latter. The conductivity value is significantly 

lower than the 8YSZ sample, which is expected. It was demonstrated that cubic solid solutions 

based on zirconium dioxide show the highest conductivity. Moreover, the conductivity value is 

higher than HEFO, reported in Ref. 28. This outcome is not surprising since most HEFOs have 

higher doping levels than the optimal amount required for zirconia-based systems. As mentioned 

in the introduction section, high dopant/stabilizer concentrations form dopant-oxygen vacancy 

clusters and RE2O3 solid solution which negatively impact the ionic conductivity. Both the CCZ 

samples have an activation energy value of ~1.10 eV, close to the value of 8YSZ.  
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Figure 4: (a-b) Electrostrictive longitudinal strain responding to electric field square for the CCZ-10 and 

CCZ-20 ceramics pellet. (c) Electrostrictive strain coefficient (M33) as a function of applied frequencies 

(0.15-300 Hz) under an electric field of 7 kV/cm, respectively. The results are compared with GDC-10 

and SDC-10 samples, data taken from Ref. [21]
53

. (d) Hydrostatic polarization electrostriction coefficient 

     as a function of the ratio of elastic compliance to the dielectric constant, the black fitted line 

corresponds to Newnham's empirical equation                  
   . The pink area refers to the values 

within one order of the magnitudes of the black line. The data is taken from Ref. 
545556

. Error bars show 

statistical ambiguity as well as instrumental precision. Error bar (Fig 4a, 4b and 4c) inside the 

symbol highlights that the uncertainty is lower than the size of the symbol.  

The samples respond at the second harmonic of the applied electric field frequency and 

demonstrate characteristic electrostriction behavior. The longitudinal electrostrictive strain as a 

function of the electric field square is presented in Fig. 4a-b. The samples contracted parallel to 

the direction of the electric field strain and were similar to oxygen-defective cerium and bismuth 
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oxide-based compounds (thin films and bulk ceramics). In contrast, most ceramic electrostrictors 

extend along the direction of the electric field 
57

. The CCZ-10 sample displays a slightly larger 

strain than the CCZ-20 ceramics (e.g., ~3.1 ppm for CCZ-20 and ~10.2 ppm for CCZ-10 at ~7 

kV/cm and 0.1 Hz). However, the strain value shows a marked reduction with increasing 

frequencies in both samples. Also, in the case of the CCZ-10 sample, the strain saturates at low 

frequencies (0.1 and 1 Hz) with increasing electric field amplitude. Such an effect could be 

plausibly attributed to voltage partitioning between the grain boundaries and grain cores of the 

polycrystalline ceramics 
58

. The CCZ-20 does not exhibit strain saturation behavior throughout 

the investigated electric field range. The strain saturation and relaxation behaviors are distinctive 

for the 5-20 mol% RE2O3-doped-ceria ceramics with cubic fluorite lattice symmetry, as shown in 

our previous reports 
224025

. From the slope of the strain vs E
2
 plot in Fig. 4a-b, the electrostrictive 

strain coefficient (M33) was assessed and plotted as a function of electric field frequency in Fig. 

4c. As shown, the M33 value is slightly higher in the CCZ-10 sample. Furthermore, CCZ-10 

shows a fairly steady M33  10 17 
(m/V)

2
 up to 40 Hz, followed by a sharp relaxation. 

Meanwhile, CCZ-20 illustrates non-ideal Debye-type relaxation with frequencies similar to 

GDC-10 (10 mol% Gd-doped ceria) and SDC-10 (10 mol% Sm-doped ceria). The ratio of 

M33
(1Hz)

/M33
(˃100Hz)

 is approximately 3 to 5-fold. It was demonstrated that frequency-related 

M33 relaxation is typical in RE2O3-doped-ceria, associated with dopant-defect pairs interaction in 

the crystal lattice, that responds slowly to electric field 
182559

. The reported M33 value of 8YSZ 

and 3YSZ in the literature was  10 19 and  10 21 (m/V)
2
, respectively 

5455
, which conforms to 

the Newnham empirical scaling law of classical electrostrictive materials, i.e., electrostriction 

     coefficient ((        
     

           
                   where       and       are transverse and 

longitudinal electrostriction coefficients, respectively) scales with the ratio of elastic compliance 

to the dielectric constant,                  
   . The M33 value at the low-frequency regime is 

˃10 17 (m/V)
2
 for both of these samples, which is equivalent to (     80 m

4
/C

2
). This value is 

roughly two orders of magnitude larger than the Newnham empirical prediction (see Fig. 4d), is 

anomalously large, and represents CCZ as "giant" electrostrictors. The      (relaxed) value at the 

high-frequency regime is approximately  10 m
4
/C

2
 and above the pink-shaded area. A 

combination of a high electrostrictive coefficient and a small dielectric constant  (ε = 25-30) is 

not usual for classical electrostrictors. We, therefore, surmise that the unusual electrostrictive 

activity in the CCZ compound is fundamentally very distinct from classical phenomena. 
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Although the exact mechanism of electrostriction in CCZ is unknown, it is highly anticipated 

that the mechanism is similar to that of doped ceria and bismuth oxide ceramics and ascribed to 

the electric-field induced rearrangement of local lattice distortions in the vicinity of the oxygen 

vacancies 
216061

. The latter materials demonstrate anelastic behavior, such as creep at room 

temperature.  

.  

Figure 5: (a) A typical load-displacement curve during nanoindentation measurement at room 

temperature (b) Indenter displacement of CCZ-10 ceramics under fast loading of 15 mN/s, primary creep 

observed in the hold phase (dashed oval in (b)) and inset.  

 
To verify whether the CCZ samples exhibit room-temperature creep, we performed the 

Nanoindentation measurement. The indentation depth was ca. 800 nm, which resembles an 

equivalent contact diameter of 4500 nm, i.e., manifold grains were being examined. Fig. 5a-b 

displays a typical load-displacement and displacement-time curve of the CCZ-10 sample, 

illustrating a primary creep at the hold phase (first 10 seconds) as a gradual increase in 

displacement at maximum load, evidencing viscoelastic behavior. The following empirical 

formula can describe the creep-driven displacement with dwelling time,               
 , 

where    is the initial displacement at the commencement of the hold stage   , A is the creep 

constant, and m is the fitting exponent. As projected, the A value is slightly higher in the CCZ-10 

(6.7 nm/s
0.24

) sample than in CCZ-20 (5.5 nm/s
0.14

). Different grain boundary volumes could be 

the reason for the lower creep in CCZ-20 which has a larger average grain size. More 

importantly, the A value is lower than doped ceria ceramics (15-20 nm/s
0.33

) 
4562

. Such a result is 

expected since the creep displacement in CCZ is ca. 4 times lower than ceria, measured in the 

same experimental protocol 
45

. As reported in Ref. 
55

, the 8YSZ single crystal does not display 
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any noticeable creep at room temperatures during the 10-second hold. Therefore, an analogous 

mechanism to doped ceria and bismuth oxide ceramics (highly oxygen defective fluorite 

structure), creep in CCZ can be attributed to the anisotropic mechanical stress-induced lability of 

cation-oxygen vacancy complex 
63

. If the time scale of the applied load (fast loading) is shorter 

than the time required for the defect complex to reorganize, then creep deformation occurs, and 

the lattice continues rearranging during the hold phase. If loading is considerably slow enough 

for the complexes to rearrange, creep is hindered 
64

. Although both the creep and electrostriction 

are expected to be governed by the presence of oxygen vacancies (cation-vacancy complex), 

there is no direct correlation between them. They differ considerably from material to material, 

even having the same crystal structure 
21

. The mechanical properties obtained from the Vickers 

micro-indentation method are listed in Table 1.  

Table 1. The measured mechanical properties i.e., bending strength, fracture toughness, hardness, and 

Young's modulus of CCZ pellets. Each value is calculated from ca. 5 indentations and averaged.  

Sample 

ID 

Bending Strength 

[MPa] 

Fracture Toughness, 

KIC 

[MPa*m
1/2

] 

Hardness, HV10 

[kp] 

Young's Modulus, E 

[GPa] 

CCZ-10 1020 ± 99 6.38 ± 0.02 1237 ± 10 205 ± 3 

CCZ-20 346 ± 24 2.75 ± 0.08 1350 ± 14 203 ± 3.4 

3Y-TZP 990 ± 130 
20

 4-6 
65

 1260 ± 30 
20

 182 ± 3 
65

 

8YSZ 
66

 328 ± 20 1.30 ± 0.02 1300 ± 10 ~ 205 

GDC-10 175  
67

 1.9-2.1 
68

 880 ± 20 
68

 180 
67

 

 

As shown in Table 1, Young's modulus is identical in both samples; however, bending strength, 

fracture toughness, and hardness values differ between them. The CCZ-20 has a higher hardness 

value than the CCZ-10 sample—but has lower strength and fracture toughness than the latter. 

CCZ-10 has comparable properties to 3Y-TZP (sintered in similar conditions), a tetragonal high-

strength zirconia material. Moreover, compared to 8YSZ and GDC-10, two cubic materials 

proposed for electrostrictors, both the strength and fracture toughness of CCZ-20 are 

considerably higher, probably due to the remaining fraction of the tetragonal phase. As an 

electromechanical device is operated under dynamic loading conditions besides 

electromechanical performance, high mechanical strength, especially fatigue strength, is 

required. Fatigue strength can be estimated from bending strength and the KI0/KIC ratio (KIC = 6 
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MPa√m, KIO typically 4 MPa√m for TZP 
69

). Therefore, CCZ-10 has a fatigue strength of 650 

MPa. In predominantly cubic CCZ-20, where little R-curve behavior is expected (KIO/KIC →1), 

fatigue strength is closer to the measured bending strength (~250 MPa).  

Conclusions 

In this work, two compositions of compositionally complex zirconia-based oxides were 

fabricated by hot pressing at 1350 °C and are partially stabilized. In the CCZ-10 sample, micron-

sized cubic grains are embedded in a matrix of tetragonal grains, and CCZ-20 vice versa. The 

CCZ-10 sample demonstrates a higher fracture toughness and bending strength than the CCZ-20 

sample. Remarkably, both samples reveal room-temperature mechanical creep (anelasticity) and 

nonclassical electromechanical responses like oxygen defective ceria and bismuth oxide-based 

compounds. The electrostriction follows typical strain relaxation effects with frequencies, which 

is directed by the presence of the (weak) dopant-defect interaction in the lattice system. Based on 

the Newnham scaling law, the electromechanical response is nonclassical and exceeds the values 

by more than two orders of magnitude. To sum up, compositionally complex zirconia ceramics 

represent another member of fluorite-structured or fluorite structure-derived nonclassical ionic 

electrostictors, fundamentally different from the classical electromechanically active ceramics 

materials.  
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