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Abstract

:

Compositions of (ZrO2)0.92(Y2O3)0.08 (zirconia: 8 mol % yttria—8YSZ) and (CeO2)0.8(Sm2O3)0.2 (ceria: 20 mol % samaria—SDC20) ceramic powders were prepared by attrition milling to form an equimolar powder mixture, followed by uniaxial and isostatic pressing. The pellets were quenched to room temperature from 1200 °C, 1300 °C, 1400 °C and 1500 °C to freeze the defects configuration attained at those temperatures. X-ray diffraction analyses, performed in all quenched pellets, show the evolution of the two (8YSZ and SDC20) cubic fluorite structural phases to a single phase at 1500 °C, identified by Rietveld analysis as a tetragonal phase. Impedance spectroscopy analyses were carried out in pellets either quenched or slowly cooled from 1500 °C. Heating the quenched pellets to 1000 °C decreases the electrical resistivity while it increases in the slowly cooled pellets; the decrease is ascribed to annealing of defects created by lattice micro-tensions during quenching while the increase to partial destabilization of the tetragonal phase.
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1. Introduction


Similar to what happens to high-entropy alloys [1,2,3,4], high-entropy oxides or entropy-stabilized oxides are compounds that result from the combination of an equimolar content of several oxides prepared in such a way that the cations are randomly distributed in the cationic sublattice [5]. The preparation involves heat treatment at temperatures that allow for the migration of the cations to thermodynamically minimum energy sites, followed by quenching to room temperature to retain the thermodynamic configuration achieved at high temperatures. X-ray diffraction is the main technique to monitor the phase constitution of the primary components and the evolution of the crystalline structure to that of the final compound. If that transition is reversible, i.e., if the compound can be decomposed back to the primary components, the transition is recognized as entropy-driven [5]. The thermodynamically metastable new compound may have new structural phases and/or lattice parameters with new, eventually enhanced, physical properties. A series of experiments was reported on a new compound based on an equimolar mixture of MgO, CoO, NiO, CuO and ZnO, a five-component oxide with high configurational entropy [5].



Aliovalent substitutions of cations in high-entropy oxides lead to a large number of possible combinations allowing for the synthesis of many new compounds. This opens an opportunity for discovering new compounds with improved properties, like colossal dielectric constants [6]. Preliminary results on lithium and sodium fast ion conductors were reported on (MgCoNiCuZn)1−x−yGay (Li or Na)xO [7]. Some recent publications deal with synthesis, phase stability and properties of high-entropy oxides: with fluorite structure (HfO2, ZrO2 and CeO2) with additions of Y, Yb, Ca, Ti, La, Mg, and Gd oxides as fluorite phase stabilisers [8]; multicomponent rare earth oxides [9]; high entropy single-phase oxide with even 10 components (Gd, La, Nd, Sm, Y, Co, Cr, Fe, Mn and Ni), with a multiphase-single phase reversibility under heating [10]; (Co,Cr,Fe,Mn,Ni)3O4 high entropy oxide with spinel structure [11], high-entropy multicomponent perovskite solid solutions Sr1−xBax(Zr0.2Sn0.2Ti0.2Hf0.2A0.2)O3 (x = 0.5, A = Mn, Nb, Ce, Y) [12].



It has been suggested that entropy-stabilisation is a “particularly effective compound with ionic character”, we investigated this suggestion using equimolar combinations of paradigmatic ionic conductors ZrO2: 8 mol % Y2O3 (8YSZ) and CeO2: 20 mol % Sm2O3 (SDC20). 8YSZ is already commercially available, as a component of electrochemical devices allowing for the environmentally compatible production of electrical energy, heat, and high-temperature solid oxide fuel cells (800–1000 °C HT-SOFCs) [13,14,15,16,17]. SDC20 was proposed as a candidate to substitute 8YSZ in these devices to enable a decrease in operating temperature to intermediate temperatures (600–800 °C IT-SOFCs) [18,19,20,21].



Chemical species are known to be accumulated or depleted at the interfaces of ceramic ionic conductors, creating a space charge region, which is considered to be responsible for the blocking of oxide ions, inhibiting their transport across the grain boundaries. This leads to the grain boundary resistivity detected as a low-frequency semicircle in the impedance diagrams in oxides conventionally sintered [22,23,24,25,26,27,28,29].



The purpose of this paper was to look at the distribution of charged species at the interface of solid solutions of equimolar ZrO2: 8 mol % Y2O3 and CeO2: 20 mol % Sm2O3, either quenched or slowly cooled from high temperatures, by collecting impedance spectroscopy data.




2. Materials and Methods


The ceramic powders were commercial ZrO2: 8 mol % Y2O3 (8YSZ, Tosoh, Tokyo, Japan) with 16 ± 3 m2/g surface area, and CeO2: 20 mol % Sm2O3 (SDC20, Fuel Cell Materials, Lewis Center, OH, USA) with 36.1 m2/g surface area. 10 g of equimolar amounts of both powders were thoroughly mixed in an agate mortar. Afterwards the mixed powders were attrition milled at 5000× rpm with sintered ceramic spheres of 1 mm diameter tetragonal zirconia (ZrO2: 5 mol % Y2O3, Tosoh, Tokyo, Japan) and isopropyl alcohol in a custom-made polytetrafluoroethylene (Teflon®)-lined metallic jar; this procedure was repeated four times for 15 min milling, with intermediate resting to avoid excessive heating that could result in powder agglomeration. The powders were uniaxially pressed into cylindrical shape pellets (ϕ 5 mm × 3 mm) at 10 MPa and isostatically (National Forge Co., Irvine, CA, USA) at 200 MPa. The geometrical density of all samples was 40–45% TD (TD: theoretical density). The sequence to quench the oxides was to insert the samples (two similar at a time) inside a programmable furnace (Lindberg Blue M, Watertown, WI, USA) previously heated at 1200, 1300, 1400 and 1500 °C using a Pt mesh and Pt wires to pull the samples in and out the furnace at 100 °C/s heating rate and 100 °C/s cooling rate to room temperature. Similar samples were heated to 1500 °C at 0.17 °C/s and cooled at the same rate to room temperature.



X-ray diffraction analyses were carried out at room temperature with a Bruker-AXS D8 Advance diffractometer (Karlsruhe, Germany), Bragg-Brentano configuration, with Cu kα radiation (λ = 1.54049 Å) in the 20–80 2θ range, 0.02° step size, 10 s step time. The patterns had their background subtracted with the EVA® Bruker-AXS software. Rietveld refinement analyses of the diffraction patterns were performed with the Topas® software with five diffraction lines for Cu kα radiation. The crystal structure information was collected in the Inorganic Crystal Structure Database (ICSD). The background was evaluated with a fifth order Chebyshev polynomial; Lorentz polarization was fixed at zero; lattice parameters, scale factor, Lorentz and/or Gauss contribution to crystal size, and sample displacement were allowed to be refined simultaneously.



Impedance spectroscopy measurements were carried out with a Hewlett Packard 4192A impedance analyzer (Yokogawa-Hewlett Packard, Tokyo, Japan) with 200 mV input signal, 20 points per decade in the 5–13 MHz frequency range, in samples spring-loaded between platinum disks inside a sample chamber made of inconel 600, alumina, and platinum terminal leads. Silver paste was deposited on the parallel surfaces of the ceramic green pellets and cured at 300 °C/15 min. For the collection of the impedance data, a model 360 Hewlett Packard Controller was used; the collection, analysis and deconvolution of the [−Z″(f) × Z′(f)] impedance diagrams were performed with a special software [30]; Z′ and Z″ are the real and the imaginary components of the impedance and f is the frequency of the input signal. Specimens with similar diameter and thickness were used, being needless to correct data by considering their geometric factors.



The surfaces of the sintered specimens were polished with diamond pastes (15 µm to 1 µm) and thermally etched for 15 min at a temperature 100 degrees lower than the sintering temperature for observation in a scanning electron microscope (Inspect F50 FEG-SEM, FEI, Brno, Czech Republic).




3. Results


3.1. X-ray Diffraction Analysis


Figure 1 shows the results of the X-ray diffraction analysis of equimolar ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 green pellets heated to and quenched from 1200, 1300, 1400 and 1500 °C.



It was apparent that a single phase was reached at 1500 °C. The next step was to prepare ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 pellets quenched from 1500 °C to compare with each of the component compositions quenched from 1500 °C as well. The X-ray diffraction patterns of 8YSZ, SDC20 and the equimolar 8YSZ + SDC20 mixture are shown in Figure 2.



The typical X-ray diffraction peaks of 8YSZ and SDC20 are not present in the diffraction pattern of the quenched equimolar mixture, indicating that a new structural phase is formed, with the peak 2θ X-ray diffraction angles lying between the 8YSZ and SDC20. For example, the largest amplitude 111 reflections of SDC20 and 8YSZ have a peak maximum at 28.5° and 30.0°, respectively, while the corresponding quenched equimolar mixture peaks at 29.4°. The results of the Rietveld analysis are shown in Figure 3. The solid solution of the two cubic fluorite phases belonging to yttria-stabilized zirconia and samaria-doped ceria has a new crystallographic structure, a single tetragonal phase. Moreover, the Bragg peaks are narrow, and no other peaks are detected.




3.2. Scanning Electron Microscopy


Figure 4 shows scanning electron microscopy images of the surfaces of the 8YSZ, SDC20 and equimolar 8YSZ + SDC20 mixture, quenched from 1500 °C, polished and thermally etched at 1400 °C.




3.3. Impedance Spectroscopy Analysis


Impedance spectroscopy measurements were carried out in the three cold-pressed pellets quenched from 1500 °C to room temperature: 8YSZ, SDC20 and their equimolar mixture. The results are shown in Figure 5.



The impedance diagrams measured at 530 °C show an interesting behavior: the frequency response of the impedance of the quenched equimolar sample presents only one semicircle in the 105–107 Hz frequency range, typical of a R//C component corresponding to the bulk contribution to the electrical resistivity, with R = 7.0 kOhm and C = 1.0 × 10−12 F [31]. Even though the electrical resistance is ~35 times higher than those of 8YSZ and SDC20 (~0.22 and ~0.21 kOhm, respectively), apparently there is no contribution from the interfaces, namely, grain boundaries. To check the possibility of annealing out the defects produced by stress in the bulk of the sample during the quenching process, impedance spectroscopy measurements were carried out in a sample quenched from 1500 °C with further heat treatments at 1000 °C. The pellets of the equimolar mixture quenched from 1500 °C were then heated to 1000 °C for different dwelling times (1 and 30 min) to relieve possible tensions caused by the quenching process. The impedance and the Bode diagrams of the quenched sample before and after 1000 °C annealing are shown in Figure 6. A decrease of the total electric resistance from 7.0 kOhm to 5.5 kOhm is measured; both diagrams have a similar shape, with only one semicircle due to the bulk resistivity. The Bode diagrams of the imaginary component of the impedance are also plotted to ascertain that there is only one response corresponding to one semicircle in the impedance diagram.



Another experiment was required to assess what happens to a non-quenched similar sample. Instead of quenching, an equimolar mixture of ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 was heated to 1500 °C/2 h with 10 °C/min heating and cooling rates. The impedance diagrams of this sample were measured at 310 °C and 530 °C, and are shown in Figure 7. The total resistance measured at 310 °C (530 °C) is 74 kOhm (3.47 kOhm) for the sintered sample and 170 kOhm (19.7 kOhm) after further annealing at 1000 °C/1 min. As the increase of the electrical resistance could be due to destabilization of the tetragonal phase, X-ray diffraction experiments were carried out at the specimen before and after the 1000 °C annealing. The X-ray diffraction patterns of both specimens are shown in Figure 8 in the 72–95° 2θ range. In this range, it is possible to distinguish unequivocally the reflections due to the cubic and the tetragonal phases (#30-1468 and #82-1245 JCPDS files).





4. Discussion


4.1. X-ray Diffraction Analysis


Quenching from 1200, 1300, 1400 and 1500 °C, the compacts of the equimolar mixture of zirconia: 8 mol % yttria and ceria: 20 mol % samaria shows the evolution of the two original cubic fluorite structures to a new structure. Moreover, the X-ray diffraction peaks are narrow, and no other peaks are detected. The Rietveld analysis, Figure 3, shows that this phase is a cerium zirconate tetragonal phase, and are in agreement with the reports on oxidized pyrochlore equimolar cerium zirconate [32,33]. The identification of the four first peaks, from the left, with Miller indices was performed according to #152175 ICSD file [34]; the remaining peaks were tentatively ascribed to known peaks of stabilized tetragonal zirconias.




4.2. Scanning Electron Microscopy


The FEG-SEM images of 8YSZ and SDC20 quenched from 1500 °C are apparently almost fully densified, presenting large (micron size) and small (submicron size) grains, respectively. The equimolar sample of the quenched sample, on the other hand, has wide distribution of micron size irregular grains, the large grains being stressed due to local tension to accommodate the new tetragonal phase.




4.3. Impedance Spectroscopy Analysis


High electrical resistances have already been observed in single-phase high-entropy fluorite oxides in comparison with 8YSZ [8]. One may consider that at 1500 °C all impurities and dopants are diluted into the bulk of the samples, and quenching to room temperature may freeze that configuration; therefore, the blocking of oxide ions at the grain boundaries will decrease due to a reduced concentration of chemical species at the grain-to-grain interfaces. Chemical species are known to be accumulated or depleted at the interfaces, creating a space charge region, considered responsible for ion blocking, leading to the grain boundary resistivity detected in the impedance diagrams in conventionally sintered oxides [29]. This means that after quenching from 1500 °C there is not enough accumulated or depleted charged chemical species at the interfaces, i.e., there is a decrease of the chemical potential due to those charged species at the space charge region. The configuration of defects achieved upon quenching is a metastable thermodynamic state at room temperature. Heating to 530 °C to collect the impedance spectroscopy data is not sufficient to destabilize that state, and the sample has a limited space charge region, with little or no blocking of oxide ions at the grain boundaries; the opposite situation may happen in samples slowly cooled (not quenched) to room temperature. Two main reasons may be responsible for the increase in total electrical resistivity of the quenched sample, comparing to those of the individual components: association of defects like (YZr’ −VO•• −YZr’) and (SmCe’ −VO•• −SmCe’), provided the oxygen vacancy-dopant association remains after the high temperature treatment, and/or micro-cracks produced by micro-tension created by the different thermal expansion coefficients of 8YSZ (9.80 × 10−6 K−1 [35]) and SDC20 (12.6 × 10−6 K−1 [36]), previously observed in the FEG-SEM micrographs (Figure 4). Dissociation of those defects and relief of mechanical stresses could be accomplished by annealing at temperatures lower than 1500 °C. The quenched equimolar samples were then heat treated at 1000 °C for 1 min and 30 min, and slowly cooled down to room temperature. A decrease of the electrical resistivity is measured (Figure 6).



Impedance spectroscopy analyses were carried out on equimolar ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 sintered at 1500 °C/2 h with 0.17 °C/s (10 °C/min) heating and cooling rates to compare with the impedance spectroscopy measurements in quenched samples. The behavior is the opposite of that observed in the quenched sample: there is an increase of the total electrical resistance, due to partial destabilization of the tetragonal phase, as indicated in Figure 8 after measurements at 310 °C and 530 °C.





5. Conclusions


Quenching from 1500 °C, a compact composed of an equimolar mixture of 8 mol % yttria-stabilized zirconia and 20 mol % samarium-doped ceria, both having fluorite cubic structure, yielding a new compound with tetragonal structure, according to a detailed Rietveld analysis of the X-ray diffraction data. Even though the new compound had oxide ion resistivity higher than the starting compounds, it showed no blocking of oxide ions at the grain boundaries, suggesting that quenching inhibited the accumulation or depletion of charged chemical species into the grain boundaries, avoiding the formation of a space charge region at the interfaces. Improvement of the total electrical conductivity was achieved by heating the quenched samples to 1000 °C, which probably caused the relief of micro-tension produced during quenching. Similarly, non-quenched specimens, on the other hand, showed blocking of oxide ions at the grain boundaries and a decrease in the total electrical conductivity after heat treating at 1000 °C, ascribed (and confirmed) to change in the structural phase.
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Figure 1. X-ray diffraction patterns showing the phase evolution of equimolar ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 ceramic pellets quenched from 1200, 1300, 1400 and 1500 °C. 
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Figure 2. X-ray diffraction patterns, from bottom to top, of ZrO2: 8 mol % Y2O3 (8YSZ), CeO2: 20 mol % Sm2O3 (SDC20), and equimolar 8YSZ + SDC20 ceramic pellets quenched from 1500 °C. Numbers refer to 2θ peak diffraction angles (top) and peak diffraction angles with known Miller indices (middle and bottom). 
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Figure 3. X-ray diffraction patterns of equimolar ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 ceramic pellets quenched from 1500 °C and the calculated lines corresponding to the best fitted structure after the Rietveld analysis. 
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Figure 4. Scanning electron microscopy micrographs of polished and thermally etched surfaces of ZrO2: 8 mol % Y2O3 (8YSZ), CeO2: 20 mol % Sm2O3 (SDC20) and equimolar 8YSZ + SDC20 mixture, all quenched from 1500 °C. 






Figure 4. Scanning electron microscopy micrographs of polished and thermally etched surfaces of ZrO2: 8 mol % Y2O3 (8YSZ), CeO2: 20 mol % Sm2O3 (SDC20) and equimolar 8YSZ + SDC20 mixture, all quenched from 1500 °C.



[image: Ceramics 01 00027 g004]







[image: Ceramics 01 00027 g005 550] 





Figure 5. Impedance spectroscopy diagrams, of ZrO2: 8 mol % Y2O3, CeO2: 20 mol % Sm2O3 and equimolar ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 ceramic pellets quenched from 1500 °C. Numbers stand for log f (f: Hz). Temperature of measurement: 530 °C. Inset: Enlarged view of the low resistance region with the 8YSZ and SDC20 impedance diagrams. 
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Figure 6. (a): impedance diagrams of ceramic pellets composed of equimolar mixture of ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3, quenched from 1500 °C and annealed at 1000 °C for different times; numbers stand for log f (f: Hz). (b): corresponding Bode diagrams of the imaginary component of the impedance. Temperature of measurement: 530 °C. 
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Figure 7. Impedance diagrams of equimolar ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 sintered at 1500 °C/2 h with 0.17 °C/s heating and cooling rates, and after further annealing at 1000 °C/30 min. Temperature of measurement: (a) 310 °C and (b) 530 °C. Numbers stand for log f (f: Hz). 
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Figure 8. X-ray diffraction patterns of equimolar ZrO2: 8 mol % Y2O3 + CeO2: 20 mol % Sm2O3 sintered at 1500 °C/2 h with 0.17 °C/s heating and cooling rates (thkl), and after further annealing at 1000 °C/1 min (chkl); thkl and chkl stand for tetragonal and cubic phases with the Miller indices. 
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