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Abstract

:

In this work, using a mechanochemical solid-phase synthesis method, ZrO2—CeO2 ceramics doped with yttrium were obtained, which have great prospects for use as a basis for dispersed nuclear fuel materials or inert nuclear fuel matrices. The purpose of this work was to study the formation of the ZrO2—CeO2 phase composition, depending on the concentration of yttrium dopant, as well as to study their structural and strength properties. The relevance of this study is in obtaining new data on the properties of composite ceramics based on oxides having a cermet structure, as well as the effect of doping with yttrium on increasing the resistance of ceramics to deformation and thermal properties. During the studies, the dynamics of the phase transformations depending on the concentration of the dopant, as well as changes in the structural characteristics and dislocation density, were established. It was found that at a dopant concentration of 0.25 mol, the main phase in the structure was Ce3ZrO8–triclinic P1 (1), the formation of which led to an increase in the mechanical and strength properties of the ceramics as well as a 1.5-fold increase in the thermal conductivity coefficient.
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1. Introduction


Over the past few years, special attention has been paid to the search for new types of compounds and compositions for the creation of fuel elements with dispersed nuclear fuel, as well as materials for inert nuclear fuel matrices. Interest in these types of research is due to the need to increase the level of safety of nuclear reactors, the transition to uranium-free fuel and a decrease in the concentration of accumulated plutonium and nuclear waste [1,2,3]. The search for new types of materials is also due to the need to operate these materials under conditions of increased temperatures (more than 700 °C) and an increased radiation background, including neutron radiation, which initiates transmutation reactions, the product of which is the accumulation of helium, as well as interaction with fission fragments [4,5]. A distinctive feature of new types of inert matrix materials is the possibility of their operation at high temperatures due to the use of refractory oxide ceramics in them, as well as increased radiation resistance, which allows them to be operated much longer than conventional materials.



In this regard, for inert matrices of dispersed nuclear fuel in particular ceramics, the following requirements are put forward, which they must meet [6,7,8,9,10]. First, the inert matrix material should have good mechanical properties such as hardness, crack resistance and strength. At the same time, these materials must not only withstand short-term effects but also maintain stability for a long time of operation and, as a result, withstand the mechanical impact of the pressure of gaseous fission products, as well as the consequences of transmutation effects. Second, the material must be stable to phase changes capable of occurring as a result of prolonged radiation exposure or thermal conductivity. Additionally, the material must be highly compatible with the fuel composition, heat transfer agent and containment material. Thirdly, the material should have high thermal conductivity and low thermal expansion coefficients, which should ensure a good transfer of thermal energy from the fuel to the coolant.



Oxide ceramics such as ZrO2, CeO2, MgO, Al2O3 and Y2O3 [11,12,13,14,15], as well as various more complex oxide systems, are considered some of the promising material candidates for inert matrices of dispersed nuclear fuel [11,12,13,14,15]. Interest in them is due to the fact that the most studied nuclear fuels are UO2 and PuO2 oxide fuel, as well as their physicochemical, structural and mechanical properties and small sections of thermal neutron capture. Among the variety of oxide ceramics, great interest is shown in zirconium dioxide (ZrO2), the distinctive features of which are high chemical stability, mechanical and strength properties, as well as high compatibility, both with heat carriers and materials of fuel element shells [16,17]. However, despite the great prospects for the use of ZrO2 ceramics, there is one significant drawback, which lies in polymorphic phase transformations resulting both from elevated temperatures and from irradiation [18,19]. To eliminate this drawback, as a rule, various dopants are used, the addition of which leads to an increase in stability for polymorphic transformations as well as an increase in the strength and mechanical properties [20]. Another promising material among oxides is CeO2, which has high thermal and radiation stability as well as a number of properties that allow its use not only as inert matrices but also as a solid-fuel oxide element or catalyst [21,22,23].



One of the areas of research in the field of searching for and studying the properties of new types of materials based on oxide matrices is the creation of composite structures having several types of phases—the so-called cermets—which have a set of properties of components used in their production as well as increased resistance to external influences [24,25,26,27,28,29,30].



Based on the foregoing, the purpose of this work is to obtain ZrO2—CeO2 ceramics doped with yttrium of a complex multiphase composition with the formation of interstitial or substitutional solid solutions. The choice of zirconium and cerium oxides as components of the composite ceramics is due to their properties, which together should give a unique combination. The choice of yttrium as a dopant is due to the fact that, as a rule, yttrium is added to increase resistance to external influences, as well as to strengthen materials [31,32,33].




2. Experimental Part


The synthesis of ZrO2—CeO2 ceramics was carried out using solid-phase mechanochemical synthesis followed by thermal sintering of the obtained mixtures. ZrO2 and CeO2 powders in equal mole fractions (0.5:0.5) were chosen as initial components for synthesis. Doping was carried out by adding Y(NO3)3 ·6H2O at concentrations of 0.10, 0.15, 0.20 and 0.25 mol. All powders used were purchased from Sigma Aldrich (St. Louis, MO, USA), with a chemical purity of 99.95%. Thermal sintering was carried out in an SNOL muffle furnace at a temperature of 1100 °C for 5 h at a furnace heating rate of 20 °C/min, followed by cooling for 24 h together with the furnace.



For the synthesis of ceramics, a PULVERISETTE 6 planetary mill (Fritsch International, Idar-Oberstein, Germany) was used. For grinding, a tungsten carbide beaker was used, and grinding was carried out at a speed of 400 rpm for 1 h. Analysis of the mixtures obtained after mechanochemical grinding showed the absence of any impurities associated with the chipping of the balls. This was due to the fact that tungsten carbide cups and balls were used for grinding, which have excellent strength indicators.



The determination of the morphological features of the synthesized structures, depending on the concentration of the dopant, was carried out by analyzing SEM images obtained using a Jeol 7500F (Jeol, Tokyo, Japan) scanning electron microscope.



The determination of the phase composition of the synthesized ceramics, as well as the structural parameters for each phase, was carried out by full-profile analysis using the Rietveld method of X-ray diffraction patterns obtained using a D8 Advance ECO X-ray diffractometer (Bruker GmbH, Mannheim, Germany). X-ray diffraction patterns were taken in the Bragg-Brentano geometry in the angular range 2θ = 20–90°, with a step of 0.03°. Phase refinement was carried out in the TOPAS program code using the PDF-2 (2016) database.



The mechanical properties were determined using the indentation method. The measurements were carried out on a LECO LM700 (Leco Corporation, St. Joseph, MI, USA) microhardness tester. A Vickers diamond pyramid was used as an indenter, and the load on the indenter was 50 N.



The determination of the thermal characteristics of the studied ceramics was carried out using the standard method for determining the longitudinal heat flux, the implementation of which was carried out on a KIT-800 (Moscow, Russia) device. To determine the thermal conductivity coefficient (λ, W/(m·K)), Equation (1) was used:


  λ =   q δ    t  c 1   −  t  c 2     ,  



(1)




where q is the heat flux density (W/m2), tc1 and tc2 are the temperatures on both sides of the sample (K) and δ is the thickness of the sample (m). The thermal conductivity was measured by the absolute stationary method of longitudinal heat flux. The sample cross-section was 5 mm × 5 mm, and the distance between the temperature sensors was 10 mm.




3. Results and Discussion


Figure 1 shows the results of the morphological changes in the synthesized ceramics, depending on the dopant concentration. In the case of the undoped ceramics, the particle shape was cubic or diamond-shaped grains, the size of which varied from 50 nm to several hundred nanometers. At the same time, most of the grains were agglomerates consisting of 5–10 grains stuck together. In the case of the doped ceramics, there were clear changes in the morphology and particle size, and the changes were directly dependent on the concentration of the dopant. At a dopant concentration of 0.10 mol, the structure exhibited small spherical grains, which were combined with larger grains to form agglomerates. At a dopant concentration of 0.15 mol, large grains were practically not observed, and the particles were porous formations of small grains. In the case of an increase in the dopant concentration to 0.20–0.25 mol, compaction of the agglomerates was observed, and at a concentration of 0.25 mol, the structure was dense agglomerates without visible cavities between the grains. This behavior may have been due to a change in the phase composition of the ceramics, depending on the dopant concentration, which led to a change in the nucleation processes upon annealing.



Figure 2 shows the X-ray diffraction patterns obtained for a series of samples with different concentrations of yttrium dopant. A common observation for all the obtained diffraction patterns is that the shape and intensity of the reflections, as well as the ratio of the reflection areas to the background area, allowed us to conclude that the synthesized ceramics obtained by thermal sintering had a high structural ordering degree. At the same time, the main change in the X-ray diffraction patterns, depending on the dopant concentration, was the shift in reflections relative to the reference lines of the corresponding phases, determined using the full-profile analysis method. Such changes due to the substitution effect with an increasing dopant concentration could be due to both structural distortions and the formation of intercalation or replacement phases. These two factors were taken into account in the analysis and determination of the phase composition of the synthesized ceramics.



Figure 3 shows the phase diagram of the studied ceramics, depending on the dopant concentration. The phase composition was determined by comparing the diffraction reflection maxima with the reference values of the oxide phases characteristic of the selected components from the PDF-2(2016) database. The different phase contributions were determined using Equation (2):


   V  a d m i x t u r e   =   R  I  p h a s e      I  a d m i x t u r e   + R  I  p h a s e     ,  



(2)




where Iphase is the integral intensity of the main phase of the diffraction line, Iadmixture is the average integrated intensity of the additional phase and R is the structural coefficient, which is equal to 1.45.



The comparison took into account the effects of displacement associated with the deformation of the structure as a result of mechanochemical synthesis, as well as the possibility of the formation of interstitial phases or partial replacement. The determination of the weight contributions of various elements was determined by calculating the areas of the reflections characteristic of each phase, followed by determining the ratios of the contributions of each phase relative to all phases.



In the initial state (without the addition of a dopant), ceramics are a mixture of two phases: ZrO2–monoclinic, P21/a (14) (PDF-00-065-0728) and CeO2–Cubic,   F m  3 ¯  m   (225) (PDF-01-075-0174). The ratio of the contributions of these phases was ZrO2:CeO2 → 49/51, which was close to the equilibrium stoichiometry of the composition. A mixture of two phases is typical for the formation of a substitutional solid solution. An analysis of the crystal lattice parameters presented in Table 1 indicates the presence of lattice deformation for both phases, which could be due to both mechanochemical synthesis and the process of the substitution of atoms in both types of crystal lattices.



For samples with a dopant concentration of 0.10 mol, the shift of the main reflections for the previously observed CeO2 phase (initial sample) corresponded to the position of the reflections characteristic of the Y0.1Ce0.9O2-Cubic,   F m  3 ¯  m   (225) cubic phase, which indicates that when the dopant was added, the formation of a phase of partial replacement of cerium atoms by yttrium dopant atoms at the sites of the crystal lattice occurred. At the same time, the analysis of changes in the crystal lattice parameters for the ZrO2 phase indicates that their increase could also be due to the partial replacement of zirconium atoms by yttrium atoms but without the formation of a full-weight substitution phase, as in the case of the CeO2 phase. This assumption is based on the difference in the atomic radii of zirconium (0.140–0.160 nm) and yttrium (0.180 nm). At the same time, the analysis of the contributions of various phases indicates the dominance of the Y0.1Ce0.9O2 phase in the structure of the ceramics.



A similar situation was observed for the samples with a dopant concentration of 0.15 mol, for which the main structural changes were associated with a change in the crystal lattice parameters, as well as a slight increase in the contribution of the Y0.1Ce0.9O2 phase.



A new type of structural and phase changes was observed with an increase in the dopant concentration from 0.15 to 0.20, which was associated with the displacement of the ZrO2 phase from the ceramic composition and the formation of a new Zr0.95Ce0.05O2-monoclinic, P21/a 14 substitution phase. The formation of this phase may have been due to recrystallization processes caused by a high content of the dopant, as well as partial replacement of zirconium atoms by cerium atoms, which were displaced from the Y0.1Ce0.9O2 phase as a result of the substitution of yttrium for cerium.



A further increase in the dopant concentration to 0.25 mol led to the formation of the Ce3ZrO8–triclinic P1 (1) phase, with parameters characteristic of the substitution phase, the increase in which may have been due to the partial replacement of cerium or zirconium atoms by yttrium atoms.



Based on the phase composition analysis, it was possible to compile a characteristic phase diagram of transformations depending on the concentration of the dopant, which could be written as the following expression (3):


    C e  O 2  / Z r  O 2   →  0.10 − 0.15 _ mol    Y  0.1   C  e  0.9    O 2  > > Z r  O 2   →  0.20 _ mol    Y  0.1   C  e  0.9    O 2  > > Z  r  0.95   C  e  0.05    O 2  →      →  0.25 _ mol   C  e 3  Z r  O 8  > > Z  r  0.95   C  e  0.05    O 2     



(3)







Thus, by analyzing the obtained data on changes in the phase composition, depending on the dopant concentration, it could be concluded that by using this synthesis method under given conditions and certain dopant concentrations, it is possible to obtain ceramics with a complex two-phase composition similar to substitutional phases.



An important factor in evaluating the ceramic properties is the study of their strength properties, the determination of which makes it possible to evaluate the resistance of ceramics to external influences as well as determine their resistance to mechanical influences. Figure 4 shows the results of determining the microhardness of the synthesized ceramics, depending on the dopant concentration. The measurement error was determined by measuring 25–30 consecutive indentations and determining the mean value and standard deviation.



As can be seen from the data presented, the addition of a dopant, which led to a change in the morphological features of the ceramics, led to an increase in the microhardness and strengthening of the ceramics to external influences (see the results in Figure 4b). At the same time, the formation of the Y0.1Ce0.9O2 phase in the structure led to an increase in hardness by factors of 1.5 and 1.75, which indicates a high resistance to external influences. The dominance of the Ce3ZrO8 phase in the structure and the formation of dense ceramics led to strengthening of the ceramics by more than two times. Such behavior of the mechanical properties and an increase in hardness indicate an increase in resistance to the formation of microcracks and deformation of the structure, which may have been due to the effect associated with a change in the dislocation density in the structure, as well as phase formation processes, with a change in dopant concentration. The change in the dislocation density could be estimated by analyzing the sizes of the crystallites obtained from the X-ray diffraction data using the following standard formula (4):


  δ =  1   L 2     



(4)




where L is the crystallite size. The calculation results are shown in Figure 5.



A decrease in the crystallite size depending on the change in phase composition led to an increase in the dislocation density, a change which, as is known, can have a strengthening effect on the formation of microcracks and cleavages as a result of deformation and also affect the increase in crack resistance [34,35]. At the same time, it can be seen that the increase in dislocation density had a similar dependence with the results of hardening of ceramics. Thus, we can conclude that the hardening effect was associated with a change in the dislocation density and an increase in the structural ordering degree. The structural ordering degree (crystallinity degree) was estimated by comparing the areas of reflections and background radiation characteristics of the amorphous or disordered inclusions in the structure. The crystallinity degree was determined by approximating the diffraction spectra with the necessary number of pseudo-Voigt functions and then comparing the areas of the diffraction reflections and the background line, which are characteristic of disordered inclusions.



One of the important characteristics of inert matrix materials is thermal conductivity, which reflects the interaction of the ceramics of the inert matrix with the fuel element wall material or coolant during heat transfer during operation. The results are shown in Figure 6.



As can be seen from the presented data, in the case of mixing two components and obtaining a structure similar to the solid solution of the ZrO2 and CeO2 phases, the value of the thermal conductivity coefficient was greater than that for pure ZrO2 and less than that for CeO2, which indicates that in the formation of heat-conducting properties, the dominant role was played by cerium oxide. In the case of doping, the value of the thermal conductivity increased, which indicates a positive effect of the formation of two-phase structures containing yttrium on the heat-conducting properties. In the case where the structure was dominated by the Ce3ZrO8 phase, the thermal conductivity coefficient increased by a factor of 1.5 compared with the ceramics in the form of a solid solution of the ZrO2 and CeO2 phases.




4. Conclusions


This work is devoted to the study of the structural, strength and heat-conducting properties of ZrO2—CeO2 ceramics doped with yttrium, obtained by mechanochemical solid-phase synthesis. During the analysis of the obtained X-ray diffraction patterns, it was found that by using this synthesis method under given conditions and certain dopant concentrations, it was possible to obtain ceramics with a complex two-phase composition of the type of substitution phases. It was determined that an increase in the dopant concentration, which led to a change in the phase composition of the ceramics, led to an increase in the mechanical strength and thermal conductivity of the ceramics. The main mechanism for changing the strength properties was a change in the dislocation density of the ceramics as a result of recrystallization and phase transformations.



Further research will be aimed at studying the resistance of synthesized ceramics to external influences, including the processes of gaseous swelling under irradiation with heavy ions and helium ions, comparable to the effects that arise during the operation of materials in a nuclear reactor.
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Figure 1. SEM images of morphological features of ZrO2—CeO2 ceramics, depending on the concentration of the yttrium dopant: (a) 0.00 mol, (b) 0.10 mol, (c) 0.15 mol, (d) 0.20 mol and (e) 0.25 mol. 
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Figure 2. (a) X-ray diffraction patterns of the studied samples, depending on the dopant concentration. (b) Detailed representation of change in the position of diffraction reflections when determining the phase composition. 
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Figure 3. Diagram of the phase composition of ZrO2—CeO2 ceramics, depending on the yttrium dopant concentration. 
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Figure 4. (a) The results of changing the value of the microhardness depending on the dopant concentration. (b) Results of ceramic hardening, depending on dopant concentration. 
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Figure 5. Results of changes in the crystallite sizes and dislocation density. 
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Figure 6. The results of the change in the thermal conductivity coefficient (dotted lines indicate the thermal conductivity coefficient values for ZrO2 and CeO2). 






Figure 6. The results of the change in the thermal conductivity coefficient (dotted lines indicate the thermal conductivity coefficient values for ZrO2 and CeO2).



[image: Crystals 12 00242 g006]







[image: Table] 





Table 1. Data of the crystal lattice parameters of the studied ceramics.
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Parameter

	
Y Dopant (mol)




	

	
0

	
0.10

	
0.15

	
0.20

	
0.25






	
ZrO2–monoclinic, P21/a 14

	
a = 5.2961 ± 0.0013 Å, b = 5.1896 ± 0.0015 Å,

c = 5.1238 ± 0.0012 Å, β = 99.056°,

V = 139.07 Å3

	
a = 5.3129 ± 0.0017 Å, b = 5.1907 ± 0.0012 Å,

c = 5.1229 ± 0.0015 Å, β = 99.135°,

V = 139.49 Å3

	
a = 5.3172 ± 0.0015 Å, b = 5.1876 ± 0.0012 Å,

c = 5.1380 ± 0.0016 Å, β = 99.131°,

V = 139.93 Å3

	
-

	
-




	
CeO2–Cubic,   F m  3 ¯  m   (225)

	
a = 5.3851 ± 0.0016 Å, V = 156.16 Å3

	
-

	
-

	
-

	
-




	
Y0.1Ce0.9O2-Cubic,   F m  3 ¯  m   (225)

	
-

	
a = 5.3966 ± 0.0021 Å, V = 157.17 Å3

	
a = 5.3945 ± 0.0019 Å, V = 156.98 Å3

	
a = 5.3873 ± 0.0009 Å, V = 156.35 Å3

	
-




	
Zr0.95Ce0.05O2-monoclinic, P21/a 14

	
-

	
-

	
-

	
a = 5.3136 ± 0.0011 Å, b = 5.1828 ± 0.0009 Å,

c = 5.3081 ± 0.0015 Å, β = 99.158°,

V = 138.88 Å3

	
a = 5.3308 ± 0.0014 Å, b = 5.1886 ± 0.0016 Å,

c = 5.1531 ± 0.0012 Å, β = 99.310°,

V = 140.65 Å3




	
Ce3ZrO8–triclinic, P1 (1)

	
-

	
-

	
-

	
-

	
a = 7.6343 ± 0.0019 Å, b = 7.6313 ± 0.0012 Å, c = 5.4209 ± 0.0014 Å, α = 89.841°, β = 89.771°, γ = 90.299°,

V = 315.81 Å3
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