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Abstract

:

In this study, we produced zirconia nanoparticles with a pure tetragonal phase, good dispersion, and an average particle size of approximately 7.3 nm using the modified hydrothermal method. Zirconium oxychloride (ZrOCl2-8H2O) was used as zirconium source, while propanetriol was used as an additive. The influence of propanetriol content, sonication time, hydrothermal temperature, and type of dispersant on the physical phase and dispersibility of zirconia nanoparticles was investigated. Monoclinic zirconia was found to completely transform into a tetragonal structure when the mass fraction of glycerol was increased to 5 wt%. With the increase in the mechanical stirring time under ultrasonic conditions, the size distribution range of the prepared particles became narrower and then wider, and the particle size became first smaller and then larger. Ultrasonic and mechanical stirring for 5 min had the best effect. When comparing the effects of different dispersants (PEG8000, PVP, and CTAB), it was found that the average particle size of zirconia nanoparticles prepared with 0.5 wt% PVP was the smallest. Furthermore, by adding different concentrations of pure tetragonal phase nanozirconia to 3Y-ZrO2 as reinforcement additives, the bending strength of the prepared ceramics increased first and then decreased with increasing addition amounts. When the amount of addition was 1 wt% and the ceramic was calcined at 1600 °C, the flexural strength of the ceramic increased significantly, which was about 1.6 times that of the unadded ceramic. The results are expected to provide a reference for the reinforcement of high-purity zirconia ceramics.
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1. Introduction


Zirconia nanoparticles (ZrO2) possess exceptional physical properties, including remarkable strength, hardness, and resistance to wear. It also exhibits low thermal conductivity, excellent thermal insulation, and superior thermal shock resistance. Additionally, ZrO2 nanoparticles demonstrate outstanding biocompatibility and chemical stability, displaying favorable acid and alkali corrosion resistance in both oxidizing and reducing atmospheres [1,2,3]. These unique characteristics make it highly versatile, finding applications in diverse fields ranging from electronic products to oxygen sensors, catalysis, special ceramics, and refractory materials [4,5,6,7,8,9]. Consequently, it represents a focal point of current research within the realm of inorganic materials.



Superior nano ZrO2 powders are required to meet specific criteria, including small grain size, narrow particle size distribution, controllable physical phase and morphology, good monodispersity, and minimal agglomeration [10]. ZrO2 exists in three crystalline structures, namely monoclinic (m-ZrO2), tetragonal (t-ZrO2), and cubic (c-ZrO2) phases [11]. Nanozirconia with different physical phases possesses unique properties and applications. Particularly, the tetragonal-phase nanozirconia can serve as a reinforcement for compounding with other materials to produce martensitic phase transformation for ceramic toughening. This comes from its phase transformation toughening effect [12]. For example, alumina ceramics can be toughened using tetragonal zirconia, and ZrO2 plays a critical role in the polycrystalline transformation of the composite [13]. Additionally, t-ZrO2 exhibits exceptional biocompatibility, high shear strength, and great potential in the field of biomaterials [14,15]. Owing to these outstanding physicochemical properties, tetragonal-phase zirconia nanoparticles present promising applications in advanced ceramics and new composite materials.



The preparation of t-ZrO2 nanopowder particles in a convenient and efficient manner has significant academic and practical value. Several methods are commonly used to prepare such powders, including the sol-gel, microwave, and hydrothermal routes [16,17,18,19]. For example, Chao Yang et al. [20] successfully synthesized pure tetragonal zirconia (t-ZrO2) with an average particle size of approximately 7 nm via a modified hydrothermal method using zirconium nitrate (Zr(NO3)4) as the zirconium precursor and glycerol as an additive. Similarly, Hongju Qiu et al. [21] used a novel sol-gel flux method to synthesize tetragonal zirconia nanopowders stabilized by 3 mol% Y2O3, producing single tetragonal-phase 3Y-TZP nanoparticles in the binary system NaCl + KCl when the Y2O3 content in the raw material was 5 mol%. In comparison to the other methods, hydrothermal synthesis demonstrates superior economic efficiency in the fabrication of ZrO2 nanoparticles that possess advantageous characteristics such as fine particle sizes, small agglomeration strengths, and a narrow distribution of particle sizes [22]. Currently, doping with cations during preparation is the primary method to improve the stability of tetragonal-phase zirconia in zirconia systems. Examples of such dopants include yttrium oxide-stabilized tetragonal-phase zirconia (Y-TZP) and cerium oxide-stabilized tetragonal-phase zirconia (Ce-TZP) [23,24,25]. However, the major drawback of Y-TZP is that these ceramics are prone to aging, which means that metastable tetragonal grains are very susceptible to slowly transforming to a monoclinic phase triggered by water-derived species [26]. In addition, existing issues such as the dearth of tetragonal phase content, exorbitant reaction costs, stringent equipment demands, and paltry yields are also present. Moreover, nanoparticles exhibit a proclivity for agglomeration because of their elevated surface energy, and the existence of agglomerates hinders interparticle flow and diminishes sintering activity, ultimately leading to an immense depletion in powder quality. According to available studies, changing the surface charge of the powder by adding dispersants is an effective method to improve the agglomeration of zirconia nanopowders [27]. However, different dispersants also have different effects on zirconia [16,28]. Therefore, it is especially important to prepare zirconia nanopowders with good monodispersity and high tetragonal phase content by adjusting the experimental parameters.



In this paper, we present a systematic investigation of the impact of various preparation conditions on the synthesis of tetragonal-phase zirconia nanoparticles via the hydrothermal method using a propanetriol system. We aim to obtain pure tetragonal-phase zirconia nanoparticles with small particle sizes and good monodispersity and to perform relevant tests on their properties.




2. Results and Discussion


2.1. Glycerol Content


The results of the laser particle size analysis of samples with different mass fractions of the propanetriol system are presented in Figure 1. As shown in the figure, the particle size of the samples showed a trend of an increase and then a decrease with the increase in the mass fraction of propanetriol, and the median diameter (D50) was 518, 692, 449, and 302 nm, respectively. The particle size distribution curves of samples a (1 wt%), b (2.5 wt%), and c (5 wt%) are similar. However, when the addition of propanetriol reached 10 wt%, the particle size and distribution differed significantly, with a concentration of particle size. This observation suggests that the excessive addition of propanetriol might hinder the zirconia crystallization process, leading to incomplete crystallization and the production of other substances. However, it should be noted that the particle size distribution was measured using a laser particle size analyzer, and the refractive index parameter was set on the basis of the refractive index of zirconia. Therefore, the significance of the reference may not be significant. Based on the results, the sample prepared with 5 wt% propanetriol had the smallest median diameter and the best particle size distribution.



The zirconia synthesized through the hydrothermal method should have a particle size in the nanometer range. However, the measured particle size of the samples was found to be at the submicrometer level. This discrepancy may be attributed to the fact that the laser particle size analyzer primarily measures particle sizes in the micrometer range and may not accurately measure particle sizes in the nanometer range. To verify the particle size of the hydrothermal product and the accuracy of the laser particle size analyzer effect pattern on the measured samples, we conducted TEM testing on four groups of samples. The results, as shown in Figure 2, indicate that the prepared samples have good monodispersity with clear boundaries between the particles. However, multiple particle stacking was observed in all of the samples, which may be due to problems arising from the preparation of the samples during TEM testing. After statistical analysis, the average particle sizes of the four groups of samples were found to be approximately 9.3 nm, 10.1 nm, 8.2 nm, and 8.0 nm, respectively. The addition of 5 wt% propanetriol resulted in a relatively good dispersion. The changing pattern of the particle size also followed an increasing and then decreasing trend, consistent with the results obtained from the laser particle size distribution meter. Therefore, while the laser particle size analyzer may not provide exact particle size measurements for nanometer-sized particles, it can still be used for qualitative analysis and to study the impact of different conditions on particle size distribution.



Figure 3 shows the XRD patterns of propanetriol systems with varying mass fractions. The results demonstrate that the physical phase is significantly influenced by the content of propanetriol. Comparison with the standard card of the tetragonal phase (JCPDS NO.50-1089) reveals that the first three sets of experiments at 2θ = 30.12°, 34.62°, 35.11°, 50.22°, 50.57°, 59.44°, 60.06°, 62.84°, and 74.41° exhibit tetragonal phase diffraction peaks corresponding to (011), (002), (110), (112), (020), (013), (121), (202), and (220) crystallographic planes, respectively. The crystalline intensity varies from weak to strong, and then from weak to weak. The diffraction peaks at 2θ = 35.3° and 60.2° are slightly asymmetrical due to the broadening superposition of double peaks with different intensities. This feature distinguishes t-ZrO2 from c-ZrO2, which only exhibits symmetric diffraction peaks. Therefore, the sample prepared under this condition is confirmed to be t-ZrO2 [29,30,31]. When the addition of propanetriol is 1 wt%, a diffraction peak appears at 2θ = 28.16°, and the standard control monoclinic phase card (JCPDS NO.37-1484) is the diffraction peak of zirconium oxide monoclinic phase in the crystalline plane. In contrast, when zirconium oxychloride is used as the zirconium source and ammonia as the precipitant, the structure is usually mixed-phase without adding propanetriol. The diffraction peak of the monoclinic phase is relatively strong, indicating that the addition of propanetriol facilitates the conversion of the monoclinic phase to the tetragonal phase. When the addition of propanetriol was increased to 2.5 wt%, the diffraction peaks of tetragonal phase zirconia were sharpened by XRD full spectrum fitting, indicating an increase in the crystallinity and grain size of tetragonal phase zirconia with the addition of propanetriol. With a further increase in the mass fraction of propanetriol to 5 wt%, the crystallinity decreased slightly, but the monoclinic peak at 2θ = 28.16° disappeared completely. All diffraction peaks corresponded to those of tetragonal zirconia, indicating the formation of a pure tetragonal structure. Furthermore, the diffraction peaks broadened, the width of the half-height increased, and the grain size decreased. With a further increase in the amount of propanetriol to 10 wt%, the diffraction peak intensity of zirconia was very low, and no zirconia with good crystallinity was formed. Therefore, increasing the mass fraction of propanetriol favors the generation of the tetragonal phase. Under the condition of 5 wt%, the monoclinic phase has completely transformed into the tetragonal phase. However, as the amount of propanetriol continues to increase, the crystallinity of the hydrothermal products increases and then decreases. To a certain extent, continuing to increase is not conducive to crystallization. Calculated by the Scherrer equation, the current system exhibited average grain sizes of 6.89 nm, 7.82 nm, 6.25 nm, and 6.56 nm with increasing mass fractions of propanetriol. These values were consistent with the pattern of intensity change observed for diffraction peaks.



To further verify the particle size and microscopic morphology of the samples, the samples prepared under 2.5 and 5 wt% propanetriol conditions were characterized by SEM, as shown in Figure 4. SEM images of the two groups of samples were observed, and it was found that the particle sizes belonged to the nanometer level and the average particle sizes ranged from about 15 to 25 nm. However, the particle agglomeration was more severe in Figure 4a, and the particle boundaries were blurred and the grains were fine. With the increase in propanetriol’s mass fraction, the edges of the particles in Figure 4b are clearer, and the grains are well developed. Because of their smaller grains, it leads to the presence of a larger surface energy and the appearance of agglomeration. Therefore, the above analysis shows that the crystallinity of the product improves and the particle size decreases with the increasing addition of propanetriol. Therefore, the optimal amount of addition was 5 wt% propanetriol, the prepared sample had relatively good dispersion and uniform particle size, and the product had a pure tetragonal phase structure.




2.2. Effect of the Ultrasonic Mode on Tetragonal Nano-Zirconia


The agglomeration of zirconia nanoparticles prepared by the hydrothermal method is a common problem due to the high surface activity of small particles. However, reasonable sonication can improve the dispersion of ZrO2 nanocrystals [32]. The particle size distributions were measured at different sonication times and are shown in Figure 5. The results showed that when only stirring was performed without sonication, the particle size increased significantly, and the D50 value was too large with a wide particle size distribution, leading to irrational test results. However, sonication for 2 min significantly refined the particles, resulting in a decrease in D50 and a narrower particle size distribution. This indicates that sonication is a crucial step in the preparation process. When sonication was combined with mechanical stirring for 5 min, the effect was even more significant, resulting in a smaller median diameter and a narrower size distribution. However, with a further extension of the sonication time, the median diameter increased, indicating that the ultrasonic time should not be too long. The vibration caused by the ultrasonic frequency may regroup the originally dispersed small particles because of their high surface energy, which is not conducive to powder dispersion. Therefore, the ultrasonic and mechanical stirring conditions for 5 min were selected as the best conditions for future studies in this group of experiments.




2.3. Hydrothermal Reaction Temperature


Figure 6 displays the particle size distribution obtained at various reaction temperatures using zirconium oxychloride and propanetriol at concentrations of 10 and 5 wt%, respectively. As illustrated in the figure, an overall increasing trend in particle size is observed with increasing hydrothermal temperature, with D50 increasing from 121 to 449 nm. The observed trend can be attributed to the fact that hydrothermal temperature is a critical factor affecting crystal growth. Specifically, the increase in hydrothermal temperature leads to greater solute adsorption onto the crystal, resulting in decreased crystal surface energy and facilitating grain growth.



Figure 7 presents the XRD analysis of the prepared samples at various temperatures within the propanetriol system. As shown in the figure, when the reaction temperature is set at 160 °C, weak diffraction peaks are observed for the products, indicating that zirconia is in a newly crystallized state and still contains many amorphous regions. As the temperature increases, the intensity of the diffraction peaks increases, signifying an increase in crystallinity. However, in comparison with the monoclinic phase standard card (JCPDS NO.37-1484), it is found that monoclinic phase diffraction peaks appear at 2θ = 28.16° when the reaction temperature is set to 180 °C. At 200 °C, these monoclinic peaks disappear completely, and all are tetragonal phase reaction peaks with good crystallinity. It is apparent that an increase in reaction temperature not only facilitates grain growth and enhances crystallinity but also encourages the transformation from the monoclinic phase to the tetragonal phase. The average grain sizes of the hydrothermal products prepared at 180 °C and 200 °C were calculated to be 5.56 nm and 6.25 nm, respectively, according to the Scherrer equation.



Figure 8 shows SEM images of the samples prepared at hydrothermal temperatures of 160 °C, 180 °C, and 200 °C within the glycerol system. As can be observed in the figure, the driving force provided at a hydrothermal temperature of 160 °C is insufficient to induce crystallization in most crystals, which remain in the amorphous state. As the temperature increases, the crystallinity of the samples gradually increases, along with the driving force for crystallization, and when the temperature reaches 200 °C, good crystallinity is obtained, with relatively uniform grain sizes and a sphere-like granular morphology. Based on these observations, 200 °C is determined to be the optimal hydrothermal temperature. However, samples prepared at 200 °C still exhibit particle agglomeration, which was addressed by adding dispersant to mitigate the agglomeration effect.




2.4. Dispersant Type


Figure 9 displays the particle size distribution for the optimal addition of the three dispersants. In the supplementary materials (Figures S1–S3), detailed control experiments were conducted on the optimal dosage of three dispersants. Here, the optimal dosage of each dispersant was directly selected for research. As shown in the figure, all three dispersants effectively reduce the size of the sample particle. Figure 10 presents XRD test plots of samples prepared with the optimal content of each of the three dispersants based on the particle size distribution. Specifically, Figure 10a–c correspond to the addition of 0.5 wt% PEG8000, 0.5 wt% PVP, and 0.3 wt% CTAB, respectively. It is observable from these plots that dispersants have almost no impact on the physical phase, with patterns similar to those without dispersants. In Figure 10c, the diffraction peaks of the tetragonal-phase zirconium oxide are observed to have the highest intensity and the narrowest half-height width, indicating a relatively larger grain size. Meanwhile, the other two groups of samples exhibit little difference from each other. Average grain sizes were calculated using the Scherrer equation as 3.75 nm, 3.69 nm, and 3.91 nm, respectively. The general morphological characteristics of the three sets of samples were then observed by scanning electron microscopy.



As indicated in Figure 11, the morphology of the three sample groups with the addition of dispersant is significantly different from that of samples without dispersant, converting from an irregular to a sphere-like shape, accompanied by a notable improvement in the phenomenon of agglomeration and a refinement of the particle size to about 10~20 nm. However, the effects of different types of dispersants are not identical. Samples prepared with PEG8000 dispersant exhibit higher sphericity but relatively larger particle sizes; samples prepared with PVP exhibit the smallest particle size but relatively poor dispersibility; in contrast, CTAB exhibits the best dispersibility and moderate particle size.



To further investigate the effect of different types of dispersant on particle size, samples prepared with optimal addition of the three groups of dispersants were subjected to TEM tests, and the results are presented in Figure 12. When no dispersant was added, the sample particles exhibited poor dispersion, with large agglomerates of fine particles having serious agglomeration. With the addition of a dispersant, the sample was well dispersed, characterized by relatively uniform particle isometric axes and the disappearance of large agglomerates. By measurement and calculation, the average particle size of zirconia nanoparticles prepared with 0.5 wt% PEG8000 was about 9.2 nm, although some particles still agglomerated; the average particle size of zirconia nanoparticles prepared with 0.5 wt% PVP was about 7.3 nm, exhibiting the smallest particle size; and the average particle size of zirconia nanoparticles prepared with 0.3 wt% CTAB was 8.7 nm, featuring uniform isometric morphology and good dispersion.



Glycerol is a polyol composed of three hydrophilic hydroxyl groups. When used as an additive, it exhibits good mutual solubility with water, uniformly disperses and adsorbs around fully hydrolyzed zirconium oxychloride, and plays a crucial role in the regulation of the physical phase, which contributes to the stable existence of the tetragonal phase [33]. By regulating the mass fraction of propanetriol and hydrothermal temperature, pure tetragonal phase nanozirconia can be prepared by adding 5 wt% propanetriol and 10 wt% zirconium chloride, appropriate amounts of dispersant, and reacting under ultrasonic and mechanical stirring for 5 min at a hydrothermal temperature of 200 °C. However, it should be noted that when zirconia phase analysis is performed by XRD, the diffraction peaks corresponding to the tetragonal and cubic phases may overlap. Although the diffraction peaks at 2θ = 35.3° and 60.2° possess slight asymmetry due to the broadening superposition of double peaks with different intensities, which can be used to identify whether the phase is pure tetragonal or not, more reliable phase information can be obtained by adding 0.5 wt% PVP to the sample and subjecting it to the Raman tests. The results are presented in Figure 13.



Figure 13 exhibits the Raman scattering spectra of tetragonal-phase zirconia prepared under optimized conditions in the glycerol system. The figure mainly demonstrates seven distinct peaks in the Raman spectrum, wherein six are located at 147.7 cm−1, 269.8 cm−1, 316.7 cm−1, 472.8 cm−1, 518.9 cm−1, and 648.3 cm−1 in order, respectively, and match with the six primary Raman activation modes of the tetragonal-phase zirconia analyzed by the entropy group theory, belonging to B1g, Eg, B1g, Eg, A1g, and Eg symmetry, respectively. The other scattering peak at 480.1 cm−1 may overlap with the shoulder peak at 472.8 cm−1 and can be attributed to the Eg of the tetragonal phase. Compared to uniform standards reported in the article [34], this result is very close to the theoretical calculation of the laser Raman scattering peak position of the tetragonal-phase zirconia. However, some differences still exist that could be attributed to the imperfect crystallinity of the sample prepared by hydrothermal reaction, the presence of numerous crystal defects, etc. In addition, it can be seen from the observed spectrum that the Raman peak has a more obvious broadening phenomenon, the baseline of the spectrum has a more obvious fluorescence background, and there is no obvious polymer residue in the sample after full washing. These should be due to the introduction of defects in the sample. Moreover, since the tetragonal-phase zirconia and the cubic phase severely overlap in XRD patterns, making them difficult to distinguish, the unique peak position corresponding to the cubic phase zirconia and where the Raman activation mode F2g is located was not observed in the Raman peak, which is typically located close to 490 cm−1 [35]. On the basis of the uniform standards in the articles and the above analysis, it can be concluded that zirconia prepared under optimal conditions in this system exhibits a pure tetragonal phase structure.




2.5. Effect of Adding Nano-Zirconia on Flexural Strength of 3Y-ZrO2


Figure 14 shows the flexural strength of the prepared pure tetragonal-phase zirconia nanoparticles added to 3Y-ZrO2 (3 mol yttrium oxide-stabilized zirconia) at different contents in the glycerol system after calcination at different temperatures. In general, the calcination temperature required to achieve maximum flexural strength in zirconia ceramics is greater than or equal to the sintering temperature of the ceramics. On the basis of the lateral factor analysis of the graph, it can be observed that as the temperature increases, the overall flexural strength gradually increases when nano-zirconia is added at 0 wt%, 0.5 wt%, 1 wt%, 3 wt%, and 5 wt%. When the calcination temperature reaches 1500 °C and continues to increase, the flexural strength of the samples with nanoaddition increases significantly faster, indicating that the sintering temperature of 3Y-ZrO2 with the addition of nanozirconia is greater than 1500 °C. Analysis of different addition factors in the longitudinal direction reveals that in 3Y-ZrO2 samples with the addition of nano-zirconia, the flexural strength exhibits a trend of increase and then decrease with the increase in nanozirconia content, with the highest flexural strength achieved at 1600 °C with the addition of 1 wt% (286.88 Mpa). However, when the calcination temperature is less than or equal to 1500 °C, the flexural strength of the added group is generally not as high as the control group, as the sintering temperature has not yet been reached and the flexural strength continues to increase. At 1600 °C, the flexural strengths of the samples with 0.5 wt%, 1 wt%, and 3 wt% additions were greater than those of the control group, indicating that the addition of zirconia nanoparticles was beneficial to strength improvement, as zirconia nanoparticles themselves act as glass network intermediates and complement the mechanical properties of 3Y-ZrO2. The cross-sectional SEM image of the sample with 1 wt% addition is shown in Figure S4 in the supplementary material. It was shown in that a high flexural strength can be reached by the formation of a comparatively high percentage of fine tetragonal zirconia grains in 3Y-ZrO2 ceramics. Such microstructure provides the implementation of a high energy-consuming fracture micromechanism in flexure due to crack growth along the boundaries of the fine grains or their agglomerates, with rarely occurring cleavage fracture areas. In this case, the crack path undergoes multiple branching occurrences, which slow down the speed of fracture propagation and improve the fracture toughness and strength of ceramics [36,37]. The flexural strength of the samples continued to increase without showing any decreasing trend as the calcination temperature increased. However, according to the report, as the temperature increases in the range of 1200~1600 °C, although the fracture strength of ceramics continues to increase, the fracture toughness of ceramics reaches a maximum at 1500 °C and starts decreasing as the temperature increases further, exhibiting a trend of an increase first and then a decrease. Unfortunately, because of time constraints, no further studies have been conducted at higher sintering temperatures.





3. Experimental


3.1. Materials and Methods


Using the hydrothermal method, the influencing factors regarding the preparation of t-ZrO2 nanopowders were systematically investigated by adding different types and contents of dispersants, with zirconium oxychloride as the zirconium source, ammonia with a mass fraction of 28% as the precipitant, and propanetriol as an additive. Polyethylene glycol 8000 (PEG8000), polyvinylpyrrolidone (PVP), and cetyl trimethyl ammonium bromide (CTAB) were used as dispersants. The contents of the dispersants are shown in Table 1. The zirconium hydroxide precursors were formed by adding propanetriol to the zirconium oxychloride solution under ultrasonic and mechanical stirring conditions, completely dissolving it and then adding dispersant, followed by twice the molar amount of ammonia of zirconium oxychloride, and fully ultrasonic and stirring. To disperse the raw material as homogeneously as possible, we performed a systematic control test on the sonication time and method, setting the power at 80 W and the rotational speed at 1000 RPM, and finally obtained 5 min of sonication and mechanical stirring as the optimal choice. The precursor was transferred to a reactor with a capacity of 50 mL, filled with 75%, and reacted at 200 °C for 12 h. The synthesized sample was allowed to stand in deionized water, and then 0.1 mol/L of silver nitrate solution was added dropwise to the supernatant until no precipitation was produced. Then, the impurity ions were removed by centrifugation three times, dried, and ground to obtain the final sample. The experimental procedure is shown in Figure 15.




3.2. Characterization


The crystal structure and phase composition of the materials were measured by XRD (D8 ADVANCE CEO, BRUKER) under the conditions of Cu Kα radiation and a 2θ range of 20–90°. The crystallite size was estimated from the peak broadening of the (011) reflection in the XRD pattern using the Scherrer equation as follows:


  D =   K λ   β  cos θ     



(1)







The particle size and microscopic morphology of ZrO2 nanopowders were analyzed using field emission scanning electron microscopy (FESEM, INSPECT F50, FEI, USA) to observe their morphological characteristics. The particle size of the particles is measured using a laser particle size analyzer (LT3600, Light Truth) with a controlled refractive index range of 5–8% of the sample at the time of measurement. The microstructure and dispersion of the nanoparticles were observed by transmission electron microscopy (TEM) (JEOL 1400 Flash, JEOL, Japan). The molecular structure of the powder can be characterized by Raman spectroscopy (Lab RAM Armis, HORIBA Jobin Yvon). The three-point bending method (as shown in Figure 16) was used to measure the flexural strength of the ceramics (International Standard ISO 6872:2015 Dentistry—Ceramic materials; ISO, 2015). After the corresponding parameters were set in the equipment, the span distance was adjusted to 20 mm, and the indenter loading speed was 0.5 mm/min. The flexural strength (MPa) was calculated using the following equation:


  σ = 3 F L / 2 b  h 2   



(2)




where F is the fracture load (N), L is the distance between the supporting rollers (mm), b is the width of the sample (mm) and h is the thickness of the sample (mm).





4. Conclusions


Pure tetragonal-phase zirconia nanoparticles with good dispersion and an average particle size of 7.3 nm were prepared by the hydrothermal method with the addition of 5 wt% propanetriol, 10 wt% zirconium chloride, 0.5 wt% PVP, ultrasonication and mechanical stirring for 5 min, and a hydrothermal temperature of 200 °C. In the preparation of tetragonal-phase zirconia nanoparticles by propanetriol modulation, it was found that an appropriate amount of propanetriol was favorable for the generation of tetragonal-phase zirconia nanoparticles, and 5 wt% propanetriol induced the complete transformation of the monoclinic phase to the tetragonal phase. The increasing hydrothermal temperature gradually transformed the monoclinic phase into the tetragonal phase. Ultrasonication and mechanical stirring had a certain effect on particle size and distribution, with the optimal effect achieved at 5 min. The addition of dispersant effectively alleviated the agglomeration problem, with 0.5 wt% PVP being particularly favorable for reducing the particle size.



Pure zirconia nanoparticles in the tetragonal phase prepared using propanetriol were added to 3Y-ZrO2 at different contents, and their flexural strengths were tested after calcination at varying temperatures. As the calcination temperature increased to above 1500 °C, the flexural strength of the 3Y-ZrO2 samples with the addition of zirconia nanoparticles showed a trend of initial increase and then decrease with increasing nanoparticle content, and the flexural strength reached its maximum value of 286.88 Mpa at 1600 °C with 1 wt% zirconia nanoparticles added. The performance of 3Y-ZrO2 ceramics after the addition of t-ZrO2 was significantly increased, which provides important academic value and practical significance for the development and preparation of high-performance zirconia nanopowders.
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Figure 1. Particle size distribution of ZrO2 with different mass fractions of propanetriol. (a) 1 wt%; (b) 2.5 wt%; (c) 5 wt%; (d) 10 wt%. 
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Figure 2. TEM images of ZrO2 material with different mass fractions of glycerol: (a) 1 wt%; (b) 2.5 wt%; (c) 5 wt%; (d) 10 wt%. 
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Figure 3. Effect of different mass fractions of propanetriol on ZrO2 crystals: (a) 1 wt%; (b) 2.5 wt%; (c) 5 wt%; (d) 10 wt%. 
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Figure 4. SEM images of ZrO2 material with different mass fractions of propanetriol: (a) 2.5 wt%; (b) 5 wt%. 
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Figure 5. Particle size distribution of ZrO2 with different ultrasound + mechanical stirring times: (a) mechanical stirring 2 min; (b) 2 min; (c) 5 min; (d) 10 min. 
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Figure 6. Distribution of the particle size of ZrO2 at different hydrothermal temperatures. 
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Figure 7. Influence of different hydrothermal temperatures on ZrO2 crystals: (a) 160 °C; (b) 180 °C; (c) 200 °C. 
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Figure 8. SEM images of the ZrO2 material at different hydrothermal temperatures for the glycerol system: (a) 160 °C; (b) 180 °C; (c) 200 °C. 
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Figure 9. Particle size distribution of ZrO2 prepared under the conditions of optimal addition of different types of dispersants: 0.5 wt% PEG8000; 0.5 wt% PVP; 0.3 wt% CTAB. 
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Figure 10. Effect of different types of dispersants on ZrO2 crystals under optimal addition conditions: (a) 0.5 wt% PEG8000; (b) 0.5 wt% PVP; (c) 0.3 wt% CTAB. 
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Figure 11. SEM images of ZrO2 prepared by different kinds of dispersants of the propanetriol system under optimal addition conditions: (a) none; (b) 0.5 wt% PEG8000; (c) 0.5 wt% PVP; (d) 0.3 wt% CTAB. 






Figure 11. SEM images of ZrO2 prepared by different kinds of dispersants of the propanetriol system under optimal addition conditions: (a) none; (b) 0.5 wt% PEG8000; (c) 0.5 wt% PVP; (d) 0.3 wt% CTAB.
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Figure 12. TEM images of ZrO2 prepared by different types of dispersants of the glycerol system under optimal addition conditions: (a) none; (b) 0.5 wt% PEG8000; (c) 0.5 wt% PVP; (d) 0.3 wt% CTAB. 
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Figure 13. Raman spectra of samples under optimal conditions of the glycerol system. 
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Figure 14. Flexural strength of the sample strips after calcination by adding the prepared zirconia to 3Y-ZrO2. 
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Figure 15. Flow chart of the preparation of tetragonal phase nano-zirconia powder. 
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Figure 16. Schematic diagram of the three-point bending method. 
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Table 1. Factor levels at different dispersant mass fractions in the preparation of ZrO2 nanoparticles.
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	Sample Number
	PEG8000 (wt%)
	PVP (wt%)
	CTAB (wt%)
	Zirconium Oxychloride:Glycerol
	Hydrothermal Reaction Temperature (°C)





	1
	/
	/
	/
	2:1
	200



	2
	0.1
	0.1
	0.1
	2:1
	200



	3
	0.3
	0.3
	0.3
	2:1
	200



	4
	0.5
	0.5
	0.5
	2:1
	200



	5
	1
	1
	1
	2:1
	200



	6
	2
	2
	2
	2:1
	200
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