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Abstract

:

The effects of CaO content and post-heat treatment were investigated on the phase stability and mechanical and thermal properties of Ca-PSZ. ZrO2 specimens with 5–10 mol% CaO were sintered, and post-heat treatment was performed at 1200 °C for 100 h. Subsequently, to test and analyze the crystal structure and the microstructure, the mechanical and thermal properties of the specimens were evaluated. All specimens were partially stabilized by 5–10 mol% CaO (5CSZ–10CSZ) in a mixed monoclinic and tetragonal phase; however, peaks of the secondary phase of CaZrO3 were observed in 10CSZ. The ratio of the monoclinic phase decreased from 62.50% (5CSZ) to 21.02% (10CSZ) as the CaO content increased. Additionally, the monoclinic phase ratio decreased from 59.38% (5CSZ) to 19.57% (9CSZ) after the post-heat treatment; an increase to 24.84% was observed for 10CSZ. An increase in Vickers hardness from 676.02 to 1256.25 HV and flexural strength from 437.7 to 842.7 MPa was observed with increasing CaO content. The post-heat treatment resulted in further increases in these values as the CaO content increased from 5CSZ to 9CSZ; however, the Vickers hardness and flexural strength of 10CSZ decreased by approximately 8% and 9%, respectively. The thermal expansion coefficient exhibited the same tendency as the mechanical properties. This coefficient increased from 8.229 × 10−6 to 9.448 × 10−6 K−1 with increasing CaO content and was enhanced after the post-heat treatment in 5CSZ to 9CSZ; however, the thermal expansion coefficient of 10CSZ decreased by approximately 4% after the post-heat treatment. The mechanically and thermally stable tetragonal phase increased, and the monoclinic phase decreased as the doped Ca replaced the Zr sites, as was confirmed by the X-ray diffraction (XRD) analysis. The post-heat treatment and the increased Ca addition further facilitated the replacement of Zr sites by Ca. However, at high Ca concentrations of 10CSZ, an equilibrium phase of CaZrO3 was formed as a secondary phase at the post-heat treatment temperature, resulting in low performance.
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1. Introduction


The fourth industrial revolution is characterized by the convergence of advanced high technologies, for example, smart technology, artificial intelligence, advanced robotics, and the Internet of Things, with industrial processes. These state-of-the-art technologies cannot be implemented without the support of hardware elements, and there is a need to develop high-tech materials that meet more diverse and improved performance requirements than ever [1,2]. Ultra-light, ultra-hard, and ultra-high heat-resistant materials are required in movement- and transport-related fields such as aerospace and automotive industries. In addition, in the fields of electronics and biotechnology, complex microscale materials with electrical and insulating properties are sometimes required. Since these are the characteristics that cannot be satisfied with conventional materials, such as metals, ceramics, and polymers that can be obtained from nature, the development of advanced materials with much more diverse and improved performance is required to achieve industrial advancement in the future. Thus, unlike conventional materials found in nature, advanced materials are precisely adjusted materials based on a refined or synthesized raw material, and numerous studies have been conducted in various research and development fields recently for the development of new advanced materials [3,4,5].



One of the required properties of the advanced materials is the capacity to withstand extreme conditions, such as high temperatures and corrosive environments. Zirconia (ZrO2) has been widely studied because of its excellent mechanical, thermal, and chemical properties even in extremely harsh environment. Especially because despite being a ceramic, it has high toughness comparable to that of a metal; thus, it can be used as a suitable alternative in various fields of material development, such as for structural and functional applications [6,7,8,9]. Depending on the temperature, the crystal structure and mechanical properties of zirconia can be significantly altered. When it is used at high temperatures for long periods, the tetragonal phase of zirconia transforms into a monoclinic phase. That phenomenon is called the martensitic transformation effect (transformation of the tetragonal phase to the monoclinic phase), and it occurs in high-temperature applications resulting in volume expansion and toughness degradation. Consequently, cracks and intergranular fractures are formed because of the expanding volume, resulting in a rapid reduction in strength [10,11,12].



Various studies have been conducted to improve the mechanical and thermal properties of zirconia for high-temperature applications by using compounds, such as Y2O3, MgO, Al2O3, Bi2O3, and CaO, as stabilizers of the zirconia phase [13,14]. Doping of these stabilizers induces stabilization by reducing the c/a lattice constant ratio of zirconia on the tetragonal to form a structure with low residual stress inside the lattice by reducing distortion in the tetragonal phase [15,16]. Based on the type and concentration of the stabilizer, zirconia can be partially (partially stabilized zirconia, PSZ) to fully stabilized (fully stabilized zirconia, FSZ) at high temperatures. Since the PSZ and FSZ absorb the stress generated when a crack occurs and change into a monoclinic phase, they can obtain an increase in mechanical strength. Thus, the degree of zirconia stabilization is affected by the type, quantity, and heat treatment of the stabilizer [17,18,19]. Yttria-stabilized zirconia (YSZ) is the most famous in the fields of electricity and biotechnology. Depending on the doping amount of yttria stabilizer, the electrical and mechanical properties of YSZ have been significantly altered. According to existing research, 3 mol% YSZ can be used for electrolyte, and 8 mol% YSZ can be used for dental applications [9,19,20,21]. Magnesia-stabilized zirconia (MgPSZ) can act as partially stabilized zirconia due to the solubility of Mg to Zr and is famous for its use in structural ceramics, such as refractories [22].



Compared with other types stabilized zirconia, CaO-doped zirconia (CaO partially stabilized zirconia, Ca-PSZ) exhibits excellent mechanical properties in high temperature conditions, such as high hardness and high-temperature oxidation resistance; thus, it is used in a wide range of applications such as electrical insulators, fuel cells, and bioceramics. It is incorporated in refractory materials that require high mechanical properties at high temperature [23,24,25,26,27]. Although Ca-PSZ exhibits enhanced mechanical and thermal properties, repeated long-term use at ultra-high temperatures (>1500 °C) destabilizes Ca. Therefore, there is a need for research that can prevent the destabilization of Ca-PSZ and enhance its mechanical and thermal properties. Such research should be conducted first to investigate the mechanical thermal properties of Ca-PSZ according to the Ca content, then to study the ways to prevent the destabilization of Ca and improve the performance parameters.



A previous study showed that the mechanical properties of Ca-PSZ improved as the Ca content increased from 1 to 5 mol% [28]. The TEM analysis was performed and showed that the enhanced mechanical and thermal properties might be affected by a decrease in the volume fraction of the monoclinic phase, even though the volume fraction of 5CSZ was over 50%. Thus, there are still possibilities to improve the mechanical and thermal properties of Ca-PSZ, and the effect of the Ca content higher than 5 mol% must be investigated. In this study, Ca-PSZ was synthesized using a conventional solid-state synthesis method by adding 5–10 mol% CaO with the subsequent post-heat treatment of the sintered samples and to further improve its properties. The crystal structure and microstructure of Ca-PSZ were analyzed based on its CaO content and the post-heat treatment. The Vickers hardness and flexural strength were measured to evaluate the mechanical properties of Ca-PSZ. The thermal expansion coefficient was measured as a thermal property.




2. Experimental Procedure


The Ca-PSZ specimens were fabricated by a solid-state synthesis method using two starting materials, ZrO2 (99%, Daejung Chemicals & Metals Cooperation) and CaO (98%, Junsei Chemical Cooperation) powders. The composition of CaO varied by 5~10 mol%. Starting materials were prepared by stoichiometric calculation and were mixed by wet ball-milling method for 24 h using zirconia balls and ethanol. Mixed solutions were then dried at 100 °C for 24 h using a dry oven and were calcined at 1200 °C for 2 h in a box-type electric furnace.



The green body was prepared with calcined powders by uniaxially exerting a pressure of 1 Mg/cm3 on the Ca-PSZ powder to form cylindrical (20 mm diameter) and rod-like (5 mm width, 35 mm height) shapes. Subsequently, the samples were sintered at 1600 °C for 6 h using an electric furnace and then cooled by air to room temperature. Sintered specimens were heated again at 1200 °C for 100 h as post-heat treatment using an electric furnace.



All the measurements were evaluated using the following measurements before and after the post-heat treatment. Phase transformation was observed using a powder X-ray diffraction method (XRD, Rigaku, Ultima-IV, Akishima, Japan). This method used Cu Kα as the X-ray source and implemented a scanning range of 20° to 80° at 0.02°/2θ step and a scanning speed of 2°/min. The peaks of materials and phase volume fraction were analyzed by Equation (1) and the Rietveld refinement method using Highscore plus software. Microstructural analysis was performed using field emission scanning electron microscopy (FE-SEM, MIRA3, TESCAN, Brno, Czech Republic) at the Converging Materials Core Facility. Thermomechanical analysis (TMA450, Ta Instruments, New Castle, United States) was used to measure the temperature range from 30 to 1000 °C at 5.0 °C/min; this was used to assess the behavior of the thermal expansion coefficient. Mechanical properties were evaluated using Vickers hardness and flexural strength tests. Vickers hardness was determined using a micro Vickers hardness tester (Wilson@VH1102, Buehler, IL, United States). Measurements were performed under 20 N for 15 s. The average value of 10 measurements was used to calculate the Vickers hardness. To measure the flexural strength of each specimen, a universal testing machine (United States) was used to measure the three-point flexural strength at a lower support-point distance of 20 mm and crosshead speed of 0.5 mm/min.




3. Results and Discussions


Figure 1 displays the results of the XRD analysis of the Ca-PSZ specimens, which contained varying quantities of CaO (5, 6, 7, 8, 9, and 10 mol%). A tetragonal and monoclinic mixed phase was observed in all specimens shown in Figure 1a,b. However, CaZrO3, the second phase of Ca-PSZ, appeared only in the case of 10 CSZ after the post-heat treatment (see Figure 1b for 10 CSZ). The volume fraction of Ca-PSZ was quantified by calculating the peak intensity with Equation (1) derived by Potter and Heuer [29].
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(1)




where Vm represents the volume fraction of the monoclinic phase, and I represents the intensity of the XRD peaks of the monoclinic and tetragonal phases.



An increase in the CaO content before and after the post-heat treatment was associated with a reduction in the monoclinic peak at 31.8° and an increase in the tetragonal peak at 30.5°. This was corroborated by Vm of Ca-PSZ in Table 1. The Vm value of 5CSZ was 62.5% before the post-heat treatment and 59.38% after the post-heat treatment. These results are consistent with the findings of the previous study [28]. An increase in the amount of added CaO reduced Vm from 5CSZ (62.50%) to 10CSZ (21.02%) before the post-heat treatment. The post-heat treatment further reduced Vm from 5CSZ (62.50% to 59.38%) to 9CSZ (31.55% to 19.57%), and the Vm value of 9CSZ exhibited the largest reduction (approximately 38%). All the results of Vm measurements were lower than those for 2CSZ to 5CSZ [28], as expected. These findings indicate that increasing the quantity of CaO enhances the substitution of Zr4+ sites by Ca2+. This affected the stabilization of Ca-PSZ by transforming the monoclinic phase into the tetragonal phase. Furthermore, the post-heat treatment accelerated the diffusion of Ca into the zirconia grains without precipitation at the grain boundary, resulting in a reduction in the monoclinic phase [28]. However, the Vm value of 10CSZ increased from 21.02% to 24.84% after the post-heat treatment, and the CaZrO3 phase was observed. It is believed that the formation of the CaZrO3 phase, a balanced phase at high temperature over 1200 °C and containing higher CaO content than the target phase of CaxZr(1-x)O3 (x = 0.1), occurred due to the imbalance of the CaO content in the Ca-PSZ system at the temperature of the post-heat treatment. As a result, the ratio of the monoclinic phase increased and caused the destabilization of Ca-PSZ by reducing the stable tetragonal phase in the case of 10CSZ, which had the CaO content higher than 10 mol% [30].



The surface morphology of the Ca-PSZ specimens are shown in Figure 2 and Figure 3. Grain size was measured by analyzing the SEM images based on ISO 13383-1. An increase in the CaO content and post-heat treatment had no visible effect on the grain size of specimens, and most of grain sizes were about 2.39 μm, similar to those in 5CSZ to 7CSZ (see (a) to (c) of Figure 2 and Figure 3). In contrast, the 8CSZ showed a larger grain size of 2.63 μm, about 10% larger than that of 5CSZ to 7CSZ; furthermore, 9CSZ and 10CSZ showed a much larger grain size of 3.64 and 4.41 μm, respectively. The high Ca content also resulted in a large deviation from the grain size distribution as shown in Figure 2e,f. Additionally, the grain sizes of the 9CSZ and 10 CSZ increased to approximately 4.6% (3.81 μm) and 3.2% (4.55 μm) after the post-heat treatment, which was different from the specimens 5CSZ to 8CSZ that had no significant changes. As the added amount of Ca increases, the oxygen capacity also increases because Ca2+ replaces more of Zr4+, which is known to be related to the increase in the grain size [31]. However, if more than 10 mol% of Ca is added, the excess amount of the added Ca could not be dissolved and precipitated into the small grains shown in Figure 2f and Figure 3f. The post-heat treatment for this condition is expected to initiate the precipitation of the secondary phase of CaZrO3, accelerate the precipitation, and destabilize the Ca-PSZ. As a result, it is believed that an increase in the Ca content and post-heat treatment affected the grain size growth in specimens with high CaO contents. In addition, the post-heat treatment at 1200 °C, which is a tetragonal–monoclinic transformation temperature, activated two different driving forces: densification from 5CSZ to 8CSZ with small average particle size differences and coarsening, which is more dominant in 9CSZ and 10CSZ with relatively large particles.



The mechanical properties of Ca-PSZ evaluated by the Vickers hardness and flexural strength of Ca-PSZ are displayed in Figure 4 and Figure 5, respectively. Increasing the CaO content from 5CSZ to 10CSZ increased the Vickers hardness and flexural strength from 676.02 to 1256.25 HV and 437.7 to 842.7 MPa, respectively (see black lines in Figure 4 and Figure 5). As shown by the red lines in Figure 4 and Figure 5, the post-heat treatment enhanced the mechanical properties from 5CSZ to 9CSZ. Vickers hardness increased from 773.58 (5CSZ) to 1201.26 HV (9CSZ), and flexural strength increased from 453.1 (5CSZ) to 827.7 MPa (9CSZ). However, a marginal decrease (approximately 7%) in Vickers hardness (1159.34 HV) and flexural strength (771 MPa) compared to 9CSZ was observed in 10CSZ after the post-heat treatment. Even with the results of 10CSZ, the mechanical properties based on the Vickers hardness and flexural strength tests of the specimens from 5CSZ to 10CSZ were significantly enhanced by increasing the Ca content and applying the post-heat treatment, compared to the previous study [28]. As expected, the Vm values of all specimens before and after the post-heat treatment decreased, and this was related to the portion of the Ca2+ substitution for Zr4+.



The reason the mechanical properties of 10CSZ decreased could be explained by the XRD and SEM analyses. The quantity of Ca2+ dissolved in the ZrO2 lattice increased as the CaO content increased. In addition, this process led to a greater number of formations of oxygen vacancies and facilitated the transition from the monoclinic phase to a stable tetragonal phase [28,32,33,34]. In addition, it was assumed that the post-heat treatment reduced the number of pores, which are generated during the sintering process, and facilitated the chemical reaction between ZrO2 and CaO, increasing the bonding strength between the raw particles and improving the mechanical properties of Ca-PSZ [35]. In contrast, a reduction in Vickers hardness and flexural strength in 10CSZ after the post-heat treatment suggests that the high-temperature condition of the post-heat treatment at 1200 ℃ affected the formation of a balanced-phase CaZrO3, which resulted in some regions of the specimen containing relatively high and low Ca concentrations. This Ca concentration imbalance resulted in an increase in the monoclinic phase, an unstable phase from external forces [36]. Abnormal particle growth may also have contributed to a decrease in mechanical strength. As illustrated in Figure 3, most of particles grew similar in size to 9CSZ, and thus the deviation among the particles was small. However, in 10CSZ, the average particle size increased as compared to other specimens, and there were also many abnormally large particles. It is believed that the grain, which is weaker than the grain boundary in the ceramic specimens, caused the weakening of the mechanical strength due to a large amount of doping of Ca and the overgrowth from the subsequent thermal treatment.



The curve of the thermal expansion coefficient for Ca-PSZ obtained at a temperature range of 30–1000 °C is shown in Figure 6; additionally, the thermal expansion coefficients of each specimen are listed in Table 2. The change in the linear dimension can be estimated by the equation of linear expansion coefficients, Equation (2), as follows:


    Δ L     L   0     =   α   L   Δ T  



(2)




where L0 is the initial length of the specimen, ΔL is the change in the length, αL is the coefficient of linear thermal expansion, and ΔT is the temperature change in the specimen. Generally, the thermal expansion coefficient increased as the CaO content increased from 5CSZ (8.229 × 10−6 K−1) to 10CSZ (9.448 × 10−6 K−1); this was enhanced by the post-heat treatment. The post-heat treatment temperature of 1200 °C is the temperature at which the tetragonal phase and the monoclinic phase are transformed, and the heat treatment at this temperature for 100 h is thought to produce sufficient energy and time to change the monoclinic phase to the tetragonal phase. However, the thermal expansion coefficient of the 10CSZ specimen decreased by approximately 4% to 9.086 × 10−6 K−1; this behavior is similar to that shown by the mechanical properties. In general, thermal treatment at high temperatures in zirconia converts the monoclinic phase into a tetragonal phase, resulting in stabilization of mechanical and thermal properties. However, in the case of 10CSZ, the amount of Ca added was large, resulting in the secondary phase such as CaZrO3 and causing a concentration imbalance of Ca, leading to the destabilization of Ca [36,37]. Accordingly, it is believed that the tetragonal phase, which is stable at high temperatures, is reduced, and the thermal expansion coefficient is degraded. Consequently, the thermal property also improved similar to the mechanical properties with the increase in the Ca content from 5CSZ to 10CSZ and the post-heat treatment as compared to the previous study [28]. However, despite all the results being better than the previous results, the 10CSZ specimen after the post-heat treatment showed a different behavior compared to the other specimens (5CSZ to 9CSZ). As briefly explained above, it is believed that if more than 10 mol% of Ca is doped, CaZrO3 would be produced by heat treatment at a phase transformation temperature of 1200 degrees, resulting in the destabilization of Ca-PSZ. In order to obtain better performance of Ca-PSZ at high temperatures, a method to prevent the destabilization of Ca will be required in the future works.




4. Conclusions


The effects of the post-heat treatment and varying CaO content on the crystal structure, microstructure, mechanical and thermal properties of Ca-PSZ in the CaO-ZrO2 system were investigated. The monoclinic phase ratio of the specimens before the post-heat treatment decreased as the CaO content increased from 5CSZ to 10CSZ (62.50%–21.02%), and 9CSZ exhibited the lowest monoclinic phase ratio (19.57%). After the post-heat treatments, 5CSZ to 9CSZ showed further reduction in the monoclinic phase ratio compared to that before the post-treatment; however, this value for 10CSZ increased from 21.02% to 24.84%. There was no significant difference in the average grain size of the specimens that had CaO content from 5CSZ to 8CSZ regardless of the post-heat treatment; however, the average grain size of 9CSZ and 10CSZ significantly increased to 3.64 and 4.55 μm, respectively. Moreover, the grain size increased even further with the post-heat treatment. This seems to be due to the particle size gradient depending on the amount of CaO added and resulting in different growth-driving forces. The mechanical properties were analyzed using the Vickers hardness and flexural strength tests. The thermal property was analyzed using the thermal expansion coefficient. The mechanical and thermal properties improved with the increase in the CaO content before the post-heat treatment. It is believed that the increased oxygen vacancy due to the increase in the CaO addition helped to produce a relatively stable tetragonal phase compared to a monoclinic, low-temperature phase, and it enhanced the mechanical and thermal strength of the specimens.



As a result of the post-heat treatment, the mechanical and thermal properties improved up to 9CSZ as the monoclinic phase ratio decreased. Because the post-heat treatment temperature of 1200 °C is the tetragonal–monoclinic phase transformation temperature, the heat treatment at this temperature for 100 h is thought to produce sufficient energy and time to change the monoclinic phase to the tetragonal phase for the stabilization of CSZ. However, the properties of 10CSZ deteriorated along with the increase in the monoclinic phase ratio. This was because the CaO-rich CaZrO3 phase was formed as a second phase at the post-heat treatment temperature, which increased the monoclinic phase ratio due to CaO deficiency as shown by the XRD and SEM results.



All results for Vm from 5CSZ to 10CSZ were lower compared to the previous study of 2CSZ to 4CSZ [28], as expected, and this might have affected the enhancement of the mechanical and thermal properties of 5CSZ to 10CSZ, because the decrease in Vm is directly related to these properties. In conclusion, Ca might be a good stabilizer for zirconia, and modification of the Ca content can control the mechanical and thermal properties of Ca-PSZ by changing the volume fraction of the monoclinic and tetragonal phases of zirconia. Moreover, these properties could also be controlled through post-heat treatment since it also changes the volume fraction. For further improvements in mechanical and thermal properties, destabilization of Ca may be required. Co-doping of Ca and other stabilizers is considered as one of the possible methods and will be investigated in future work.
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Figure 1. XRD patterns of Ca-PSZ specimens, which contained varying quantities of CaO (5, 6, 7, 8, 9, and 10 mol%), (a) before and (b) after post-heat treatment. 
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Figure 2. FE-SEM images and average grain sizes of (a) 5CSZ, (b) 6CSZ, (c) 7CSZ, (d) 8CSZ, (e) 9CSZ, and (f) 10CSZ specimens before post-heat treatment (same magnification). 
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Figure 3. FE-SEM images and average grain sizes of (a) 5CSZ, (b) 6CSZ, (c) 7CSZ, (d) 8CSZ, (e) 9CSZ, and (f) 10CSZ specimens after post-heat treatment (same magnification). 
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Figure 4. Vickers hardness of Ca-PSZ before (black scattered line) and after (red scattered line) post-heat treatment. 
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Figure 5. Flexural strength of Ca-PSZ before (black scattered line) and after (red scattered line) post-heat treatment. 
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Figure 6. Thermal expansion coefficient curves of Ca-PSZ (a) before and (b) after post-heat treatment. 
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Table 1. Volume fraction of Ca-PSZ monoclinic phase.
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Specimen

	
Volume Fraction of the Monoclinic Phase (%, Vm)




	
Before Post-Heat Treatment

	
After Post-Heat Treatment






	
5CSZ

	
62.50

	
59.38




	
6CSZ

	
58.23

	
55.02




	
7CSZ

	
52.22

	
47.25




	
8CSZ

	
43.54

	
37.21




	
9CSZ

	
31.55

	
19.57




	
10CSZ

	
21.02

