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Abstract

:

Yttria-stabilized zirconia (YSZ), a thermal barrier coating material characterized by low thermal conductivity, is typically deposited via electron beam-physical vapor deposition. Notably, oxygen depletion occurs during this process, causing color changes in YSZ. Therefore, YSZ is speculated to undergo phase transformation during this process, which demands careful consideration owing to its effect on the life of thermal coatings. To study this phenomenon, bulk samples were prepared, subjected to vacuum heat treatment to induce oxygen depletion, and followed by oxidative heat treatment. Experimental results showed that the color of the samples changed to black after the vacuum heat treatment and to a lighter color after the oxidative heat treatment. In addition, X-ray diffraction and Raman analyses were performed. The monoclinic phase formation was confirmed during the vacuum heat treatment; however, it disappeared after the oxidation heat treatment. The coating obtained in a high vacuum atmosphere exhibited a black color and cubic phase, which changed to a bright color and tetragonal phase after the oxidation heat treatment.
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1. Introduction


Aviation gas turbine engines are composed of various components, such as compressors, turbines, and combustion chambers, which are repeatedly exposed to high-temperature combustion environments and room-temperature environments. To withstand such thermal loads, gas turbine components are typically composed of Ni-based superalloys, known for their excellent properties such as high temperature resistance and oxidation resistance [1,2,3,4]. The operating limit temperature of the superalloy materials used in gas turbine engines is known to be 900–1050 °C. With growing demands for the improved efficiency of gas turbine engines, considerable research efforts have been devoted to increase the engine operating temperature and reduce the weight of gas turbine parts. By applying thermal barrier coatings (TBCs) to the surface of Ni-based superalloy materials, the operating temperature of gas turbines can be increased [1,2,3,4,5,6,7,8,9]. In particular, TBCs inhibit the transfer of heat generated during gas turbine operation to the surface of the superalloy, thereby improving the life and operating temperature of gas turbine components. A TBC typically consists of a ceramic top coat, characterized by low thermal conductivity and excellent oxidation resistance, and a bond coat with excellent adhesion and oxidation resistance, located between the top coat and the substrate [7,8,9,10]. TBC’s bond coat is typically made of MCrAlY (M = Ni, Co, or a mixture of both compositions) or a β-NiAl diffused aluminide layer. Aviation gas turbine engines typically use an aluminide layer as a bond coat. Although the aluminide layer functions to prevent oxygen penetration to the surface of the Ni-based superalloy material in high temperature operating environments, it reacts with the oxygen penetrating the top coat and forms a thermally grown oxide (TGO) layer. This TGO layer usually consists of Al2O3 formed by the reaction of aluminum (Al) and oxygen (O2) in the bond coat layer. Furthermore, this TGO layer is known to cause delamination of the top coat. To address this problem, research is being actively conducted on composite aluminide bond coats with Pt, Hf, and so on added to the aluminide layer [11,12,13,14,15,16].



Zirconia, which has a high coefficient of thermal expansion, low thermal conductivity, and excellent fracture toughness, is a promising top coat material for TBCs. Moreover, zirconia exhibits three phases and undergoes temperature-dependent phase transformation: monoclinic phase from 25 °C to 1173 °C, tetragonal phase from 1173 °C to 2370 °C, and cubic phase at higher temperatures. Notably, a volume change of approximately 3–5% occurs during transformation between monoclinic and tetragonal phases, which induces stress on the top coat, resulting in decreased longevity of the coating. A promising strategy to suppress this phase transformation is to dope zirconia with trivalent or quaternary oxides. Among these frameworks, a notable one is yttria (Y2O3)-stabilized zirconia (YSZ), obtained by doping 6–8 wt% of yttria on zirconia. In addition to stabilizing zirconia in the tetragonal phase at room temperature, yttria serves to reduce the thermal conductivity by forming oxygen vacancies inside the lattice structure of zirconia [17,18,19,20]. The main strategies for introducing YSZ materials into gas turbine components include atmospheric plasma spray (APS) and electron beam-physical vapor deposition (EB-PVD) techniques. YSZ coatings prepared using these methods have a non-transformable tetragonal phase (t′). In this t′ configuration, the tetragonal phase does not transform to a monoclinic phase even when exposed to cyclic temperature variations between high and room temperatures [21,22,23].



When these YSZs are exposed to temperatures above 1200 °C for a long time, phase decomposition of the tetragonal phase occurs to form monoclinic and cubic phases. In addition, the operating temperature of gas turbine engines is continuously increasing, and various materials are being studied to address this situation (see Table 1). Rare earth-doped zirconia, which adds various rare earths in addition to yttria to zirconia, can reduce thermal conductivity by causing lattice distortion inside zirconia lattice structures. However, when large amounts of rare earths are added, some of the tetragonal phase of zirconia may transform to a cubic phase. This phase transformation can cause a decrease in the cyclic lifetime of the coating layer, which can lead to a decrease in the durability of the coating layer. Perovskites such as SrZrO3 have features suitable for TBC, such as a high coefficient of thermal expansion and lower thermal conductivity than that of YSZ. Hexaaluminates, also called lanthanum hexaaluminates, have thermal conductivities similar to those of YSZ. They have high sintering resistances and structural stabilities at temperatures above 1400 °C. Pyrochlores are characterized by low thermal conductivities, high temperature phase stabilities, and CMAS (Calcium-Magnesium-Aluminum-Silicon Oxide) resistances. Various zirconia-based materials are being actively researched to improve the performance of YSZ [24].



The top coats produced by APS are commonly used in power generation gas turbines, whereas the EB-PVD method is mainly applied to aviation gas turbines. When the EB-PVD is used, the resulting coating layer has a columnar structure with gaps between the columns, leading to a higher thermal conductivity than those of APS-manufactured coatings. However, EB-PVD-derived layers exhibit excellent mechanical properties such as adhesion and are thus preferred for aviation gas turbine parts [25,26,27,28,29]. Notably, the EB-PVD process requires a high-vacuum environment for YSZ deposition, and the YSZ is evaporated by an electron beam in such conditions [28,29]. During evaporation, part of the oxygen in the YSZ lattice structure is dissolved. To compensate for this oxygen loss, supplementary oxygen is introduced [30]. However, if an inadequate amount of oxygen is supplied, the color of the YSZ coating darkens. Previous studies have mainly focused on analyzing the properties of monolithic YSZ or monolithic modified zirconia. Therefore, it is necessary to consider the changes in the properties of YSZ coatings caused by the high vacuum atmosphere during the EB-PVD process [31,32].



Considering these aspects, in this study, bulk samples and EB-PVD coating samples were prepared to compare the changes in the crystal structure of YSZ deposited in vacuum conditions with those of corresponding coatings subjected to oxidation heat treatment. To investigate the property change behavior of YSZ, the bulk samples were subjected to vacuum heat treatment to eliminate oxygen in the YSZ crystal structure. Subsequently, the bulk samples were oxidized in an electric furnace via an oxidation heat treatment to study the effect of the reintroduction of oxygen into the crystal structure of YSZ which changed by vacuum heat treatment. XRD and Raman spectroscopy analyses were performed before and after the heat treatment of the bulk sample to compare the phase change behaviors based on oxygen in the crystal structure.



Furthermore, YSZ samples were deposited via the EB-PVD technique without oxygen in a high-vacuum atmosphere to confirm the physical properties of the YSZ coatings, and the coatings were subjected to oxidation heat treatment in an electric furnace after phase analysis. Same as the bulk sample, XRD and Raman Spectroscopy were performed before and after the oxidation heat treatment of the coating sample to compare the phase formation behaviors based on oxygen in the crystal structure.




2. Materials and Methods


2.1. Sample Preparation


To prepare YSZ coating samples in high-vacuum conditions, a 7 wt% YSZ ingot (Saint-Gobain, France) with a diameter of 60 mm and a thickness of 150 mm was deposited on an Inconel 718-3 substrate without substrate rotation using EB-PVD (KICET, Icheon, Republic of Korea) equipment. The deposition was performed in a high-vacuum environment with a pressure of 10−6 torr, using a beam power of 20 kW for 1 h. Moreover, an 8 wt% YSZ (Hankyung TEC, Jinju, Republic of Korea) powder with an average particle size of 1 µm was used, and granulated powder was obtained by spray drying at an inlet temperature of 165 °C, outlet temperature of 70 °C, and atomizer speed of 9500 rpm. The granulated powder was densified by sintering heat treatment at 1200 °C for 4 h. To produce bulk samples to be exposed to a low vacuum environment, the sintered powders were mixed with YSZ powder with an average particle size of 1 µm, and samples with a diameter of 55 mm and thickness of 50 mm were molded by uniaxial pressing. The uniaxial pressurized bulk samples were subjected to vacuum heat treatment at 1400 °C for 10 h in a vacuum furnace (Ajeon Heating Industry, Namyangju, Republic of Korea) with a vacuum level of 10−3 torr. To restore the lattice structure through oxidation of the bulk and coating samples produced in each condition, the samples were subjected to oxidation heat treatment in an electric furnace at 1000 °C for 50 h under atmospheric pressure conditions.




2.2. Characterization


After the vacuum heat treatment of the bulk sample, chromaticity analysis was performed on portions exposed to the vacuum atmosphere using a spectrophotometer (Cm-700d, Konica Minolta, Chiyoda, Japan). Among the CIE L* a* b* values obtained through this analysis, the L* value, which can distinguish white and black, was examined. An L* value closer to 100 and 0 represents a color closer to white and black, respectively. XRD (RINT-2500HF, Rigaku, Tokyo, Japan) analysis was performed to investigate the pre- and post-oxidation phases of the YSZ produced in each vacuum condition. To distinguish the monoclinic phase of zirconia from the tetragonal and cubic phases, the 10–80° region was scanned at settings of 40 kV, 100 mA, and 5°/min. To distinguish between the tetragonal and cubic phases of zirconia, the 72–76° region was scanned at a speed of 0.2°/min to confirm the phase formation. To improve the accuracy of the XRD-based zirconia phase analysis, Raman spectroscopy (Invia Raman Microscope, Renishaw, New Mills, UK) was performed to validate the phase of zirconia in a vacuum environment and its phase following oxidation. An Ar laser (514 nm) was used for the analysis, and the scan range was set to be from 100 to 700 cm−1.





3. Results


Figure 1 shows the XRD results of the 8 wt% YSZ bulk sample before vacuum heat treatment. The monoclinic phase was not observed when scanning the 10–80° region. When scanning the 72–76° region, only the tetragonal phase was detected, and the cubic phase was absent.



In the assessment of the sample color following vacuum annealing, different surface areas exposed to the low vacuum atmosphere displayed varying shades, as depicted in Figure 2. Regions exposed to low vacuum and high temperature conditions were darker in color, whereas the areas less influenced by the atmosphere demonstrated a milder color shift.



The results of the color analysis based on the spectrophotometer are summarized in Table 2. The average L* value for the upper section of the sample, which was more exposed to the vacuum environment, was 39.5., and the average L* value for the lower section of the sample, which was less exposed to the vacuum environment, was 64.93. The difference in color was attributable to the difference in the effect of the vacuum environment. The oxygen present in the zirconia lattice structure escaped and formed additional vacancies in the crystal structure, thereby affecting the wavelength of light absorbed within the crystal structure. Consequently, the color shifted from white to a darker hue [32,33,34]. In particular, areas more profoundly affected by the vacuum environment assumed darker hues owing to oxygen scarcity, whereas less influenced regions appeared lighter owing to the higher oxygen concentration within the lattice structure.



Figure 3 shows the XRD spectra of the YSZ sample subjected to vacuum heat treatment. The 10–80° scan revealed the formation of the monoclinic phase, whereas the 72–76° scan indicated a mixture of tetragonal and cubic phases. The formation of monoclinic and cubic phases in the sample after vacuum heat treatment can be explained as follows: The oxygen present in the lattice structure escaped during vacuum heat treatment, thereby forming vacancies inside the lattice structure. These vacancies affected the size of the lattice structure of zirconia, leading to the transformation of the tetragonal phase into monoclinic and cubic phases [32].



Figure 4 shows the XRD results of the vacuum annealed bulk sample subjected to oxidation annealing at 1000 °C for 50 h. In the 10–80° regime, no monoclinic phase was detected. This result indicated that the tetragonal phase transformed to the monoclinic phase owing to the increased oxygen vacancies caused by the loss of oxygen in the lattice structure. However, these oxygen vacancies were reoccupied through the oxidation heat treatment, resulting in the disappearance of the monoclinic phase. In the 72–76° regime, the bulk sample subjected to oxidation heat treatment exhibited tetragonal and cubic phases. These results demonstrated that although the change in the lattice structure induced by vacuum heat treatment could be rectified by oxidation heat treatment, the cubic phase (with a crystal structure similar to that of the tetragonal phase) could not be transformed to the tetragonal phase.



Raman spectrum analysis provided further insights into the YSZ phase characteristics. Peaks corresponding to the monoclinic phase were detected at 183, 301, 335, 381, 476, 536, 559, 613, and 636 cm−1, with the peaks at 183, 335, and 476 cm−1 appearing prominent. Peaks corresponding to the tetragonal phase were observed at 149, 224, 292, 324, 407, 456, and 636 cm−1. The peaks for the cubic phase were similar to those of the tetragonal phase; however, the peak at 636 cm−1 was replaced by that at 628 cm−1. Figure 5 shows the Raman spectra after vacuum annealing and oxidation annealing of the bulk sample.



As shown in Figure 5a, peaks corresponding to the monoclinic, tetragonal, and cubic phases appeared at 145, 181, 217, 294, 332, 375, 470, 528, 553, 611, and 626 cm−1. A comparison of the peak positions indicated that the tetragonal phase transformed into the monoclinic and cubic phases owing to the oxygen loss during vacuum heat treatment. Figure 5b shows the Raman spectra after oxidation heat treatment. Peaks at 148, 262, 323, 466, and 637 cm−1, along with a shoulder peak at 614 cm−1, could be identified. The shoulder peak indicated the presence of the cubic phase, suggesting the coexistence of the tetragonal and cubic phases. Notably, in the zirconia lattice structure, the oxygen vacancies that were lost during vacuum heat treatment were reoccupied through oxidation heat treatment. Thus, the lattice structure was altered again; however, the cubic phase was formed with the restoration of the tetragonal phase. This result could be attributable to the similarity in the crystal structures of the tetragonal and cubic phases. When the oxygen in the zirconia lattice structure escapes during vacuum heat treatment, the c-axis of the lattice structure is modified, resulting in a phase change from tetragonal to cubic. This phase change indicates that it is difficult to restore the initial tetragonal phase of zirconia even if the lattice structure is refilled with oxygen by oxidation heat treatment.



The phenomenon of color change in the bulk sample was also observed in the EB-PVD coating sample. Figure 6 shows the EB-PVD coating sample (a) post deposition in vacuum conditions and (b) after oxidation heat treatment. In Figure 6a, oxygen depletion occurred in the YSZ lattice structure during the EB-PVD process. Probably, these depletions were deposited with unfilled defects, which resulted in the darker color of the coating layer. In Figure 6b, probably the oxygen vacancies in the lattice structure of YSZ that occurred during the high-vacuum deposition process were filled with oxygen during the oxidation heat treatment. The color of the coating sample changed to a lighter color.



Figure 7 shows the XRD results of the samples deposited in a high-vacuum atmosphere. The monoclinic phase was not identified in the 10–80° scan (Figure 7a). In the 72–76° regime (Figure 7b), only the cubic peak was observed. In both cases, the peaks were broad. Notably, 7 wt% YSZ deposited by EB-PVD typically exhibits a tetragonal phase. However, only the cubic phase was identified in the XRD analysis. This difference may be attributable to the oxygen depletion caused by the high-vacuum environment during coating, resulting in the emergence of numerous lattice defects and changes in the lattice structure.



The XRD results of the vacuum-annealed samples subjected to the oxidation heat treatment are depicted in Figure 8. Following the oxidation heat treatment, no monoclinic phase was formed; however, the tetragonal phase was detected. In addition, the broad peak seen in the XRD analysis of the high-vacuum deposition sample changed to a sharp shape as the crystal structure changed through the oxidation heat treatment, and a tetragonal peak was identified in the 72–76° region.



Figure 9a shows the Raman spectra of the sample subjected to EB-PVD in high-vacuum conditions. No monoclinic peak was identified, and only a single peak at 635 cm−1 was observed. The Raman spectra of the coating sample subjected to oxidation heat treatment (Figure 9b) did not exhibit any monoclinic peak. A peak at 636 cm−1 was observed, indicating the presence of the tetragonal phase.



Overall, YSZ deposited through EB-PVD in a high-vacuum condition without oxygen exhibited a cubic phase according to the XRD results and a tetragonal phase according to Raman spectra. Together, these findings suggest the presence of a near-cubic tetragonal phase, which is similar to a non-transformable tetragonal phase (t′-phase), given its tetragonality. In general, cubic and t′ phases are difficult to distinguish owing to their similar crystal structures. However, a key distinction lies in the length of the c-axis within the crystal structure: Specifically, in the cubic phase, all three axes (a, b, and c) have the same lengths. In contrast, in the tetragonal phase, the c-axis is elongated while the a and b axes have the same length. The length of the c-axis in the t′-phase is shorter than that in the tetragonal phase [17,35]. The deposition of the t′-phase can be explained as follows: During the deposition of YSZ in high-vacuum conditions, oxygen escapes from the lattice structure, and the resulting oxygen vacancies formed in the crystal structure shorten the c-axis of the tetragonal phase [32]. After oxidation heat treatment of the high-vacuum-deposited YSZ coating sample, only the tetragonal phase was observed without the monoclinic phase in both the XRD and Raman analyses. This observation highlights that oxidation heat treatment of YSZ deposited in high-vacuum conditions can facilitate the achievement of the tetragonal phase of YSZ without the emergence of the monoclinic phase.




4. Discussion


The vacuum heat treatment of YSZ (yttria-stabilized zirconia) bulk samples leads to a noticeable change in their color, sparking scientific curiosity. This intriguing phenomenon can be attributed to the depletion of oxygen from the YSZ crystal structure during the vacuum heat treatment process. This alteration in the crystal’s oxygen content affects the optical properties of the material, resulting in a shift in the way it refracts light. Consequently, the surface color of the bulk sample transitions from its initial white appearance to a darker shade. Furthermore, the loss of oxygen from the crystal lattice during the vacuum heat treatment results in the creation of oxygen vacancies within the material. These vacancies, in turn, cause structural changes in the lattice. These changes have been substantiated through phase analyses. Notably, these analyses revealed the presence of monoclinic and cubic phases in addition to the initial tetragonal phase. To investigate the impact of oxygen depletion on the crystal structure, oxidation heat treatment was performed. This treatment revealed intriguing findings: only the monoclinic phase disappeared, leaving the cubic phase unaffected. This suggests that the cubic phase, which shares some similarities in crystal structure with the tetragonal phase, resists transformation into the tetragonal phase under the oxidation heat treatment. In contrast, the monoclinic phase, which exhibits significant differences in crystal structure from both the tetragonal and cubic phases, appears to be more amenable to transformation into either the tetragonal or cubic phase through the heat treatment. Applying these intriguing observations to coating samples obtained through electron beam physical vapor deposition (EB-PVD), it was initially hypothesized that YSZ formed in the cubic phase during vacuum deposition might not entirely convert into the tetragonal phase subsequent to the oxidation heat treatment. However, experimental results contradicted this expectation, as the cubic phase disappeared after oxidation, leaving only the tetragonal phase intact. This discrepancy in results between the bulk and coated samples suggests the potential formation of a non-transformable tetragonal phase (t′ phase), one closely resembling the cubic phase, within the crystal structure of the coated sample deposited in a vacuum environment. Furthermore, considering prior research on the correlation between phases and mechanical properties of zirconia, we speculate that the tetragonal phase will be more pronounced following the oxidative heat treatment [20,25]. Consequently, we expect improved mechanical properties in the coating sample after the oxidative heat treatment compared with its state after high vacuum deposition. This expectation is based on the fracture toughness variation of YSZ with the phase of zirconia, and it is known that tetragonal-phase zirconia has higher fracture toughness than cubic-phase zirconia [24,25]. However, further experiments are required to validate these expectations.




5. Conclusions


Electron beam-physical vapor deposition (EB-PVD) is a deposition process widely used in the manufacturing of various materials, including yttria-stabilized zirconia (YSZ). When YSZ is deposited using EB-PVD in a high-vacuum environment without oxygen injection, an intriguing phenomenon occurs: the material color darkens. This change in color is indicative of underlying transformations in its physical properties, prompting the need for a closer examination.



	
Upon conducting a thorough analysis of the bulk YSZ sample before and after the vacuum heat treatment, distinct differences emerged. Initially, only the tetragonal phase was identified in the untreated sample. However, after subjecting it to a vacuum heat treatment, the sample exhibited the presence of not only a tetragonal phase but also monoclinic and cubic phases. Notably, variations in color were observed in various areas of the sample, with those highly influenced by the vacuum heat treatment atmosphere appearing darker (average L* of 64.93) and those less affected appearing relatively lighter (average L* of 39.5). Subsequently, through the oxidation heat treatment, the color of the bulk YSZ sample was restored to a light white hue. This treatment also led to the disappearance of the monoclinic phase of zirconia, indicating a transformation back to the original state. However, it is worth noting that the cubic phase formed during the vacuum heat treatment did not completely revert to the tetragonal phase.



	
Intriguingly, X-ray diffraction (XRD) analyses performed in the 72–76° range on the YSZ samples produced by EB-PVD in the high vacuum environment detected only the cubic phase. Conversely, Raman analysis confirmed the presence of the tetragonal phase, suggesting that the crystal structure of the YSZ sample deposited in this high vacuum atmosphere is in the t′ phase. Subsequent XRD and Raman analyses of EB-PVD samples after the oxidation heat treatment indicated the existence of only the tetragonal phase. This intriguingly suggests that even if the crystal structure of YSZ undergoes changes due to deposition in a high vacuum environment, it can be restored to its original phase through oxidation heat treatment.






These findings suggest that the crystal structure of the YSZ coating undergoes changes based on the environmental conditions during the deposition process. Furthermore, it has been demonstrated that the oxidative heat treatment can effectively restore the YSZ crystal structure to closely resemble its initial state. In our future research, we intend to delve deeper into the analysis of the crystal structure of YSZ deposited in a high vacuum atmosphere and explore the effects of oxidative annealing on YSZ. Additionally, we plan to investigate the thermal and mechanical properties of these materials.
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Figure 1. Before Vacuum Heat Treatment 8 wt% YSZ Bulk Sample XRD Result. 
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Figure 2. 8 wt% YSZ Bulk Sample Image. (Sample gained from red circl). 
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Figure 3. After Vacuum heat Treatment 8 wt% YSZ Bulk Sample XRD Result. 
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Figure 4. After Heat Treatment 1000 °C-50 h 8 wt% YSZ Bulk Sample XRD Result. 
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Figure 5. 8 wt% YSZ Bulk Sample Raman Spectroscopy Result. (a) after Vacuum heat treatment (b) after Oxidation at 1000 °C-50 h. 
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Figure 6. YSZ EB-PVD Coating Sample Image (a) after coating (b) after 1000 °C-50 h heat treatment. 
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Figure 7. YSZ Coating Sample XRD Result After EB-PVD Coating. (a) XRD results of 10−80° scan (b) XRD results of 72−76° scan. 
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Figure 8. YSZ Coating Sample XRD Result at 1000 °C-50 h heat treatment. 
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Figure 9. YSZ Coating Raman Spectroscopy Result. (a) After Coating (b) After 1000 °C−50 h heat treatment. 
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Table 1. New Materials for Thermal Barrier Coating Ceramic Top Coat.
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	Material Group
	Example





	RE-doped ZrO2
	Nd2O3-Yb2O3-Y2O3-ZrO2

Yb2O3-Gd2O3-Y2O3-ZrO2



	Perovskites
	BaZrO3

SrZrO3

CaZrO3



	Hexa-aluminates
	LaMgAl11O19

GdMgAl11O19



	Pyrochlores
	La2Zr2O7

Nd2Zr2O7

Sm2Zr2O7

Eu2Zr2O7

Gd2Zr2O7










 





Table 2. After Vacuum Heat Treatment 8 wt% YSZ Bulk Sample Spectrophotometer.
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	L* Result Number
	Sample Top Surface
	Sample Bottom Surface





	1
	40.72
	64.5



	2
	39.16
	64.93



	3
	38.62
	65.36



	Average
	39.5
	64.93
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