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            Abstract
          
        

        
          The purpose of this study was to evaluate the translucency, birefringence, biaxial flexural strength, and Vickers hardness of multilayered dental zirconia with varying yttria contents and structural designs (heterogeneous vs. homogeneous). Two control groups of 3 mol% yttria-stabilized tetragonal zirconia polycrystal (3Y-TZP) (IPS e.max ZirCAD [IPS] and Zirtooth Fulluster [ZTF]) and three experimental groups of multilayered zirconia were selected. The experimental groups consisted of one heterogeneous type (Zirtooth Multiluster [ZTM]) and two homogeneous types (Zirtooth MultiNeo [ZTN] and Zirtooth UltraLuster [ZTU]). Translucency was measured using a spectrophotometer, and birefringence was analyzed to evaluate optical isotropy. Biaxial flexural strength and Vickers hardness were tested according to International Organization for Standardization (ISO) 6872 standards. Microstructure and crystal phases were analyzed using scanning electron microscopy (SEM) and X-ray diffraction (XRD). The homogeneous ZTU group exhibited the significantly highest translucency and lowest birefringence (p<0.05). The ZTN group showed the highest biaxial flexural strength (1741.62±138.55 MPa). There were no significant differences in Vickers hardness among the groups. Within the limitations of this study, the homogeneous 4 mol% yttria-partially stabilized zirconia (4Y-PSZ)-based ZTN group demonstrated superior mechanical strength, making it suitable for high-stress posterior restorations. The ZTU group showed excellent translucency and optical isotropy, indicating its suitability for anterior esthetic restorations.

        

        
          
            초록
          
        

        
          본 연구의 목적은 이트리아 함량과 구조적 설계(이종 조성 대 동종 조성)를 달리한 다층 구조 치과용 지르코니아의 투광도, 복굴절, 이축 굴곡 강도 및 비커스 경도를 평가하는 것이다. 본 연구에서는 두 종류의 3 mol% yttria-stabilized tetragonal zirconia polycrystal (3Y-TZP) 대조군(IPS e.max ZirCAD [IPS], Zirtooth Fulluster [ZTF])과 세 종류의 다층 구조 지르코니아 실험군을 선정하였다. 실험군은 이종 조성 구조인 Zirtooth Multiluster (ZTM)와 동종 조성 구조인 Zirtooth MultiNeo (ZTN), Zirtooth UltraLuster (ZTU)로 구성되었다. 분광광도계를 이용하여 투광도를 측정하였으며, 광학적 등방성을 평가하기 위해 복굴절을 분석하였다. 이축 굴곡 강도와 비커스 경도는 ISO 6872 규격에 의거하여 측정하였다. 주사전자현미경(SEM)과 X선 회절 분석(XRD)을 통해 미세구조와 결정상을 분석하였다. 그 결과, 동종 조성인 ZTU 그룹이 가장 높은 투광도와 가장 낮은 복굴절을 나타냈다 (p<0.05). ZTN 그룹은 가장 높은 이축 굴곡 강도(1741.62±138.55 MPa)를 보였다. 비커스 경도는 그룹 간 통계적으로 유의한 차이가 없었다. 본 연구의 한계 내에서, 동종 조성의 4Y-PSZ 기반 ZTN 그룹은 우수한 기계적 강도를 보여 높은 교합력이 가해지는 구치부 수복에 적합하다. ZTU 그룹은 뛰어난 투광도와 광학적 등방성을 나타내어 심미적인 전치부 수복에 적합한 것으로 판단된다.
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      Introduction
      Zirconia has been widely used in dentistry due to its superior mechanical properties and biocompatibility (1, 2). However, conventional 3 mol% yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP) have been limited in esthetically demanding anterior regions due to their inherent opacity caused by light scattering at the grain boundaries of the birefringent tetragonal phase. Recently, to overcome this opacity, high-translucency zirconia containing increased yttria content (4 mol% or 5 mol% yttria-partially stabilized zirconia; 4Y-PSZ, 5Y-PSZ) has been introduced (3, 4). This increased yttria content stabilizes a higher proportion of the cubic phase, which is optically isotropic, thereby enhancing translucency, although this often comes with a trade-off in mechanical strength due to the lack of transformation toughening.

      Furthermore, to facilitate the fabrication of monolithic restorations that resemble natural dentition without veneering porcelain, multilayered zirconia blocks have been developed to mimic the natural shade gradient of human teeth from the cervical to the incisal area (5).

      Current multilayered zirconia can be categorized into two structural designs: “heterogeneous” structures (often referred to as hybrid), which vary the yttria content across layers (e.g., 3Y-TZP in the cervical layer for strength and 5Y-PSZ in the incisal layer for esthetics), and “heterogeneous” structures (single-composition), which maintain a constant yttria content but vary the pigment concentration (6, 7). Theoretically, the heterogeneous design aims to combine the high strength of 3Y-TZP with the high translucency of 5Y-PSZ. However, concerns remain regarding potential residual stresses caused by the mismatch in thermal expansion coefficients and sintering shrinkage between layers of different compositions.

      While previous studies have primarily focused on characterizing the properties of individual layers within multilayered blocks (8), from a clinical perspective, the overall behavior of the restoration depends on the integrated performance of the entire block structure. Therefore, it is crucial to investigate whether the “heterogeneous” design, which structurally varies yttria content, offers a distinct advantage over the optimized “heterogeneous” design in terms of overall optical and mechanical balance. There is currently a lack of comprehensive research directly comparing these structural designs (heterogeneous vs. homogeneous) under identical experimental conditions (9).

      Therefore, the purpose of this study was to evaluate the translucency, birefringence, biaxial flexural strength, and Vickers hardness of heterogeneous and homogeneous multilayered zirconia blocks. The null hypothesis was that there would be no significant differences in optical and mechanical properties between the heterogeneous multilayered zirconia and the homogeneous multilayered zirconia groups.

    

    

  
    
      Materials and Methods
      
        1. Group Selection
        Five types of zirconia blocks were selected for this study. The sample consisted of two control groups of 3 mol% yttria-stabilized tetragonal zirconia polycrystal (3Y-TZP) and three experimental groups of multilayered zirconia with varying structural designs (heterogeneous and homogeneous). Detailed specifications, including product names, codes, manufacturers, compositions, and lot numbers, are listed in Figure 1 and Table 1.

        
          
          

          Figure 1.  
				
          

          
            Schematic diagram of the zirconia blocks used in this study. IPS and ZTF (3Y-TZP), ZTM (3Y-5Y heterogeneous multilayered zirconia), ZTN (4Y homogeneous multilayered zirconia), and ZTU (Thermally preshaded 4Y homogeneous multilayered zirconia). A total of 60 specimens were used for each test (translucency, flexural strength), with 12 specimens per group (n=12).
          
          

          

        

        
          Table 1. 
				
          

          
            List of zirconia materials used in this study
          
          

        

        
          
            
              	Group
              	Product Name
              	Manufacturer
              	Composition
              	Lot No
            

          
          
            	IPS
            	IPS e.max ZirCAD
            	Ivoclar Vivadent, Schaan,
Liechtenstein
            	3Y-TZP
            	Z055KY
          

          
            	ZTF
            	Zirtooth Fulluster
            	HASSBIO, Gangneung, Korea
            	3Y-TZP
            	BDAB13-22S2-13A
          

          
            	ZTM
            	Zirtooth
MultiLuster
            	HASSBIO, Gangneung, Korea
            	3Y-TZP / 4Y-PSZ /
5Y-PSZ (Heterogeneous)
            	BBZG20-18EMA2BZ-1
          

          
            	ZTN
            	Zirtooth MultiNeo
            	HASSBIO, Gangneung, Korea
            	4Y-PSZ
            	BBZH11-18MA2PZ-3
          

          
            	ZTU
            	Zirtooth UltraLuster
            	HASSBIO, Gangneung, Korea
            	(Homogeneous)
            	BBZH10-12E2PZ-4
          

        

        
          
            Among the experimental groups, the ZTM group represents a heterogeneous multilayered structure with a composition gradient (3Y/4Y/5Y). The ZTN and ZTU groups represent homogeneous 4Y-PSZ structures. Notably, the ZTU group was subjected to a proprietary manufacturing thermal process for preshading. It should be noted that this heat treatment was performed during the block manufacturing stage, not during the final sintering process by the user.
          

        

        

      

      
        2. Specimen Preparation
        Disc-shaped specimens (12 mm in diameter, 2 mm in thickness) were fabricated using a CAD/CAM system (RainbowTM Mill, Dentium, Seoul, Korea). Sintering was performed according to each manufacturer's instructions(11), and final specimen dimensions were verified to ensure compliance with ISO 6872 standards. The final sample size was determined to be 12 per group based on a power analysis using G*Power software.

      

      
        3. Optical Properties
        Translucency was evaluated by measuring total transmittance (Tt) using a spectrophotometer (Cary 5000, Agilent Technologies, Santa Clara, CA, USA) in the 360-740 nm range under CIE D65 illumination (12). Birefringence was measured using a birefringence analyzer (NMV-280, Suzhou PTC, Kunshan, China) at 570 nm to evaluate optical isotropy (13).

      

      
        4. Mechanical Properties
        Biaxial flexural strength was measured using a piston-on-three-ball test (Instron 3345, Norwood, MA, USA) at a crosshead speed of 1.0 mm/min according to ISO 6872(14). The fracture load was recorded, and flexural strength (MPa) was calculated. Vickers hardness was measured using a microhardness tester (HM-200, Mitutoyo, Kawasaki, Japen) with a load of 9.8 N for 10 s.

      

      
        5. Statistical Analysis
        Data were analyzed using IBM (Armonk, NY, USA) SPSS Statistics 25.0. Normality and homogeneity of variances were verified. One-way ANOVA followed by Tukey’s HSD post hoc test was performed to determine significant differences among groups (α =0.05). Weibull analysis was conducted to evaluate the reliability of flexural strength.

      

    

    

  
    
      Results
      
        1. Optical Properties
        At 550 nm, translucency showed significant differences among groups (p<0.001). The ZTU group exhibited the highest transmittance, followed by ZTM, ZTN, ZTF, and IPS (Table 2, Figure 2). In birefringence measurements, the ZTU group showed the lowest retardation values and birefringence index (Δn), indicating high optical isotropy (Table 3). Conversely, IPS and ZTF were opaque, making birefringence measurement impossible (Figure 3).

        
          Table 2. 
				
          

          
            Mean transmittance values and statistical groupings at 550 nm
          
          

        

        
          
            
              	Group
              	Mean
              	Standard deviation
            

          
          
            	IPS
            	1.27a
            	0.30
          

          
            	ZTF
            	1.52a
            	0.15
          

          
            	ZTM
            	20.88b
            	2.24
          

          
            	ZTN
            	19.10b
            	3.65
          

          
            	ZTU
            	22.01b
            	3.61
          

        

        
          
            Different superscript letters indicate statistically significant differences (p<0.05).
          

        

        

        
          
          

          Figure 2.  
				
          

          
            Spectral transmittance curves of zirconia specimens. Transmittance (%) was measured across wavelengths from 300 to 800 nm. The ZTU group exhibited the highest transmittance across the entire visible spectrum, followed by ZTM and ZTN. In contrast, the 3Y-TZP control groups (IPS and ZTF) showed significantly lower light transmission.
          
          

          

        

        
          Table 3. 
				
          

          
            Birefringence measurements for 3Y-TZP (IPS, ZTF) and multilayered zirconia blocks (ZTM, ZTN, ZTU)
          
          

        

        
          
            
              	Group
              	Average (nm)
              	Max (nm)
              	Δn (Max)
            

          
          
            	IPS
            	N/A
            	N/A
            	N/A
          

          
            	ZTF
            	N/A
            	N/A
            	N/A
          

          
            	ZTM
            	0.366
            	13.258
            	0.000007
          

          
            	ZTN
            	0.424
            	15.130
            	0.000008
          

          
            	ZTU
            	0.213
            	12.281
            	0.000006
          

        

        
          
            N/A: Not applicable. Birefringence could not be measured due to the light scattering caused by the heterogeneous gradient structure.
          

        

        

        
          
          

          Figure 3.  
				
          

          
            Representative polarized light microscopy images of zirconia specimens from each group. (A-B) IPS e.max ZirCAD and (C-D) Zirtooth Fulluster (3Y-TZP) show dark fields due to limited light transmission caused by high opacity. (E-F) Zirtooth MultiLuster and (G-H) Zirtooth MultiNeo exhibit birefringence patterns indicative of optical anisotropy. (I-J) Zirtooth UltraLuster displays a relatively uniform interference pattern, confirming its superior optical isotropy and high translucency compared to other groups.
          
          

          

        

      

      
        2. Mechanical Properties
        The ZTN group exhibited the highest biaxial flexural strength (1741.62±138.55 MPa), while the IPS group (1264.25±99.86 MPa) and ZTM group (1124.90±225.41 MPa) showed relatively lower values (Table 4, Figure 4). The Weibull modulus (m) for each group was as follows: ZTN (m=18.0), IPS (m=16.7), ZTF (m=14.5), ZTU (m=9.3), and ZTM (m=8.5). The ZTN group exhibited the highest reliability, whereas the ZTM and ZTU groups showed relatively wider dispersion in strength values (Figure 5). For Vickers hardness, the ZTU group showed the highest value, but no statistically significant differences were found among all groups (p>0.05) (Table 5, Figure 6).

        
          Table 4. 
				
          

          
            Descriptive statistics of biaxial flexural strength (MPa)
          
          

        

        
          
            
              	Group
              	Mean
              	Standard deviation
            

          
          
            	IPS
            	1260.05b
            	90.56
          

          
            	ZTF
            	1521.99c
            	125.52
          

          
            	ZTM
            	1174.97b
            	166.19
          

          
            	ZTN
            	1709.03a
            	113.93
          

          
            	ZTU
            	1354.24b
            	173.94
          

        

        
          
            Different superscript letters indicate statistically significant differences (p<0.05).
          

        

        

        
          
          

          Figure 4.  
				
          

          
            Boxplot of biaxial flexural strength for each zirconia group. The horizontal line within each box represents the median value. The ZTN group exhibited the significantly highest flexural strength among all groups. Notably, the ZTF group showed higher strength compared to the IPS control group, despite having the same yttria content.
          
          

          

        

        
          
          

          Figure 5.  
				
          

          
            Weibull distribution plot of biaxial flexural strength for all groups. The Weibull modulus (m) for each group was as follows: ZTN (m = 18.0), IPS (m = 16.7), ZTF (m = 14.5), ZTU (m = 9.3), and ZTM (m = 8.5). The ZTN group exhibited the highest reliability (steepest slope), whereas the ZTM and ZTU groups showed relatively wider dispersion in strength values.
          
          

          

        

        
          Table 5. 
				
          

          
            Descriptive statistics of Vickers hardness
          
          

        

        
          
            
              	Group
              	Mean
              	Standard deviation
              	Statistical Difference
            

          
          
            	IPS
            	1373
            	84
            	a
          

          
            	ZTF
            	1398
            	81
            	a
          

          
            	ZTM
            	1404
            	42
            	a
          

          
            	ZTN
            	1367
            	18
            	a
          

          
            	ZTU
            	1407
            	17
            	a
          

        

        
          
            No significant differences were observed among the groups (p>0.05).
          

        

        

        
          
          

          Figure 6.  
				
          

          
            Boxplot of Vickers hardness for each zirconia group. The horizontal line within each box indicates the median value. Unlike flexural strength, statistical analysis revealed no significant differences in hardness values among the five groups ($P > .05$). This suggests that surface hardness was comparable across all materials regardless of yttria content or structural design.
          
          

          

        

      

      
        3. Surface and Structural Analysis
        SEM images revealed that the ZTU group had the most dense and homogeneous microstructure, whereas the IPS group showed relatively uneven grains and voids (Figure 7). EDS analysis confirmed Zr and O as major components with varying Y contents (Table 6). XRD analysis showed that ZTM, ZTN, and ZTU groups were predominantly tetragonal, while IPS and ZTF groups contained small amounts of monoclinic phase (Figure 8).

        
          
          

          Figure 7.  
				
          

          
            Representative SEM images of the zirconia specimens(×20,000). (A) IPS exhibits a relatively porous structure with uneven grains compared to the denser morphology of (B) ZTF. (C) ZTM and (D) ZTN show compact grain arrangements. (E) ZTU displays the most homogeneous microstructure with distinct grain growth, contributing to its superior optical properties.
          
          

          

        

        
          Table 6. 
				
          

          
            Elemental composition analyzed by energy-dispersive X-ray spectroscopy
          
          

        

        
          
            
              	Group
              	O(wt%)
              	Y(wt%)
              	Zr(wt%)
            

          
          
            	IPS
            	34.00
            	3.52
            	62.48
          

          
            	ZTF
            	33.24
            	4.12
            	62.64
          

          
            	ZTM
            	32.26
            	6.46
            	61.28
          

          
            	ZTN
            	31.67
            	4.52
            	63.81
          

          
            	ZTU
            	34.78
            	3.51
            	61.71
          

        

        

        
          
          

          Figure 8.  
				
          

          
            X-ray diffraction (XRD) patterns. Intense tetragonal peaks (t) were observed for ZTM, ZTN, and ZTU, confirming their stabilized polycrystalline structure. Meanwhile, the IPS and ZTF groups exhibited dominant tetragonal peaks along with minor peaks corresponding to the monoclinic phase (m).
          
          

          

        

      

    

    

  
    
      Discussion
      This study integrated the evaluation of optical and mechanical properties of multilayered zirconia blocks with different structural designs. The null hypothesis was rejected as significant differences were found among the groups.

      In the optical evaluation, the ZTU group (heat-treated homogeneous 4Y-PSZ) showed the highest translucency. This can be attributed to the high content of the cubic phase, which is optically isotropic (15, 16). In contrast, the tetragonal phase exhibits optical anisotropy (birefringence), leading to light scattering at grain boundaries and reduced translucency (13, 17). Our birefringence results confirmed this, with the ZTU group showing the lowest retardation values, indicating superior optical isotropy (Table 3).

      Regarding mechanical properties, the ZTN group (homogeneous 4Y-PSZ) exhibited the highest flexural strength (Table 4). This is likely due to the transformation toughening mechanism of the tetragonal phase, which arrests crack propagation (18, 19). Interestingly, the heterogeneous ZTM group, which contains a 3Y-TZP layer, showed intermediate strength. This might be due to residual stresses caused by the mismatch in sintering shrinkage between layers with different yttria contents (6, 20). Furthermore, it should be noted that the specimens in this study were fabricated from the center of the blocks to strictly comply with ISO 6872 standards for dimension and uniformity. Consequently, the high-strength lower layer (3Y-TZP) and the highly translucent upper layer (5Y-PSZ) may not have been fully represented in the ZTM specimens, which likely consisted mainly of the transition layers. In a clinical setting, a full-contour crown would utilize the entire gradient, potentially benefiting from the superior strength of the cervical 3Y-TZP layer. Therefore, the mechanical advantage of the strength-gradient design in ZTM might be underestimated in this study compared to actual clinical applications (8).

      The control group IPS (3Y-TZP) showed significantly lower strength compared to ZTF (3Y-TZP) and ZTN (4Y-PSZ). This discrepancy, despite identical yttria content between IPS and ZTF, can be explained by microstructural differences observed in the SEM analysis (Figure 7). The IPS group exhibited relatively uneven grain sizes and a higher frequency of micro-voids compared to the densely sintered microstructure of ZTF. These micro-voids likely acted as stress concentration points, initiating crack propagation and reducing overall flexural strength. This suggests that modern manufacturing processes, such as improved powder homogeneity and sintering protocols, play a more critical role in determining mechanical properties than yttria content alone (1, 21). Recent studies have also reported that new generations of zirconia exhibit improved properties due to optimized microstructures (22, 23).

      The ZTU group demonstrated lower strength than ZTN but comparable hardness. The additional heat treatment in ZTU likely promoted grain growth, which can reduce flexural strength but improve surface density and hardness (24, 25). Although high hardness is beneficial for wear resistance, it requires careful polishing to prevent antagonist wear (26).

      From a clinical perspective, the selection of monolithic zirconia blocks should be guided by the specific mechanical and optical requirements of the restoration site. The findings of this study suggest that optimized homogeneous blocks may offer more predictable clinical outcomes than heterogeneous designs. Specifically, the ZTN group, characterized by high flexural strength and reliability (high Weibull modulus), is recommended for high-load-bearing posterior regions, whereas the ZTU group, with its superior translucency and optical isotropy, is the material of choice for anterior regions requiring high esthetics (27). Although heterogeneous blocks (ZTM) attempt to combine these properties, the specialized performance of homogeneous blocks appears more advantageous for meeting specific clinical indications. Future studies should investigate the long-term fatigue behavior and low-temperature degradation (LTD) of these materials to ensure clinical longevity (28, 29).

    

    

  
    
      Conclusion
      Within the limitations of this study, the following conclusions were drawn:

      
        	1. The conventional 3Y-TZP block (IPS) showed significantly lower translucency and strength compared to modern multilayered zirconia blocks.


        	2. The heterogeneous multilayered block (ZTM) did not show superior mechanical performance compared to the optimized homogeneous blocks.


        	3. The homogeneous 4Y-PSZ-based ZTN group is recommended for high-stress applications due to its superior strength, while the ZTU group is suitable for esthetic restorations due to its high translucency and optical isotropy.
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