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The effects of multiple firings on the color and translucency of monolithic zirconia were investigated in this paper. One hundred specimens were milled using three types of monolithic zirconia: multilayered zirconia (UTML, Katana) (UT), highly translucent zirconia (Organic Translucent, R + K) (OT), and nanosized zirconia (DIAZIR ST9810, Zhong Xin Tang Guo Ye) (ST). The group UT was divided into three subgroups: the incisal (UT-I), middle (UT-M), and cervical (UT-C). After sintering (T0), the specimens of each group (n = 20) were repeatedly fired 3 times. The L*, a*, and b* values were measured by using a spectrophotometer at T0, and after the first (T1), second (T2), and third (T3) firings. The translucency parameter (TP), contrast ratio (CR), opalescence parameter (OP), and color difference (∆E00) were calculated and statistically analyzed (α = 0.05). The surface morphologies of the specimens were observed using SEM. Multiple firings significantly affected the OP and the ∆E00 values of the materials tested (both p < 0.001). The ∆E00 values of group ST at T1-T3 were greater than the 50%:50% acceptability threshold (∆E00 > 1.8). Moreover, multiple firings did not exhibit significant effects on the TP and contrast ratio values of any materials (both p > 0.05). The surface topographies of the specimens after multiple firings were quite similar. Changes in opalescence were found for the multilayered zirconia and nanosized zirconia after multiple firings, but the clinical significance was low. Clinically unacceptable color changes were found in the nanosized zirconia after multiple firings, which were attributed to the higher L* values and the lower b* values after multiple firings. However, the optical properties and composition of surface elements of multilayered 5Y-TZP with over three layers need to be investigated in future studies.
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1 INTRODUCTION
The global market size of zirconia was valued at 187 million USD in 2020 and is expected to continue expanding in the next decades (Grand View Research, 2020). Yttria-stabilized tetragonal zirconia polycrystals (Y-TZPs) are considered materials of choice in dentistry because of their excellent mechanical and biological properties (Miyazaki et al., 2013). In particular, monolithic zirconia restorations have been advocated to avoid porcelain chipping, and thinner restorations have been produced to preserve more tooth tissues (Silva et al., 2017). According to the literature, several generations of Y-TZPs are available on the market. First-generation zirconias are 3 mol% (5.2 wt%) yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP) with flexural strengths ranging from 900 to 1,200 MPa (Shah et al., 2008; Zhang and Lawn, 2018). Nevertheless, insufficient light transmittance through zirconia results in poor restoration aesthetics, especially in the anterior regions (Vichi et al., 2016; Bömicke et al., 2019; Pekkan et al., 2020b; Leitão et al., 2021). To improve monolithic zirconia and provide it with acceptable translucency, second-generation zirconia has been refined by drastically reducing the concentration of the alumina additive of 3Y-TZP, which is also known as highly translucent zirconia (Zhang et al., 2012; Zhang and Lawn, 2018). Third-generation zirconias contain yttria contents as high as 4 or 5 mol% (6.93 or 8.67 wt%), and the samples are named 4Y-TZP or 5Y-TZP, respectively (Zhang and Lawn, 2018). Third-generation zirconia forms more cubic crystals and is also known as supertranslucent zirconia (Miura et al., 2022; Rinke et al., 2022). With the increased cubic phase exhibiting non-birefringence, 4Y-TZP and 5Y-TZP display markedly improved translucency (Zhang and Lawn, 2018). Kwon (Kwon et al., 2018) reported that the translucency parameter (TP) of 5Y-TZP was between those of 3Y-TZP and lithium disilicate. However, the strength and toughness of third-generation zirconia are diminished because cubic zirconia does not have a phase transformation toughening mechanism (Zhang et al., 2016; Kontonasaki et al., 2019; Sulaiman et al., 2020).
In addition to increasing the yttria content, reducing the grain sizes of Y-TZP to the nanometer range improves its translucency (Damestani et al., 2013; Arena et al., 2019). The improved translucency of nanosized zirconia is achieved by high in-line transmission between the nanosized grains (Zhang, 2014). Furthermore, nanotechnology (e.g., MXenes) with distinctive and superior physicochemical properties at the nanoscale has been considered for achieving environmental remediation (Chaudhary et al., 2022a). Nanotechnology enhanced surface size effects and quantum confinement effects due to nanoscale confinement of the dimensions of the materials (Chaudhary et al., 2022b; Khosla et al., 2022). However, few nanosized zirconia materials are commercially available, and information regarding these products is limited (Arena et al., 2019; Hu et al., 2019).
CAD/CAM technology is the main manufacturing technique to fabricate zirconia restorations, although the machining of restorations produces a large amount of waste and releases vast quantities of pollution (Batra et al., 2022). In this fabrication process, multiple firings are often needed for glazing, dyeing, and adding porcelain (Oilo et al., 2008). In our previous study, multiple firings affected the marginal fits of conventionally sintered and speed-sintered monolithic zirconia crowns, which was potentially related to grain coarsening and the t → m phase transformation (Yang et al., 2022). In addition, different sintering temperatures have been reported to lead to varied colors of nanosized 3Y-TZP, possibly due to enlargement of the grain sizes and increased t → m phase transformations (Dimitriadis et al., 2022). Although multiple firings are usually performed at relatively low temperatures, they may change the grain sizes and increase the t → m phase transformations of Y-TZPs and further affect their color and translucency characteristics (Cho and Seol, 2021; Zhang et al., 2021; Dimitriadis et al., 2022). Fehmi (Fehmi et al., 2018) reported a statistically significant change in the color of monolithic glass ceramics (IPS e. max press, Ivoclar Vivadent AG, Liechtenstein) after 5 rounds of firing. Likewise, statistically significant changes in the colors of bilayered zirconias (veneering porcelain: IPS e. max, Ivoclar Vivadent AG, Liechtenstein; zirconia core: ZircoStar, Kerox Dental Ltd., Hungary) were reported after multiple firings (Fathi et al., 2019). All of the reported color changes were above the 50%:50% acceptability threshold (∆E00 = 1.8) (Paravina et al., 2015; International Organization for Standardization, 2016), indicating that the color changes were clinically unacceptable. Moreover, statistically significant changes in TP values were found for monolithic glass ceramics (Nejatidanesh et al., 2020) and bilayered zirconia (Fathi et al., 2019), although the detected ∆TP values were all below the perceivability threshold (∆TP = 1.33) (Xia and Xiong, 2021). Altan (Altan and Cinar, 2022) studied the color and translucency changes exhibited by zirconia (YZ, Vita Zahnfabrik, Germany) after multiple firings at 1,530°C. They found that the color and translucency of zirconia were affected by multiple firings. In contrast, Ozdoan (Ozdoan and Ozdemir, 2020) reported that multiple firings at 895°C did not cause changes in the color and phase characteristics of the zirconia frameworks. However, limited information is available regarding whether the color and translucency of highly translucent monolithic zirconias change after multiple firings.
Therefore, the purpose of this in vitro study was to investigate the influence of multiple firings on the color and translucency characteristics of different types of monolithic zirconia. The following null hypotheses were proposed: 1) the color and translucency characteristics of different monolithic zirconias would be the same after multiple firings; 2) multiple firings have no influence on the color of monolithic zirconias; and 3) multiple firings have no influence on the translucency of monolithic zirconias.
2 MATERIALS AND METHODS
2.1 Specimen preparation
A total of 100 specimens were milled using three types of zirconia blocks: multilayered 5Y-TZP (UTML, Kuraray Dental, Japan) (UT), monochrome highly translucent 3Y-TZP (Organic Translucent, R + K CAD/CAM Technologie GmbH and Co. KG, Germany) (OT), and monochrome nanosized 3Y-TZP (DIAZIR ST9810, Zhong Xin Tang Guo Ye Technology Corp., Ltd., China) (ST). Unlike monochrome materials, multilayered 5Y-TZP was introduced to simulate the different parts of teeth (Kwon et al., 2018). Therefore, the specimens of the UT groups were further divided into three subgroups based on the different layers they were made of: the incisal layer (UT-I), the middle layer (UT-M), and the cervical layer (UT-C). The specimens of each group (n = 20) were sintered by following the manufacturers’ instructions. The details of the materials tested are shown in Table 1.
TABLE 1 | Characteristics of the zirconia materials tested.
[image: Table 1]2.2 Multiple firings
To simulate glaze dyeing or porcelain additions in the clinical procedures, all of the specimens were repeatedly fired 3 times in a ceramic furnace (Programat P300, Ivoclar Vivadent AG, Liechtenstein) (Yang et al., 2022). The protocols for the multiple firings are listed in Table 1.
2.3 Color measurement
According to CIELAB and CIEDE 2000, the L* (lightness), a* (red‒green), and b* (yellow‒blue) values of the specimens were measured on white (11-4001 tpg, Pantone, United States), black (19-3911 tpg, Pantone, United States), and gray (14-4107 tpg, Pantone, United States) backgrounds with a spectrophotometer (Easyshade Ⅳ, Vita Zahnfabrik, Germany) after sintering (baseline, T0) and after the first (T1), second (T2), and third firings (T3). The spectrophotometer was calibrated according to the manufacturer’s instructions before each measurement. A silicone mold was used to stabilize the probe of the spectrophotometer at the center of the specimen for each measurement. Each specimen was tested 3 times, and the average value was recorded. All measurements were performed by the same researcher.
The TP and contrast ratio (CR) of the specimens at different times were calculated with the following equations (Juntavee and Attashu, 2018):
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where B and W are the CIELAB color coordinates for each specimen with black and white backgrounds, respectively.
The opalescence parameter (OP) of the specimens at different time points was calculated with the following equation (Juntavee and Attashu, 2018):
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where B and W are the CIELAB color coordinates for each specimen with black and white backgrounds, respectively.
The ∆E00 values of specimens between the baseline (T0) and the T1, T2, and T3 values were calculated with the following equation (Luo et al., 2001):
[image: image]
where ΔL', ΔC', and ΔH' are the differences in lightness, chroma, and hue before and after multiple firings, which could be calculated by the L*, a*, and b* values of the specimens.
2.4 SEM observation
Two additional specimens were prepared for each group by using the methods described above. The specimens were sputter-coated with gold before being observed. The surface morphologies were analyzed with a scanning electron microscope (SEM) (Nova NanoSEM230, FEI, United States) operated with an acceleration voltage of 8 kV. Representative images showing the morphological changes of the specimens at baseline and after multiple firings were obtained at ×30,000 magnification.
2.5 Statistical analysis
Statistical analyses were performed with a statistical software package (SPSS Statistics v26.0, IBM, United States). The assumptions of a normal distribution and homogeneity of the variance were confirmed with the Shapiro‒Wilk test and Levene’s test, respectively. Two-way repeated-measures analysis of variance (ANOVA) and multiple-paired t tests with Bonferroni correction were performed to analyze the impacts of multiple firings on the color and translucency characteristics of monolithic zirconia (α = 0.05).
3 RESULTS
Significant differences were found in the L*, a*, b*, TP, CR, OP, and ∆E00 values among the different highly translucent monolithic zirconia samples (all p < 0.05). Multiple firings significantly affected the OP and ∆E00 values of the materials tested (both p < 0.001).
The OP values of all the groups are listed in Table 2. The OP values of the group UT-M at T3 and the group ST at T1-T3 were significantly lower than those at T0 (all p < 0.05). However, the changes in the OP values were small (within 0.5). The OP values of the remaining groups remained unchanged after multiple firings (all p > 0.05).
TABLE 2 | Means and standard deviations of the OP values after multiple firings.
[image: Table 2]The ∆E00 values of all groups are listed in Table 3. The ∆E00 values of group UT-I were significantly lower at T2 and T3 than at T1 (p < 0.05). The ∆E00 values of the remaining groups remained unchanged throughout T1-T3 (all p > 0.05). According to the literature and ISO/TR 28642 (Paravina et al., 2015; International Organization for Standardization, 2016), the 50:50% perceptibility thresholds (PT) and AT of the color changes were 0.8 and 1.8, respectively. The ∆E00 values of groups UT-I, UT-M, and UT-C were between 0.8 and 1.8. The ∆E00 values of group OT were below 0.8, while those in group ST were greater than 1.8.
TABLE 3 | Means and standard deviations for the ∆E00 values after multiple firings.
[image: Table 3]The L*, a*, and b* values of all groups are shown in Figure 1. The L* values of the groups UT-C and ST at T1-T3 were significantly higher than those at T0 (all p < 0.05). The L* values of group UT-I at T1 were significantly lower than those at T0 (p < 0.001), while no significant differences were found at T2 and T3 compared with T0. The L* values of groups UT-M and OT remained unchanged at T0-T3 (all p > 0.05). The a* values of groups UT-I, UT-M, and UT-C at T1-T3 were significantly lower than those at T0 (all p < 0.05), indicating a color switch to greenness after 1-3 firing rounds. The a* values of groups OT and ST remained unchanged over T0-T3 (all p > 0.05). The b* values of all groups at T1-T3 were significantly lower than those at T0 (all p < 0.05), indicating a color switch to blueness after 1-3 firing rounds.
[image: Figure 1]FIGURE 1 | Changes in L*, a* and b*values of the tested groups at different time points. T0: baseline; T1: after the first firing; T2: after the second firing; and T3: after the third firing. UT-I: incisal layer of multilayered 5Y-TZP; UT-M: middle layer of multilayered 5Y-TZP; UT-C: cervical layer of multilayered 5Y-TZP; OT: highly translucent 3Y-TZP; and ST: nanosized 3Y-TZP.
Multiple firings did not exhibit significant effects on the TP and CR values of any groups (both p > 0.05). The TP and CR values of all groups are listed in Tables 4, 5.
TABLE 4 | Means and standard deviations for the TP values after multiple firings.
[image: Table 4]TABLE 5 | Means and standard deviations for the CR values after multiple firings.
[image: Table 5]SEM images for all groups are shown in Figure 2. The surface topographies of the specimens after multiple firings were quite similar to those seen at the baseline. It is worth noting that a few larger grains were distributed in certain areas and revealed non-homogeneous grain structures in groups UT and OT, while the microstructure of group ST was uniformly distributed with a narrow grain size range.
[image: Figure 2]FIGURE 2 | Representative SEM images (300,00×) taken for different monolithic zirconias as a baseline (A, E, I) and after the first (B, F, J), second (C, G, K), and third (D, H, L) firings. (A–D) specimens in the UT group (multilayered 5Y-TZP). (E–H) specimens in the OT group (monochrome highly translucent 3Y-TZP). (I, J, K, L): specimens in the ST group (monochrome nanosized 3Y-TZP).
4 DISCUSSION
The color and translucency characteristics of zirconia ceramics have a decisive effect on restoration aesthetics. In clinical practice, it is necessary to dye or add porcelain to prostheses several times during try-in procedures (Manziuc et al., 2021). Therefore, the prostheses are likely to undergo multiple firings before being cemented. This study could be considered the first to evaluate the effects of multiple firings on the color and translucency characteristics of monolithic zirconia. Based on the present findings, the null hypotheses that multiple firings have no influence on the color of monolithic zirconias and that the color and translucency characteristics of different monolithic zirconias would be the same after multiple firings were rejected. The null hypothesis that multiple firings have no influence on the translucency of monolithic zirconias was accepted. The materials tested in this study included highly translucent monolithic zirconias available for clinical applications. Translucency is a material property in which a major portion of the transmitted light encounters diffusion (Tabatabaian, 2019), which is usually defined by the TP or CR values (Yu et al., 2009). However, the TP is limited by the non-linearity in L* because (L*B—L*W) is 0 when the absolute translucency approaches 50% (Spink et al., 2013). Moreover, CR may lose its sensitivity as the opacity increases (Spink et al., 2013). Therefore, both the TP and CR values were employed to evaluate the translucency of the zirconia in this study. Moreover, the OP and ∆E00 values were adopted to evaluate the color changes occurring in the zirconia after multiple firings, which was consistent with previous studies (Khashayar et al., 2014; Kim et al., 2016; Fathi et al., 2019).
The International Commission on Illumination (CIE) recommended using the CIELAB formula (∆Eab) for color difference research in 1976 (Luo et al., 2001). Considering the factors affecting color difference judgment and the lack of color space uniformity of the CIELAB formula, the CIEDE2000 formula (∆E00) has been approved and widely applied over the past decades (Luo et al., 2001). The 50%:50% perceivability threshold and the 50%:50% acceptability threshold are the two major thresholds used for assessing color differences, and they serve as quality control tools guiding the selection of dental materials and evaluating their performance in clinical dentistry and dental research (International Organization for Standardization, 2016). The 50%:50% perceivability threshold and the 50%:50% acceptability threshold for CIEDE2000 are 0.8 and 1.8, respectively. These values constituted the lower perceptual limit to estimate the maximum number of colors discernible by the human visual system (Paravina et al., 2015).
In this study, an unacceptable color change was observed in nanosized 3Y-TZP after multiple firings, which was attributed to increased lightness and a color switch to redness and blueness. For the multilayered 5Y-TZP, acceptable color changes were observed after multiple firings (0.8<∆E00 < 1.8), while the color changes in the highly translucent 3-TZP were not perceivable. In a previous study on nanosized zirconia, relatively higher sintering temperatures led to significantly lower color differences in the vita shade of the zirconia materials (1,460°C: ∆Eab = 4.4; 1,600°C: ∆Eab = 2.4) (Juntavee and Attashu, 2018). The color changes of the nanosized zirconia (grain size = 550 nm) were considered to be attributed to the reduction of pores between the grains and increase in the grain sizes (Juntavee and Attashu, 2018). Given that the temperatures of the multiple firings (∼820°C) were lower than those adopted during the sintering process, it could be assumed that the color and microstructure changes in nanosized 3Y-TZP detected in the previous study occurred at the firing temperature. Importantly, as the grain size of nanosized 3Y-TZP in this study was quite small (200–300 nm, data reported by the manufacturer), the impact of firing on the pores between the grains or the grain sizes of the nanosized 3Y-TZP may be greater than those for multilayered 5Y-TZP and highly translucent 3Y-TZP. However, further studies are needed to clarify this issue.
The reproduction of the optical properties of natural teeth can be designed by controlling the translucency and opalescence characteristics of ceramic materials (Kim, 2020). Opalescence results from light scattering at wavelengths less than or equal to visible light wavelengths, which is quantified by the OP values (Cho et al., 2009). Ideal aesthetic restorative materials should have opalescence characteristics similar to those of natural teeth. The OP values of human enamel and lithium disilicate ranged from 19.8 to 27.6 (Lee and Yu, 2007) and 4.4 to 6.6 (Della Bona et al., 2014), respectively. In this study, the OP values of all zirconia tested (3.0–6.6) were much lower than those of human enamel and comparable to those of lithium disilicate (Pecho et al., 2012), indicating a need for improvement in the opalescence of highly translucent monolithic zirconia. Moreover, the OP values of the multilayered 5Y-TZP middle layer and nanosized 3Y-TZP significantly decreased after multiple firings. However, it is important to note that the changes seen in the OP values for these groups were within 0.5 and may have no clinical significance.
Regarding the translucency characteristics, the TP values for all of the zirconia materials remained unchanged, indicating the excellent stability of the zirconia translucency after multiple firings. Interestingly, the highest TP values and lowest CR values were found for groups UT-I and UT-M, indicating the superior translucency of multilayered 5Y-TZP. Although it has been reported that the reductions in the grain sizes of Y-TZP can improve its translucency (Damestani et al., 2013; Arena et al., 2019), the translucency of group ST was still lower than those of groups UT-I and UT-M. This phenomenon could have occurred because the grain sizes of the nanosized 3Y-TZP used in this study were much larger than 70–80 nm (in theory, the ideal grain size leads to optimum translucency) (Zhang, 2014). Moreover, the TP values of human enamel and dentin are 18.7 and 16.4, respectively, and their CR values are 0.75 and 0.62, respectively (Yu et al., 2009). Although the highest translucency was found in the multilayered 5Y-TZP, this characteristic was only close to that of dentin but far smaller than that of enamel. Moreover, it has been reported that corrosion of the zirconia surface, which increased the surface roughness, significantly decreased the TP values (Habib et al., 2021). Likewise, generalized irregular surfaces with microretentive areas were observed in a previous study of the zirconia surface after aging, which significantly decreased the TP values (Kilinc and Sanal, 2021). In the present study, the surface morphology of the zirconia remained unchanged after multiple firings, which correlated well with the present results for the translucency characteristics.
Interestingly, although the A1 shade of different highly translucent monolithic zirconia was chosen in this research, there were significant differences in color characteristics among the different groups. These results were similar to those of previous reports (Pecho et al., 2012; Tabatabaian, 2019). This phenomenon may be attributed to the different compositions and shade systems used by different manufacturers. Therefore, it is recommended that the shadeguide provided or recommended by the manufacturers of the zirconia materials should be used during aesthetic rehabilitation.
In the present study, unacceptable color changes in the nanosized 3Y-TZP were observed after multiple firings, while the color changes in highly translucent 3Y-TZP and multilayered 5Y-TZP were clinically acceptable. Clinicians should note that shade correction may be necessary when nanosized 3Y-TZP restorations are repeatedly fired. Moreover, the tested zirconia materials exhibited acceptable stability in terms of the opalescence and translucency during the multiple firing processes.
The changes in the color and translucency characteristics of highly translucent monolithic zirconia were evaluated by ignoring the effects of cements, which could be considered a limitation of the present study (Pekkan et al., 2020). Moreover, multilayered 5Y-TZP with more than three layers has recently become available (Toma et al., 2022). Therefore, future studies are needed to investigate the effects of multiple firing cycles on the color and translucency characteristics of zirconia, including multilayered 5Y-TZP with over three layers. Moreover, the color changes of zirconia might be related to changes in the composition of surface elements (Habib et al., 2021). The surface elements of zirconia after multiple firings will be tested in future studies.
5 CONCLUSION
Based on the present findings, it can be concluded that different types of highly translucent zirconia exhibited varied colors, opalescence, and translucency. After multiple firings, clinically unacceptable color changes were found in nanosized 3Y-TZP, while the color changes in highly translucent 3Y-TZP and multilayered 5Y-TZP were clinically acceptable. Moreover, the opalescence, translucency and surface morphologies of highly translucent 3Y-TZP, multilayered 5Y-TZP, and nanosized 3Y-TZP remained unchanged after multiple firings. Future studies are needed to investigate the effects of multiple firing cycles on the color and translucency characteristics of multilayered 5Y-TZP with over three layers.
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