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Abstract 

This study evaluated the effects of different sintering protocols on the mechanical and 

microstructural properties of two multilayered zirconia materials: strength-gradient zirconia 

(KATANA YML) and color-gradient zirconia (KATANA UTML). Bar-shaped specimens were 

fabricated from both zirconia types. Three sintering protocols were applied: manufacturer 

recommended conventional (7 h at 1550 °C), high-speed (54 min at 1600 °C), and a modified high-

speed protocol (51 min at 1600 °C). Eighty-four specimens underwent three-point flexural strength 

testing. SEM and XRD analyses were used to assess microstructure and phase composition. No 

significant differences in flexural strength were found among sintering protocols (p > 0.05), but YML 

consistently showed higher strength than UTML (p < 0.05). The highest strength in YML was 

observed after high-speed sintering, followed by the shortened and conventional protocols. In UTML, 

the modified protocol yielded the highest strength, followed by the high-speed and then conventional 

protocol. SEM revealed finer, more homogeneous grains with shorter sintering times. XRD confirmed 

stable phase composition across all protocols. High-speed and modified high-speed sintering 

protocols can reduce processing time without compromising zirconia’s mechanical performance. 

Material type had a greater effect on flexural strength than sintering time, though microstructure was 

protocol dependent. Proper selection of zirconia type and sintering strategy is essential for optimal 

outcomes. 

Keywords: sintering; grain size; mechanical properties; ZrO₂ 

 

1. Introduction 

The advancement of computer-aided design (CAD) and computer-aided manufacturing (CAM) 

systems, along with their user-friendly applications, has led to innovative strategies in modern 

prosthodontic treatments[1]. The integration of high-performance materials, such as zirconia 

ceramics, with emerging technologies has significantly reshaped both dental education and clinical 

practice [2].Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) is widely recognized for its 

durability, biocompatibility, and corrosion resistance. Zirconia exists in three crystallographic phases 

depending on temperature: monoclinic at room temperature, tetragonal above ~1170 °C, and cubic 

above ~2370 °C. The tetragonal phase provides the highest mechanical strength and fracture 

toughness [3]. To retain this phase at room temperature, zirconia is doped with stabilizing oxides 

such as yttrium (Y), cerium (Ce), calcium (Ca), or magnesium (Mg) [4]. Among these, yttria is 

particularly effective in maintaining phase stability, limiting grain growth, and enhancing thermal 

resistance [5]. 

Yttria-stabilized zirconia is classified based on the molar concentration of yttria—3Y-TZP, 4Y-

TZP, 5Y-TZP, and 6Y-TZP—where higher yttria content increases translucency by promoting the 

cubic phase, though at the expense of mechanical strength due to reduced transformation toughening 
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[6–8]. Recently, multilayer zirconia systems with gradient yttria content (e.g., 3Y-5Y or 4Y-5Y) have 

been introduced to balance strength and esthetics within a single restoration. These systems typically 

feature lower yttria concentrations (enhancing strength) in cervical and middle zones, and higher 

yttria (for translucency) in the occlusal zone. However, the inclusion of cubic-rich, lower-strength 

zirconia in load-bearing areas may lead to crack propagation and chipping under occlusal forces [6,9]. 

Sintering is a key factor influencing the phase stability, microstructure, and mechanical behavior 

of zirconia [10–12]. With recent technological advancements, novel speed sintering protocols have 

been developed to dramatically shorten processing times, sometimes to just a few minutes, compared 

to conventional sintering [13].These protocols primarily manipulate temperature and duration, both 

of which affect mechanical, optical, and microstructural characteristics of zirconia ceramics [10,14,15]. 

Speed sintering can effectively reduce grain growth and maintain material density, thereby 

preserving desirable mechanical and structural properties [12,16,17]. Therefore, the aim of this in 

vitro study was to evaluate the impact of three sintering protocols conventional, manufacturer-

recommended high speed, and experimental speed on the flexural strength, microstructure, and 

phase composition of two multilayer monolithic zirconia materials. The null hypotheses were 

shortening the sintering time would not significantly affect the mechanical and microstructural 

properties of the materials. 

2. Materials and Methods 

2.1. Materials Used 

Two commercially available pre-shaded multilayer monolithic zirconia discs were selected for 

this study. One was a strength-gradient zirconia with varying yttria (Y₂O₃) concentrations across 

layers (KATANA™ YML, 18 mm, NW), and the other was a color-gradient zirconia with a uniform 

yttria distribution throughout (KATANA™ UTML, 18 mm, ENW), both provided by Kuraray 

Noritake Dental Inc. (Japan). The compositional differences between the two materials are presented 

in Table 1. 

Table 1. Composition and Characteristics of the Zirconia Materials Used in This Study. 

Material Trade Name LOT No Manufacturer Y₂O₃ content (nominal) 

Layered 

Monolithic 

Zirconia 

KATANA™ YML (18 

mm, NW) 
EİTAY 

Kuraray Noritake 

Dental Inc., Japan 

Multilayer: dentin ≈ 3Y; 

transition ≈ 4Y; enamel ≈ 5Y 

Layered 

Monolithic 

Zirconia 

KATANA™ UTML (18 

mm, ENW) 
ENCJF 

Kuraray Noritake 

Dental Inc., Japan 
Uniform: ≈ 5Y 

Note: The manufacturer does not provide exact Y₂O₃ ratios for YML and UTML. For YML, the nominal compositions are 

reported in the literature: dentin ≈ 3Y, transition ≈ 4Y, and enamel ≈ 5Y (Strasser et al., [18]). Because YML is multilayered, 

a single bulk value cannot represent the entire structure. For UTML, classification studies indicate ≈ 5 mol% Y₂O₃ (≈ 13 

wt%), which is also in line with our EDS results (Kongkiatkamon et al.,[6]). 

2.2. Specimen Preparation 

A total of 96 rectangular zirconia specimens were prepared for this study. The final dimensions 

were 4.0 ± 0.2 mm (width), 15.0 ± 0.2 mm (length), and 2.1 ± 0.1 mm (thickness), in accordance with 

ISO 6872:2015 [19] guidelines. These measurements were adjusted based on an estimated 20% 

shrinkage after sintering. 

Specimens were fabricated from pre-sintered multilayer zirconia discs using a precision cutting 

machine (Secotom 60, Struers, Denmark). Surface polishing was performed using 600- and 1200-grit 

silicon carbide (SiC) abrasive papers under continuous water irrigation to ensure standardized and 

smooth surfaces. 
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The specimens were divided into six experimental groups based on the zirconia type and 

sintering protocol: 

▪ YML-7 h    (YML sintered for 7 hours) 

▪ YML-54 min  (YML sintered for 54 minutes) 

▪ YML-51 min  (YML sintered for 51 minutes) 

▪ UTML-7 h   (UTML sintered for 7 hours) 

▪ UTML-54 min (UTML sintered for 54 minutes) 

▪ UTML-51 min (UTML sintered for 51 minutes) 

In each group, 14 specimens were allocated for three-point flexural strength testing, 1 specimen 

was reserved for scanning electron microscopy (SEM), and 1 for X-ray diffraction (XRD), resulting in 

a total of 16 specimens per group and 96 specimens overall. 

2.3. Sintering Protocols 

Three different sintering protocols were applied using a high-speed dental sintering furnace 

(inFire HTC Speed, Sirona, Bensheim, Germany). The sintering procedures and temperature profiles 

were selected based on manufacturer recommendations and are detailed as follows: 

7-hour conventional sintering protocol 

• Heating from room temperature to 1550 °C at 10 °C/min 

• Holding at 1550 °C for 2 hours 

• Cooling to room temperature at −10 °C/min 

54-minute high-speed sintering protocol 

• Heating from room temperature to 1450 °C at a rate of 120 °C/min 

• Then to 1600 °C at 10 °C/min 

• Holding at 1600 °C for 20 minutes 

• Cooling to 800 °C at −120 °C/min 

51-modified high-speed sintering protocol 

• Heating from room temperature to 1400 °C at 50 °C/min 

• Then to 1500 °C at 24 °C/min 

• Then to 1560 °C at 24 °C/min 

• No holding time 

• Cooling according to automatic program schedule (manufacturer default) 

2.4. Flexural Strength Testing 

Three-point flexural strength testing was conducted using a universal testing machine (Lloyd 

LRX, USA) with a span of 20 mm and crosshead speed of 1 mm/min following ISO 6872 6872:2015. 

The flexural strength (σ) was calculated using: 

σ = (3FL) / (2wb²) where: 

F = fracture load (N), L = span (mm), w = width (mm), b = thickness (mm). 

2.5. SEM and Grain Size Analysis 

One specimen from each group was sputter-coated with a 3 nm gold layer using a Sputter Coater 

SC502 (Polaron, VG Microtech, UK) to enhance surface conductivity and was then examined under 

a field emission scanning electron microscope (FE-SEM; QUANTA 400F, ThermoFisher) at ×50,000 

magnifications. Grain size measurements were performed using ImageJ software, with ten randomly 

selected grains measured per image. 

2.6. EDS Analysis 

Elemental analysis (Zr, Y, O) was conducted with energy-dispersive spectroscopy (EDS) 

integrated into the SEM system. 
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2.7. XRD Analysis 

Crystalline phase analysis was performed using a Bruker D8 Advance XRD system (30 mA, 40 

kV) with Cu Kα radiation (λ = 1.5406 Å). The scanning range was 10°–90° (2θ) at a step size of 0.02° 

with a speed of 0.6°/min. Phase identification was performed by comparing the experimental patterns 

with reference data. Quantitative phase composition was determined using the Whole Powder 

Pattern Fitting (WPPF) method implemented in Rigaku SmartLab Studio II software, based on 

pseudo-Voigt profile functions and the PDF-4+ database. 

2.8. Statistical Analysis 

The flexural strength and grain size data were assessed for normality using the Kolmogorov–

Smirnov test. One-way analysis of variance (ANOVA), followed by Tukey’s post hoc test, was used 

to determine statistically significant differences among groups. A significance level of p < 0.05 was 

applied for all analyses. 

3. Results 

3.1. Flexural Strength Results 

The results of the three-point flexural strength test are summarized in Table 2. In the YML group, 

the highest flexural strength was observed in the YML--54 min group (916.7 ± 209.6 MPa), followed 

by YML--51 min (845.0 ± 249.8 MPa), and YML--7 h (828.8 ± 182.4 MPa). Although the difference 

among sintering durations was not statistically significant (p > 0.05), the highest strength was 

achieved with the 54-minute protocol. In the UTML group, the UTML--51 min subgroup showed the 

highest strength (583.7 ± 108.9 MPa), followed by UTML--54 min (574.9 ± 150.7 MPa), and the lowest 

value was recorded in UTML--7 h (531.8 ± 160.3 MPa). Again, no significant difference was found 

between the sintering durations within the UTML group (p > 0.05). When comparing the two 

materials, YML demonstrated significantly higher flexural strength than UTML in all sintering 

protocols (p < 0.05). Overall, shorter sintering durations (51 min and 54 min) resulted in higher or 

comparable flexural strength values compared to the conventional 7 h protocol. This trend was more 

evident in the YML groups. The results of the three-point flexural strength test are summarized in 

Table 2 and Figure 1. 

Table 2. Flexural Strength Values (MPa, Mean ± SD). 

Material 

7 h 54 min 51 min Overall 
Time- 

Based 

(n=28) (n=28) (n=28) (n=86)  

Mean SS Mean SS Mean SS Mean SS p** (F) 

YML (n=42) 828,8 182,4 916,7 209,6 845,0 249,8 863,5 213,9 
0,741 

(-0,30) 

UTML (n=42) 531,8 160,3 574,9 150,7 583,7 108,9 563,5 140,1 
0,435 

(-0,86) 

Overall 

(n=84) 
680,3 226,4 745,8 249,8 714,3 231,2 713,5 234,7 

0,532 

(-0,64) 

Material 0,00 0,00 0,00 0,00 
  

based p* (t) (-4,83) (-4,32) (-3,59) (-7,45) 

Student’s t-test, **: ANOVA, a, b, c: Different letters indicate statistically significant differences between columns. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 October 2025 doi:10.20944/preprints202510.1872.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1872.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 14 

 

 

Figure 1. Mean flexural strength (MPa) of YML and UTML groups sintered for 7 h, 54 min, and 51 min. Error 

bars indicate standard deviation. 

3.2. SEM and Grain Size Results 

SEM observations revealed distinct microstructural differences among the sintering protocols. 

Specimens sintered for 54 minutes exhibited the most compact and homogeneous grain structure, 

followed closely by those sintered for 51 minutes. In contrast, specimens subjected to the 7-hour 

protocol demonstrated larger, more irregular grain boundaries with occasional voids and porosity. 

Grain size measurements for each material group are presented in Table 3. In the YML groups, 

the 54-minute protocol resulted in the smallest average grain size (234.2 ± 128.4 nm), followed by the 

51-minute protocol (406.8 ± 107.0 nm), and the 7-hour group (644.2 ± 146.5 nm). In the UTML groups, 

the grain sizes were 375.5 ± 116.6 nm (54 min), 386.8 ± 115.5 nm (51 min), and 620.9 ± 80.1 nm (7 h). 

Statistically significant differences were observed among sintering durations within each material (p 

< 0.05). The results are summarized in Table 3 and Figure 2. 

Table 3. Mean Grain Size Values (nm ± SD). 

Material 

7 h 

(n=20) 

54 min 

(n=20) 

51 min 

(n=12) 

Overall 

(n=60) 

Time- 

Based 

Mean SS Mean SS Mean SS Mean SS p** (F) 

YML (n=30) a644,2 146,5 b234,2 128,4 c406,8 107,0 428,4 211,1 
0,000 

(25,75) 

UTML (n=30) a620,9 80,1 b375,5 116,6 bc386,8 115,5 461,1 153,6 
0,000 

(17,21) 

Overall (n=60) a632,6 115,5 b304,8 139,6 bc396,8 108,8 444,7 183,8 
0,001 

(37,63) 

Material  

based p* (t) 

0,665 

(0,441) 

0,019 

(-2,578) 

0,692 

(0,402) 

0,496 

(-0,686) 
  

Student’s t-test, **: ANOVA, a, b, c: Different letters indicate statistically significant differences between columns. 
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Figure 2. Average grain size (nm) of YML and UTML groups sintered for 7 h, 54 min, and 51 min, based on SEM 

analysis at 50,000× magnification. 

Overall, shorter sintering times resulted in more refined and consistent grain structures. These 

microstructural advantages observed in the speed sintering groups may contribute to the superior 

mechanical performance reported in flexural strength results. Representative SEM images for each 

group are presented in Figures 3 and 4. 

   
(a) (b) (c) 

Figure 3. Representative SEM micrographs of YML specimens sintered at different durations, captured at 50,000× 

magnification: (a) YML-7 h, (b) YML-54 min, (c) YML-51 min. 

   
(a) (b) (c) 

Figure 4. Representative SEM micrographs of UTML specimens sintered at different durations, captured at 

50,000× magnification: (a) UTML-7 h, (b) UTML-54 min, (c) UTML-51 min. 
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3.3. EDS Results 

EDS analysis was conducted to evaluate the elemental distribution of zirconium (Zr), yttrium 

(Y), and oxygen (O) in the YML and UTML specimens across different sintering durations. Table 4 

summarizes the mean weight percentages (% wt) of these elements. 

In the YML groups, yttrium content ranged from 7.21% (7 h) to 9.56% (54 min). A slight increase 

in Y content was observed in the speed sintering groups, with values of 9.56% (54 min) and 9.07% (51 

min), compared to 7.21% in the 7-hour group. For UTML, the Y content remained more consistent, 

with 9.97% (7 h), 10.32% (54 min), and 10.27% (51 min). The results are summarized in Table 4. 

Table 4. Elemental Composition by EDS (% weight). 

Material Sintering Duration Zr (%) Y (%) O (%) 

YML 7 h 79.06 7.21 13.73 

YML 54 min 76.51 9.56 13.93 

YML 51 min 76.56 9.07 14.37 

UTML 7 h 77.43 9.97 12.60 

UTML 54 min 75.43 10.32 14.25 

UTML 51 min 76.04 10.27 13.69 

Zirconium and oxygen contents also showed minor variations, but these were not statistically 

significant. The overall elemental composition remained within expected ranges for yttria-stabilized 

zirconia. The speed sintering protocols did not negatively affect elemental stability, as confirmed by 

EDS spectra. 

These findings suggest that shorter sintering durations do not adversely affect the elemental 

homogeneity of YML or UTML zirconia and may enhance phase consistency by preserving the 

intended yttria distribution. 

3.4. XRD Results 

X-ray diffraction (XRD) analysis revealed stable tetragonal–cubic phase compositions across all 

sintering protocols, with no detectable monoclinic phase. The cubic phase content increased with 

shorter sintering durations, most prominently in UTML (51 min protocol). Detailed phase fractions 

for all groups are summarized in Table 5. 

Table 5. Phase Composition (% weight) from XRD Analysis. 

Material Sintering Duration Tetragonal (%) Cubic (%) 

UTML 7 h 23 ± 2 77 ± 2 

UTML 54 min 35 ± 2 65 ± 2 

UTML 51 min 8 ± 2 92 ± 2 

YML 7 h 61.2 ± 0.9 38.8 ± 0.9 

YML 54 min 56.3 ± 1.1 43.7 ± 1.1 

YML 51 min 46 ± 1 54 ± 1 

Representative diffraction patterns are shown in Figures 5–7, with identified phases and 

corresponding ICDD/PDF card numbers indicated in the captions. 
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Figure 5. X-ray diffraction (XRD) patterns of YML specimens sintered with different protocols: (a) 7 h at 1550 °C, 

(b) 54 min at 1600 °C, and (c) 51 min at 1600 °C. The main crystalline phases identified were tetragonal ZrO₂ 

(P42/nmc; ICDD/PDF 00-050-1089, 01-079-1771) and cubic ZrO₂ (Fm-3m, tazheranite; ICDD/PDF 00-022-0540). 

 

Figure 6. X-ray diffraction (XRD) patterns of UTML specimens sintered with three different protocols: (a) 7 h at 

1550 °C, (b) 54 min at 1600 °C, and (c) 51 min at 1600 °C. The main crystalline phases identified were tetragonal 

ZrO₂ (P42/nmc; ICDD/PDF 01-070-7300, 04-026-7650) and cubic ZrO₂ (Fm-3m, tazheranite; ICDD/PDF 01-078-

3193, 04-006-1370). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 October 2025 doi:10.20944/preprints202510.1872.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1872.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 14 

 

 

Figure 7. Comparative XRD patterns of YML and UTML specimens under different sintering protocols. (a–c) 

YML groups: 7 h, 54 min, 51 min; (d–f) UTML groups: 7 h, 54 min, 51 min. 

4. Discussion 

The present in vitro study investigated the effects of three different sintering protocol 

conventional (7 h at 1550 °C), manufacturer-recommended high-speed (54 min at 1600 °C), and an 

modified high-speed protocol(51 min at 1600 °C) on the flexural strength, microstructure, and phase 

composition of two multilayer zirconia materials: strength-gradient KATANA™ YML and color-

gradient KATANA™ UTML. A total of 96 bar-shaped specimens were prepared and analyzed using 

mechanical testing, scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and 

X-ray diffraction (XRD).The null hypothesis proposed that reducing sintering time would not 

significantly alter the mechanical and microstructural properties of these zirconia materials. Based 

on the findings, this hypothesis was partially accepted: sintering duration did not significantly affect 
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flexural strength within each material group, but it did influence grain size and phase 

composition.Flexural strength testing showed that YML consistently outperformed UTML in all 

sintering protocols, with the highest strength recorded for YML after 54 minutes of sintering. In 

UTML, the 51-minute protocol yielded the greatest strength, although differences between protocols 

were not statistically significant. These results indicate that accelerated sintering can produce 

mechanical performance equal to or greater than conventional sintering. 

Previous studies have reported inconsistent findings regarding the relationship between 

sintering temperature, duration, and zirconia strength. Some investigations indicated that increasing 

sintering temperature and time did not produce significant changes in hardness or flexural strength, 

though improvements in translucency and shade matching were observed [20]. Others found that 

grain size in 3Y-TZP increased sharply when temperatures exceeded 1300 °C, with the largest grains 

at 1700 °C, which was associated with a decline in flexural strength and optical contrast [15]. In 

contrast, some reports suggested that combining high temperatures with short sintering times could 

enhance flexural strength, although microstructural evidence was limited [12]. The present results 

are consistent with the latter, as both accelerated protocols (51 and 54 min) produced equal or higher 

flexural strength compared with the conventional 7-hour process, accompanied by finer and more 

homogeneous microstructures. Attia et al.[16] similarly reported that high-speed sintering improved 

fracture strength and reduced grain size in gradient zirconia fixed partial dentures, with a negative 

correlation observed between grain size and strength. These outcomes align with the present study, 

supporting the concept that short-duration, high-temperature sintering improves zirconia’s 

mechanical behavior by restricting grain growth. 

In this study, the higher flexural strength in accelerated sintering groups may be related to finer 

and more homogeneous grains. Elevated temperatures (1600 °C) promote particle coalescence, 

reduce porosity, and increase density [12,17] . These results agree with studies showing that high-

speed sintering or short durations at high temperatures enhance flexural strength [12,21], By contrast, 

the lower strength in conventionally sintered specimens may reflect larger grains formed during 

prolonged sintering and holding [22–24] . which can promote grain growth, tetragonal-to-monoclinic 

transformation, and yttria migration [15,25,26]. The small variations observed are thus more likely 

linked to grain size consistent with some reports [25,27], though others found no significant 

differences between protocols [28–30] or suggested strength is unaffected by material, sintering time, 

or temperature [10,11,20,31,32].Grain size analysis confirmed that accelerated sintering produced 

finer microstructures than conventional sintering. In YML, the 54-minute group showed the smallest 

mean grain size (234.2 ± 128.4 nm), followed by the 51-minute group (406.8 ± 107.0 nm), while the 7-

hour group exhibited larger grains (644.2 ± 146.5 nm). In UTML, values were 375.5 ± 116.6 nm (54 

min), 386.8 ± 115.5 nm (51 min), and 620.9 ± 80.1 nm (7 h). All values remained below the critical 

threshold of 1 μm, above which tetragonal-to-monoclinic transformation may occur[26] and none 

approached the 0.2 μm limit associated with loss of transformation toughening[10]. These findings 

confirm that sintering strongly influences grain size[17,33], and that shorter durations effectively 

limited grain growth without adverse microstructural changes.Regardless of the protocol, few 

studies have evaluated the mechanical performance of gradient zirconia, and direct comparisons 

remain difficult due to differences in material composition and experimental design [31,34–36]. In 

this study, YML consistently showed higher flexural strength than UTML, which can be explained 

by its design: YML contains regions with lower yttria content that stabilize the tetragonal phase and 

promote transformation toughening, while UTML’s uniformly higher yttria favors translucency but 

reduces strength. EDS confirmed stable composition overall, with only a slight increase in Y content 

in accelerated YML groups (7.21% → 9.56%), whereas UTML remained unchanged (≈10%). Previous 

reports also emphasize the role of yttria distribution and layer-specific properties, noting that YML’s 

body layers (3–5 mol% Y₂O₃) provide higher strength than transition layers[18,37]. Although higher 

yttria has been linked to larger grains and reduced strength[38], YML has still been shown to 

outperform other multilayer zirconias[18,37]. Moreover, evidence that repeated or high-speed 
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sintering does not reduce biaxial strength[23,39] supports the present results that accelerated 

sintering preserved mechanical performance. 

XRD analysis confirmed the absence of monoclinic phase in all groups, indicating stable phase 

composition across protocols. As expected from its higher yttria content, UTML exhibited a cubic-

dominant structure under all conditions. In YML, which contains less yttria in load-bearing regions, 

the cubic phase fraction increased with accelerated sintering (38.8% at 7 h → 43.7% at 54 min → 54% 

at 51 min), accompanied by a decrease in tetragonal content. Although this change did not 

significantly affect flexural strength, the higher tetragonal proportion in YML compared with UTML 

may explain its superior performance. The toughness of the tetragonal phase is associated with 

transformation toughening, where localized tetragonal-to-monoclinic transformation produces 

compressive stresses that inhibit crack propagation[6,9]. These findings are consistent with previous 

reports showing that 3Y-TZP regions are more prone to phase transformation during sintering, 

whereas higher yttria (5Y-TZP) provides greater stability through diffusion and cubic phase 

stabilization[11,37] This explains why YML exhibited protocol-dependent tetragonal–cubic 

variations, while UTML consistently maintained a cubic structure. Güntekin[40], similarly reported 

that cubic content increased with high-speed and repeated sintering, particularly in YML, and that 

repeated firings reduced differences between conventional and accelerated groups. Overall, these 

results indicate that phase ratios are primarily influenced by yttria content and sintering history, 

while mechanical behavior is more strongly governed by grain size refinement [41].Recent work by 

Nonaka et al. [42]demonstrated that rapid cooling in dental zirconia generates a compressive residual 

stress layer on the surface, which increases in thickness with faster cooling rates. Although flexural 

strength was not significantly affected, fracture toughness was improved due to suppression of crack 

propagation by this stress layer. This supports the possibility that, in addition to grain refinement 

(Hall–Petch effect)[41], residual stresses induced by the fast-cooling rate in high-speed sintering may 

also contribute to the mechanical performance of zirconia ceramics. 

Our XRD results showed that all sintering protocols prevented the formation of monoclinic 

phases, while variations in tetragonal-to-cubic ratios were observed depending on the cycle. These 

findings are consistent with previous work on YSZ ceramics by Lis et al.[43], who demonstrated that 

sintering temperature critically influences phase stability. In their study, 6YSZ ceramics sintered at 

1550 °C showed the maximum tetragonal fraction (≈56 wt%) and improved fracture toughness, while 

further temperature increases to 1600 °C promoted grain growth and a shift toward monoclinic 

transformation, leading to reduced mechanical properties. In contrast, our multilayered zirconia 

specimens did not exhibit monoclinic formation even at 1600 °C cycles, likely due to their higher 

yttria content and compositional gradient design. Nevertheless, both studies underline that the 

balance between tetragonal and cubic phases plays a decisive role in mechanical behavior. While Lis 

et al.[43] highlighted temperature-driven effects, our results further indicate that sintering time is 

equally critical, as ultrafast cycles promoted cubic stabilization without compromising strength 

This study was conducted under in vitro conditions and did not replicate the complex variables 

of the oral environment, such as thermal cycling, pH fluctuations, and long-term mechanical fatigue. 

Only two multilayer zirconia materials and three sintering protocols were evaluated, which may limit 

the generalizability of the results. Optical properties were not assessed, so the esthetic consequences 

of the observed microstructural and phase changes remain unclear. Additionally, the study focused 

solely on flexural strength, and other mechanical parameters, such as fracture toughness and wear 

resistance, should be addressed in future research. 

5. Conclusions 

Shortening the sintering time to 54 or 51 minutes did not significantly affect the flexural strength 

of multilayered monolithic zirconia materials compared to conventional 7-hour sintering. 

High-speed sintering protocols produced smaller and more homogeneous grain structures, 

especially in the YML groups. 
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Both zirconia materials-maintained phase stability under all sintering conditions. No monoclinic 

phase was detected. 

YML consistently showed higher flexural strength and more favorable microstructural 

characteristics than UTML, regardless of the sintering duration. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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