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A B S T R A C T

Objectives: The aim of this study was to evaluate the effect of peak sintering temperature

and dwell time within a speed-sintering protocol employing fixed heating and cooling rates

on the optical, microstructural and mechanical properties of low-alumina 3Y-TZP zirconia.

Methods: Disc-shaped Zpex specimens were sintered at 1500 or 1550°C with dwell times of

0, 5, 10, or 20 minutes using heating and cooling rates of 70°C/min. Relative density, X-ray

diffraction with Rietveld refinement, scanning electron microscopy-based grain size, total

forward transmittance and indentation fracture resistance were evaluated. Based on opti-

cal and fracture resistance results, 1500°C for 10 minutes and 1550°C for 5 minutes were

selected for biaxial flexural strength testing.

Results: All modified speed-sintering protocols produced relative densities greater than

99.5%. Increased thermal exposure was associated with progressive phase evolution, con-

sistent with yttria redistribution from the transformable tetragonal phase to the yttria-

enriched tetragonal phase and caused temperature-dependent grain growth, particularly

at 1550°C. Total forward transmittance increased with thermal exposure and remained

close to the manufacturer-reported benchmark. Indentation fracture resistance showed

limited variation (approximately 5.3-5.6 MPa¢m1/2), while biaxial flexural strength

remained approximately 1100 MPa. Weibull analysis indicated that mechanical reliability

differed between the 2 selected sintering conditions, despite their comparable mean biaxial

flexural strengths.

Conclusions: Sintering at 1500°C with a 10-minute dwell provided the most favourable bal-

ance between near-complete densification, total forward transmittance, indentation frac-

ture resistance and biaxial flexural strength within the investigated processing window.

Clinical Relevance: A controlled modified speed-sintering protocol may reduce processing

time while maintaining optical transmittance and mechanical performance, supporting

efficient clinical processing of low-alumina 3Y-TZP.

� 2026 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)
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Introduction

Yttria-stabilised tetragonal zirconia polycrystals (3Y-TZP) are

widely used in restorative dentistry due to their high

mechanical strength, biocompatibility and favourable aes-

thetic potential.1-3 However, the limited translucency of con-

ventional 3Y-TZP has historically restricted its use mainly to
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posterior restorations, where aesthetic demands are gener-

ally less critical.4,5

To improve optical performance, compositional and

microstructural modifications of 3Y-TZP have been intro-

duced.6 One approach is to reduce the alumina content,

which is conventionally added at approximately 0.2 to 0.25

wt% to promote densification and grain-boundary stability

during sintering.7,8 Because alumina may segregate to grain

boundaries and contribute to light scattering, reducing its

content can enhance translucency while preserving the pre-

dominantly tetragonal phase assemblage needed for trans-

formation toughening and resistance to low-temperature

degradation.9

The sintering protocol is a critical determinant of the final

properties of 3Y-TZP ceramics. Conventional sintering of 3Y-

TZP typically involves relatively slow heating rates, approxi-

mately 1 to 10°C/min, peak temperatures of 1400 to 1600°C
and dwell times of ≥2 hours to achieve pore elimination and

microstructural stabilisation.10 Although this approach reli-

ably produces dense zirconia, prolonged thermal exposure

may promote grain growth and yttria redistribution, poten-

tially affecting optical and mechanical properties. Prolonged

sintering schedules have been used to promote densification

and control grain growth in 3Y-TZP ceramics; however, such

extended thermal cycles are less compatible with chairside

digital workflows.11,12

To overcome the long processing time of conventional sin-

tering, speed- and high-speed-sintering protocols have been

introduced using rapid heating rates, markedly reduced dwell

times and accelerated cooling. These approaches enable

shorter sintering cycles and are compatible with same-visit

restorative workflows.13 However, accelerated sintering

modifies densification and diffusion kinetics, making the

extent of pore elimination, grain growth, yttria redistribution

and phase evolution highly dependent on the entire thermal

profile, including the heating rate, peak temperature, dwell

time and cooling rate. Insufficient thermal input may result

in incomplete pore elimination and a higher level of residual

porosity, whereas greater thermal exposure may increase

grain growth and promote redistribution of yttria between

zirconia grains, thereby altering the relative proportions and

stability of the tetragonal and cubic phases. These changes

may, in turn, influence optical and mechanical performance:

residual porosity and microstructural heterogeneity may

reduce translucency, while changes in grain size and phase

composition may affect flexural strength, transformation-

related toughening and mechanical reliability. Nevertheless,

the magnitude and direction of these effects remain material

dependent and vary with zirconia composition and the

applied sintering protocol.13-15 In addition to the thermal pro-

file, processing-related factors may also affect zirconia per-

formance. In 3D-printed zirconia, for example, build

orientation and placement during sintering influenced defect

development and mechanical properties despite similar den-

sity, phase composition and average grain size.16

Recent studies on low-alumina 3Y-TZP have shown that

speed-sintering protocols can produce fine-grained micro-

structures and maintain clinically relevant properties; how-

ever, the outcomes remain highly dependent on the thermal

profile. Most studies have compared predefined conventional,
speed and high-speed-sintering schedules, often based on

manufacturer-recommended protocols, rather than system-

atically modifying key parameters within a controlled proc-

essing window. Therefore, the individual effects of peak

temperature and dwell time on pore elimination, grain

growth, yttria redistribution, phase evolution and the associ-

ated mechanical response under accelerated sintering condi-

tions remain insufficiently clarified.17

Accordingly, the present study investigated whether mod-

ified speed-sintering temperature and dwell time, under a

fixed heating and cooling rate, could reduce processing time

without compromising the properties of low-alumina 3Y-TZP

zirconia relevant to clinical performance. The objective was

to determine the effect of these parameters on densification,

grain size, phase composition, optical transmittance, inden-

tation fracture resistance, biaxial flexural strength and Wei-

bull reliability. Defining these relationships may help

establish accelerated sintering protocols for chairside and

laboratory workflows while maintaining the functional per-

formance required for zirconia restorations. The null hypoth-

esis was that, under a fixed heating and cooling rate, speed-

sintering temperature and dwell time would not affect the

physical, microstructural, optical, or mechanical properties

of the tested low-alumina 3Y-TZP zirconia.
Materials andmethods

Specimen preparation

A high-purity commercial zirconia powder stabilised with

3 mol% yttria, (Zpex, Tosoh Corporation), was used to fab-

ricate specimens. The powder was uniaxially pressed in a

hardened steel die at 100 MPa to produce disc-shaped

green bodies with a nominal diameter of 18 mm and an

initial thickness of 1.5 mm.

All specimens were dewaxed according to the man-

ufacturer’s protocol. Speed sintering was then performed at

peak temperatures of 1500°C and 1550°C with dwell times of

0, 5, 10 and 20 minutes in a sintering furnace (LHT 01/16

Turbo Fire; Nabertherm GmbH). The heating and cooling rates

were fixed at 70°C/min for all groups so that peak tempera-

ture and dwell time were the only systematically varied sin-

tering parameters. The heating rate of 70°C/min was selected

to provide an accelerated but controlled thermal profile con-

sistent with the upper range reported for conventional speed-

sintering furnaces, while remaining substantially lower than

the segmented heating rates of approximately 130 to 347°C/
min used in previously reported speed- and high-speed-sin-

tering protocols.18,19 The selected peak temperatures were

chosen to examine a clinically relevant high-temperature

window for low-alumina 3Y-TZP. Previous studies on Zpex

and comparable 3Y-TZP materials have reported near-com-

plete densification at temperatures of approximately 1475 to

1500°C under conventional conditions, whereas rapid-sinter-

ing protocols have employed peak temperatures approaching

1560 to 1580°C.17,20 Accordingly, 1500 and 1550°C were

selected to evaluate whether a moderate increase in peak

temperature could compensate for the markedly shortened

dwell time without entering the more extreme temperature
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range used in some high-speed protocols. The dwell times of

0, 5, 10 and 20 minutes were selected to span the short hold-

ing periods commonly reported for accelerated sintering and

to permit systematic assessment of the transition from no

isothermal hold to progressively greater thermal exposure.

The resulting total sintering cycle remained below 1 hour for

all groups, consistent with the intended modified speed-sin-

tering approach. After sintering, specimens intended for

mechanical and microstructural analyses were mirror-pol-

ished using an automatic polishing system (Tegramin-30) by

using 9, 3 and 0.25 mm diamond suspensions. The specimens

intended for optical measurements were prepared as

described in the optical transmittance section. The final spec-

imen thickness after polishing was 1.2 § 0.1 mm. For compar-

ison of densification behaviour, 3 specimens were prepared

from TZ3YSB-E powder (Tosoh Corporation), a 3Y-TZP pow-

der containing 0.25 wt% Al₂O₃ with a reported primary parti-

cle size of approximately 90 nm and sintered at 1500 and

1550°C without dwell time.

Density measurement

Bulk density was measured using an analytical balance

equipped with a density determination kit according to the

Archimedes principle (Mettler Toledo). Measurements were

performed on sintered specimens at room temperature. Three

independent specimens were evaluated for each sintering con-

dition and each specimen was measured 3 times. The 3

repeated measurements for each specimen were averaged to

obtain 1 density value per specimen and the resulting 3 speci-

men-level values were used for statistical analysis (n = 3). Rela-

tive density was calculated by dividing the measured bulk

density by the manufacturer-reported theoretical density of

Zpex, 6.08 g¢cm⁻3 and multiplying by 100. For the comparative

TZ3YSB-E group, 3 independent specimens were evaluated.

Each specimen was measured 3 times, and relative density

was calculated using a theoretical density of 6.07 g¢cm⁻3. The
repeated measurements were averaged to obtain 1 value per

specimen, and the 3 specimen-level values were used for

descriptive reporting (n = 3). Linear diameter shrinkage was

calculated from specimen diameters measured after dewaxing

and after sintering and expressed as the percentage reduction

relative to the diameter after dewaxing.

X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed with a diffrac-

tometer (Empyrean; Malvern Panalytical Ltd) equipped with

Cu radiation and a PIXcel3D detector in Bragg-Brentano

geometry. Data were collected with a step size of 0.013

degrees over a 2u range of 20 to 110 degrees. Rietveld refine-

ments were performed with Topas software (Bruker AXS)

using input files generated in Visual Studio Code (Microsoft

Corp) and the Topas editor plug-in.21,22 Instrumental peak

shape was determined from silicon standard data and refined

with the TCHZ peak type combined with a simple axial

model. Initial refinements included absorption and surface

roughness corrections. Unit cell parameters for the trans-

formable tetragonal phase (t) and yttria-enriched tetragonal

phase (t0) were used as starting values. Alternative refinement
models containing either an yttria-enriched tetragonal (t0)
phase or a cubic phase were evaluated. The final phase model

was selected based on the quality of the whole-pattern Riet-

veld fit and the weighted profile R-factor (Rwp). Strain, crys-

tallite size and thermal displacement parameters were

sequentially included. Final refinements were performed for

all groups. Unit cell parameters and phase fractions were

extracted from the refinements, and tetragonality, tetragon-

ality deviation and yttria content were calculated by using

previously reported methods.23,24

Microstructural analysis

Polished specimen surfaces were thermally etched at 1200°C
for 20 minutes, using heating and cooling rates of 10°C/min,

to reveal the grain boundaries while minimising additional

grain growth. Scanning electron microscopy (SEM) was per-

formed using a tabletop microscope (TM4000Plus; Hitachi)

at £ 4000 magnification. Grain size was estimated from the

SEM images using the linear intercept method in accordance

with ASTM E112, implemented with a Python-based script.

For each sintering condition, one specimen was analysed and

at least 2 SEM micrographs obtained from different regions of

the specimen were evaluated to obtain a minimum of 500

grain-boundary intercept measurements. The Mendelson

correction factor was applied.25 Average grain size and the

standard deviation of the grain-boundary intercept measure-

ments were calculated for each condition. Because the ASTM

E112 line-intercept method was used to estimate average

grain size, the analysis was not designed to characterise the

grain-size distribution.

Optical transmittance

Optical transmittance was measured in transmission mode

with a spectrophotometer (CM-36dG; Konica Minolta Sensing,

Inc.) over a wavelength range of 400 to 700 nm. Three disk-

shaped specimens per group were used. Specimens had a

final thickness of 1.2 § 0.1 mm, measured with a digital

micrometre. The specimen thickness was selected to approx-

imate the disc thickness specified in ISO 6872 for biaxial flex-

ural-strength specimens; however, ISO 6872 does not

prescribe a specimen thickness or test method for optical

transmittance measurements. One surface of each specimen

was polished with a 9-mm diamond suspension (Struers) until

no visible polishing scratches were observed by optical

microscopy, while the opposite surface remained in the as-

sintered condition. The polished surface was selected

because it represents the clinically exposed surface of a resto-

ration and was always oriented toward the incident light

source. This preparation was applied consistently to all speci-

mens to standardise the measurement geometry and mini-

mise variability associated with surface condition. A

customised 3D-printed holder with an 11-mm-diameter aper-

ture positioned behind the specimen was used to ensure

reproducible specimen positioning and minimise edge

effects. Three measurements were obtained per specimen.

Because optical transmittance is thickness dependent, the

measured values were normalised to a reference thickness of

1.0 mm using the Beer-Lambert-based thickness-correction

astm:E112
astm:E112
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model previously proposed for dental zirconia.26 This nor-

malisation reduced the influence of the small specimen-to-

specimen thickness variation and enabled direct comparison

among the different sintering groups. Because the specimens

were prepared within a relatively narrow thickness range (1.2

§ 0.1 mm), any additional uncertainty introduced by the

thickness normalisation was expected to be limited and con-

sistent across all groups. Transmittance (%) was reported as

the average total forward transmittance over the wavelength

range of 400 to 700 nm.
Mechanical properties

Indentation fracture resistance was evaluated with the Vick-

ers indentation method on mirror-polished specimens by

using the Niihara model for Palmqvist-type cracks.27 For each

sintering condition, 1 specimen was tested and 5 indenta-

tions were made on each specimen. Indentations were made

with a load of 10 kg and a dwell time of 15 seconds on a hard-

ness tester (Duramin 40 A-1; Struers). Indentation fracture

resistance was calculated from the measured diagonal and

crack lengths according to Eq. (1):

KIC ¼ 0:0089
E
H

� �2
5 F

a: l0:5

� �
ð1Þ

Where KIC denotes the fracture toughness (MPa¢m1/2), F
is the applied load, H represents the Vickers hardness

(GPa), and E is the elastic modulus (GPa). The parameter a
corresponds to half of the indentation diagonal length,

while c is the radial distance from the center of the inden-

tation to the crack tip. The crack length l is defined as

l ¼ c � a, representing the distance from the corner of the

indentation imprint to the crack tip. The applicability of

the Niihara model is limited to Palmqvist-type cracks, for

which the ratio ðc � aÞ=a lies between 0.25 and 2.5. An elas-

tic modulus value of 210 GPa was assumed for all sintered

Zpex specimens.28

Biaxial flexural strength was measured according to ISO

6872:2024 using a piston-on-3-ball setup.29 Disc-shaped

specimens were centrally positioned on 3 4.5 mm steel

balls spaced 120° apart, with load applied through a flat

central piston. A 0.05 mm polyethylene foil was placed at

the contact interfaces to minimise stress concentration

and premature contact failure. The specimens had a thick-

ness of 1.2 § 0.2 mm and an average parallelism of 0.02 §
0.01 mm. Testing was performed on a universal testing

machine (ZwickRoell) and test software (TestXpert 3;

ZwickRoell) by using a 5-kN load cell and a crosshead

speed of 0.5 mm/min until fracture. Twelve specimens

were tested for each selected sintering condition. This

sample size met the minimum requirement specified in

ISO 6872:2024 for biaxial flexural strength testing. Biaxial

flexural strength was calculated from the maximum frac-

ture load according to ISO 6872:2024. Strength reliability

was evaluated using a 2-parameter Weibull analysis. The

Weibull modulus (m) and characteristic strength (s0) were

estimated by maximum likelihood, with 95% confidence

intervals. Goodness of fit was assessed using the modified

Kolmogorov−Smirnov and Anderson−Darling tests.
Statistical analysis

Relative density and average total forward transmittance

were analysed by 2-way analysis of variance to assess the

effects of sintering temperature, dwell time and their interac-

tion. Tukey’s honestly significant difference post hoc test was

applied following a statistically significant omnibus ANOVA

effect. For significant interactions, simple-effects compari-

sons were performed within each relevant level of the inter-

acting factors. For measurements with repeated values per

specimen, specimen-level mean values were used for statisti-

cal analysis. Grain size, Indentation fracture resistance and

X-ray diffraction/Rietveld-derived phase fractions, tetragon-

ality and calculated yttria content were reported descrip-

tively. Because biaxial flexural strength was measured only

for the 1500°C for 10 min and 1550°C for 5 min conditions, the

mean strength values were compared using an independent

sample t test. The Weibull parameters were compared using

likelihood-ratio tests. Statistical significance was set at

a ¼ :05.
Results

Relative density

Relative density as a function of sintering temperature and

dwell time is presented in Figure 1A. At 1500°C, the mean rel-

ative densities were 99.59% § 0.011%, 99.65% § 0.026%,

99.75% § 0.014% and 99.69% § 0.024% after dwell times of 0, 5,

10 and 20 min, respectively. At 1550°C, the corresponding val-

ues were 99.62% § 0.014%, 99.70% § 0.028%, 99.62% § 0.021%

and 99.60% § 0.010%, respectively. All sintering conditions

produced relative densities above 99.5% and no statistically

significant differences were observed among the investigated

speed-sintering conditions (P > .05). For comparison, the addi-

tional TZ3YSB-E powder, with a reported primary particle size

of approximately 90 nm and 0.25 wt% Al₂O₃, reached relative

densities of 97.8% and 98.7% after sintering at 1500°C and

1550°C without dwell time, respectively. These values were

lower than those obtained for Zpex under the same thermal

conditions. Diameter shrinkage showed a similar trend to rel-

ative density (Figure 1B), with most contractions occurring at

zero dwell time and only small variations with increasing

dwell time.

X-ray diffraction

X-ray diffraction (XRD) patterns of the as-received powder

and speed-sintered specimens are presented in Figure 2A.

For all sintering conditions, the diffraction profiles were

dominated by tetragonal zirconia reflections. Minor mono-

clinic reflections were observed in the as-received powder,

whereas no monoclinic reflections were detected in the sin-

tered specimens within the detection limit of the measure-

ment. Representative Rietveld refinements of the tetragonal

peak regions are shown in Figure 2B. The fitting quality

improved when both transformable tetragonal (t) and

yttria-enriched tetragonal (t0) components were included in

the model, as indicated by a reduction in the weighted



Fig. 1 –A, Relative density and (B) diameter shrinkage of Zpex disk-shaped specimens as a function of speed-sintering tem-

perature and dwell time. Error bars represent standard deviations.
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profile R-factor (Rwp). The t0 phase was identified based on

its lower tetragonality (c/ax2), consistent with previous

reports.23 Alternative refinement models containing a sepa-

rate cubic phase were also evaluated; however, inclusion of

a cubic phase did not improve the refinement or further

reduce the Rwp. Although the presence of a minor cubic

fraction cannot be completely excluded because
Fig. 2 –X-ray diffraction patterns of the sintered specimens unde

der and speed-sintered specimens and (B) phase deconvolution

tetragonal phase (t0). The observed diffraction pattern (Yobs), calc

individual phase contributions are shown.
conventional laboratory XRD has limited ability to distin-

guish cubic zirconia from very low-tetragonality tetragonal

phases, previous crystallographic studies have also shown

that phases appearing cubic by XRD may instead corre-

spond to very low-tetragonality tetragonal structures, fur-

ther highlighting the limitations of laboratory XRD for

unambiguous phase discrimination.24
r different conditions: (A) full spectra of the as-received pow-

of the transformable tetragonal phase (t) and yttria-enriched

ulated profile obtained from Rietveld refinement (Ycalc), and
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The Rietveld-derived phase fractions showed consistent

trends with increasing sintering temperature and dwell time

(Figure 3A). Although the absolute refined values should be

interpreted with appropriate caution, the use of the same

measurement and refinement procedure for all specimens

makes the relative differences among the investigated sinter-

ing conditions more meaningful than the absolute values.

The t-phase was the predominant constituent under all con-

ditions, representing approximately 80% to 87% of the total

phase fraction, while the remaining fraction corresponded to

the t0-phase. At 1500°C, the t-phase fraction decreased from

approximately 87% at zero dwell time to approximately 84%

after 5 to 20 minutes, with a corresponding increase in the t0-
phase fraction from approximately 13% to 16%. At 1550°C, the
t-phase fraction decreased from approximately 85% at zero

dwell time to approximately 80% after 20 minutes, while the

t0-phase fraction increased from approximately 15% to 20%.

The tetragonality of the tetragonal phases, expressed as

c=a
ffiffiffi
2

p
, where a and c are the refined lattice parameters, is

shown in Figure 3B. The tetragonality of the t-phase increased

slightly with increasing sintering temperature and dwell

time, ranging from approximately 1.0142 to 1.0150. In con-

trast, the t0-phase showed lower tetragonality, ranging from

approximately 1.0067 to 1.0077, with only minor variation

among sintering conditions.

The refined lattice parameters were consistent with par-

tial yttria partitioning between the 2 tetragonal phases. Based

on the tetragonality values and previously reported calcula-

tion methods,23,24 the estimated yttria content ranged from
Fig. 3 – Phase composition and lattice-parameter-derived values

phase fraction of the t and t0-phases, (B) tetragonality of the t and

lated yttria content of the individual phases.
approximately 2.81 to 3.05 mol% Y₂O₃ in the t-phase and from

approximately 5.44 to 5.80 mol% Y₂O₃ in the t0-phase
(Figure 3C). With increasing sintering temperature and dwell

time, the calculated values were consistent with a gradual

decrease in yttria content in the t-phase and corresponding

enrichment of the t0 phase.
SEM and grain size

Representative SEM micrographs of the specimens sintered

under the investigated conditions are shown in Figure 4.

The specimens showed dense polycrystalline microstruc-

tures with generally equiaxed grains. No major qualitative

differences in morphology were apparent among the sinter-

ing conditions at the magnification used. Very limited resid-

ual porosity was observed in some regions; however, the

extent of porosity and grain-growth differences could not be

reliably assessed from the micrographs alone.

Therefore, the SEM images were used primarily to illus-

trate the overall microstructure and densification state,

whereas grain-size comparisons were based on the quantita-

tive image analysis presented in Figure 5. The average grain

size remained nearly constant with dwell time at 1500°C
(0.58-0.59 mm). In contrast, specimens sintered at 1550°C
exhibited progressively larger average grain sizes, increasing

from approximately 0.59 mm at 0 min to 0.95 mm after 20 min,

indicating a more pronounced effect of dwell time at the

higher sintering temperature.
for the sintered specimens under different conditions: (A)

t0-phases extracted from Rietveld refinements and (C) calcu-



Fig. 4 –Representative scanning electron microscopy images of specimens sintered at 1500°C and 1550°Cwith dwell times of

0, 5, 10 and 20minutes.
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Optical transmittance

Representative total forward transmittance spectra, normal-

ised to a specimen thickness of 1.0 mm, are shown in

Figure 6A and B for specimens sintered at 1500°C and 1550°C,
respectively, with dwell times of 0 to 20 minutes.

For all sintering conditions, transmittance increased with

wavelength across the visible range of 400 to 700 nm, with

lower values in the blue region and higher values at longer

wavelengths. This spectral behaviour is consistent with previ-

ous reports for dental zirconia.30 The overall spectral profiles

were similar among groups, with only modest differences in
transmittance magnitude. Specimens sintered at 1550°C
showed slightly higher transmittance values than those sin-

tered at 1500°C under some dwell-time conditions; however,

the values overlapped partly, and the 1500°C for 10- and 20-

minutes groups approached the values obtained at 1550°C.
Average total forward transmittance as a function of sinter-

ing temperature and dwell time is shown in Figure 6C. At 1500°
C, average transmittance increased with dwell time, with the

largest increase observed between zero dwell time and

10 minutes. At 1550°C, average transmittance values changed

only slightly with dwell time and remained within a narrow

range. Two-way ANOVA showed significant effects of sintering



Fig. 5 –Average grain size estimated from SEM images

using the ASTM E112 line-intercept method. Error bars

represent the standard deviation (SD) of the grain-

boundary intercept measurements obtained from 1 spec-

imen per sintering condition.

Fig. 7 – Indentation fracture resistance of speed-sintered

specimens as a function of sintering temperature and dwell

time. Error bars represent the standard deviation of the 5

indentation measurements performed on 1 specimen per

sintering condition.
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temperature (P < .001), dwell time (P < .001) and their interaction

(P < .001) on average total transmittance, indicating that the

effect of dwell time depended on the sintering temperature.

For reference, the manufacturer reports an average total

forward transmittance of approximately 33.5% for conven-

tionally sintered Zpex at a thickness of 1.0 mm. The values

obtained in the present study were within a comparable

range; however, direct comparison should be made with cau-

tion because transmittance may be affected by the measure-

ment device, optical setup, specimen positioning, surface

preparation and data-processing method.

Indentation fracture resistance

Indentation fracture resistance values calculated with the

Niihara Palmqvist model are presented in Figure 7. Across all

investigated speed-sintering conditions, the calculated values

range from 5.33 to 5.57 MPa¢m1/2, indicating limited variation
Fig. 6 –Total forward transmittance of speed-sintered specimens

mens sintered at 1500°Cwith dwell times of 0, 5, 10 and 20 minu

times of 0, 5, 10 and 20minutes; and (C) average total forward tra

time. Error bars represent the standard deviation (SD) of the 3 ind
within the explored sintering window. For specimens sin-

tered at 1500°C, indentation fracture resistance remained rel-

atively stable across all dwell times, with no clear systematic

trend. In contrast, specimens sintered at 1550°C showed

greater numerical variation across dwell times, with higher

mean values at 0 and 5 minutes and lower mean values at 10

and 20 minutes. However, the overall differences among the

investigated sintering conditions were small. Although the

measured indentation fracture resistance values were

slightly lower than previously reported values for conven-

tionally sintered Zpex and other dense dental-grade 3Y-

TZP ceramics, they remained within a comparable

range.27,31 These findings suggest that the modified speed-

sintering schedules largely preserved the indentation-

derived fracture resistance of dense Zpex, with only lim-

ited variation observed among the investigated sintering

conditions.
normalised to a thickness of 1.0 mm: (A) spectra for speci-

tes; (B) spectra for specimens sintered at 1550°Cwith dwell

nsmittance as a function of sintering temperature and dwell

ependent specimens in each group.
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Fig. 8 –Weibull probability plots of biaxial flexural strength for specimens sintered at (A) 1500°C for 10minute and (B) 1550°C for

5minutes. The green line represents the fitted 2-parameterWeibull distribution, and the red curves indicate the 95% confidence bands.
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Biaxial flexural strength

Based on the indentation fracture resistance and optical trans-

mittance results, 2 representative sintering conditions, 1500°C
for 10 minutes and 1550°C for 5 minutes, were selected for biax-

ial flexural strength testing. These conditions were selected

because they provided among the highest combined optical

transmittance and indentation fracture resistance values within

their respective temperature series, while longer dwell times did

not result in a clear additional benefit. Specimens sintered at

1500°C for 10 minutes had a mean biaxial flexural strength of

1100.6 § 69.4 MPa, while specimens sintered at 1550°C for

5minutes had amean strength of 1092.2§ 183.9MPa. Themean

biaxial flexural strength did not differ significantly between the

2 selected sintering conditions (P > .05).

Weibull probability plots are presented in Figure 8 and the

corresponding Weibull parameters, 95% confidence intervals

and goodness-of-fit statistics are summarised in Table.

The Weibull modulus was significantly higher for the 1500°C
for 10 minutes group than for the 1550°C for 5 minutes group

(likelihood-ratio test, P ¼ :0005), whereas the characteristic

strengths did not differ significantly (P ¼ :512). The 1500°C for

10 minutes group also showed less dispersion in biaxial flexural

strength values than the 1550°C for 5 minutes group. The mea-

sured biaxial flexural strength values were slightly higher than

those previously reported for the same material after conven-

tional, speed- and high-speed-sintering protocols.17
Discussion

The null hypothesis was partially rejected. The modified speed-

sintering protocols achieved near-full densification under all
Table – Weibull modulus (m), characteristic strength (s0), corre
assessment for the biaxial flexural strength of specimens sintere

Sintering condition Weibull modulus (m) (95% CI) Charact

1500°C, 10 min 20.76 (13.06-32.99) 1130.65 (

1550°C, 5 min 6.37 (4.19-9.67) 1169.36 (
investigated conditions, whereas increasing thermal exposure

was associated primarily with phase evolution, grain growth

and changes in optical transmittance. Indentation fracture resis-

tance showed only limited numerical variation andmean biaxial

flexural strength did not differ significantly between the 2

selected conditions. These findings indicate that, within the

investigated processing window, the observed property changes

were more closely associated with phase and microstructural

evolution thanwith densification.

The present results showed that Zpex reached near-theo-

retical density under zero-dwell speed-sintering conditions,

with relative densities above 99.5% at both 1500°C and 1550°C
and only minor changes with increasing dwell time (Figure 1).

This finding indicates that densification occurred predomi-

nantly during heating, whereas additional thermal exposure

contributed mainly to subsequent microstructural evolution,

particularly grain growth.32

Although reduced alumina content could be expected to

decrease the sintering assistance normally associated with

alumina-containing 3Y-TZP formulations,7,8 this did not limit

densification of Zpex under the present speed-sintering con-

ditions. Comparison with TZ3YSB-E further suggests that

powder characteristics play an important role in densification

during accelerated sintering. The low-alumina Zpex speci-

mens achieved higher zero-dwell densities than specimens

prepared from the higher-alumina, coarser TZ3YSB-E pow-

der. This result is consistent with a previous rapid-sintering

study of Zpex and TZ3YSB-E powders, in which the smaller

particle size of Zpex and its finer green-body pore-size distri-

bution favoured rapid densification and finer final micro-

structures.33 Although that study used a different thermal

profile, the findings similarly support the high sintering activ-

ity of Zpex under short-dwell conditions.
sponding 95% confidence intervals (CI) and goodness-of-fit
d at 1500°C for 10minutes and 1550°C for 5 minutes.

eristic strength (s₀) (MPa) (95% CI) Goodness-of-fit

1098.67-1163.57) Good fit (K-S and A-D tests)

1064.01-1285.13) Good fit (K-S and A-D tests)
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Compared with recent speed-sintering protocols for Zpex

performed at lower peak temperatures, approximately 1460°
C with short dwell times, which reported a relative density of

approximately 97.8%,17 the present protocols achieved densi-

ties above 99.5%. This difference suggests that the higher

peak temperatures used in the present study, 1500°C to 1550°
C, provided sufficient thermal input to compensate for the

reduced dwell duration and produce near-complete densifi-

cation even under zero- or short-dwell conditions. Because

densification was essentially complete in all groups, the

observed differences in optical and mechanical behaviour are

more likely associated with subsequent phase and micro-

structural evolution than with residual porosity. The XRD

analysis therefore provides important insight into the crystal-

lographic changes occurring during the modified speed-sin-

tering protocols. The XRD results showed that the

investigated material retained a predominantly tetragonal

phase assemblage after all speed-sintering protocols, with no

detectable monoclinic phase and no separate cubic phase

required to describe the refinements (Figures 2 and 3). The

Rietveld refinements were adequately described using trans-

formable tetragonal (t) and nontransformable yttria-enriched

tetragonal (t0) phases, with no detectable monoclinic phase.

No separate cubic phase was required to obtain satisfactory

refinements, although the presence of a very small cubic frac-

tion cannot be completely excluded because of the inherent

limitations of conventional laboratory XRD.34 The coexis-

tence of the t and t0 phases is consistent with incomplete

chemical homogenisation during speed sintering and sug-

gests partial yttria partitioning within a dual-tetragonal

structure. This interpretation is consistent with recent crys-

tallographic analyses of dental zirconia, which indicate that 3

to 6 mol% yttria-stabilised dental zirconias are better

described as mixtures of yttria-lean tetragonal and yttria-rich

tetragonal phases than as simple tetragonal/cubic phase

mixtures.23

The increase in the t0-phase fraction with increasing tem-

perature and dwell time, together with the increased tetra-

gonality of the t-phase, is consistent with progressive yttria

redistribution during speed sintering. Because higher tetra-

gonality is associated with lower yttria content in tetragonal

zirconia, the observed lattice-parameter changes are likewise

consistent with partial yttria depletion from the t-phase and

corresponding enrichment of the t0-phase. However, this

interpretation is based on the Rietveld-derived phase frac-

tions and lattice parameters rather than direct measure-

ments of yttria distribution and should therefore be regarded

as indirect evidence. This finding agrees with previous work

showing that yttria segregation and phase partitioning in 3Y-

TZP can affect tetragonal phase stability and

transformability.35

Compared with previous studies on conventionally sin-

tered 3Y-TZP and related yttria-stabilised zirconia ceramics,

the phase evolution observed in the present study appears

less extensive. Conventional sintering can promote yttria

redistribution, cubic-phase formation and grain growth, with

the cubic fraction increasing as sintering temperature

rises.36-38 However, these studies generally involve substan-

tially longer thermal exposure than the modified speed-sin-

tering schedules investigated here, providing greater
opportunity for diffusion-controlled phase evolution. Within

the resolution of the present XRD analysis, no separate cubic

phase was identified. Consequently, the modified speed-sin-

tering schedules appear to have provided sufficient thermal

exposure to promote limited phase partitioning while

remaining below that typically associated with measurable

cubic-phase formation during conventional sintering.

The SEM and grain-size results showed that the modified

speed-sintering conditions preserved a fine microstructure,

although the average grain size varied with thermal exposure

(Figure 5). Grain growth was limited at 1500°C, whereas

higher mean grain sizes were observed at 1550°C. This behav-

iour may reflect the strong temperature dependence of diffu-

sion and grain-boundary mobility during the final stage of

sintering, together with the influence of powder characteris-

tics, grain-boundary chemistry and phase evolution. The fine

starting powder probably promoted rapid densification and

helped maintain a refined microstructure under moderate

thermal exposure. However, the reduced alumina content

may have provided less grain-boundary pinning compared

with conventional alumina-containing 3Y-TZP formulations,

thereby potentially making grain growth more sensitive to

increased thermal exposure. This interpretation is consistent

with previous reports showing that Al3⁺ segregation at grain

boundaries affects grain-growth kinetics and phase evolution

in Y-TZP,8 and that grain growth in yttria-stabilised zirconia

is influenced by grain-boundary segregation and solute-drag

effects.39

The concurrent increase in the refined t0-phase fraction

with increasing thermal exposure may also be relevant to the

observed grain-growth behaviour. The greater t0-phase frac-

tion, consistent with increased yttria partitioning, may have

contributed to localised grain growth during extended dwell

at 1550°C.40 However, the present data do not establish a

direct causal relationship between these crystallographic

changes and grain growth. Although the present grain sizes

were higher than those reported for some speed-sintered

Zpex protocols,17 they remained below the coarser micro-

structures reported for the same material after extended con-

ventional sintering at higher temperature.20 Overall, the

descriptive results suggest that grain-size evolution was

influenced by both peak temperature and dwell time, with

the effect of dwell time depending on the sintering tempera-

ture.

The optical results are consistent with the combined

effects of densification, grain size and phase evolution under

the modified speed-sintering conditions (Figure 6). Because

near-full densification was achieved in all groups, differences

in transmittance were likely related mainly to grain-bound-

ary scattering and crystallographic anisotropy rather than to

residual porosity. However, the present study was not

designed to independently isolate the contributions of these

factors. Grain boundaries act as scattering centres, whereas

phase composition can affect light transmission through dif-

ferences in birefringence. The t0-phase has been suggested to

exhibit lower effective birefringence than the t-phase; there-

fore, an increase in the t0-phase fraction may reduce birefrin-

gence-related scattering even without detectable cubic-phase

formation.26,30,41 At 1500°C, grain size remained nearly con-

stant with dwell time; therefore, the modest increase in
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transmittance was probably associated mainly with the grad-

ual increase in the t0-phase fraction. At 1550°C, both grain

growth and phase partitioning probably contributed to the

optical response, resulting in relatively higher and more sta-

ble transmittance values. Overall, the average total forward

transmittance remained close to the manufacturer-reported

value for conventionally sintered Zpex at 1.0 mm thickness.

Previous studies have reported reduced optical performance

after speed- or high-speed sintering, partly because of resid-

ual porosity.13,15,17 However, because many of these studies

evaluated translucency parameter or contrast ratio rather

than total forward transmittance, only qualitative compari-

son with the present results is appropriate. In the present

study, the consistently high relative density suggests that

residual porosity was not the dominant factor influencing

total forward transmittance.

Similarly, because near-full densification was achieved in

all groups, porosity-related effects on the mechanical

response were likely limited and the fracture-resistance

response was more likely governed by grain size and phase

composition.

At 1500°C, the nearly constant grain size was consistent

with the stable fracture-resistance values observed across

dwell times. At 1550°C, the larger grain size may have pro-

moted stress-induced tetragonal-to-monoclinic transforma-

tion by reducing grain constraint, whereas the simultaneous

increase in the t0-phase reduced the fraction of the t-phase

available for transformation toughening. The balance

between these opposing effects may explain the nonmono-

tonic fracture-resistance trend observed at 1550°C.42-44

Direct comparison with speed-sintered Zpex literature is

limited because recent studies have not reported indenta-

tion-derived KIC values for this material. Conventionally sin-

tered Zpex has shown higher Niihara-based values of

approximately 6.0 to 7.5 MPa¢m1/2,27,31 whereas the present

values ranged from approximately 5.3 to 5.6 MPa¢m1/2. These

differences may reflect differences in sintering history, grain

size, phase partitioning and indentation conditions. In addi-

tion, indentation fracture methods are model dependent and

sensitive to indentation load, crack geometry, surface prepa-

ration and crack-length measurement.31 Nevertheless, the

limited variation among the present groups suggests that

indentation-derived fracture resistance was largely retained

under the modified speed-sintering conditions.

The biaxial flexural strength values obtained for the

selected conditions were approximately 1100 MPa, which is

within the expected range for dense 3Y-TZP ceramics and

comparable with the manufacturer-reported 3-point flexural

strength for Zpex. These values were also slightly higher than

those reported in a recent study of conventionally, speed-

and high-speed-sintered Zpex, in which lower relative densi-

ties were observed after accelerated protocols.17 Although the

2 selected conditions exhibited comparable mean biaxial flex-

ural strengths and characteristic strengths, the 1500°C for

10 minutes condition showed a higher fitted Weibull modu-

lus, suggesting lower estimated strength variability. The

lower Weibull modulus obtained for the 1550°C for 5 minutes

condition reflects the greater scatter in measured strength

values rather than a reduction in mean strength. However,

these findings should be interpreted cautiously because the
Weibull analysis was based on a relatively limited sample

size. In addition, because fracture surfaces were not exam-

ined, the origin of the observed strength scatter cannot be

determined. Strength-limiting defects not identified by bulk

density, phase composition, or average grain-size measure-

ments may have contributed to the variability. A recent study

similarly showed that flexural strength may vary despite

comparable density, phase composition and grain size,

although that study involved 3D-printed zirconia and is

therefore cited only to provide mechanistic context rather

than as a direct comparison.16

From a clinical and laboratory-processing perspective, the

1500°C for 10 minutes protocol provided the most favourable

overall balance between densification, microstructural stabil-

ity, optical transmittance and mechanical performance within

the investigated processing window. These findings indicate

that modified speed-sintering protocols can reduce zirconia

processing time while preserving material properties relevant

to dental ceramic applications. However, the response to

speed sintering is material specific and depends on factors

such as yttria content, alumina content, particle size, powder

characteristics and intrinsic sintering activity. Therefore, opti-

mised protocols should be established separately for different

yttria-stabilised zirconia compositions. This study had several

limitations, including the use of disk-shaped specimens, the

absence of fracture-surface analysis, hydrothermal ageing and

cyclic loading. Future studies should assess hydrothermal age-

ing and cyclic loading using anatomically shaped restorations

to determine whether the properties observed in disk speci-

mens translate to clinically relevant conditions.
Conclusions

1. Based on the findings of this in vitro study, modified speed-

sintering protocols enabled relative densities above 99.5%

in low-alumina 3Y-TZP (Zpex) within a shortened process-

ing window, addressing a limitation previously reported for

speed-sintered specimens of the samematerial.

2. Because near-full densification was achieved under all

investigated conditions, the observed differences in opti-

cal and mechanical behaviour were consistent with phase

composition and microstructural evolution rather than

residual porosity.

3. Among the investigated protocols, sintering at 1500°C for

10 min provided the most favourable overall balance

between optical transmittance and mechanical perfor-

mance within the investigated processing window.
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