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Abstract
Ever faster workflows for the fabrication of all-ceramic restorations are of high economic interest. For that purpose, sintering 
protocols have been optimized for use in modern sintering furnaces, the so-called speed-sintering. However, conventional 
furnaces are still the most widely used equipment to sinter zirconia restorations. In this in-vitro study, we evaluated the feasi-
bility of a speed-sintering protocol using a conventional sintering furnace to sinter different dental zirconias (stabilized with 
3 mol% up to 5.4 mol% Y2O3) in comparison to a conventional sintering program. The properties evaluated were Young’s 
modulus, Poisson’s ratio, density, biaxial flexural strength, and fracture toughness. We show here that despite differences 
being dependent on material, the physical and mechanical properties of speed-sintered zirconia are comparable to those 
obtained by the conventional sintering.
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Introduction

The clinical success of classical, conventionally sintered 
zirconia, namely, 3 mol% Y2O3-stabilized zirconia (3YSZ) 
is striking, as per the clinical evidence showing low frac-
ture rates compared to glass–ceramics [1, 2]. The excellent 
clinical performance of 3YSZ is credited to the high fracture 
toughness induced by the high amount of the tetragonal (t) 
phase that is readily transformable to the monoclinic (m) 
symmetry [3] upon local stress, which induces a volumet-
ric expansion ahead of propagating cracks [4]. Today, more 
translucent zirconias with reduced amount of stabilizer (i.e., 
4YSZ and 5YSZ), and thus reduced amount of t-phase, find 
increasing clinical applicability, especially in the monolithic 
form, a trend ignited by the well-known chipping problem 
in veneered-zirconia systems [5, 6].

Conventionally, dental YZS ceramics are sintered for pur-
pose of densification and grain growth in a process that takes 
up to 6–8 h from heating up to about 1500 °C, with a usual 

dwell time of 2 h and a relative slow cooling down phase. 
Such long sintering programs are conducted in conventional 
furnaces built using tubular heating elements that generate 
heat through resistive heating of ceramic conductive wires, 
such as silicon carbide (SiC, up to ~ 1625 °C) or molybde-
num disilicide (MoSr2, up to ~ 1850 °C). This form of heat 
generation is slow compared to other technologies such as 
induction heating used in newer generations of sintering fur-
naces, which make use of an electromagnetic field induced 
to a copper coil in alternate current. That magnetic field 
creates eddy currents in the material that feels resistance 
toward flow, heating up by Joule heating. Induction furnaces 
are thus more efficient and can operate in high heating rates, 
and have recently entered the dental market for purpose of 
sintering zirconia ceramics, thus optimizing workflow in 
dental laboratories and enabling zirconia to be used also 
in chairside applications. With induction furnaces, sinter-
ing of dental zirconias following the so-called speed- and 
super-speed-sintering became approaches of highest interest, 
despite backed by limited experimental evidences. Initial 
evaluations seem to show that such protocols including fast 
heating and short dwell times can be used safely to sinter 
dental zirconias, with negligible adverse effects to density, 
translucency, and mechanical properties [7, 8]. Although the 
mechanical stability of speed-sintered zirconias has been 
covered in terms of force-at-fracture experiments and more 
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standardized strength testing [9–12], the property of fracture 
toughness—of highest relevance than strength—has yet not 
been addressed in the context of speed-sintering.

Although induction furnaces constitute the state-of-the-
art in sintering technology for dental zirconias, they also 
represent a significant financial investment that cannot be 
currently taken to be widespread, making the use of con-
ventional furnaces still the standard practice. The purpose of 
this study was therefore to evaluate the feasibility of speed-
sintering programs using a conventional furnace regarding 
the physical and mechanical properties, including Young’s 
modulus, biaxial flexural strength, and fracture toughness.

Materials and methods

Materials

The materials to be evaluated in this study were selected 
based on the degree of stabilization with Y2O3 so to 
encompass the range of conventional and translucent zir-
conias, i.e., 3 mol%, 4 mol%, or 5 mol% Y2O3. Two mate-
rials were selected per manufacturer; Table 1 summarizes 
their brand names, manufacturers, batches, and the quan-
tification of Y2O3 using X-Ray Fluorescence Spectroscopy 
and the phase content using X-Ray Diffraction and Riet-
veld refinement considering the existence of two tetrag-
onal phases [13]. The foregoing of using a cubic phase 
structure for the fit in the Rietveld refinement is based on 

the low sensitivity of XRD to perturbations on the anion 
sub-lattice, leading to the appearance of cubic-like peaks 
[14–17] despite forbidden in < 8 mol% Y2O3 compositions 
as demonstrated in selected-area diffraction in transmis-
sion electron microscopic studies revealing {112}-type 
reflections along the ❬111❭ zone axis [14, 15].

Here, an alternative sintering program “speed-sinter-
ing” was evaluated, and compared to the “conventional 
sintering” program in terms of physical and mechanical 
properties as reported in Refs. [13, 18]. Sintering was 
performed in a bottom-lift oven (Vita Zircomat 6000 M 
Speed, Vita Zahnfabrik) that allows flexible program-
ming of the heating and cooling curves. The parameters 
for conventional sintering were maintained strictly accord-
ing to the manufacturers’ recommendations, which var-
ied slightly depending on material and manufacturer. The 
maximum sintering temperature varied between 1500 °C 
and 1600  °C, for a period between 120 and 145  min, 
with slow cooling taking place inside the oven overnight. 
Because most materials did not list in their instructions 
for use any alternative to their conventional sintering pro-
gram, we devised a generalized speed-sintering program 
(see Table 1 and Fig. 1) (based on the available speed-sin-
tering program detailed in the instructions for the Cercon 
materials) that would be feasible to use in typical sintering 
furnaces based on electrical resistive heating elements. It 
consisted of a ramp heating of 17 °C/min, holding time 
of 35 min at 1540 °C, and cooling rate of 18 °C/min until 
1200 °C and 35 °C/min thereafter.

Table 1   Commercial materials analyzed in this study, their specified stabilizer content, manufacturers, batches, peak temperature, and dwell time 
of both conventional and speed-sintering programs, along with phase fractions

§ Phase fraction quantified for the conventional sintering program only

Material Y2O3 [mol%] Manufacturer Batch (Lot Nr.) Conventional 
sintering
peak temperature 
[ °C]/dwell time 
[min]

Speed-sintering
peak temperature 
[ °C]/dwell time 
[min]

t (Y-lean) [vol.%]§ t” (Y-rich)
[vol.%]§

IPS e.max Zir-
CAD MO

3.08 Ivoclar-Vivadent 
AG, Liechten-
stein

V38361 1500/120 1540/35 69.1 ± 0.8 30.9 ± 0.8

IPS e.max Zir-
CAD MT

4.28 W12059 1500/120 1540/35 53.5 ± 0.7 46.6 ± 0.7

Lava Plus 3.15 3 M Deutschland 
GmbH, Ger-
many

3343987 1500/120 1540/35 67.7 ± 0.1 32.4 ± 0.1
Lava Esthetic 4.84 3515130 1500/120 1540/35 41.2 ± 2.3 58.8 ± 2.3

Cercon ht 3.12 Dentsply-Sirona 
Inc., Germany

18029331 1520/145 1540/35 69.0 ± 0.5 31.0 ± 0.5
Cercon xt 5.38 18031834 1520/145 1540/35 33.1 ± 0.3 66.9 ± 0.3
Katana ML 4.07 Kuraray Noritake 

Dental Inc., 
Japan

DTHYP 1500/120 1540/35 59.3 ± 0.7 40.7 ± 0.7
Katana STML 5.36 DLEEQ 1550/120 1540/35 36.4 ± 4.2 63.7 ± 4.2

Prettau 3.03 Zirkonzahn 
GmbH, Italy

ZB3235E 1600/120 1540/35 70.8 ± 0.1 29.2 ± 0.1
Prettau Anterior 5.40 ZB8068A 1500/120 1540/35 37.1 ± 4.8 62.9 ± 4.8



885Odontology (2023) 111:883–890	

1 3

Mechanical characterization

The Young’s modulus E, and the Poisson’s ratio ν, of the 
sintered samples were measured using Resonant Ultrasound 
Spectroscopy (RUS) as described in a previous study [19]. The 
bulk density ρ was determined geometrically. One specimen 
per material was used for each measurement due to previously 

determined high reproducibility [19], with three repetitions 
per specimen.

Measurement of the biaxial flexural strength

As-received partially sintered blanks (except for IPS e.max® 
MO, for which only B 40 L blocks were used) were sectioned 
with a band saw in smaller rectangular pieces and further cut 
in oversized (20%) dimensions under water irrigation using 
an automatic saw and diamond-coated copper discs. For each 
material, plates were sectioned to result in the dimensions 
12 × 12 mm2 of thickness t = 1.2 mm after sintering, to be then 
tested in biaxial flexure. The surface of the specimens to be 
subjected to flexure was not further treated other than cleaned 
with water spray to remove the dust from sawing; no surface 
treatment was undergone after sintering.

To obtain the biaxial flexure strength, the Ball-on-Three-
Balls (B3B) test configuration was used. Although originally 
designed for disc geometries [20], it was later adapted for rec-
tangular plates and validated extensively [21, 22]. During the 
test, the maximum principal stress that develops on the tensile 

side of the specimen at fracture is taken as the strength at frac-
ture, and is calculated as

being t the thickness of the specimen, Fmax the maximum 
force at fracture, and δ a function derived using finite ele-
ment analysis, determined by two independent variables

where the support radius Ra = (2√3Rb)/3 is formed by the 
three supporting balls of Rb = 4 mm and ν the Poisson´s ratio 
of the material.

At least 30 specimens were prepared for group, which 
were statistically treated using Weibull statistics according 
to the standard EN DIN 843–5 [23], and evaluated regard-
ing the Weibull scale (σ0) and shape (m) parameters. Groups 
were considered statistically different the 90% confidence 
interval bands overlapped.

Measurement of the fracture toughness

The measurement of the fracture toughness was conducted 
using the Chevron Notched Beam (CNB) method according 
to the ‘Configuration A’ standardized in ASTM C 1421, hav-
ing a cross section height W × width B of 4 mm × 3 mm (a 
geometry also standardized in ISO 24370 and EN 14425–3), 
having beam length L of 25 mm to be measured in four-
point bending with outer and inner spans of 20 mm and 
10 mm, respectively. For that, blanks of partially sintered 
material (for IPS e.max® CAD MO B 40 L blocks) were 
used as received from the manufacturers. Beams were sawed 
from the partially sintered blanks/block under water lubri-
cation using an automatic cutting saw (Bühler 5000) and a 
diamond-coated copper disc and cut in oversized dimen-
sions to account for ~ 20% linear shrinkage. The notch at the 
midspan of the beams followed the notch dimensional ratios 
recommended in the aforementioned standards and was pro-
duced at the white-body stage (prior to sintering) by means 
of successive cuts using a rotating 0.15 mm-thick diamond 
disc. Up to 12 specimens were produced per material for 
each experimental group accounting for the eventuality of 
invalid tests.

Notched specimens were sintered with the notch tip 
directed upwards in a tray containing zirconia balls, with 
all specimens per group sintered together in the same cycle. 
In the occasion of slight sintering deformations, specimens 
were made plane-parallel in a grinding machine under water 
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Fig. 1   Example of a conventional (red) and the general speed-sinter-
ing (blue) programs utilized in this study
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irrigation. The notch dimensions on the lateral sides of the 
final specimens were measured under a stereomicroscope 
coupled with a digital camera and accompanying software. 
Before testing, the specimens were dried in an oven at 
150 °C together with a silicon oil bath, into which the speci-
mens were immersed after 3 h of drying. This was meant to 
prevent any potential water-assisted stress corrosion crack 
growth at the crack that pops at the tip of the triangular 
notch during testing, which could induce and influence the 
obtained KIc-values [24]. Specimens coated with silicon oil 
were tested at a loading rate of 0.005 mm/s (to induce a pop-
in crack) in a custom testing jig [25] (see Fig. 2), with load-
line displacement controlled by an imaging system (LaserX-
tens, Zwick/Roell) based on the image digital correlation 
approach for accurate detection of the stable crack growth 
at the tip of the notch before instability. The KIc was then 
calculated from the maximum force at fracture Fmax [26]

being So the outer span length and Si the inner span length, 
and for four-point bending with the configuration A

where l0 is the distance between the bottom edge of the 
beam and the tip of the Chevron notch, and l1 is an arith-
metic mean of the notched segments on the sides of the 
beam. The ratios l0/W and l1/W were kept within the ranges 
0.175 < l0/W < 0.225 and 0.95 < l1/W < 1 for configuration A, 
to minimize the error to a maximum of 1%. The l0 was meas-
ured after fracture in a stereomicroscope coupled with a dig-
ital camera and accompanying software. Specimens showing 
load–deformation curves diverging from those depicted in 
the aforementioned standards (absence of stable crack propa-
gation before instability) were regarded as invalid tests and 
not included in the analysis. The aforementioned standards 
define a sample number of 5 valid specimens as sufficient 

(3)KIc =
Fmax

�

So − Si
�

BW3∕2
∙

Y∗
min

√

10
3

,

(4)
Y∗
min,4PB

=
0.3874 − 3.0919

(

l0∕W
)

+ 4.2017
(

l1∕W
)

− 2.3127
(

l1∕W
)2

+ 0.6379
(

l1∕W
)3

1 − 2.9686
(

l0∕W
)

+ 3.5056
(

l0∕W
)2

− 2.1374
(

l0∕W
)3

+ 0.0130
(

l1∕W
)

,

for evaluation; we made sure to obtain 9–10 valid specimens 
for each material. Our CNB testing procedures have been 
recently validated using a Standard Reference Material [27].

For comparison within the same material between the 
two sintering programs, multiple unpaired Student’s t test 
were conducted; among materials within the same sintering 
program, ANOVA test followed by a Tukey’s post hoc test 
was conducted. A level of significance α = 0.05 was defined.

Results

The Young’s modulus, density, and Poisson’s ratio are listed 
in Table 2 and showed no statistical different between sin-
tering programs. The results of the biaxial flexural strength 
testing, treated using two-parameter Weibull statistics, are 
detailed in Table 3 in terms of the scale σ0 and shape (m) 
parameters of the distribution. The results of the fracture 
toughness are also included in Table 3. In Fig. 3, the results 
of the characteristic strength and fracture toughness are sum-
marized side-by-side.

Although there were significant differences in characteris-
tic strength for some of the materials between the two sinter-

ing programs, speed-sintering did not always lead to a reduc-
tion of the strength, with the material IPS e.max ZirCAD 
MT showing a significant increase in strength after speed-
sintering. Also, differences were not restricted to only one 
material type (amount of stabilizer), but affected 3, 4, and 
5 mol% Y2O3-stabilized materials. Regarding fracture tough-
ness, statistically significant differences were only observed 
for the two Cercon materials, where speed-sintering reduced 
the fracture toughness. Otherwise, for all other materials, the 
fracture toughness was statistically comparable between the 
sintering programs.

Fig. 2   Fully articulated jig used 
for testing in four-point bend-
ing, coupled with a laser-unit 
for speckle image correlation to 
track the specimen deflection 
and the presence of subcritical 
crack growth before fracture
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Table 2   Results of the resonant ultrasound spectroscopy measurement of the Young’s modulus E, the Poisson’s ratio ν, and the density ρ 

Material Conventional sintering Speed-sintering

E [GPa] ν ρ [g/cm3] E [GPa] ν ρ [g/cm3]

IPS e.max ZirCAD MO 212.7 ± 1.1 0.315 ± 0.010 5.976 ± 0.039 212.7 ± 1.1 0.314 ± 0.010 6.037 ± 0.021
Lava Plus 214.3 ± 1.1 0.314 ± 0.010 6.053 ± 0.014 214.5 ± 1.0 0.314 ± 0.010 6.091 ± 0.013
Cercon ht 214.2 ± 1.1 0.317 ± 0.010 6.069 ± 0.017 213.8 ± 1.1 0.316 ± 0.010 6.068 ± 0.014
Prettau 214.1 ± 1.1 0.313 ± 0.010 6.080 ± 0.016 214.3 ± 1.1 0.317 ± 0.010 6.075 ± 0.045
Katana ML 217.4 ± 1.1 0.315 ± 0.010 6.041 ± 0.016 213.7 ± 1.1 0.310 ± 0.010 6.052 ± 0.033
IPS e.max ZirCAD MT 214.7 ± 1.3 0.314 ± 0.010 6.035 ± 0.018 215.2 ± 1.1 0.314 ± 0.010 6.057 ± 0.018
Katana STML 214.5 ± 1.1 0.314 ± 0.010 5.988 ± 0.037 213.3 ± 1.1 0.314 ± 0.010 6.049 ± 0.018
Lava Esthetic 215.3 ± 1.1 0.314 ± 0.010 6.053 ± 0.018 215.0 ± 1.1 0.313 ± 0.010 6.066 ± 0.018
Cercon xt 216.2 ± 1.1 0.315 ± 0.010 6.0256 ± 0.008 216.1 ± 1.1 0.316 ± 0.010 6.003 ± 0.024
Prettau Anterior 216.9 ± 1.1 0.312 ± 0.010 6.016 ± 0.014 214.9 ± 1.1 0.302 ± 0.010 5.972 ± 0.057

Table 3   Results of the mechanical testing of biaxial flexural strength (in terms of Weibull modulus m and characteristic strength σ0, with corre-
sponding 90% confidence intervals) and fracture toughness KIc (S.D.)

For m and σ0, statistical significance was established by the overlapping of the confidence intervals. For KIc, multiple Student’s t tests were 
performed between sintering protocols, and ANOVA followed by Tukey’s post hoc test was performed within sintering protocols, all at a signifi-
cance level α = 0.05
Same superscript letters (a–g) within columns belong to same statistical subset (Tukey’s test)
Same superscript symbols (§, #, *) within rows distinguish between different statistical subsets (Student’s t test)

Material Conventional sintering Speed-sintering

KIc [MPa√m] σ0 [MPa] m KIc [MPa√m] σ0 [MPa] m

IPS e.max ZirCAD 
MO

5.08 ± 0.08a 1253.9 [1209–1300]ab 9.0 [7.1–11.4]bc 5.00 ± 0.39 a 1227.2 [1189–1266]a 9.7 [7.7–12.4]a

Lava Plus 4.45 ± 0.26bc 1336.7 [1272–1404]a 6.6 [5.2–8.4]cd 4.42 ± 0.32 c 1259.7 [1206–1315]a 7.1 [5.7–9.1]b

Cercon ht 4.87 ± 0.16a§ 1246.2 [1224–1268]b 18.6 [14.7–23.5]a* 4.38 ± 0.24 c§ 1216.9 [1180–1255]a 10.1 [7.9–12.8]a*

Prettau 4.57 ± 0.39bc 1273.2 [1249–1297]ab# 17.0 [13.4–21.5]a* 4.76 ± 0.13 b 1191.2 [1155–1228]a# 10.2 [8.1–12.9]a*

Katana ML 4.27 ± 0.25c 1248.9 [1216–1283]ab 12.1 [9.6–15.4]ab 4.17 ± 0.10 d 1215.1 [1185–1245]a 12.7 [10.1–16.2]a

IPS e.max ZirCAD MT 3.45 ± 0.24d 754.2 [714–797]de# 5.9 [4.6–7.4]cd* 3.58 ± 0.08 e 920.7 [844–1004]b# 3.8 [2.8–4.5]c*

Katana STML 2.64 ± 0.14 g 744.1 [727–761]e 13.9 [11.0–17.5]ab 2.50 ± 0.18 g 767.8 [748–787]c 12.3 [9.7–15.5]a

Lava Esthetic 3.26 ± 0.3d 829.9 [779–883]cd 5.2 [4.1–6.6]d* 3.14 ± 0.23 f 803.7 [782–825]c 11.4 [9.0–14.5]a*

Cercon xt 2.80 ± 0.23 fg§ 832.6 [800–866]c# 8.2 [6.5–10.3]cd 2.35 ± 0.24 g§ 759.8 [734–785]c# 9.3 [7.3–11.8]a

Prettau Anterior 3.05 ± 0.13f 761.5 [724–800]cde# 6.5 [5.1–8.2]cd 3.14 ± 0.13 f 656.8 [631–682]d# 8.0 [6.3–10.1]a

Fig. 3   Plots of the characteristic 
strength (90% C.I.) and fracture 
toughness (S.D.) for the two 
sintering programs. Asterisk 
represents significant differ-
ences within groups

IPS
e.m

ax
 Z

irC
AD

MO

La
va

 Pl
us

Cer
co

n ht

Pr
ett

au

Kata
na

ML

IPS
 e.

max
 Z

irC
AD M

T

Kata
na

 ST
ML

La
va

 Es
the

tic

Cer
co

n xt

Pr
ett

au
 Ante

rio
r

0

500

1000

1500

C
ha

ra
ct

er
ist

ic
 S

tr
en

gt
h, 
σ 0

 [M
Pa

]

Conventional Sintering
Speed-Sintering

IPS
 e.

max
 Z

irC
AD M

O

La
va

 Pl
us

Cer
co

n ht

Pr
ett

au

Kata
na

 M
L

IPS
 e.

max
 Z

irC
AD M

T

Kata
na

 ST
ML

La
va

 Es
the

tic

Cer
co

n x
t

Pr
ett

au
Ante

rio
r

0

2

4

6

Fr
ac

tu
re

 To
ug

hn
es

s 
[M

Pa
√m

] Conventional Sintering
Speed-Sintering*

*
*

* *

*

(b)(a)



888	 Odontology (2023) 111:883–890

1 3

Discussion

Regarding the statistical treatment of strength data, m is 
a representation of the distribution of critical defect sizes 
responsible for triggering the fracture in the sampled effec-
tive surface/volume, which is dependent on the specimen 
size and loading configuration. In the context of sintering, 
significant changes in m suggest a different dynamic in the 
densification of the white-body, related not to the heat distri-
bution once both heating rates were very similar, but to the 
dwell time. Belli and Lohbauer [18] clearly showed that in 
dental zirconias, the defect distribution in the fully sintered 
piece is inherited from the defect distribution in the white-
body. Passed down to the sintered analogs, the morphol-
ogy of critical defects in the white-body constitute junction 
vertices between spherical spray-dried granulates that failed 
to reach intimate contact during pressing. It is conjectured 
that during uniaxial compaction, the stiff binder at the outer 
granule shell becomes trapped at the vertices, assuming 
polyhedral shapes that further oppose compaction [28]; the 
burn-out of the binder concomitant to the shrinkage of the 
granules toward their center of mass leaves behind empty 
spaces at the junctions that cannot be filled by mass transport 
[29]. The morphology of such defects is a three-dimensional 
“crowfoot” with “spikes” that are invariably unfavorably ori-
ented in relation to the direction of tension. The parameter m 
was reduced significantly for three materials, namely Cercon 
ht, Prettau, and IPS e.max ZirCAD MT, while increasing 
for Lava Esthetic. In the speed-sintered specimens, apart 
from IPS e.max ZirCAD MT, all material showed a Weibull 
modulus between 7 and 13, showing less variability than 
under conventional sintering conditions (m between 6 and 
19). Another sign of the sintering strategy having an effect 
on how sintering defects develop was a change in σ0, which 
represents the strength at a 63.2% failure probability as a 
reflection of the scale of the sizes of critical defects. That 
was seen in Prettau, Prettau Anterior, and Cercon xt leading 
to a significant reduction of σ0, with the opposite effect in 
IPS e.max ZirCAD MT. A decrease in σ0 might imply that 
defects remained larger compared to when the dwell time is 
increased from 35 min to 2 h. Possibly, an increased dwell 
time favors sintering to extend and close existing voids in 
the white-body, especially at the edges of defects, where the 
faces between pressed granules are in closer contact. The 
effect, however, does not seem to be systematic or depend-
ent on stabilizer content, but be rather material dependent. 
Comparisons to the literature are not always straightforward 
in respect to speed-sintering, since time, temperatures, fur-
naces, and heating principles (e.g., induction, plasma, micro-
wave, etc.) are particular for each study. Nonetheless, some 
patterns can be recognized, namely, most strength experi-
ments report no significant differences to the conventional 

sintering [7, 8, 11, 30, 31], with few observing even some 
improvement [32]. Kaizer et al. [33] though showed that 
speed and super-speed-sintering lead to higher amounts of 
pitting during contact sliding wear compared to conventional 
sintering, pointing to densification issues. Other studies 
describe that speed-sintering led to a change in grain size 
distribution [7, 8], with speed-sintering inducing larger frac-
tion of fine grains, and a decrease in medium grains [8]. In 
terms of phase fractions, sintering protocol seems to result in 
changes in the proportion of tetragonal and cubic grains, but 
this phenomenon does not seem to follow a certain pattern, 
but also be material dependent [7, 8].

Microstructural aspects, specifically grain size, have 
shown to affect the distribution of the stabilizer within the 
grains, in turn determining the tetragonal to monoclinic 
transformability, the property which confers the highest 
gain in toughening in yttria-stabilized zirconias [3]. Actu-
ally, using the phase content of the materials evaluated here 
sintered conventionally, including a 2 mol% Y2O3-stabilized 
zirconia, we established a power-law relationship between 
KIc and the volume content of the t-phase [13]. That led 
to an inverse power-law relationship between KIc and yttria 
content of the form KIc(xY2O3) = KI,0 e−λx + KIc,cubic, with 
λ = -1.102 mol%−1, challenging the classic relationship of 
Lange [34] and agreeing rather to the trend seen by Masaki 
[35]. With speed-sintering, that relationship is not dis-
turbed, suggesting that the main factors affecting the frac-
ture toughness, namely grain size distribution and t-phase 
content, remained mostly preserved with the decrease in 
dwell time. Two exceptions must be noted here, namely, the 
fracture toughness of the materials Cercon ht and Cercon 
xt, both from the manufacturer Dentsply-Sirona, were the 
only ones that showed a significant decrease (10% and 16%, 
respectively) resulting from speed-sintering. Interestingly, 
the speed-sintering program utilized here corresponded 
exactly to the heating rate, maximum temperature, and dwell 
time recommended by Dentsply-Sirona. For both products 
though, the conventional sintering program had the long-
est dwell time of all products, which might have actually 
contributed to an increased KIc-value for the convention-
ally sintered specimens. When compared to the materials 
having the same composition (Lava Plus and Prettau; IPS 
e.max ZirCAD MO has a Al2O3 of 0.3 mol%, significantly 
higher than all other materials), Cercon ht shows the highest 
KIc-value when conventionally sintered, and still statistically 
similar to Lava Plus despite its drop after speed-sintering. 
For Cercon xt, its KIc-value despite now statistically lower 
than Prettau Anterior remained statistically similar to Katana 
STML. In that view, the drop in KIc-values for both materi-
als after speed-sintering might be relativized, once still in 
the range of other materials for comparable compositions.

The comparison of conventional vs. speed-sintering pro-
tocols was here performed in the same furnace based on 
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electrical resistive heating elements, and could be supple-
mented by future research evaluating the use of induction 
furnaces. Additionally, even though values of strength and 
fracture toughness can be indicative of the phase composi-
tion in dental zirconias, as shown in Refs. [13] and [18], 
further evaluations on microstructural parameters (grain size 
and distribution) and phase content using scanning electron 
microscopy and X-ray diffraction, respectively, would be 
warranted for additional insights on more specific effects of 
speed-sintering relative to conventional sintering programs.

Conclusions

From the results of the present study, we can conclude that 
sintering dental zirconias (3-5YSZ) using a speed-sintering 
protocol in a conventional furnace does not significantly 
compromise their mechanical properties and could be 
adopted safely, in detriment of the longer, more energy-
consuming conventional sintering protocol.
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