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Abstract: We herein report manufacturing of dental crowns made of 5-mol% yttria partially stabilized
zirconia (5Y-PSZ) with desired mechanical properties, optical translucency and dimensional accuracy
using digital light processing (DLP). To this end, all processing parameters were carefully controlled
and optimized. First, 5Y-PSZ particles with a bimodal distribution were prepared via calcination of
as-received granules and subsequent ball-milling and then used to formulate 5Y-PSZ suspensions
with a high solid loading of 50 vol% required for high densification after sintering. Dispersant content
was also optimized. To provide high dimensional accuracy, initial dimensions of dental crowns for
3D printing were precisely determined by considering increase and decrease in dimensions during
photopolymerization and sintering, respectively. Photopolymerization time was also optimized for
a given layer thickness of 50 um to ensure good bonding between layers. A multi-step debinding
schedule with a slow heating rate was employed to avoid formation of any defects. After sintering
at 1500 °C for 2 h, 5Y-PSZ could be almost fully densified without noticeable defects within layers
and at interfaces between layers. They had high relative densities (99.03 £ 0.39%) with a high cubic
phase content (59.1%). These characteristics allowed for achievement of reasonably high mechanical
properties (flexural strength = 625.4 £ 75.5 MPa and Weibull modulus = 7.9) and % transmittance
(31.4 £ 0.7%). In addition, 5Y-PSZ dental crowns showed excellent dimensional accuracy (root mean
square (RMS) for marginal discrepancy = 44.4 + 10.8 um and RMS for internal gap = 22.8 & 1.6 pm)
evaluated by the 3D scanning technique.
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1. Introduction

Dental computer-aided design and computer-aided manufacturing (CAD/CAM) tech-
nology is still prevalent in the manufacturing of dental crowns made of yttria (Y,03)-doped
zirconia (ZrO;) ceramics [1,2]. However, this technique has several intrinsic limitations,
including high consumption of cutting tools and great loss of discarded material during
the subtractive machining process. Thus, the use of 3D printing of ceramics, which can
construct 3D structures via direct addition of materials in a layer-by-layer fashion, has
recently received a great deal of attention in modern dentistry to substitute for traditional
dental CAD/CAM technology [34].

From the viewpoint of resolution and accuracy of 3D printing techniques, digital light
processing (DLP) and stereolithography (SLA) have been most extensively investigated for
the manufacturing of zirconia dental crowns [3-15]. These techniques can selectively photo-
cure thin layers of zirconia suspensions, where zirconia particles are uniformly dispersed
in photocurable monomers, using high-resolution UV engines according to pre-designed
2D images layer-by-layer [3,4]. 3D-printed zirconia crowns can then be heat-treated for
debinding to remove organic phases and for sintering to densify zirconia particles. This
approach can precisely replicate intricate 3D geometries of dental crowns designed for
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individual patients [3,4]. In the DLP process, a build platform can move downward to
a predetermined position in a vat containing a zirconia suspension, and thus a uniform
layer can be formed between the build platform and vat, which can be then photopoly-
merized by 2D images of UV light [7,8,12,13,15,16]. In addition, recoating systems can be
integrated into DLP machines (e.g., lithography-based ceramic manufacturing (LCM)), in
order to mechanically spread ceramic suspensions uniformly just above the bottom of a
vat [5,14]. This approach is very useful for ceramic suspensions with high viscosities and
low flowablility. However, this bottom-up approach has a potential risk of interfacial failure
between photopolymerized layers, caused during detachment of newly photopolymerized
layers from a polymer film attached to the bottom of a vat, and frequent damage of the
film. On the other hand, in the SLA process, a recoater can directly spread a ceramic
suspension onto a previously photopolymerized layer, thus eliminating issues related to
the bottom-up approach [9-11,14]. However, this top-down approach requires a large
number of ceramic suspensions to fill a vat and the leveling process to ensure uniform
thickness is troublesome. To avoid these limitations, thin layers formed onto polymer films
can be supplied continuously, which employ a basic concept of ceramic tape-casting [17]. In
addition, our group recently developed a new type of top-down DLP process by employing
specifically designed feeding and recoating systems, where ceramic suspensions can be
extruded through a nozzle at a controlled rate and then uniformly spread onto previously
photopolymerized layers by a recoater [6]. A number of recent works have demonstrated
that DLP and SLA techniques could offer outstanding dimensional accuracies comparable
to CAD/CAM [10-15,18]. However, 3D-printed zirconia objects often suffer from imperfec-
tions, including pores within layers and weak interfaces between layers, causing severe
reductions in mechanical properties [5,6,18-25] and optical translucency [6,22].

The generation of these imperfections is mainly due to a difficulty in formulation of
zirconia suspensions with high solid loadings required for almost full densification. More
specifically, as the solid loading increases, the viscosities of zirconia suspensions increase
dramatically, thus making it troublesome to uniformly disperse a large amount of zirconia
particles in photocurable monomers [26]. Thus, pores and voids will be formed in sintered
zirconia ceramics due to incomplete densification of zirconia particles when solid loadings
are not sufficiently high. In addition, weak interfaces between layers will be caused by sed-
imentation of zirconia particles in photocurable monomers during the 3D printing process.
Thus, to newly formulate zirconia suspensions with the desired properties, several factors,
including particle size and its distribution [26,27], type and number of dispersants [28] and
compositions of photocurable vehicles containing reactive [9,29-31] and non-reactive dilu-
ents [6,29,32-34], should be carefully optimized to provide reasonably low viscosities for
uniform dispersion of zirconia particles at high solid loadings. In addition, the mechanical
and optical performances of zirconia dental crowns should also be also strongly affected
by compositions of zirconia ceramics used to prepare zirconia suspensions. In this respect,
5 mol% yttria partially stabilized zirconia (5Y-PSZ) is very promising since it can offer
much higher optical translucency than other zirconia ceramics with lower yttria contents
or —3 mol% yttria stabilized tetragonal zirconia polycrystal (3Y-TZP) and 4 mol% yttria
partially stabilized zirconia (4Y-PSZ) [35-37], while still providing reasonable mechanical
properties for dental crown applications. However, the manufacturing of 5Y-PSZ dental
crowns using DLP and SLA has been rarely reported.

Thus, we herein carefully optimized processing parameters for DLP process to manu-
facture 5Y-PSZ dental crowns with the desired mechanical properties, optical translucency
and dimensional accuracies. In particular, special care was paid to formulate 5Y-PSZ
suspensions with high solid loading (50 vol%) and uniform distribution of particles in
photocurable vehicles. To this end, as-received 5Y-PSZ granules were calcined at 1000 °C
for 1 h and then crushed into submicron-sized 5Y-PSZ particles via ball-milling. Dispersant
content was also optimized to obtain the highest solid loading with reasonably low viscosi-
ties for the DLP process. Photocurable 1,6-hexanediol diacrylate (HDDA) monomer was
blended with decalin used as the diluent [6]. A custom-built DLP machine was employed to



Materials 2023, 16, 1447

30f22

manufacture 5Y-PSZ specimens and dental crowns since it could directly deposit thin layers
of 5Y-PSZ suspensions onto previously photocured layers by a recoater, thus eliminating
imperfections at interfaces between layers often observed in conventional DLP [6]. To
achieve excellent dimensional accuracy, several processing parameters, including initial
designs of dental crowns, layer thickness of 5Y-PSZ suspensions for sequential photocuring
process, and UV illumination time were precisely controlled. A schedule for the debinding
process to remove organic phases (photocured HDDA, dispersant, and photo-initiator) was
carefully established by considering the thermal decomposition behavior of as-built 5Y-PSZ
specimens. Subsequently, 5Y-PSZ specimens and dental crowns were sintered at 1500 °C
for 2 h. Densification behaviors (e.g., shrinkage, relative density and microstructure) and
crystalline phases of 5Y-PSZ were characterized using several analyzing tools. Mechanical
properties were characterized by three-point flexural strength tests. Optical transmittances
were evaluated by spectrophotometry. Dimensional accuracies of 5Y-PSZ dental crowns
were examined in terms of marginal and internal discrepancies using 3D scanning.

2. Materials and Methods
2.1. Preparation of Submicron-Sized 5Y-PSZ Particles

5 mol% yttria-partially stabilized zirconia (5Y-PSZ, Zpex Smile) granules were pur-
chased from Tosoh Co. (Tokyo, Japan). To determine the calcination temperature for remov-
ing polymeric binder within granules and inducing partial necking between nanoparticles,
thermal decomposition behavior of as-received granules was examined by thermogravime-
try (TG)-differential thermal analysis (DTA) (STA 8122, Rigaku Corp., Tokyo, Japan). For
this evaluation, a batch of granules was heated up to 600 °C at a heating rate of 5 °C/min
in air and its weight loss was recorded as a function of temperature, as shown in Figure 1.
Considerable weight loss was observed at the temperature range of ~240-390 °C, indicating
extensive thermal decomposition of polymeric binder within granules. Above 400 °C,
weight loss was very low. Thus, to prepare 5Y-PSZ suspensions with high solid loadings,
as-received granules were calcined at 1000 °C for 1 h to completely remove polymeric
binder within granules and induce partial necking between nanoparticles. In addition, for
comparison purpose, as-received granules were calcined at a low temperature of 500 °C for
1 h to preserve the original structure of nanoparticles without necking.
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Figure 1. TG-DTA curve observed for as-received 5Y-PSZ granules as a function of temperature. The
black and red lines represent TG and DTA results, respectively.

Calcined granules were then vigorously crushed into smaller particles by ball-milling
at a rotation speed of 90 rpm for 24 h using zirconia balls as media. Morphologies and
size distributions of as-received granules, calcined granules and crushed particles were
characterized using a field emission scanning electron microscope (FE-SEM; JSM-6701F,
JEOL Techniques, Tokyo, Japan) and a laser particle size analyzer (CILAS 1090; Orleans,
France), respectively.
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2.2. Constituents of Photocurable 5Y-PSZ Suspensions

Table 1 summarizes the constituents of photocurable 5Y-PSZ suspensions with a solid
loading of 50 vol% used for manufacturing dental crowns by our DLP process. Unless oth-
erwise notified, all reagents were used as purchased. To obtain reasonably low viscosities
at high solid loadings, 1,6-hexanediol diacrylate (HDDA; Sartomer, Exton, PA, USA) and
decalin (Sigma Aldrich, St. Louis, MO, USA) were employed as the photopolymerizable
monomer and diluent, respectively [26]. An alkylol-ammonium salt of a copolymer with
acidic groups (DISPERBYK-180; BYK-Chemie GmbH, Wesel, Germany) was used as a dis-
persant. Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO; Sigma Aldrich, St. Louis,
MO, USA) was used as a photo-initiator.

Table 1. Constituents of 5Y-PSZ suspensions with a solid loading of 50 vol% used for our DLP process.

Role Material Weight [g]  Volume Percent (%)

5 mol% yttria-partially stabilized

Zirconia Particle . . . 70.75 50.00
zirconia (Zpex Smile)

Photocurable 1,6-hexanediol diacrylate (HDDA) 6.50 27.18
Monomer

Diluent Decalin 3.50 16.70

Solution of a structured acrylate
Dispersant copolymer with pigment-affinic 1.42 5.60
groups (DISPERBYK-180)
Photo initiator Diphenyl(2,4,6-trimethylbenzoyl) 013 0.49

phosphine oxide (TPO)

2.3. Preparation of 5Y-PSZ Suspensions

For preparing 5Y-PSZ suspensions, a solution of 65 wt% HDDA-35 wt% decalin was
used as a photocurable liquid medium. Predetermined amounts of HDDA, decalin, dis-
persant (2 wt% with respect to the 5Y-PSZ particle content) and zirconia balls as a media
for vigorous mixing were added into plastic bottles. The mixtures were then blended by a
planetary centrifugal mixer (Hantech Co. Ltd., Ansan-si, Gyeonggi-do, Republic of Korea)
for 10 min at a rotation speed of 1000 rpm. Subsequently, submicron-sized 5Y-PSZ particles
were added into liquid medium and then vigorously mixed by the planetary centrifugal
mixer for 30 min. This mixing process was repeated three times using predetermined
amounts (1/2,1/4 and 1/4 of the total weight in sequence) of particles, in order to achieve
uniform dispersion of particles in liquid mediums. Three different types of 5Y-PSZ sus-
pensions with a range of solid loadings (44 vol%, 48 vol% and 50 vol%) were prepared to
examine their rheological behaviors. For photocuring by DLP, 2 wt% of photo-initiator
with respect to the HDDA content was mixed with 5Y-PSZ suspensions for 10 min.

2.4. Rheological Behavior Evaluations of 5Y-PSZ Suspensions

Rheological behaviors of 5Y-PSZ suspensions were evaluated by measuring their ap-
parent viscosities as a function of shear rate (0.1 s~1-200 s~!) using a cone/plate viscometer
(Brookfield DV3T, Brookfield Engineering Laboratories, Inc., Middleborough, MA, USA).
To optimize the dispersant content, 5Y-PSZ suspensions (solid loading = 44 vol%) prepared
using a range of dispersant contents (1 wt%, 2 wt%, 3 wt% and 4 wt%) were examined.
To examine the effect of solid loading on rheological behavior, 5Y-PSZ suspensions with
different solid loadings (44 vol%, 48 vol% and 50 vol%) were examined.

2.5. Custom-Built DLP Process

5Y-PSZ specimens and crowns were manufactured using our custom-built DLP ma-
chine employing a specially designed feeding and recoating systems (Veltz3D, Incheon,
Republic of Korea), as shown in Figure 2A, whose basic operation principle was proposed
in our previous report [6]. To offer high accuracy for dental crown applications, a digital mi-
cromirror device (DMD) light engine with 1920 x 1080 pixels was employed, which could
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illuminate a UV power of ~14.95 mW/cm? at a peak wavelength of ~405 nm. Schematics
showing the DLP process used for manufacturing 5Y-PSZ dental crowns are illustrated
in Figure 2B. Our DLP machine could extrude highly concentrated 5Y-PSZ suspensions
in a controlled manner using a stepper motor and then spread them uniformly using a
recoater. In addition, after selective photopolymerization of the first layer, the second fresh
layer could be directly deposited onto the first layer. This approach could eliminate a
potential risk of interfacial delamination between layers that can occur during detachment
of photopolymerized layers from a vat in the conventional DLP process.

(A) Custom-built DLP Machine (B) DLP Process

2 . 8
~Feeding
Nozzle

Figure 2. (A) Optical image of our custom-built DLP machine and (B) schematics showing the DLP
process used for manufacturing 5Y-PSZ dental crowns.

To ensure complete photocuring of 50-micron-thick layers of 5Y-PSZ suspensions
and good bonding between layers, fresh layers were photocured for various time peri-
ods (15-10 s) and thicknesses of photocured layers were measured by a micrometer. In
addition, to obtain high dimensional accuracy for dental crown applications, increases in
dimensions via UV scattering by ceramic particles during the photocuring process were
evaluated quantitatively [38—40]. To this end, disk-shaped regions with different diameters
(100 pm~-1000 pm) in 50-um-thick-layers of 5Y-PSZ suspensions were photopolymerized
for 3 sec, after which photocured disks were washed with ethanol and then their diameters
were calculated by FE-SEM. The degree of discrepancy between designed and printed
diameters was computed, representing broadening.

2.6. Manufacturing of 5Y-PSZ Specimens and Dental Crowns

5Y-PSZ specimens and dental crowns were manufactured by our DLP process. To
this end, 50-micron-thick layers of 5Y-PSZ suspensions with a solid loading of 50 vol%
were photocured for 3 s. Two types of specimens (rectangular bars and disks) were man-
ufactured to estimate mechanical properties and optical translucency of 5Y-PSZ dental
crowns. To achieve high accuracy, initial dimensions of dental crowns (c.f., Figure 2B) were
precisely determined by considering opposing changes in dimensions during the entire
process—increase due to UV scattering by 5Y-PSZ particles during photopolymerization
process and decrease due to densification of 5Y-PSZ particles via sintering at high tempera-
tures. Based on our preliminary studies, we employed an enlargement of ~25.2% and 24.5%
in the x-y and z-directions, respectively, in order to design an initial CAD model for the
DLP process.

As-printed 5Y-PSZ specimens and dental crowns were removed from build platforms
and then rinsed with ethanol several times to remove uncured suspensions, after which
green specimens and dental crowns underwent heat-treatment for debinding and sinter-
ing. To design a schedule for debinding, the thermal decomposition behavior of a green
specimen was characterized by thermogravimetric analysis (TGA; STA 449 E3 Jupiter;
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Netzsch GmbH, Selb, Germany). For this evaluation, a specimen was heated up to 600 °C
at a heating rate of 10 °C/min in air and its weight loss was recorded as a function of
temperature. A representative TGA curve is shown in Figure 3. Thermal decomposition
started at a temperature of 150 °C due to removal of diluent, dispersant, and photo-initiator.
Above 300 °C, remarkable weight losses were observed due to intensive removal of pho-
topolymerized HDDA.
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Figure 3. TGA curve observed for an as-printed 5Y-PSZ sample as a function of temperature. The

dotted lines at 150 °C and 300 °C represent starting temperatures for thermal decomposition of
organic phases and photopolymerized HDDA, respectively.

On the basis of the TGA analysis, a multi-step debinding schedule was carefully
designed, where slow heating rates below 470 °C were employed to remove photopolymer-
ized HDDA and organic phases without formation of defects such as cracks within layers
and at interfaces between layers (Table 2). After debinding, 5Y-PSZ specimens and dental
crowns were densified via sintering at 1500 °C for 2 h.

Table 2. Schedule for multi-step debinding with slow heating rates and sintering at 1500 °C for 2 h.

Step 1 2 3 4 5
Heating Rate
(°C /min) 2 0.8 0.8 1 5
Temg‘z")’ture 310 380 430 470 1500
Dwelling Time 180 180 60 60 120
(min]

2.7. Characterization of as-Printed and Sintered 5Y-PSZ Specimens

3D geometries of as-printed and sintered 5Y-PSZ specimens and dental crowns were
examined by optical microcopy. Microstructures of as-printed and sintered 5Y-PSZ speci-
mens and dental crowns were characterized by FE-SEM. External and internal structures
of dental crowns were examined by micro-computed tomography (u-CT; SkyScan1273,
Bruker Corp., Billerica, MA, USA). A voxel size of 40 um was used for image analyses.

Shrinkages after sintering at 1500 °C for 2 h were computed by comparing dimensions
of sintered specimens to those of as-manufactured specimens. Densities of sintered speci-
mens were measured using Archimedes’ principle. Their relative densities were computed
based on measured densities and theoretical density of 5Y-PSZ (6.034 g/cm?) [41]. However,
it should be noted that theoretical density of 5Y-PSZ should be affected by the contents
of tetragonal and cubic phases. Grain size was measured by the linear intercept method.
In addition, an image analysis program (MIPAR, MIPAR Image Analysis, Columbus, OH,
USA) was used to roughly examine distribution of grain sizes.
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Crystalline phases of sintered 5Y-PSZ specimens were characterized using an X-ray
diffractometer (DMAX-2500, Rigaku Corporation, Tokyo, Japan) using Cu K« radiation.
Observed peaks were then identified by considering diffraction patterns (diffraction angles
and relative intensities) of tetragonal (JCPDS card no. 01-079-1767) and cubic (JCPDS
card no. 01-081-1550) phases of zirconia. Rietveld refinement using X'Pert Highscore Plus
software 3.0 (Malvern Panalytical, Worcestershire, UK) was used to calculate contents of
tetragonal and cubic phases coexisting in 5Y-PSZ.

In addition, an energy dispersive X-ray spectroscope (EDS; Horiba, Ltd., Kyoto, Japan)
attached to a FE-SEM (SU-70, Hitachi Ltd., Hitachi, Japan) was used to examine chemical
compositions of grains with tetragonal and cubic phases. To this end, EDS spot analyses
with a spot size of 0.4 um were conducted in two different types of grains (large and small
grains) and 14 points were tested for each grain.

2.8. Mechanical Properties Evaluation

To estimate mechanical functions of 5Y-PSZ dental crowns, fracture strength and
Weibull modulus of sintered specimens were measured using three-point flexural strength
tests according to ISO 6872 (Dentistry—Ceramic materials) [42-44]. Rectangular specimens
were grounded to obtain dimensions of 3 mm x 4 mm X 25 mm and then polished to
ensure smooth surfaces. A constant crosshead speed of 1 mm/min was applied to the
center of each specimen using a screw-driven load frame (Instron 4467, Instron, MA, USA).
Load versus displacement curves were recorded until specimens were fractured. Flexural
strengths were then computed by considering loads at fracture and dimensions (thicknesses
and widths) of specimens. Twelve specimens were tested to obtain mean and standard
deviation. In addition, a Weibull plot of failure probability (Pf) versus measured flexural
strengths (o) was constructed to determine Weibull modulus (1) representing mechanical
reliability of 5Y-PSZ specimens and characteristic strength (c,) [45].

2.9. Optical Translucency Evaluation

To estimate optical translucency of 5Y-PSZ dental crowns, a computer-controlled
spectrophotometer (CM-3600A, Konica Minolta, Inc., Osaka, Japan) was used to directly
measure optical transmittances of sintered disks. For these evaluations, the sintered disks
were slightly ground to obtain a thickness of 1 mm and then polished to ensure flat,
smooth surfaces. Spectral transmittance data over the spectral range from 360 nm to
740 nm at 10 nm intervals were collected. % transmittance was computed according to the
standard (CIE standard illuminant D65) [46]. Three samples were tested to obtain mean
and standard deviation.

2.10. Dimensional Accuracy Evaluation

To examine potentials of 3D-printed 5Y-PSZ dental crowns for clinical use, their
dimensional accuracies in terms of marginal and internal fits were closely examined by
a 3D scanning technique [13,47,48]. For these evaluations, 5Y-PSZ dental crowns were
scanned by a dental scanner (Medit T500, Medit Corp., Seoul, Republic of Korea) having a
precision of 7 pm. Scanned data were recorded using a scan software (colLab 2017 v2.0.0.4,
Medit Corp., Seoul, Republic of Korea). Color maps were then generated by superimposing
scanned data of 5Y-PSZ dental crowns over original CAD data and then analyzed using
a 3D analysis software program (Geomagic ControlX 2020.1 ver.; 3D Systems, Inc., Rock
Hill, SC, USA). Blue and red colors indicate negative and positive deviations compared
to the reference (original CAD data), respectively, while green color indicate deviations
within £50 pm. Internal discrepancies between original CAD design and manufactured
5Y-PSZ dental crowns were quantified in terms of root mean square (RMS) obtained from
the entire inner area of dental crowns [49,50]. Five specimens were tested to obtain mean
and standard deviation.
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2.11. Statistical Analysis

Statistical analysis was carried out using one-way analysis of variance (ANOVA)
with MATLAB (The MathWorks, Inc., Natick, MA, USA) and Tukey—-Kramer Post Hoc
Test (OrginLab Corp., Northampton, MA, USA). p values less than 0.05 were considered
statistically significant.

3. Results and Discussion
3.1. Morphologies and Size Distributions of 5Y-PSZ Granules and Particles

To manufacture dental crowns, commercially available 5Y-PSZ granule, which has
been widely used to produce zirconia blanks for dental CAD/CAM, was employed owing
to its high translucency [36]. However, as-received granules showed very large sizes
with several tens of microns (Figure 4A). In addition, they could not be crushed into
smaller particles because of a small amount (~4 wt%) of polymeric binder. Thus, as-
received granules were heat-treated to 1000 °C for 1 h to completely remove polymeric
binder, while their spherical morphologies and sizes changed negligibly (Figure 4B). After
ball-milling of calcined granules, fine particles were obtained (Figure 4C). In addition,
5Y-PSZ nanoparticles were partially bonded together due to calcination at a relatively
high temperature of 1000 °C (Figure 4D). On the other hand, when granules calcined at a
lower temperature of 500 °C were ball-milled, they were crushed into very fine particles
(Figure 4E) since nanoparticles were weakly bonded together. This finding suggests that
a high calcination temperature of 1000 °C could effectively reduce the specific surface
area of particles, thus being beneficial to achieve high solid loadings with reasonably low
viscosities [26]. However, it should be noted that particle size distribution can also strongly
affect viscosities of 5Y-PSZ suspensions [25,51-53].

Figure 4. Representative FE-SEM images showing as-received 5Y-PSZ granules (A), granules calcined
at 1000 °C (B), crushed particles obtained after ball-milling of granules calcined at 1000 °C (C,D), and
crushed particles obtained after ball-milling of granules calcined at 500 °C (E).

Size distributions of as-received 5Y-PSZ granules and crushed particles obtained via
ball-milling of granules calcined at 1000 °C were characterized by a laser particle size
analyzer. Results are shown in Figure 5A. As-received granules showed relatively large
sizes ranging from 5 um to 100 um. The mean size was as large as ~50 um. On the other
hand, crushed particles obtained after calcination at 1000 °C and subsequent ball-milling
showed much smaller sizes. In addition, they showed a bimodal distribution with two
peaks at ~0.3 um and ~15 pm. A cumulative particle size distribution of crushed particles is
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displayed in Figure 5B. The fractions of particles with size ranges of 0.1-1 pm, 1 um-3 um,
3 pm-10 pm and 10 pm-30 pm were 34.04%, 19.08%, 16.71%, and 29.42%, respectively. This
finding suggests that calcined granules could be efficiently crushed into smaller particles by
ball-milling. In addition, a wide particle size distribution could be beneficial for preparing
5Y-PSZ suspensions with reasonable viscosities at high solid loadings since voids formed
between large particles could be filled by smaller particles [25,52]. On the other hand,
particles obtained via ball-milling of granules calcined at a relatively low temperature of
500 °C showed much smaller sizes (<1 um) with a unimodal distribution (Figure 5C).

(A) Particle Size Distributions (B) Cumulative Percentage (C) Particle Size Distribution
(Calcined at 500°C)
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Figure 5. (A) Size distributions of as-received 5Y-PSZ granules and crushed 5Y-PSZ particles obtained
after ball-milling of granules calcined at 1000 °C (B) cumulative particle size distribution of percentage
of crushed 5Y-PSZ particles obtained after ball-milling of granules calcined at 1000 °C, and (C) size
distributions of crushed particles obtained after ball-milling of granules calcined at 500 °C. The dotted
lines in Figure 5B represent particle sizes of 1 um, 3 pm, and 10 um.

3.2. Effect of Particle Sizes on Rheological Behaviors of 5Y-PSZ Suspensions

To examine the effect of particle size distribution on rheological behaviors of 5Y-
PSZ suspensions, four different types of suspensions were prepared using as-received
granules, granules calcined at 1000 °C and crushed particles obtained via ball-milling
of granules calcined at 1000 °C and 500 °C, and 2 wt% of dispersant was employed for
uniform dispersion of particles in photocurable vehicles. Apparent viscosities of 5Y-PSZ
suspensions were measured as a function of shear rate using a cone/plate viscometer.
Results are displayed in Figure 6. All suspensions showed shear thinning behaviors, where
viscosity decreased with an increase in shear rate. However, when as-received granules
were used, suspensions showed very high viscosities due to large size of granules. On
the other hand, granules calcined at 1000 °C could be partially crushed during vigorous
mixing for preparation of suspensions, thus resulting in lower viscosities than as-revived
granules. In addition, when crushed particles obtained via ball-milling of granules calcined
at 1000 °C were used, significantly lower viscosities were observed. This reduction in
viscosity was mainly attributed to a broad particle size distribution (c.f., Figure 5B), and
thus small particles could fill voids formed between large particles [26,52]. However, when
a low calcination temperature of 500 °C was used, nanoparticles within granules were
weakly bonded together, and thus very fine particles could be obtained by ball-milling (c.f.,
Figure 5C). Thus, 5Y-PSZ suspensions prepared using these fine particles showed higher
viscosities than those prepared using particles obtained via ball-milling of granules calcined
at a higher temperature of 1000 °C. This finding suggests that it is crucial to prepare 5Y-PSZ
particles with proper size ranges by optimizing the calcination temperature (c.f., 1000 °C in
this study) and ball-milling process, which allows for achievement of high solid loadings
with reasonably low viscosities.
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Figure 6. Apparent viscosities as a function of shear rate observed for 5Y-PSZ suspensions prepared
using as-received, granule calcined at 1000 °C, and crushed particles obtained via ball-milling of
granules calcined at 1000 °C and 500 °C (solid loading = 44 vol%).

3.3. Optimization of Dispersant Content

To obtain high solid loadings with low viscosities, a solution of low-viscosity HDDA
as a photopolymerizable monomer and decalin as a diluent was employed as a liquid
medium. In addition, to induce strong repulsion between 5Y-PSZ particles, a kind of an
alkylol-ammonium salt of a copolymer with acidic groups was employed as a dispersant [6].
To optimize dispersant content in relation to particle content, 5Y-PSZ suspensions were
prepared using a range of dispersant contents (1 wt%, 2 wt%, 3 wt% and 4 wt%). For
these tests, a solid loading of 44 vol% was used. Figure 7A shows apparent viscosities
as a function of shear rate observed for different dispersant contents. All 5Y-PSZ suspen-
sions showed a decrease in viscosity with an increase in shear rate. Such shear thinning
behaviors are highly beneficial for the DLP process [51]. When the dispersant content
increased from 1 wt% to 2 wt%, remarkable reductions in viscosity were observed over all
shear rates (Figure 7B). However, with further increases in dispersant content (3 wt% and
4 wt%), viscosity increased. This finding suggests that 2 wt% of the dispersant used in this
study could sufficiently adsorb on entire surfaces of 5Y-PSZ particles and induce sufficient
repulsion between particles, thus offering significantly reduced viscosities. However, when
excessive dispersant was used, viscosity increased due to an increase in thickness of the
adsorbed layer [26].

3.4. Optimization of Maximum Solid Loading

For manufacturing zirconia dental crowns with desired mechanical properties and
optical translucency, it is crucial to achieve high densification with negligible defects after
sintering at high temperatures. To this end, 5Y-PSZ suspensions should have high solid
loadings since highly concentrated ceramic particles can be densified more favorably, while
reasonably low viscosities should be maintained to allow for the formation of thin, uniform
layers by a recoater for sequential DLP processes. 5Y-PSZ suspensions were prepared using
arange of solid loading (44 vol%, 48 vol% and 50 vol%) and their rheological behaviors were



Materials 2023, 16, 1447 11 of 22

characterized to determine the maximum solid loading obtainable using our compositions
(c.f., Table 1). The same dispersant content of 2 wt% was used for all suspensions. Apparent
viscosities as a function of shear rate observed for 5Y-PSZ suspensions prepared using a
range of solid loadings are shown in Figure 8A. Shear thinning behaviors with a decrease
in viscosity with an increase in shear rate were observed for all 5Y-PSZ suspensions. On the
other hand, higher solid loading resulted in higher viscosities over all shear rates (Figure 8B),
which is a common phenomenon of ceramic suspensions for colloidal processes [26,27,53].
However, 5Y-PSZ suspensions with the highest solid loading of 50 vol% showed reasonably
low viscosities (1.37 £ 0.19 Pa-s) at a high shear rate of 200 s~ !, suggesting that they could
be spread uniformly by a recoater for sequential DLP processes. In addition, reasonably
high viscosities (4.66 £ 0.73 Pa-s) were observed at a low shear rate of 10 s~! and thus
fresh layers of 5Y-PSZ suspensions deposited on previously photopolymerized layers
could be maintained fairly during photopolymerization. Effect of dispersant content
on apparent viscosities of 5Y-PSZ suspensions with a solid loading of 50 vol% was also
examined, as shown in Figure 8C. At a low shear rate of 10 s~1 3 wt% showed lower
viscosities than 2 wt%. However, at high shear rates (100 s~ *and 200 s 1), 2 wt% and
3 wt% showed no significant differences in viscosity. It should be noted that HDDA content
decreases with an increase in dispersant content, thus resulting in lower green strength
after photopolymerization. Thus, it is reasonable to suppose that 2 wt% of dispersant
used in this study is sufficient to uniformly disperse 5Y-PSZ particles and offer reasonably
high green strengths. However, when a higher solid loading of 52 vol% was used, 5Y-PSZ
suspensions showed very high viscosities (data now shown here). In addition, air was
often trapped within layers during DLP. Thus, a solid loading of 50 vol% was employed
for manufacturing 5Y-PSZ specimens and dental crowns, in order to achieve almost full
densification without imperfections after sintering at 1500 °C for 2 h.

(A) (B)
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- 100 —h— 3 wt% b T \[:l 3 wt%
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>’ S — —
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Figure 7. (A) Apparent viscosities as a function of shear rate observed for 5Y-PSZ suspensions with a
solid loading of 44 vol% prepared using a range of dispersant contents (1 wt%, 2 wt%, 3 wt%, and
4 wt%) and (B) apparent viscosities measured at various shear rates (* p < 0.05).
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Figure 8. (A) Apparent viscosities as a function of shear rate observed for 5Y-PSZ suspensions
prepared using a range of solid loadings (44 vol%, 48 vol% and 50 vol%), (B) apparent viscosities
at various shear rates observed for 5Y-PSZ suspensions (* p < 0.05), and (C) apparent viscosities of
5Y-PSZ suspensions with a solid loading of 50 vol% prepared using a range of dispersant contents
(*p <0.05).

3.5. Optimization of Photocuring Process for DLP

To completely consolidate layers of 5Y-PSZ suspensions with high dimensional accu-
racy, UV illumination time for photocuring should be carefully determined. Thus, layers
of a 5Y-PSZ suspension with a solid loading of 50 vol% were photocured for a range of
illumination time periods (1 s to 10 s). Photocured layers were then washed with ethanol
and their thicknesses were measured using a micrometer. Figure 9A shows measured
thicknesses of photocured layers as a function of UV illumination time. The photocured
thickness increased almost linearly from 37.8 4= 1.2 um to 93.2 & 1.2 um with an increase in
UV illumination time from 1 s to 4 s. A UV illumination time of 2 s showed photocured
thickness (56.7 £ 4.7 pm) slightly thicker than layer thickness (50 um) of 5Y-PSZ suspen-
sions, which would have a risk of imperfections between photocured layers particularly
for manufacturing of complicated structures (e.g., dental crowns). Thus, to ensure strong
bonding between photocured layers, a UV illumination time of 3 sec, which could result in
a photocured thickness of 81.4 & 1.0 pm, was employed for the DLP process.
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Figure 9. (A) Thicknesses of photocured layers obtained using a range of UV illumination time
(1 5-10 s) and (B) diameters of photocured disks in regard to designed diameters and percent (%)
discrepancies between measured and initial values. The black and red symbols in Figure 9B represent
photocured diameters and discrepancies, respectively.

For manufacturing 5Y-PSZ dental crowns using the DLP technique, special care should
be paid to determine initial dimensions of dental crowns since there should be enlargement
and shrinkage during photopolymerization and sintering, respectively. More specifically,
when predetermined regions of thin layers of 5Y-PSZ suspensions are exposed to UV
illumination, their vicinities can also be photopolymerized due to UV scattering by ce-
ramic particles, resulting in notable increase in dimensions. This broadening effect can
be greatly influenced by many factors, including refractive index of ceramic particles and
solid loading [38,39]. Thus, the degree of discrepancy between designed and photocured
dimensions should be carefully characterized and controlled for individual ceramic sus-
pensions to achieve high accuracies for dental crown applications. To this end, disk-shaped
regions with different diameters (100-1000 um) were photocured for 3 sec to completely
photopolymerize 50-um-thick layers of 5Y-PSZ suspensions. Figure 9B shows measured
diameters of disks in accordance with their initial values and percent (%) discrepancies
between measured and initial values. When designed diameters were smaller than 400 pm,
relatively large discrepancies were observed presumably due to resolution of a DLP engine.
However, percent discrepancy decreased considerably with an increase in diameter and
then changed slightly. Thus, based on these measurements, initial dimensions of dental
crowns could be determined reasonably.

3.6. Microstructures of as-Printed 5Y-PSZ

Microstructures of as-printed 5Y-PSZ specimens were examined by FE-SEM, as shown
in Figure 10A-C. Owing to the use of 50-um-thick layers of a 5Y-PSZ suspension with
UV illumination time of 3 s, specimens could be manufactured without notable defects
(Figure 10A). In addition, photocured layers could be strongly bonded together with-
out interfacial delamination (Figure 10B). The fractured surface showed that 5Y-PSZ par-
ticles could be distributed in photocured HDDA without notable aggregates or voids
(Figure 10C).
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Figure 10. FE-SEM images showing free surfaces (A,B) and fracture surface (C) of as-printed 5Y-PSZ
disks in the building direction.

3.7. Shrinkages and Relative Density of Sintered 5Y-PSZ

Following a tightly controlled debinding process with slow heating rates below 470 °C
to remove photopolymerized HDDA and organic phases, 5Y-PSZ specimen and dental
crowns were densified by sintering at 1500 °C for 2 h. Table 3 summarizes linear sintering
shrinkages and relative densities of 5Y-PSZ disks. Linear shrinkages in diameter and
thickness were 19.12 £ 0.18% and 19.65 £ 0.27%, respectively. It should be noted that these
values should be carefully considered to design initial dimensions of dental crowns for the
DLP process, which could offer high dimensional accuracy after sintering. Sintered 5Y-PSZ
disks showed high densities (5.976 & 0.023 g/cm?) measured by Archimedes’ principle,
which corresponded to 99.03 4 0.39% of theoretical density of 5Y-PSZ (6.034 g/cm?) [41].
However, it should be noted that theoretical density of 5Y-PSZ should be affected not by
the contents of tetragonal and cubic phases, but also Y,0O3 contents in both phases.

Table 3. Linear sintering shrinkages and relative densities of 5Y-PSZ disks after sintering at 1500 °C
for 2 h.

Linear Sintering Shrinkage (%) i
5 ge % Measured ]?ensuy Relative Density (%)
Diameter Thickness (g/cm?)
19.12 +0.18 19.65 + 0.27 5.976 + 0.023 99.03 + 0.39

3.8. Microstructures and Grain Sizes of Sintered 5Y-PSZ

Densification behavior and microstructures of sintered 5Y-PSZ specimens were char-
acterized by FE-SEM, as shown in Figure 11A-C. Fractured surfaces of 5Y-PSZ speci-
mens revealed high densification without notable defects, such as large voids and cracks
(Figure 11A). In addition, no interfaces between layers were visible, suggesting strong
interfacial bonding without imperfections, which is one of the most striking advantages
of our DLP process using a specially designed recoating system. Only a few residual
pores were observed (Figure 11B). To examine morphologies and of grains, the surfaces
of specimens were polished and then heat-treated at 1350 °C for 20 min to reveal grain
boundaries via thermal etching. Figure 11C show a representative FE-SEM image. Two
different types of grains (large and small grains) were observed due to co-existence of
tetragonal and cubic phases.

Figure 11. FE-SEM images showing fracture surfaces (A,B) and free surface of 5Y-PSZ disks after
thermal etching at 1350 °C for 20 min (C).
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Grain sizes were measured via the linear intercept method [54]. Values measured by
considering all grains were 1.45 + 0.18 um. To roughly examine a distribution of grain
sizes, an image analysis program was used. Figure 12A show a representative colored
image reconstructed from a FE-SEM image, where different colors represent different
sizes. Counts as a function of equivalent circle diameter—diameter of a circle closely
matching the perimeter of a grain [55]—are shown in Figure 12B. Roughly calculated
sizes of large (pink color) and small grains (green color) representing were 1.58 um and
0.73 um, respectively. It should be noted that large and small grains correspond to cubic
and tetragonal phases, respectively.
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Figure 12. (A) Representative colored image reconstructed from a FE-SEM image showing grains
with different colors and (B) counts as a function of equivalent diameter. The pink and green colors
in Figure 12B represent size distributions of large and small grains, respectively.

It should be noted that densification behavior and crystalline phases (e.g., tetragonal
and cubic phases) of 5Y-PSZ are strongly affected by sintering conditions such as tem-
perature and dwelling time, thus resulting in different mechanical and optical properties.
In addition, sintering conditions should be optimized individually for different particles
since they have different particle sizes and specific surface areas. For example, it was
reported that the highest hardness and fracture toughness were obtained after sintering
at 1450 °C for 2 h [56]. Meanwhile, other reports demonstrated that a higher sintering
temperature of 1550 °C was used to achieve high mechanical properties [57] and high
optical translucency [58]. Thus, a further study is required to examine effect of sintering
conditions (temperature and dwell time) on densification, grain growth, and crystalline
phases of 5Y-PSZ manufactured using our DLP technique, in order to optimize mechanical
properties and optical transmittance simultaneously for dental crown applications.

3.9. Crystalline Phases of Sintered 5Y-PSZ

Crystalline phases of sintered 5Y-PSZ specimens were characterized by XRD. As
expected, two different types of peaks corresponding to tetragonal (JCPDS card no. 01-079-
1767) and cubic (JCPDS card no. 01-081-1550) phases were observed, as shown in Figure 13.
Contents of tetragonal and cubic phases computed by Rietveld refinement using X'Pert
Highscore Plus software were ~40.9% and ~59.1%, respectively. Measured values were
comparable to those of commercial 5Y-PSZ [37]. This finding suggests that 5Y-PSZ dental
crowns manufactured using our DLP process could offer reasonable translucency when
they are highly densified without notable defects. It should be noted that cubic phase
content can be further controlled by adjusting sintering temperature if necessary [43,59].
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Figure 13. Representative XRD pattern of a 5Y-PSZ specimen sintered at 1500 °C for 2 h. “t” and “c”
indicate tetragonal and cubic phases, respectively.

3.10. Chemical Compositions of Tetragonal and Cubic Grains

Chemical compositions of two different types of grains with tetragonal and cubic
phases were characterized by EDS spot analyses. Table 4 summarizes the contents of
elements (Zr, Y, and O) taken of large and small grains. Large grains showed higher Y,03
contents (7.0 £ 0.3%) than small grains (3.8 £ 0.3%). This finding suggests that large and
small grains have cubic and tetragonal phases, respectively.

Table 4. Chemical compositions of large and small grains corresponding to cubic and tetragonal
phases characterized by EDS spot analyses.

Elements (wt%) Compositions (mol %)

Zr Y o 710, Y,03
Large Grain 64.3 + 0.9 9.5+0.3 262+1.0 93.0£0.7 70+03
Small Grain 66.8 + 3.3 52+0.8 28.0 £3.5 96.2 £0.7 38=£03

3.11. Mechanical Properties of Sintered 5Y-PSZ

For clinical applications, 5Y-PSZ dental crowns manufactured using our DLP process
should have reasonable flexural strengths to withstand applied loads during their func-
tions [40]. Thus, flexural strengths of 5Y-PSZ specimens were measured by three-point
flexural strength tests. Twelve specimens were tested to calculate mean with standard
deviation. All specimens showed reasonably high flexural strengths (625.4 &+ 75.5 MPa),
as shown in Figure 14A. These values were comparable to those obtained using dental
CAD/CAM [37,59]. In addition, all specimens showed flexural strengths higher than
500 MPa. This finding suggests that our DLP technique using highly concentrated 5Y-
PSZ suspensions with a solid loading of 50 vol% can manufacture not only single-unit
prostheses (dental crowns) but also three-unit prostheses (dental bridges) [42].
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Figure 14. (A) Measured flexural strengths of 5Y-PSZ specimens and (B) Weibull plot of flexu-
ral strength.

Mechanical reliabilities of 5Y-PSZ specimens were evaluated by computing Weibull
modulus (m) and characteristic strength (c,) from a Weibull plot [45]. Figure 14B shows a
Weibull plot of measured flexural strengths. m is a measure of the distribution of flexural
strengths. Thus, for dental crown applications, 5Y-PSZ should have reasonably high m to
provide high mechanical reliability with small deviations of flexural strengths and long-
term mechanical function without failure. Computed m value of 5Y-PSZ was 7.9, which
was comparable to those obtained by SLA process [22] and dental CAD/CAM [37]. On
the other hand, 0, can be defined as a level of strength at which the Pr becomes 63.2%
and represents a statistical indicator of overall strength of the material. Thus, higher oy
values are required for dental crown applications. Computed o, of 5Y-PSZ was 661.8 MPa,
which was comparable to those obtained by dental CAD/CAM [37]. From these m and o,
values, failure probability (Ps) of 5Y-PSZ dental prostheses under flexural stress (¢) could
be computed with the following equation

Pr=1— exp[—(c/0,)"] (1)

When a bending stresses of 300 MPa was applied, Pf value was as low as 0.0019. This
finding suggests that single crowns made of 5Y-PSZ using our DLP techniques would not
break during their functions under normal conditions.

3.12. Optical Translucency of 5Y-PSZ Disks

For clinical uses, dental crowns should have reasonable optical translucency [35,59-61].
Thus, light transmittance capabilities of 5Y-PSZ specimens manufactured using our DLP
technique was roughly evaluated. For these evaluations, 5Y-PSZ disks with a thickness of
1 mm were placed onto papers with colored marks, as shown in Figure 15A. The 5Y-PSZ
disk clearly revealed colored marks, suggesting its reasonably high light transmittance
capability attributed to high densification with negligible defects [6]. Optical transmittances
of 5Y-PSZ disks were quantified by spectrophotometry. Results are displayed in Figure 15B.
Three disks were tested to obtain mean and standard deviation. Spectral transmittance
data were collected at 10 nm intervals from 360 nm to 740 nm. Percentage transmittance
values computed to according to the standard (CIE standard illuminant D65) [46] were
31.4 & 0.7%, which would be proper for some clinical uses. However, these values were
lower than those obtained using dental CAD/CAM due to lower densification. Thus,
enhancing densification behavior of zirconia, for example, by increasing solid loading in
zirconia suspensions and/or using new sintering processes (e.g., microwave sintering [62]
and two-step sintering [63]), still remains as one of the most challenging tasks in DLP of
zirconia for dental applications [6].
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Figure 15. (A) Representative optical image of a 5Y-PSZ disk placed on a paper with colored lines
and (B) spectral transmittance curve for sintered 5Y-PSZ disks.

3.13. Dimensional Accuracy of 5Y-PSZ Dental Crowns

To demonstrate utility of our DLP technique for dental applications, single crowns
were manufactured using 5Y-PSZ suspensions. Their dimensional accuracies were then
evaluated in terms of marginal and internal discrepancies [13,47]. A CAD model of a
single crown was employed as a proof of concept (c.f., Figure 2B). To achieve high di-
mensional accuracy, initial dimensions of dental crowns were carefully determined by
considering both enlargement by photopolymerization and shrinkage by sintering. In other
words, initial dimensions were oversized than target dental crowns by a factor of ~25.2%
and ~24.5% in the x-y and z directions, respectively. Figure 16A shows representative
OM images of as-printed and sintered 5Y-PSZ dental crowns. Remarkable decrease in
dimensions was observed due to high densification of 5Y-PSZ particles during sintering
at 1500 °C for 2 h. However, u-CT analyses revealed that no noticeable defects, such as
voids, cracks or severe distortion, were observed for dental crowns even with sophisticated
geometries (Figure 16B). In addition, dental crowns were translucent under light illumi-
nation (Figure 16C). It is reasonable to suppose that these dental crowns can have optical
transmittances close to those of 5Y-PSZ disks (31.4 £ 0.7%), suggesting their potential for
clinical uses.

m As-printed

Figure 16. (A) Optical image showing 3D geometries of as-printed and sintered dental crowns,
(B) representative p-CT image of a sintered dental crown, and (C) optical image showing translucency
of a sintered dental crown under light illumination.

For offering long-term clinical success, dental crowns should have high dimensional
accuracy (e.g., marginal gap < 120 um and internal gap < 300 pm) [64]. Thus, 3D scan-
ning technique was employed to perform quantitative analyses with high reliability and
reproducibility [48,50]. For these evaluations, color maps were generated by superimpos-
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ing scanned data of 5Y-PSZ dental crowns over an original CAD data for a target crown.
Representative color maps are shown in Figure 17A. Most regions of internal surfaces
showed green color, indicating good internal fit with a small discrepancy within £50 pum.
On the other hand, orange and blue colors were also observed at the marginal position.
Mean RMS values for the internal gap and marginal discrepancy were 22.8 + 1.6 um and
44.4 £ 10.8 um, respectively (Figure 17B). These values are comparable to those obtained
for zirconia dental crowns manufactured using DLP [11,12]. These findings suggest that our
DLP technique can offer reasonably high dimensional accuracy with assistance of tightly
controlled processing parameters, including initial dimensions of dental crowns, sequential
photopolymerization process, and heat-treatment (debinding and sintering).
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Figure 17. (A) Representative color maps generated by superimposition of scanned data of a 5Y-PSZ
dental crown and original CAD data and (B) measured mean RMS values for marginal discrepancy
and internal gap.

4. Conclusions

5Y-PSZ dental crowns with desired mechanical properties, optical translucency and
dimensional accuracy for clinical uses could be manufactured by carefully controlling
processing parameters for our DLP process. The use of a high solid loading of 50 vol% in
5Y-PSZ suspensions allowed sintered 5Y-PSZ to have high relative densities (99.03 % 0.39%),
thus offering high flexural strength (625.4 £ 75.5 MPa) and % transmittance (31.4 £ 0.7).
In addition, high dimensional accuracy (RMS for marginal discrepancy = 44.4 4 10.8 um
and RMS for internal gap = 22.8 £ 1.6 um) was achieved by carefully designing initial
dimensions of dental crowns and photocuring time for 3D printing.

Author Contributions: J.-M.]., G-N.K,, Y.-H.K. and H.-E.K. conceived and designed the experiments;
J.-M.]J. fabricated zirconia specimens and dental crowns and G.-N.K. characterized their properties;
J-MJ., G.-N.K,, Y.-HK. and H.-E K. wrote the manuscript. All the authors contributed to the
final editing of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Technology Innovation Program (Contract No. 20001155,
Development of highly Translucent/Tough Ceramic Materials and Manufacturing Technique for
tailor-made Crown) funded by the Ministry of Trade, industry & Energy (MI, Republic of Korea).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Miyazaki, T.; Hotta, Y.; Kunii, J.; Kuriyama, S.; Tamaki, Y. A review of dental CAD/CAM: Current status and future perspectives
from 20 years of experience. Dent. Mater. ]. 2009, 28, 44-56. [CrossRef] [PubMed]

2. Miyazaki, T.; Nakamura, T.; Matsumura, H.; Ban, S.J.; Kobayashi, T. Current status of zirconia restoration. J. Prosthodont. Res.
2013, 57, 236-261. [CrossRef] [PubMed]


http://doi.org/10.4012/dmj.28.44
http://www.ncbi.nlm.nih.gov/pubmed/19280967
http://doi.org/10.1016/j.jpor.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24140561

Materials 2023, 16, 1447 20 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Khanlar, L.N.; Rios, A.S.; Tahmaseb, A.; Zandinejad, A. Additive manufacturing of zirconia ceramic and its application in clinical
dentistry: A review. Dent. J. 2021, 9, 104. [CrossRef] [PubMed]

Galante, R; Figueiredo-Pina, C.G.; Serro, A.P. Additive manufacturing of ceramics for dental applications: A review. Dent. Mater.
2019, 35, 825-846. [CrossRef]

Borlaf, M.; Serra-Capdevila, A.; Colominas, C.; Graule, T. Development of UV-curable ZrO, slurries for additive manufacturing
(LCMDLP) technology. J. Eur. Ceram. Soc. 2019, 39, 3797-3803. [CrossRef]

Kim, J.H.; Maeng, W.Y.; Koh, Y.H.; Kim, H.E. Digital light processing of zirconia prostheses with high strength and translucency
for dental applications. Ceram. Int. 2020, 46, 28211-28218. [CrossRef]

Chen, E; Zhuc, H.; Wu, ].M,; Chen, S.; Cheng, L.J.; Shia, Y.S.; Mo, Y.C.; Li, C.H.; Xiao, J. Preparation and biological evaluation of
ZrO; all-ceramic teeth by DLP technology. Ceram. Int. 2020, 46, 11268-11274. [CrossRef]

Sun, J.; Chen, X.; Wade-Zhu, J.; Binner, J.; Bai, J]. A comprehensive study of dense zirconia components fabricated by additive
manufacturing. Addit. Manuf. 2021, 43, 101994. [CrossRef]

Li, W,; Liu, M,; Liu, W,; Zhou, H.; Li, M.; Chen, Y.; Xing, Z. High-performance integrated manufacturing of a 3Y-TZP ceramic
crown through viscoelastic paste-based vat photopolymerization with a conformal contactless support. Addit. Manuf. 2022,
59,103143. [CrossRef]

Revilla-Leén, M.; Methani, M.M.; Morton, D.; Zandinejad, A. Internal and marginal discrepancies associated with stereolithogra-
phy (SLA) additively manufactured zirconia crowns. J. Prosthet. Dent. 2020, 124, 730-737. [CrossRef]

Abualsaud, R.; Alalawi, H. Fit, precision, and trueness of 3D-printed zirconia crowns compared to milled counterparts. Dent. ].
2022, 10, 215. [CrossRef] [PubMed]

Moon, ].M.; Jeong, C.S.; Lee, H.J.; Bae, ].M.; Choi, E.J.; Kim, S.T.; Park, Y.B.; Oh, S.H. A comparative study of additive and
subtractive manufacturing techniques for a zirconia dental product: An analysis of the manufacturing accuracy and the bond
strength of porcelain to zirconia. Materials 2022, 15, 5398. [CrossRef] [PubMed]

Meng, J.; Lian, Q.; Xi, S.; Yi, Y;; Lu, Y.; Wu, G. Crown fit and dimensional accuracy of zirconia fixed crowns based on the digital
light processing technology. Ceram. Int. 2022, 48, 17852-17863. [CrossRef]

Liichtenborga, J.; Willems, E.; Zhang, F.; Wesemann, C.; Weiss, F; Nold, J.; Sun, J.; Sandra, F.; Bai, J.; Reveron, H.; et al. Accuracy
of additively manufactured zirconia four-unit fixed dental prostheses fabricated by stereolithography, digital light processing and
material jetting compared with subtractive manufacturing. Dent. Mater. 2022, 38, 1459-1469. [CrossRef]

Kim, Y.K.; Han, J.S.; Yoon, H.I. Evaluation of intaglio surface trueness, wear, and fracture resistance of zirconia crown under
simulated mastication: A comparative analysis between subtractive and additive manufacturing. J. Adv. Prosthodont. 2022, 14,
122-132. [CrossRef] [PubMed]

Su, C.Y,; Wang, ].C; Chen, D.S.; Chuang, C.C.; Lin, C.K. Additive manufacturing of dental prosthesis using pristine and recycled
zirconia solvent-based slurry stereolithography. Ceram. Int. 2020, 46, 28701-28709. [CrossRef]

Li, X.; Zhong, H.; Zhang, J.; Duan, Y.; Li, J.; Jiang, D. Fabrication of zirconia all-ceramic crown via DLP-based stereolithography.
Int. J. Appl. Ceram. Technol. 2020, 17, 844-853. [CrossRef]

Marsico, C.; Jilo, M.; Kutsch, J.; Kauf, M.; Arola, D. Vat polymerization-printed partially stabilized zirconia: Mechanical
properties, reliability and structural defects. Addit. Manuf. 2020, 36, 101450. [CrossRef] [PubMed]

Harrer, W.; Schwentenwein, M.; Lube, T.; Danzer, R. Fractography of zirconia-specimens made using additive manufacturing
(LCM) technology. J. Eur. Ceram. Soc. 2017, 37, 4331-4338. [CrossRef]

Jang, K.J.; Kang, ].H.; Fisher, ].G.; Parka, S.W. Effect of the volume fraction of zirconia suspensions on the microstructure and
physical properties of products produced by additive manufacturing. Dent. Mater. 2019, 35, €91-e106. [CrossRef]

Zhang, K.; He, R;; Ding, G.; Feng, C.; Song, W.; Fang, D. Digital light processing of 3YTZP strengthened ZrO, ceramics. Mater. Sci.
Eng. A 2020, 774, 138768. [CrossRef]

Xiang, D.; Xu, Y,; Bai, W.; Lin, H. Dental zirconia fabricated by stereolithography: Accuracy, translucency and mechanical
properties in different build orientations. Ceram. Int. 2021, 47, 28837-28847. [CrossRef]

Shen, M.; Zhao, W.; Xing, B.; Sing, Y.; Gao, S.; Wang, C.; Zhao, C. Effects of exposure time and printing angle on the curing
characteristics and flexural strength of ceramic samples fabricated via digital light processing. Ceram. Int. 2020, 46, 24379-24384.
[CrossRef]

Jang, ].G.; Kang, ].H.; Joe, K.B.; Sakthiabirami, K.; Jang, K.J.; Jun, M.J.; Oh, GJ.; Park, C.; Park, S.W. Evaluation of Physical
Properties of Zirconia Suspension with Added Silane Coupling Agent for Additive Manufacturing Processes. Materials 2022,
15, 1337. [CrossRef]

Coppola, B.; Schmitt, J.; Lacondemine, T.; Tardivat, C.; Montanaro, L.; Palmero, P. Digital light processing stereolithography
of zirconia ceramics: Slurry elaboration and orientation-reliant mechanical properties. J. Eur. Ceram. Soc. 2022, 42, 2974-2982.
[CrossRef]

de Camargo, I.L.; Morais, M.N.; Fortulan, C.A.; Branciforti, M.C. A review on the rheological behavior and formulations of
ceramic suspensions for vat photopolymerization. Ceram. Int. 2021, 47, 11906-11921. [CrossRef]

Zakeri, S.; Vippola, M.; Levénen, E. A comprehensive review of the photopolymerization of ceramic resins used in stereolithogra-
phy. Addit. Manuf. 2020, 35, 101177. [CrossRef]

Li, X.; Zhong, H.; Zhang, J.; Duan, Y; Bai, H.; Li, J.; Jiang, D. Dispersion and properties of zirconia suspensions for stereolithogra-
phy. Int. J. Appl. Ceram. Technol. 2020, 17, 239-247. [CrossRef]


http://doi.org/10.3390/dj9090104
http://www.ncbi.nlm.nih.gov/pubmed/34562978
http://doi.org/10.1016/j.dental.2019.02.026
http://doi.org/10.1016/j.jeurceramsoc.2019.05.023
http://doi.org/10.1016/j.ceramint.2020.07.321
http://doi.org/10.1016/j.ceramint.2020.01.152
http://doi.org/10.1016/j.addma.2021.101994
http://doi.org/10.1016/j.addma.2022.103143
http://doi.org/10.1016/j.prosdent.2019.09.018
http://doi.org/10.3390/dj10110215
http://www.ncbi.nlm.nih.gov/pubmed/36421402
http://doi.org/10.3390/ma15155398
http://www.ncbi.nlm.nih.gov/pubmed/35955331
http://doi.org/10.1016/j.ceramint.2022.03.057
http://doi.org/10.1016/j.dental.2022.06.026
http://doi.org/10.4047/jap.2022.14.2.122
http://www.ncbi.nlm.nih.gov/pubmed/35601347
http://doi.org/10.1016/j.ceramint.2020.08.030
http://doi.org/10.1111/ijac.13441
http://doi.org/10.1016/j.addma.2020.101450
http://www.ncbi.nlm.nih.gov/pubmed/32793425
http://doi.org/10.1016/j.jeurceramsoc.2017.03.018
http://doi.org/10.1016/j.dental.2019.02.001
http://doi.org/10.1016/j.msea.2019.138768
http://doi.org/10.1016/j.ceramint.2021.07.044
http://doi.org/10.1016/j.ceramint.2020.06.220
http://doi.org/10.3390/ma15041337
http://doi.org/10.1016/j.jeurceramsoc.2022.01.024
http://doi.org/10.1016/j.ceramint.2021.01.031
http://doi.org/10.1016/j.addma.2020.101177
http://doi.org/10.1111/ijac.13321

Materials 2023, 16, 1447 21 of 22

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lee, S.Y.; Jiang, C.P. Printing system using dynamic mask projection for fabricating zirconia dental implants. Mater. Manuf.
Process. 2015, 30, 1498-1504. [CrossRef]

Jiang, C.P,; Hsu, HJ.; Lee, S.Y. Development of mask-less projection slurry stereolithography for the fabrication of zirconia dental
coping. Int. J. Precis. Eng. Manuf. 2014, 15, 2413-2419. [CrossRef]

Komissarenko, D.A.; Sokolov, PS.; Evstigneeva, A.D.; Shmeleva, I.A.; Dosovitsky, A.E. Rheological and curing behavior of
acrylate-based suspensions for the DLP 3D printing of complex zirconia parts. Materials 2018, 11, E2350. [CrossRef] [PubMed]
He, R.; Liu, W,; Wu, Z; An, D.; Huang, M.; Wu, H.; Jiang, Q.; Ji, X.; Wu, S.; Xie, Z. Fabrication of complex-shaped zirconia ceramic
parts via a DLP-stereolithography-based 3D printing method. Ceram. Int. 2018, 44, 3412-3416. [CrossRef]

Wu, H,; Liu, W.;; He, R,; Wu, Z,; Jiang, Q.; Song, X.; Chen, Y.; Cheng, L.; Wu, S. Fabrication of dense zirconia-toughened alumina
ceramics through a stereolithography-based additive manufacturing. Ceram. Int. 2017, 43, 968-972. [CrossRef]

Lee, YH.; Lee, ].B.; Maeng, W.Y.; Koh, Y.H.; Kim, H.E. Photocurable ceramic slurry using solid camphor as novel diluent for
conventional digital light processing (DLP) process. . Eur. Ceram. Soc. 2019, 39, 4358-4365. [CrossRef]

Manicone, P.E; Jommetti, PR.; Raffaelli, L. An overview of zirconia ceramics: Basic properties and clinical applications. J. Dent.
2007, 35, 819-826. [CrossRef]

Zhang, Y.; Lawn, B.R. Novel zirconia materials in dentistry. J. Dent. Res. 2018, 97, 140-147. [CrossRef]

Zhang, F.; Reveron, H.; Spies, B.C.; Van Meerbeek, B.; Chevalier, ]. Trade-off between fracture resistance and translucency of
zirconia and lithium-disilicate glass ceramics for monolithic restorations. Acta Biomater. 2019, 91, 24-34. [CrossRef]

Griffith, M.L.; Halloran, J.W. Scattering of ultraviolet radiation in turbid suspensions. J. Appl. Phys. 1997, 81, 2538-2546. [CrossRef]
Halloran, J.W. Ceramic stereolithography: Additive manufacturing for ceramics by photopolymerization. Annu. Rev. Mater. Res.
2016, 46, 19-40. [CrossRef]

Rasaki, S.A.; Xiong, D.; Xiong, S.; Su, F; Idrees, M.; Chen, Z. Photopolymerization-based additive manufacturing of ceramics: A
systematic review. J. Adv. Ceram. 2021, 10, 442-471. [CrossRef]

Ingel, R.P; Lewis, D,, III. Lattice parameters and density for Y,O3-Stabilized ZrO,. J. Am. Cerarn. Soc. 1986, 69, 325-332.
[CrossRef]

ISO 6872; Dentistry-Ceramic Materials. International Organization of Standardization: Geneva, Switzerland, 2008.

Zhang, F.; Meerbeek, B.V.; Vleugels, J. Importance of tetragonal phase in high-translucent partially stabilized zirconia for dental
restorations. Dent. Mater. 2020, 36, 491-500. [CrossRef] [PubMed]

Miura, D.; Ishida, Y.; Miyasaka, T.; Aoki, H.; Shinya, A. Reliability of different bending test methods for dental press ceramics.
Materials 2020, 13, 5162. [CrossRef] [PubMed]

Souza, R.C.; dos Santos, C.; Barboza, M.].R.; Bicalho, L.D.A; Baptista, C.A.R.P; Elias, C.N. Fatigue behavior of 3%Y,03-doped
ZrO, ceramics. |. Mater. Res. Technol. 2014, 3, 48-54. [CrossRef]

ISO 11664; Colorimetry—Part 2: CIE Standard Illuminants. International Organization of Standardization: Geneva, Switzer-
land, 2007.

Yang, M.S.; Kim, S.K.; Heo, S.J.; Koak, ].Y.; Park, ].M. Investigation of the marginal fit of a 3D-printed three-unit resin prosthesis
with different build orientations and layer thicknesses. J. Adv. Prosthodont. 2022, 14, 250-261. [CrossRef]

Jang, Y.; Sim, ].Y,; Park, J.K.; Kim, W.C.; Kim, H.Y.; Kim, ].H. Evaluation of the marginal and internal fit of a single crown
fabricated based on a three-dimensional printed model. J. Adv. Prosthodont. 2018, 10, 367-373. [CrossRef]

ISO 12836; Digitizing Devices for CAD/CAM Systems for Indirect Dental Restorations—Test Methods for Assessing. International
Organization of Standardization: Geneva, Switzerland, 2015.

Cakmak, G.; Cuellar, A.R.; Donmez, M.B.; Schimmel, M.; Abou-Ayash, S.; Lu, WE.; Yilmaz, B. Effect of printing layer thickness
on the trueness and margin quality of 3D-printed interim dental crowns. Appl. Sci. 2021, 11, 9246. [CrossRef]

Santoliquido, O.; Colombo, P,; Ortona, A. Additive manufacturing of ceramic components by digital light processing: A
comparison between the “bottom-up” and the “top-down” approaches. J. Eur. Ceram. Soc. 2019, 39, 2140-2148. [CrossRef]

Bae, C.J.; Halloran, ].W. Concentrated suspension-based additive manufacturing—Viscosity, packing density, and segregation.
J. Eur. Ceram. Soc. 2019, 39, 4299-4306. [CrossRef]

Franks, G.V,; Tallon, C.; Studart, A.R.; Sesso, M.L.; Leo, S. Colloidal processing: Enabling complex shaped ceramics with unique
multiscale structures. J. Am. Ceram. Soc. 2017, 100, 458-490. [CrossRef]

ASTM E112-13; Standard Test Methods for Determining Average Grain Size. ASTM International: West Conshohocken, PA,
USA, 2021.

ISO 13383-1; Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics)—Microstructural Characterization—Part 1:
Determination of Grain Size and Size Distribution. International Organization of Standardization: Geneva, Switzerland, 2012.
Kulyk, V.V,; Duriagina, Z.A.; Vasyliv, B.D.; Vavrukh, V.; Kovbasiuk, T.M.; Holovchuk, M. Effects of yttria content and sintering
temperature on the microstructure and tendency to brittle fracture of yttria-stabilized zirconia. Arch. Mater. Sci. Eng. 2021, 109,
65-79. [CrossRef]

Kulyk, V.; Duriagina, Z.; Kostryzhev, A.; Vasyliv, B.; Vavrukh, V.; Marenych, O. The effect of yttria content on microstructure,
strength, and fracture behavior of yttria-stabilized zirconia. Materials 2022, 15, 5212. [CrossRef] [PubMed]

Too, T.D.C.; Inokoshi, M.; Nozaki, K.; Shimizubata, M.; Nakai, H.; Liu, H.; Minakuchi, S. Influence of sintering conditions on
translucency, biaxial flexural strength, microstructure, and low-temperature degradation of highly translucent dental zirconia.
Dent. Mater. ]. 2021, 40, 1321-1328.


http://doi.org/10.1080/10426914.2014.984208
http://doi.org/10.1007/s12541-014-0608-2
http://doi.org/10.3390/ma11122350
http://www.ncbi.nlm.nih.gov/pubmed/30469515
http://doi.org/10.1016/j.ceramint.2017.11.135
http://doi.org/10.1016/j.ceramint.2016.10.027
http://doi.org/10.1016/j.jeurceramsoc.2019.05.069
http://doi.org/10.1016/j.jdent.2007.07.008
http://doi.org/10.1177/0022034517737483
http://doi.org/10.1016/j.actbio.2019.04.043
http://doi.org/10.1063/1.364311
http://doi.org/10.1146/annurev-matsci-070115-031841
http://doi.org/10.1007/s40145-021-0468-z
http://doi.org/10.1111/j.1151-2916.1986.tb04741.x
http://doi.org/10.1016/j.dental.2020.01.017
http://www.ncbi.nlm.nih.gov/pubmed/32061441
http://doi.org/10.3390/ma13225162
http://www.ncbi.nlm.nih.gov/pubmed/33207710
http://doi.org/10.1016/j.jmrt.2013.10.005
http://doi.org/10.4047/jap.2022.14.4.250
http://doi.org/10.4047/jap.2018.10.5.367
http://doi.org/10.3390/app11199246
http://doi.org/10.1016/j.jeurceramsoc.2019.01.044
http://doi.org/10.1016/j.jeurceramsoc.2019.05.034
http://doi.org/10.1111/jace.14705
http://doi.org/10.5604/01.3001.0015.2625
http://doi.org/10.3390/ma15155212
http://www.ncbi.nlm.nih.gov/pubmed/35955147

Materials 2023, 16, 1447 22 of 22

59.

60.

61.

62.

63.

64.

Lim, C.H.; Vardhaman, S.; Reddy, N.; Zhang, Y. Composition, processing, and properties of biphasic zirconia bioceramics:
Relationship to competing strength and optical properties. Ceram. Int. 2022, 48, 17095-17103. [CrossRef]

Lee, Y.K. Criteria for clinical translucency evaluation of direct esthetic restorative materials. Restor. Dent. Endod. 2016, 41, 159-166.
[CrossRef]

Miyagawa, Y.; Powers, ].M.; O’Brien, W.]J. Optical properties of direct restorative materials. J. Dent. Res. 1981, 60, 890-894.
[CrossRef]

Tan, X,; Lu, Y.; Gao, J.; Wang, Z.; Xie, C.; Yu, H. Effect of high-speed sintering on the microstructure, mechanical properties and
ageing resistance of stereolithographic additive-manufactured zirconia. Ceram. Int. 2022, 48, 9797-9804. [CrossRef]

Magnani, G.; Fabbri, P; Leoni, E.; Salernitano, E.; Mazzanti, F. New perspectives on zirconia composites as biomaterials. J. Conpos.
Sci. 2021, 5, 244. [CrossRef]

McLean, ].W.; von Fraunhofer, ].A. The estimation of cement film thickness by an in vivo technique. Br. Dent. J. 1971, 131, 107-111.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.ceramint.2022.02.265
http://doi.org/10.5395/rde.2016.41.3.159
http://doi.org/10.1177/00220345810600050601
http://doi.org/10.1016/j.ceramint.2021.12.181
http://doi.org/10.3390/jcs5090244
http://doi.org/10.1038/sj.bdj.4802708

	Introduction 
	Materials and Methods 
	Preparation of Submicron-Sized 5Y-PSZ Particles 
	Constituents of Photocurable 5Y-PSZ Suspensions 
	Preparation of 5Y-PSZ Suspensions 
	Rheological Behavior Evaluations of 5Y-PSZ Suspensions 
	Custom-Built DLP Process 
	Manufacturing of 5Y-PSZ Specimens and Dental Crowns 
	Characterization of as-Printed and Sintered 5Y-PSZ Specimens 
	Mechanical Properties Evaluation 
	Optical Translucency Evaluation 
	Dimensional Accuracy Evaluation 
	Statistical Analysis 

	Results and Discussion 
	Morphologies and Size Distributions of 5Y-PSZ Granules and Particles 
	Effect of Particle Sizes on Rheological Behaviors of 5Y-PSZ Suspensions 
	Optimization of Dispersant Content 
	Optimization of Maximum Solid Loading 
	Optimization of Photocuring Process for DLP 
	Microstructures of as-Printed 5Y-PSZ 
	Shrinkages and Relative Density of Sintered 5Y-PSZ 
	Microstructures and Grain Sizes of Sintered 5Y-PSZ 
	Crystalline Phases of Sintered 5Y-PSZ 
	Chemical Compositions of Tetragonal and Cubic Grains 
	Mechanical Properties of Sintered 5Y-PSZ 
	Optical Translucency of 5Y-PSZ Disks 
	Dimensional Accuracy of 5Y-PSZ Dental Crowns 

	Conclusions 
	References

