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3D printing technology enables the fabrication of complex-structured ceramic components, while
Digital Light Processing (DLP) offers superior precision and faster printing speeds. This study prepared
zirconia slurries with 45 vol% solid loading using particle gradation technology with different coarse-to-fine
powder ratios, systematically investigating the effects of particle size distribution on slurry rheological
properties, curing characteristics, and sintered body performance. Experimental results demonstrated that
the 80:20 ratio exhibited optimal comprehensive performance. At this ratio, the zirconia slurry showed
a viscosity 0f4.94 Pa-s at 50 s! shear rate and achieved a curing depth of 165 pm at 120 mJ/cm? energy
density. This originates from increased interparticle surface contact due to fine particle incorporation,
which enhances steric hindrance effects and consequently reduces powder-resin matrix fluidity, while the
enlarged specific surface area significantly improves ultraviolet (UV) light absorption efficiency. After
sintering at 1550°C, preferential diffusion of fine particles into grain boundary gaps promoted sintering
densification, concurrently inhibiting abnormal grain growth and reducing light-scattering defects,
thereby achieving simultaneous improvement in both mechanical properties and optical translucency.

Keywords: Digital Light Processing, Zirconia ceramic, Particle grading, Rheological properties,

Curing characteristics.

1. Introduction

Zirconia (Zr0,) is one of the most important ceramics
due to its excellent mechanical and functional properties,
including high flexural strength, stiftness, hardness, wear
resistance, chemical stability, and biocompatibility'>. For
instance, zirconia has been widely used in medical and
related fields, such as dental implants (e.g. , all-ceramic
crowns)**, and in the field of new energy materials, it serves
as a key electrolyte material for solid oxide fuel cells’. With
the continuous advancement of societal demands, there is a
progressive increase in requirements for zirconia ceramics
that integrate both superior comprehensive properties and
sophisticated structural designs. Conventional manufacturing
methods, such as mold pressing and machining, face
considerable challenges in producing complex-shaped
and functionally integrated zirconia components such as
intricate mold design, high manufacturing costs, prolonged
production cycles, machining difficulties®’. Due to these
limiting factors hindering the broader application of
zirconia ceramics.

3D printing technology has successfully overcome
the limitations of conventional formative manufacturing
and subtractive processing methods. By integrating three
core technological modules—mechanical design, digital
control, and materials R&D—this approach achieves rapid
manufacturing capabilities®’, 3D printing facilitates the
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fabrication of highly intricate structures that are unattainable
through traditional manufacturing techniques. Owing to its
high material efficiency, shortened production cycles, and
material versatility, AM has gained prominence in aerospace,
defense, energy, biomedical, automotive, and high-end jewelry
industries'*'>. Among various 3D printing technologies, Digital
Light Processing (DLP), a vat photopolymerization-based
method, has attracted significant attention for advanced
ceramic fabrication due to its outstanding advantages'*'°.
DLP not only overcomes the constraints of conventional
ceramic processing but also produces components with
excellent surface finish and dimensional precision'”"”. As
demonstrated by Su et al., zirconia ceramics fabricated
via DLP exhibited remarkable properties after sintering at
1500°C, achieving an average relative density of 97.33%,
Vickers hardness of 12.55 GPa, and maximum flexural
strength of 411.33 MPa*.

Although digital light processing (DLP) technology has been
successfully applied in polymer and metal dental restorations,
its application in dental ceramics remains in the early stages.
Current research on zirconia additive manufacturing primarily
focuses on achieving mechanical properties comparable to
those of conventionally processed ceramics, while largely
neglecting the crucial parameter of translucency. The
commonly used 3 mol% yttria-stabilized tetragonal zirconia
polycrystals (3Y-TZP) exhibit poor translucency in additive
manufacturing, whereas 5 mol% yttria-partially stabilized
zirconia (5Y-PSZ), while demonstrating higher translucency,
shows inferior mechanical properties compared to 3Y-TZP?'**.
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Consequently, achieving simultaneous improvement in both
translucency and mechanical properties has become a core
challenge in zirconia additive manufacturing. Theoretically,
optimizing particle gradation to enhance packing density
may improve overall material performance. Shi successfully
enhanced the mechanical properties of SiC components by
studying the particle size distribution of silicon carbide®.
However, variations in powder particle size significantly
affect both the cure depth and viscosity of the slurry.
Zhao’s investigation on the effects of Si,N, ceramic particle
gradation on slurry performance demonstrated that increasing
the mass ratio of fine particles elevates slurry viscosity while
reducing cure depth’’. Similarly, Hu et al.’s investigation on
the photopolymerization behavior of silicon carbide (SiC)
powders revealed that larger particles exhibit reduced optical
absorbance, thereby enabling greater cure depth?.Currently,
research on zirconia (ZrO,) slurries mainly concentrates on
single-sized powder systems, while systematic studies on
particle gradation optimization for photocurable ZrO, slurries
and their resulting properties remain remarkably scarce.

In this study, we established a particle gradation system by
incorporating a small amount of 90 nm zirconia powder into
500 nm zirconia powder. While systematically investigating
its effects on slurry properties and mechanical performance,
we concurrently examined the influence of particle gradation
on optical translucency. Through comprehensive analysis of
the gradation system’s impact on slurry characteristics, as well
as the evolution of mechanical properties and translucency
after sintering, the optimal gradation ratio was determined
within the experimental composition range. Ultimately, the
particle gradation technique successfully achieved simultaneous
enhancement of both mechanical properties and translucency
in zirconia ceramics.2. Experimental procedures.

2.1. Material preparation

Two types of ZrO, powders were used, including
DO1 (D,, = 500 nm, 3Y-TZP, Shandong Guangyin, China)
and D02 (D,; = 90 nm, 5Y-PSZ, Tosoh, Japan). The
photosensitive resin was propoxylated trimethylolpropane
triacrylate (PO3TMPTA), which provided the cured layers
with excellent toughness and strength. The dispersant,
X-100 (Jintenlong, China), was employed to ensure better
powder distribution in the resin. Polypropylene glycol
400 (PPG 400, Aladdin, China) was added as a plasticizer
to facilitate the debinding process.

2.2. Preparation of the ZrO, powders

The mass ratio of ZrO, powders was determined according
to the data in Table 1. The coarse-to-fine powder mass ratios
were set at 100:0, 95:5,90:10, 80:20, and 70:30, respectively.

Table 1. Gradation ratios of ZrO, powder.

Samples DO01:D02
D1 100:0
D2 95:5
D3 90:10
D4 80:20
D5 70:30
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2.3. Preparation of DLP-compatible ZrO, slurry

PO3TMPTA and PPG-400 were mixed in a 6:4 ratio, with
1.5% photoinitiator TPO and 0.5% photoinitiator Irgacure 819
added to the blended resin. A dispersant (4 wt% relative to
powder mass) was introduced. The mixture was then heated
in an ultrasonic homogenizer at 40-50°C for 10 minutes to
dissolve particulates, yielding the prepared photosensitive
resin. The ZrO, powder was sequentially added to the
photosensitive resin in three batches at a 2:2:1 ratio. After
each powder addition, homogenization was performed using
a homogenizer to ensure uniform dispersion. This stepwise
addition method facilitates powder dispersion under high solid
loading conditions, preventing agglomeration and mixing
difficulties associated with single-batch powder incorporation.
Ultimately, zirconia slurry with 45 vol% solid loading was
obtained through this sequential homogenization process.

2.4. Printing and forming green bodies using
DLP printing

Ceramic stereolithography experiments were conducted
using a customized DLP printer (self-developed equipment,
Shandong Industrial Ceramic Research & Design Institute)
employing a bottom-up design. The system utilized 405 nm
ultraviolet light for curing with a set printing layer thickness
of 50 um. To evaluate the microstructure and mechanical
properties, standard test bars measuring 3 mm x 4 mm x 36 mm
and circular discs with a radius of 15 mm and a thickness of
1 mm were printed, with scaling adjustments made during
printing based on shrinkage. Each group consisted of 10 test
bars and 5 discs.

2.5. Debinding and sintering process design

The pressureless thermal debinding-sintering process was
employed, wherein the debinding stage followed a temperature
program established based on the thermal decomposition
characteristics curve obtained through thermogravimetric
analysis (TGA) of green bodies, ensuring effective removal
of organic components from the specimens. The temperature
was raised from room temperature to 500 °C at a rate of
1 °C/min, with dwell times of 2 hours at 200 °C, 365 °C, and
405 °C to eliminate organic components. Finally, sintering was
conducted at 1500-1600 °C (heated from room temperature
at 3°C/min) with a 2-hour holding time.

2.6. Characterization techniques

The viscosity of the slurries was measured using a
rheometer (MCR 92, Anton Paar, Austria) to systematically
investigate the influence mechanisms of powder particle size
distribution and blending ratios on the viscous behavior of
the slurries. Microstructural characterization of specimens
prepared under different sintering temperatures and powder
ratios was performed using a scanning electron microscope
(SEM, Sigma 300, Zeiss, Germany).Phase analysis was
performed using an X-ray diffractometer (XRD, D8 Advance,
Bruker, Germany). XRD measurements were conducted with
Cu Ko radiation over a 26 range of 10° to 80°.The density
of sintered samples was calculated using the Archimedes
principle drainage method to determine the influence of
different graded powders on the sintering density of ZrO,.
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The mechanical properties were evaluated using a
universal testing machine (Shimadzu AGIS 30 KN, Japan)
to determine the three-point flexural strength and elastic
modulus of standard specimens (4 mm x 3 mm x 36 mm),
with Vickers hardness measurements conducted on a hardness
tester (Shanghai Shangcai HRS-150). All tests were performed
in accordance with ASTM C1161 standards.

The transmittance of disc-shaped samples was measured
using a full-range ultraviolet spectrophotometer (UV-3600
Plus, Shimadzu, Japan).

3. Results and Discussion

3.1. Experimental principle

According to the Furnas model, in a particle gradation
system, when the diameter ratio of coarse to fine particles
exceeds 5:1 (500nm/90nm~5.6), fine particles can effectively
fill the interstices formed by coarse particle packing.
As shown in Fig. 1, rational proportioning of differently
sized particles enables complete filling of interparticle voids,
simultaneously enhancing material density while reducing
light scattering. This optimized particle size distribution
results in comprehensive improvement of material properties.

3.2. Slurry rheology

The slurry exhibits shear-thinning behavior, as shown
in Fig. 2. The optimal dispersion effect is achieved when

the dispersant dosage is 4%. Fig. 3 reveals that the slurry
with the smallest particle size (70:30) shows the highest
viscosity. As the particle size increases from 100:0 to 70:30,
the viscosity of the slurries progressively rises, measuring
2.32 Pa's,3.46 Pa's,3.67 Pa's, 4.94 Pas, and 8.24 Pa's,ata
shear rate of 50 s™'. This trend can be attributed to the reduced
surface contact between larger particles, which weakens
interparticle steric hindrance and enhances flowability
between the powder and resin. These observations align
with the findings reported by Olhero®.

3.3. Curing characteristics

The photopolymerization process constitutes the core
and most critical step in the overall printing procedure. The
cure depth determines the settable range for the single-layer
printing thickness, with greater cure depths enabling broader
setting ranges. The specific testing method involved coating
the ceramic photosensitive slurry onto a glass slide, which
was then positioned at the center of the vat in a 3D printer.
Through parameter configuration of the 3D printer, the
exposure intensity was maintained constant (30 mW/cm?)
while varying the exposure time to cure the slurry on the
glass slide. After exposure completion, the cured single-layer
sample was extracted, cleaned with alcohol, and the single-
layer cure thickness was measured using a digital spiral
micrometer, with five measurements taken per sample group.
Fig. 4(a) systematically compares the photopolymerization
characteristics of zirconia slurries with different mixing ratios.

Figure 1. Schematic illustration of particle gradation mechanism.
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Figure 2. (a) Viscosity-shear rate curves of ceramic slurries with different dispersant contents, (b) viscosity.
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Figure 3. (a) Viscosity-shear rate curves of zirconia slurries with different formulations, (b) viscosity values at a shear rate of 50 s™.
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Figure 4. (a) Curing depth curves of zirconia slurries with different formulations, (b) Lambert-Beer plots.

Analysis of the relationship between cure depth and exposure
energy density via Digital Light Processing (DLP) revealed
that under identical exposure durations, the D5 (70:30)
slurry exhibited the minimum cure depth (162 pm), while
the D1 (100:0) slurry demonstrated the maximum curing
performance (176 um). At an exposure energy density of
120 mJ/cm?, the cure depths of slurries from D1 (100:0)
to D5 (70:30) showed a decreasing trend, with measured
values of 17644 pm, 171+1 pum, 168+2 um, 165+3 pm,
and 16242 pm, respectively. As the powder particle size
decreases, the absorbance increases and the cured thickness
diminishes. This occurs because finer powder particles possess
a larger specific surface area (SSA). The increased SSA
enhances ultraviolet (UV) light absorption, consequently
reducing the cure depth of the zirconia slurries®*!.

The characteristic curve presented in Fig. 4(b) was
derived by correlating measured incident energy densities
with corresponding cure depths of the slurries, following the
fundamental principles of the Lambert-Beer law*:

Cq=D, 1n[§—0] ()

d

In the equation, Cd represents the cure depth, Dp denotes
the penetration depth, EO is the incident energy, and Ed
stands for the critical exposure energy. Analytical results
demonstrate that the gradual increase in critical curing
energy required for slurry formulation is directly caused by
the reduction in powder particle size, which is consistently
verified by the cure depth test results.

The UV absorption mechanism illustrated in Fig. 5
demonstrates that the significant attenuation of light intensity
results from increased particle density per unit thickness,
which induces multiple light absorption events within the
slurry and consequently leads to a marked decrease in
penetration depth.

3.4. Determination of thermogravimetric analysis
and sintering regimen

As shown in Fig. 6, the debinding process is employed to
remove organic components from the green body, followed by
pressure-assisted sintering to obtain dense and high-strength
ZrO, samples. The thermogravimetric curves reveal that
organic removal occurs primarily in three distinct temperature
stages: The first stage from 167 to 262°C involves decomposition
and volatilization of small-molecule organics, resulting in
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Figure 5. Mechanism schematic of UV absorption.

0.05
(a) 100 f——
v 0.00
—TG
95t —DTG --0.05
5 ~a05°C
X 90t I AW +4-0.10
3 0
= : 4-0.15
8T 345°C 1 -11.5%
. 4-0.20
80
4=025
[Cl 4-0.30
. . . .
0 200 400 600 800 1000

Temperature/°C

DTG/(°C/min)
Temperature (°C)

Il 1 Il ! 1 1

0 200 400 600 800 1000

Time (min)

Figure 6. (a) TG-DTG curves of zirconia green bodies, (b) debinding profile curves.

approximately 11.4% mass loss of the green body while
forming pore channels. This stage maintains a heating rate of
1°C/min with a 2-hour isothermal hold at 200°C.Subsequently,
the second stage between 262 and 380°C and the third stage
from 380 to 500°C exhibit successive decomposition and
volatilization of organics, leading to significant combined
mass loss of ~11.5%. To prevent cracking and defects in the
green body during these critical stages™, the process maintains
consistent heating rates of 1°C/min with 2-hour isothermal
treatments at 345°C and 405°C respectively, as systematically
illustrated in the debinding schedule presented in Fig. 6b.
As shown in Fig. 7(a), the monoclinic phase disappears after
particle gradation, indicating that fine powders form nanoscale
intergranular phases which suppress the tetragonal-to-monoclinic
(t—m) phase transformation. Meanwhile, Fig. 7(b) reveals
that sintering temperature induces no significant alterations
in diffraction peak positions or intensities, confirming its
negligible impact on the phase structure of ceramics.

3.5. Characterization of zirconia ceramic properties

The densification degree, pore structure characteristics,
and phase transformation kinetics of ceramic materials are
all significantly governed by the particle size distribution

(PSD) of the raw powders, consequently, the mechanical
performance of ZrO, ceramics is critically determined.
The ZrO, test bars fabricated via Digital Light Processing
(DLP) technology underwent debinding and sintering in the
aforementioned system. Five distinct ZrO, ceramic specimens
with different powder formulations were prepared, and their
relevant properties were comprehensively characterized.

Fig. 8 presents the fracture surface microstructural
characteristics of ZrO, samples with different particle size
distributions. SEM analysis reveals that the incorporation
of fine particles reduces the average grain size, improves
size distribution uniformity, and concurrently decreases
interparticle porosity in zirconia ceramics during sintering.

Comparative surface groove SEM micrographs in Fig. 9
demonstrate that the particle distribution after gradation
becomes more uniform, effectively filling interparticle voids.

The fracture surface microstructure of ZrO, samples
sintered at different temperatures, as presented in Fig. 10,
demonstrates through SEM analysis that increasing sintering
temperature promotes grain growth while significantly reducing
interparticle porosity. Within the 1400-1500°C range, grains
exhibit incomplete development; when the temperature rises to
1550°C, complete grain growth is achieved; further increasing
to 1600°C results in abnormal grain growth.



6 Cui et al.

(a) e e t-ZrO, ¢ c-ZrO, v m-ZrO,
JJ .k < D5,
,:? L
- D4
z | .
2
Q
E l L A D3
J_A k A N D2
'.'J'_, A " DI
20 40 60 30
20 (degree)

Materials Research

(b) v/ e v t-ZrO, ¢ ¢-ZrO,
v

» 1y " 1600°C
-
=

< A " 1550°]
2
z

2 A " 1500°q
=

1450°C

J\ " i N
L A A 1400°C
0 40 60 80
26 (degree)

Figure 7. XRD patterns of ZrO, samples: (a) with varying particle size ratios sintered at 1550°C, (b) D4 (80:20 ratio) samples at different

sintering temperatures.

Table 2. Comparison of properties for ZrO, ceramics with different ratios sintered at 1550°C.

Num Curing thickness ~ Viscosity =~ Elastic modulus  Flexural strength ~ Density Vickers hardness ~ Transmittance
(um, 120 mJ/cm?) (Pas) (GPa) (MPa) (g/cm?®) (GPa) (%)
D1 176 2.32 195 709 6.01 14.0 34.7
D2 171 3.46 198 754 6.05 14.1 38.5
D3 168 3.67 204 805 6.07 14.2 42.6
D4 165 4.94 208 823 6.08 14.4 48.9
D5 162 8.24 189 654 5.86 14.1 44.1

Fig. 11 presents the density and relative density measurements
of sintered ZrO, ceramics (n=5). It can be observed that as
the average particle size of the powder decreases, the material
density first increases and then decreases. The D4 (80:20)
sample demonstrates the highest degree of densification,
achieving a relative density 0f99.67%. In contrast, the density
reduction observed in the D5 (70:30) samples is attributed to
their excessively high slurry viscosity, which compromises
printing quality and ultimately leads to diminished density
in the corresponding sample set.

Fig. 12 presents the mechanical properties of five
samples with different powder ratios, demonstrating that
the D4 (80:20) sample exhibits optimal performance.
This formulation achieves a flexural strength of 823 MPa,
representing a 16% improvement compared to the D1 (100:0)
sample. Comprehensive mechanical characterization reveals
concurrent enhancements in other properties, including an
elastic modulus of 208 GPa and Vickers hardness of 14.4 GPa.

Fig. 13 presents the mechanical properties of five samples
with optimal composition (80:20) sintered at different
temperatures. The results demonstrate that the sample sintered
at 1550°C exhibits optimal mechanical performance.

Fig. 14(a) illustrates the influence of different powder
size ratios on transmittance at 1550°C, measured at the
characteristic wavelength of 600 nm. The selection of
600 nm for transmittance testing in zirconia ceramic research,
particularly for dental restorative materials, is based on
comprehensive considerations of industry standards, human
visual characteristics, and material optical properties. The results

reveal that transmittance first increases and then decreases
with increasing fine powder content, with the D4 (80:20)
sample achieving an optimal transmittance value of 48.9%.
However, the excessively high viscosity of the D5 (70:30)
slurry prior to sample preparation causes deterioration in
printing quality, leading to reduced transmittance. Fig. 14(b)
shows the transmittance variations of D4 (80:20) samples
at different sintering temperatures. The specimen sintered
at 1550°C reaches peak transmittance. Further increasing
the temperature to 1600°C reduces transmittance due to
abnormal grain growth.

Table 2 presents systematic comparative test data of
samples with five powder ratios sintered at 1550°C. Under
a solid loading of 45 vol%, the D4 (80:20) sample exhibited
a viscosity of 4.94 Pas at 50 s™! shear rate with a curing
depth of 165 pm, meeting DLP printing requirements. The
comprehensive performance was simultaneously enhanced,
demonstrating a flexural strength of 823 MPa, elastic modulus
0f 208 GPa, Vickers hardness of 14.4 GPa, and transmittance
0f48.9% at 600 nm wavelength. Experimental results indicate
that particle size distribution affects the rheological and curing
properties of the slurry, while also influencing the mechanical
properties and transmittance of sintered samples. A moderate
increase in fine powder content can effectively enhance the
mechanical properties of the material; however, when the
fine powder addition becomes excessive, the sharp rise in
slurry viscosity will lead to deteriorated printing quality of
zirconia ceramics, consequently adversely affecting their
overall performance.
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Figure 8. SEM fracture images of samples with different ratios sintered at 1550°C: (a) D1 (100:0), (b) D2 (95:5), (c) D3 (90:10), (d) D4
(80:20), (e) D5 (70:30).
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Figure 9. (a) Surface groove SEM image of D1 (100:0) sample sintered at 1550°C, (b) Surface groove SEM image of D4 (80:20) sample
sintered at 1550°C.

Figure 10. Fracture surface SEM images of D4 (80:20) samples sintered at different temperatures: (a) 1400°C, (b) 1450°C, (c) 1500°C,
(d) 1550°C, (e) 1600°C.
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As shown in Table 3, systematic characterization of
D4 (80:20) samples prepared at different sintering temperatures

yielded the following comparative results: the specimen
sintered at 1550°C demonstrated the best overall performance.
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Table 3. Comparison of mechanical properties of ZrO, ceramics at different sintering temperatures.

Temperature (°C) Density (g/cm®) Flexural strength (MPa) Elastic modulus (GPa) Vickers hardness (GPa) Transmittance (%)

1400 5.86 584 181 13.9 23.1
1450 5.94 668 193 14.0 30.3
1500 6.06 762 201 14.3 39.5
1550 6.08 823 208 14.4 48.9
1600 6.02 676 186 14.2 45.7

4. Conclusion

Through particle gradation optimization, DLP-fabricated
zirconia ceramics achieved overall performance enhancement.
Although the introduction of fine powders increased slurry
viscosity while their expanded specific surface area improved
UV absorption efficiency—resulting in reduced cure depth,
both mechanical and optical properties were improved.
Among the five formulated ratios, the D4 (80:20) powder ratio
demonstrated optimal comprehensive performance, with its
slurry exhibiting a viscosity of 4.94 Pa-s at 50 s' shear rate
and achieving a cure depth of 165 pm at 120 mJ/cm? exposure
energy. Systematic investigation across the 1400-1600°C
sintering temperature range confirmed 1550°C as the optimal
sintering temperature. At this temperature, the sintered bodies
achieved a relative density of 99.67% and reached a flexural
strength of 823 MPa, representing a 16.08% enhancement
compared to D1 (100:0) samples. Both elastic modulus and
Vickers hardness showed improvements, reaching 208 GPa
and 14.4 GPa respectively, while the transmittance increased
to 48.9% at 600 nm wavelength.
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