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A B S T R A C T   

DLP 3D printing is one of the additive manufacturing techniques, which allows the fabrication of ceramic parts 
with a complex shape, precisely controlled internal architecture and fine surface finishing. The method is based 
on the layer-by-layer solidification of a photosensitive ceramic suspension via UV-light projection followed by 
debinding of organic components and sintering and generally requires a high solid content of the ceramic filler to 
achieve good sintered densification. The present article aims to explore the possibility of fabricating high 
strength, fully dense and semi-translucent zirconia parts with relatively low-loaded UV-curable systems using a 
low-cost desktop DLP printer designed for printing polymers. For the slurry preparation, tetragonal zirconia 
powders from three different suppliers were evaluated. It was shown that with 35 vol% of zirconia content 
slurries, it was possible to fabricate zirconia semi-translucent ceramics with a density of 99.6%. No cracks or 
pores larger than 1 μm were observed on the sintered parts. According to ball-on-3-ball mechanical tests per-
formed on the 13 × 1 mm discs an average flexural strength of the printed zirconia ceramics was 1566 MPa and a 
maximum of 1964 MPa could be achieved.   

1. Introduction 

Additive manufacturing (AM) techniques allow fabricating complex 
shape and tailored design parts using a broad range of materials such as 
plastics, metals, ceramics and composites [1–3]. During the last decade 
many AM processes have been developed including fused deposition 
modelling [4], vat photopolymerization [5,6], inkjet writing [7] and 
others. Among them, the vat polymerization techniques stereo-
lithography (SLA) and digital light processing (DLP) are very common 
when 3D printed parts require high precision, resolution and surface 
finishing. These methods are based on the layer-by-layer solidification of 
a photosensitive resign via UV-light exposure. Compared with the SLA 
process, DLP 3D printing is less time consuming since the entire area in 
x,y-directions cures at one time. For successful DLP 3D printing of ce-
ramics, several essential steps have to be taken into account including 
selection of the powders with suitable properties such as low specific 
surface area and good sinterability; preparation of the slurry with 
appropriate rheological and curing characteristics; cleaning of a printed 

part to remove residual monomer by a proper solvent; optimization of 
the thermal treatment procedure in order to avoid defects forming 
during debinding and sintering [8]. 

Zirconia ceramics exhibit high flexural strength and toughness 
combined with high chemical resistance, biocompatibility and good 
high temperature properties. Consequently, zirconia is used in a wide 
range of applications, many of which require complex-shaped parts, 
making zirconia an excellent candidate for additive manufacturing and 
in particular, DLP technology [8,9]. For instance, one of the fields, 
where SLA or DLP technology might find an application is dentistry and 
more specifically orthodontics [10]. However, zirconium dioxide has 
higher density and higher refractive index compared with silica or 
alumina, which complicates the 3D printing process [11]. The large 
difference between the refractive index of the monomers and ceramic 
particles leads to a reduction in the penetration depth of the UV-beam 
and reduction of the resolution. The majority of the works related to 
DLP/SLA 3D printing of zirconia operate with highly loaded ceramic 
slurries in order to be able to sinter a part into a high-density ceramic. 
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However, the increase of the solid content leads to a significant increase 
of the viscosity and overcuring effects. Sun et al. prepared a photosen-
sitive slurry containing 45 vol% of zirconia fillers. Via development of a 
special debinding procedure it was possible to produce ceramic parts 
with 99% of relative density [12]. Coppola et al. manufactured high 
strength zirconia ceramics with 40.5 and 43.6 vol% of solids. It was 
reported that the composition with the higher solid loading (i.e. 43.6 vol 
%) had a three-point flexural strength of 751 MPa [13]. 

Thus, it is generally believed that ceramic loading greater than 40 vol 
% is necessary for achieving high sintered density and avoiding defects 
during post-processing, such as delamination and cracks [14–16]. 
Cracks and voids are the primary cause of defects in ceramics, since they 
reduce their mechanical strength due to lowering the effective fracture 
toughness. The present work addresses the development of zirconia 
slurries with relatively low solid content of 35 vol%. The decrease of the 
zirconia contents in this case can significantly improve the resolution of 
three-dimensional parts compared with the highly loaded slurries. 
Moreover, the high flowability of these compositions allow them to be 
used in low-cost desktop 3D printers. In the current work we will show 
the possibility of fabrication of three-dimensional ceramic parts with the 
printers with the cost of around 16k dollars. Generally, the price of the 
printers designed for ceramic manufacturing is at least 15 times more. 
Thus, this may be particularly important for dentistry and other related 
biomedical fields, for instance tissue engineering. 

2. Experimental 

2.1. Materials and slurry preparation 

3 mol% Y2O3 stabilized ZrO2 powders from three different suppliers 

were used in the present work (Table 1). The UV-cured binder system 
was a mixture of 1,6-hexandiol diacrylate and polyethylene glycol dia-
crylate 250 both purchased from Sigma Aldrich. The ratio between 1,6- 
hexandiol diacrylate and polyethylene glycol diacrylate 250 was 75/25 
wt%, respectively. Hyperbranched polymer Disperbyk 2152 (BYK Ad-
ditives & Instruments) was used as a dispersant to stabilize the inorganic 
particles in a low-polar organic media and reduce the viscosity of the 
slurries. To initiate the polymerization reaction, ethyl (2,4,6-trime-
thylbenzoyl) phenylphosphinate (TPO-L) was used. The UV-curable 
slurry was prepared by incremental addition of dry zirconia powder 
into a mixture of acrylic monomers and dispersant followed by milling in 
a planetary ball-mill for 30 min at 300 rpm. The zirconia beads of 3 mm 
diameter with the proportion of 1/1 with respect to the powder weight 
were used in order to break down the initial spherical aggregates and 
homogenize the slurry. A vacuum degassing was applied after each 
milling iteration using a pump and desiccator in order to remove the air 
from the slurry. Once the desired solid content was achieved, the TPO-L 
was added, and the slurry kept on a rolling bench for 24 h for de-airing. 

2.2. Fabrication of the 3D parts 

The 3D zirconia parts were fabricated using the open-source desktop 
DLP Asiga Pico II printer designed for polymer printing in the dental 
industry (Asiga, Australia) equipped with a UV-light projector with 
wavelength of 385 nm. The printer is designed with bottom-up 
approach, where the projector irradiates light below the vat through 
an optical window and provides lateral resolution of 39 μm. The parts 
were printed with a layer thickness of 25 μm with the power density of 
the projector at 15 mW/cm2. The Asiga Composer software was used to 
prepare the CAD models and set all the parameters. After 3D printing, 
the parts were washed with propylene carbonate solvent using an air 
gun in order to remove the residual uncured slurry. 

2.3. Characterization 

The specific surface area (SSA) of the as-received powders was 
determined via Brunauer–Emmett–Teller (BET) method using a Belsorp 
Microtrac Mini X at a temperature of − 195.8 ◦C. Prior to measurements, 

Table 1 
Characteristics of the tetragonal zirconia powders.  

Powder Supplier SSA, m2/g ρtap, g/cm3 D50, μm 

TZ-3YS-E Tosoh 7 1.42 1.3 
HSY-3F Daiichi 12 1.35 0.2 
AuerDent 3Y-0A Treibacher 8.7 1.79 0.18  

Fig. 1. SEM micrographs of the raw powder and particle size distribution in the IPA suspensions: a) Tosoh b) Treibacher c) Daiichi.  
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the powders were heated overnight at 200 ◦C under vacuum in order to 
remove any absorbed moisture. Particles size distribution was measured 
by laser diffraction using a Beckman Coulter LS13320 system. Before the 
analysis the powders were ultrasonically treated in IPA for 5 min. The 
tap density (ρtap) was determined according to ISO 3953. The maximal 
error in the ρtap calculations did not exceed 0.04 g/cm3. Rheological 
behavior of the suspensions was studied using a Physica rheometer MCR 
302 with cone-cylinder geometry. The viscosity was measured as a 
function of the shear rate in the region of 0.1–100 s− 1 under isothermal 
conditions (25 ◦C). 

Cure depths of the slurries were measured via polymerization of thin 
layer of suspensions using the UV-projector of the Asiga Pico 2 printer. 
The suspension was placed on the bottom of the vat and subjected to UV- 
exposure at 15 mW/cm2 of the power density and different curing times. 
Solidified films were cleaned with isopropanol and the thickness was 
measured using a calibrated digital micrometer at least at five different 
points. A series of films cured at different exposure time (1.0–30.0 s) was 
used to build a cure depth curve. 

For the thermal analysis a DSC/TGA instrument (STA 449 F3 Jupiter, 
Netzsch GmbH, Germany) with 70 ml/min Ar flow and heating rate of 5 
◦C/min up to 600 ◦C was used. Based on the TG analysis the debinding 
profile was designed in order to properly remove the binder system. The 
sintering of zirconia parts was carried out in air at 1480 ◦C with a 
heating rate of 3 ◦C/min and a dwell time of 2 h. SEM micrographs of the 
sintered parts were taken on a Vega 3 (Tescan, Czech Republic) micro-
scope at an accelerating voltage of 10 kV. Some ceramic specimens were 
mounted in an epoxy-resin for grinding and polishing in order to obtain 
cross-section images. The average grain size distribution was calculated 
according to the standard EN 623–2:2001 using ImageJ software. The 
size of 100 grains was determined for each ceramic parts and the stan-
dard deviation was calculated. The apparent density of the ceramic 
samples after the sintering was determined by both Archimedes method 
in deionized water and helium pycnometry. Flexural strength of the 
sintered parts was evaluated via ball-on-3-balls test [17–19]. 

3. Results and discussion 

3.1. Powders characteristics 

In the present work, tetragonal zirconia powders from three different 
suppliers were evaluated in the DLP 3D printer. According to the sup-
plier data the powders all were stabilized with 3 mol% of Y2O3, all have 
similar spherical shape microstructure of the granules (Fig. 1). 

The BET measurements revealed that among all zirconia powders the 
Tosoh has the lowest SSA, while Daiichi has the highest one (Table 1). 
These values have to be taken into account during the slurry preparation 
procedure in order to adjust the amount of the dispersant. Moreover, the 
powders have different values of tapped density, which reveal the level 
of packing density of the particles and may also affect the viscosity of the 
slurry. According to the laser diffraction analysis, the powders have a 
sub-micron average particles size distribution. All powders treated in an 
ultrasonic bath for 10 min have different particles size distributions. 
Thus,HSY-3F and AuerDent 3Y-0A powders have d50 of around 0.2 μm, 
whereas TZ-3YS-E produced by Tosoh has a much higher particle size 
according to the laser diffraction. Further ultrasonifications did not shift 
the d50 to lower values. Moreover, from Fig. 1 it can be seen that Tosoh 
powder has three peaks compared to bimodal powders from Treibacher 
and Daichii. It is known that the size of the particles might affect both 
viscosity and printing resolution. It is generally believed that slurries 
with bigger particles have lower viscosity and higher resolution. How-
ever, sinterability of such powders might require higher temperatures. 

3.2. Slurry characteristics 

Development of a slurry with sufficient solid contents is critical for 
DLP/SLA 3D printing processes since it allows to achieve a good 

densification after debinding and sintering. However, the introduction 
of the ceramic fillers into a photosensitive resin generally leads to a 
significant increase in the viscosity of the slurry, which decreases its 
flowability and complicates the recoating process. During the 
manufacturing process it is essential to fully recoat the vat and achieve a 
homogeneous distribution of the slurry before each UV-light exposure. 
Otherwise, the slurry-free areas during exposure would lead to forma-
tion of the defects in the green body. This is especially critical and 
complicated for the highly-loaded and viscous systems. Thus, optimi-
zation of all components of the suspension, such as selection of the 
dispersant and adjustment of the amount or choice of the proper binder 
system is crucial for the achievement of defect free ceramic parts. It is 
generally believed that in order to get a dense ceramic part it is neces-
sary to prepare the slurries having at least 40 vol% of the fillers or more. 
In the present study it will be shown that nearly fully dense and semi- 
translucent ceramics can be obtained from the slurries containing only 
35 vol% of the zirconia particles. The hyperbranched polymer Disperbyk 
2152 was chosen to stabilize inorganic particles in the non/low-polar 
binder system. This dispersant has no sulfuric or phosphoric groups, 
which may form a glassy phase during sintering and negatively affect the 
mechanical properties of the final ceramics [8]. As a binder system a 

Fig. 2. a) Viscosity of the slurries with 35 vol% of zirconia as a function of 
shear rate: b) Cure depth curves. 
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mixture of 1,6-hexane diol diacrylate and polyethylene glycol diacrylate 
250 was used. The properties of the slurries as well as sintered parts can 
be adjusted by using different types of binders. For instance, Hofer et al. 
[20] studied the effect of the binder system on the “green-body” stiff-
ness, maximum wall thickness, density, microstructure, and thermo-
physical properties of sintered zirconia ceramics. Two types of binder 
systems were investigated. It is pointed out that a mixture of mono and 
di-functional monomers was appropriate for the bulk type and larger 
pieces, since it facilitates the removal of organics from the green bodies 
without forming any cracks. Another system, a mixture of multifunc-
tional monomers, created a strong polymeric network during photo-
polymerization in the printing process, which resulted in a rather high 
green stiffness for the easier printing of very fine structures of high 
resolution. In the present work, a mixture of di-functional monomers 
was found to be optimal in terms of viscosity, curing kinetics and ther-
mal processing. The rheological properties of the prepared suspensions 
with 35 vol% are presented in Fig. 2a. 

All slurries with Tosoh, Treibacher and Daiichi powders show shear- 
thinning behavior, appropriate for vat polymerization manufacturing 
processes. It was confirmed that, as in the case of the previous study, 2.5 
mg of Disperbyk 2152 per m2 of the powder was sufficient to stabilize 
the zirconia fillers and keep viscosity low [8]. Slurries with 35 vol% of 
Tosoh and Treibacher have similar behavior with the viscosity near 0.4 
Pa s at 30 s− 1. Viscosity of the slurry with Daiichi powder is much higher 
and reaches 4 Pa s at the same shear rate value. This difference might be 
explained by its higher specific surface area and lower tapped density of 

this powder. 
The curing behavior of the slurries with 35 vol% of solid content is 

shown in Fig. 2b. As was expected, the penetration depth of the UV light 
is increasing with increase of the energy dose applied. Thus, at 45 mJ/ 
cm2, the thickness of the cured films is 72 μm for both slurries with 
Daiichi and Treibacher powders. At the same time, slurry with Tosoh 
powder has a higher cure depth of 90 μm at a similar energy dose value. 
This difference might be explained by the fact that the Tosoh powder has 
a higher particle size which increases the tendency to consolidate into 
larger aggregates. It is well known that the smaller particles scatter the 
light more and thus, decrease the resolution of the 3D printed parts. It is 
generally believed that in order to achieve a good interlayer connection 
and avoid delamination during the 3D printing process, the exposure 
energy dose should provide a cure depth of 3–4 times higher than the 
thickness of the build layer. 

3.3. Digital light processing, debinding and sintering 

In order to verify whether the lateral resolution of manufactured 
parts depends on the type of zirconia powder, several resolution plates 
were 3D printed on the Asiga Pico 2 machine with a layer thickness of 25 
μm (Fig. 3). All as-printed parts have a good interlayer connection. The 
optical image of the edge side is presented in Fig. 3c. 

It was shown that choice of the powder can affect the printing res-
olution. It is known that the smaller particles in the suspension scatter 
the light more, which can cause a reduction of the resolution in the 3D 

Fig. 3. DLP 3D printed resolution plates with different zirconia powders. (a) Model; (b) Photo of the as-printed Tosoh TZ-3YS-E; (c) Light microscope image of the 
side edge view; (d) Tosoh TZ-3YS-E; (e) Treibacher AuerDent 3Y-0A; (f) Daiichi HSY-3F. 
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printed part. Although the powders produced by Tosoh and Treibacher 
have different particles size distribution, no significant difference in 
terms of resolution was found (Fig. 3d and e). On the other hand, smaller 
holes and gaps in the resolution plate 3D printed with Daiichi powder 
have collapsed (Fig. 3e). As was mentioned above, the slurry has much 
higher viscosity due to a higher specific surface area and lower tapped 
density. Thus, it can be assumed that at the same solid content the 
different resolution of the manufactured part may be caused by the 
problems with the cleaning of the residual slurry after printing. 

The decomposition of the binder media from the green bodies via 
thermal debinding is one of the most critical steps in ceramic vat poly-
merization additive manufacturing. Thus, the design of a proper 
debinding program is the key to achieve a fully dense and defect free 
part. Fig. 4a shows the TGA mass loss curve. Since the TGA analysis was 
performed in Ar atmosphere, there were no significant thermal effects, 
which could be detected. 

To properly remove the organics after 3D printing, the debinding 
profile built based on the loss of the sample mass during thermal heating 
(Fig. 4b). The mass of the sample does not change at temperatures lower 
than 300 ◦C. After this, all the organics start to decompose, and the 
process is completed at a temperature of 500 ◦C. Within this temperature 
range the heating ramp was slowed down from 2 to 0.2 ◦C/min with 
dwells at 300 ◦C, 400 ◦C and 550 ◦C in order to carefully burn out the 
organic system. J. Sun et al. was able to get defect free zirconia ceramics 
via development of a proper debinding program [12]. It was shown that 
debinding in an inert atmosphere can prevent crack formation due to 
reduction of the internal gas pressure and elimination of the heat pro-
duced during the binder oxidation. Thus, it was decided to use a similar 

Fig. 4. (a) TGA curve of the green body performed in Ar; (b) debinding profile.  

Fig. 5. (a) Part as-printed with Tosoh powder; (b) brown bodies after 
debinding. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

D. Komissarenko et al.                                                                                                                                                                                                                         



Ceramics International 49 (2023) 21008–21016

21013

approach for debinding green bodies derived from the slurries with 35 
vol% of the solid content. Once the debinding in inert atmosphere was 
done, the samples were subjected to an oxidation in Air with the heating 
rate of 0.5 ◦C/min up to 600 ◦C in order to carefully remove the residual 

carbon from the samples. The images of the as-printed green body and 
brown bodies after debinding is presented in Fig. 5. 

No visible defects or cracks were observed after debinding. After 
debinding the manufactured parts were sintered at 1480 ◦C for 2 h with 
a heating rate of 3 ◦C/min. The cooling of the samples was carried out at 
a rate of 1 ◦C/min down to 850 ◦C/min and then with a rate of 3 ◦C/min 
down to ambient temperature in order to avoid stress formation inside 
the parts. Since zirconia ceramics might be used in biomedical appli-
cations, for instance in tissue engineering, where scaffold structures are 
exploited, the printability of complex structure was evaluated. 

Fig. 6 shows that different complex structures can be successfully 
manufactured via digital light processing using slurries with relatively 
low solid content of 35 vol% and desktop printers via adjustment of 
printing parameters, slurry composition and development of a proper 
debinding regime. The discs for technical testing reveal an unexpected 
level of translucency. In order to verify the quality of the printed ce-
ramics density and transparency measurement, SEM analysis and me-
chanical tests were performed. 

3.4. Properties of the sintered ceramic 

The crystalline phases of the samples 3D printed and sintered at 
1480 ◦C were identified using XRD analysis (Fig. 7). 

The patterns for Daiichi HSY-3H and Treibacher Auer Dent 3Y-0A 
powders were adjusted in order not to cover each other. According to 
XRD analysis all the XRD patterns of Tosoh and Treibacher ceramics 
were assigned to tetragonal phase, while ceramic samples printed with 
Daiichi powder has a clear trace extent of monoclinic phase. No trace of 
the cubic phase in the samples was found. 

For the previously mentioned applications of zirconia, mechanical 
properties comparable to those of conventionally produced ceramic 
materials are required. Therefore, porosity has to be minimized and the 
microstructure of the ceramics has to be homogenous. The ball-on-3- 
balls test was used in the current work to estimate the mechanical 
properties and is an easy method to measure the flexural strength of 
ceramic materials [21]. The ball-on-3-balls test offers many advantages 
as compared to other tests: most relevant are the well-defined loading 
situation, and the high tolerance against measuring uncertainties. Both 
are a necessary presumption for mechanical testing of as-sintered 
specimens and for measuring very small specimens and the absence of 
edge effects in the loaded area. But the most outstanding advantages of 
the ball-on-3-balls test are the cost-efficient possibilities to produce 

Fig. 6. 3D printed and sintered ceramics. (a) kelvin cell and gyroid structure 
printed with Treibacher and Tosoh powders; (b) discs for ball-on-3-balls me-
chanical tests (disc thickness of 1.1 mm) the discs from Tosoh (A), Daiichi (B) 
and Treibacher (C) are placed on a normal white print paper showing printed 
letters below. 

Fig. 7. XRD patterns of the samples 3D printed and sintered at 1480 ◦C.  

Fig. 8. Ball-on-3-balls flexural strength of the ceramic specimens.  
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many sintered specimens [22]. In total over 40 discs with a diameter of 
18 mm were printed with different powders. The dimension of the sin-
tered discs was 13 × 1 mm, which reveals a linear shrinkage of 28%. The 
dimensions we have selected for ball-on-3-balls test are widely used in 
the dental field. All tested specimens had a thickness of 1.1 mm. 

It was observed that for Tosoh, Treibacher and Daichii powders the 
relative density was 99.5, 99.6 and 99.5% respectively. The discs for 
ball-on-3-balls test revealed some level of translucency, and according to 
spectrophotometry measurements, the reflectance was around 50% for 
all samples. The light transmission in the ceramics can be enhanced via 
elimination of residual pores and avoiding formation of impurities such 
as carbon contaminations. It can be assumed that semi-translucency of 
the zirconia parts in our case is related to the very low carbon level in the 
samples due to a proper debinding procedure, where parts were first 
debinded in an inert atmosphere followed by a second debinding step in 
air with low heating rates. 

According to the mechanical test the average strength of Tosoh zir-
conia was 1566 MPa and varied from 708 to 1964 MPa for 16 specimens 
(Fig. 8). Daichii HSY-3F discs revealed slightly lower average strength of 
1421 MPa and the values were in a range of 1010–1810 MPa, while 
Treibacher AuerDent 3Y-0A parts had the lowest average strength of 
1231 MPa but narrowest strength distribution. The standard deviation 
calculated for Tosoh, Treibacher and Daichii parts was 380, 185 and 
304 MPa, respectively. Although, the standard deviation was quite high, 
these data reveal unusually high flexural strength of zirconia ceramics, 
especially for parts printed on a desktop machine with low-loaded 
slurries. For instance, Borlaf et al. [23] have printed zirconia bars 
using a CeraFab 7500 machine and measured their mechanical proper-
ties via 4-point bending test. The lowest and the highest values 
measured in the 30 bars were 552 MPa and 813 MPa, respectively. In the 
later work the effect of the printing direction on the mechanical prop-
erties of the of the zirconia bars was evaluated. It was claimed that the 
highest flexural strength of 650 MPa was found for the 200 μm round 
shape bars, 25 μm layer thickness and printing in the Z direction [21]. It 
can be admitted that strength values measured via 4-point bending 
might be lower compared with those obtained via ball-on-3-balls 
method due to a difference in loading distribution. W. Harrer et al. 

Fig. 9. Fractography analysis of the ceramics specimens after B3B test: (a) HSY-3F disc with lowest strength of 1010 MPa; (b) HSY-3F disc with higher strength of 
1709 MPa. 

Fig. 10. SEM micrographs of the Tosoh TZ-3YS-E ceramic discs (a) Cross- 
section view of the disc printed with 25 μm; (b) Cross-section view of pol-
ished and thermally etched part. 
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[24] tested the parts printed with CeraFab 7500 3D printer using the 
commercial slurries and according to B3B test the maximum flexural 
strength of zirconia specimen obtained was 950 MPa. Such high values 
of the mechanical strength might be achieved via conventional pro-
duction methods. Recently, Akhlaghi et al. achieved a remarkable 
ball-on-3-balls average strength of 1980 MPa for zirconia parts stabi-
lized with 3 mol.% of Y2O3 [25]. The samples were obtained via con-
ventional pressure less sintering method and zirconia nano-powders. 
The high strength values were explained by very low grains size of 75 
nm. Moreover, the samples have a certain level of translucency. 

The broken ceramic pieces after mechanical testing were used for 
fractography analysis in order to find the fracture origin and understand 
the failure reasons. As an example, optical microscope images of two 
HSF-3F discs with lowest strength of 1010 MPa and a higher one of 1709 
MPa are presented in Fig. 9. 

The fractography analysis revealed that in - both cases small cracks 
were caused by the failure of the samples. No large pores or aggregates 
were detected. 

The SEM images of the zirconia discs printed with Tosoh powder are 
presented in Figs. 10 and 11. 

According to SEM analysis, no internal delamination or cracks were 
observed in the zirconia ceramic parts. The only defects on the discs 
were the edge delamination which did not affect the mechanical prop-
erties since the loading during B3B test occurs in the defect free middle 
part of a sample. As it can be seen from Fig. 10a this delamination occurs 
only on the surface of the edges. According to SEM analysis these defects 
appeared on the disc and no defects were observed on the net-shape 
structures. From the cross-section images, some rare sub-micron sized 
pores can also be observed, but their size did not exceed 0.5 μm. The 
average grain size was 0.39, 0.4 and 0.44 μm for parts manufactured 
with Tosoh-S, Treibacher and Daichii powders, respectively. For all parts 
the standard deviation was in a range of 1.15–1.16 μm. 

What is most remarkable is that such high average flexural strength 
in ball-on-3-balls can be achieved not just by 3D printing, but also 
without any special nano powders or low temperature sintering. 

4. Conclusions 

The present article provides the information about the possibility of 

additive manufacturing of high quality, high strength and fully dense 
zirconia ceramics via digital light processing using desktop printers and 
formulations with relatively low solid content. The UV-curable slurries 
with 35 vol% of solids were prepared with appropriate rheological 
properties and curing behavior. Among zirconia slurries evaluated in the 
present work, the Daiichi-based one had the highest viscosity and 
resulted in the lowest resolution. In contrast, formulations with both 
Tosoh and Treibacher powders were low-viscous and provided high 
resolution of the 3D printed parts. However, it was possible to print 
nearly fully dense ceramics using all slurries via development of proper 
debinding and sintering procedures. According to the B3B tests, all zir-
conia ceramics reveal very high flexural strength with the Tosoh having 
the highest average value above 1566 MPa and no significant sized in-
ternal processing defect or cracks were detected via SEM analysis. 
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