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ORIGINAL ARTICLE

Three-dimensional printing of zirconia: characterization of early stage
material properties

Jussi M. Suominena , Erkka J. Frankbergb , Pekka K. Vallittua,c , Erkki Lev€anenb , Jorma Vihinend ,
Teemu Vastam€akib, Risto Karib and Lippo V. J. Lassilaa

aDepartment of Biomaterials Science and Turku Clinical Biomaterials Centre - TCBC, Institute of Dentistry, University of Turku, Turku,
Finland; bMaterials Science and Environmental Engineering, Tampere University, Tampere, Finland; cCity of Turku Welfare Division,
University of Turku, Turku, Finland; dAutomation Technology and Mechanical Engineering, Tampere University, Tampere, Finland

ABSTRACT
Objective: The aim of this study was to evaluate the mechanical properties of 3D printed zirco-
nia (ZrO2).
Materials and Methods: The test specimens were produced with a 3D printer that uses lithog-
raphy-based ceramic manufacturing (LCM) technique with two different parameters in horizontal
and vertical printing orientations. Altogether four groups of nine specimens were printed and
examined. Mechanical characterization was performed using 3-point bending test (ISO 10477)
and surface microhardness (Vickers) test. Grain structure, porosity and printing layer morphology
were examined with optical and scanning electron microscopy (SEM). Additionally fractography
analysis was done to investigate and evaluate features of fracture initiation site. Numeric results
were statistically analyzed with ANOVA (a¼ 0.05).
Results: The average flexural strength reached for printed zirconia was 499MPa (þ/�75MPa)
for specimens printed in horizontal orientation and 575MPa (þ/�69MPa) for specimens printed
in vertical orientation. Optical microscopy and SEM analysis revealed that fractures initiated
between the printing layers or from a local porosity. Printing layer thickness varied from under
13lm to over 20lm.
Conclusions: The study revealed that 3D printed zirconia has challenges in regards to layer inte-
gration. Based on this study, 3D printed zirconia still suffers from low mechanical strength,
which together with long carbon-debinding time, does not make 3D printed zirconia a potential
material for dental appliances at this stage. Further research is needed to create more suitable
zirconia precursor slurries and to optimize printing parameters and sintering conditions to be
able to 3D print zirconia with higher mechanical properties.
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Introduction

In dentistry, a regularly used method for producing
zirconia crowns, implant abutments and fixed dental
prostheses is CAD/CAM milling of green state zirco-
nia followed by sintering. Disadvantages of milling
include waste of raw materials and possible micro-
scopic cracks if the sintered dental device made of zir-
conia is mechanically finished. To some extent these
shortcomings can be avoided by machining green
stage material and sintering the material after milling
[1–3]. Milling is also rather energy consuming, heavy
on the milling tools and it causes a lot of noise and
heat [4,5]. In general, zirconia as a material is reputed
for its positive properties such as high mechanical
strength, high toughness compared to other ceramic

materials and adequate esthetic qualities which all
have encouraged the use of zirconia in dentistry [6].
Before the era of yttria stabilized zirconia, alumina
was the most promising fully crystallized dental cer-
amic. Clinically, zirconia restorations have functioned
well, although recently long term clinical follow-up
studies have shown some concern with the durability
of zirconia restorations [7–10].

Three-dimensional printing (3D printing), which is
also termed additive manufacturing, solid freeform
fabrication and rapid prototyping, is in use on a large
scale in many industries. The printing of different
plastics and metals has been in industrial use for
years now, however currently the printing process of
ceramics is not well established. 3D printing has
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several benefits. For example, it permits designing
internal morphology, allows more freedom with the
shape of the work piece, produces less waste material
and consumes less energy [6].

Currently there are several potential additive man-
ufacturing techniques for printing ceramic. One
potential technique is the lithography-based ceramic
manufacturing (LCM) technology, also known as
stereolithography, which is based on building the
structure layer-by-layer, by using selective light curing
to cure photosensitive ceramic suspension. The cer-
amic suspension contains photocurable resin and
homogenously dispersed ceramic particles. Other
additive manufacturing techniques for ceramics
include Fused Deposition Modeling [11], Direct Ink
Writing [1,12,13], Selective Laser Sintering [11,14]
and Binder Jetting, also known as 3DP (Three
Dimensional Printing, 3D Printing) [11,15].

The LCM technology was used to manufacture the
specimens in this study [16,17]. In the specific tech-
nique used in this study, the part is not fully
immersed in the suspension but it is mounted upside
down and dipped in a thin suspension layer placed in
a vat. This technique demands only a small amount
of ceramic suspension for building the part and pro-
duces less waste material. The structure produced is
called a green body, and it has to be further processed
thermally by carbon-debinding and sintering to
achieve the microstructure and properties characteris-
tic to polycrystalline zirconia.

3D printing some of the materials is and has
already been a logical next step in the development of
digital workflow in dentistry. Digital workflow con-
tains three elements: the use of various scanning tech-
nology, the manipulation of collected data by
computer-aided design (CAD) software and finally
the production of the structure by computer-aided
manufacturing (CAM) [4]. Compared to subtractive
manufacturing or milling, additive manufacturing will
gain more ground in the material manufacturing
phase. Thus, the aim of this study was to evaluate the
suitability of the LCM printing method when fabricat-
ing zirconia for dental use. Printed ceramic materials
were mechanically, microscopically and thermally
characterized.

Materials and methods

Printing and thermal treatment

Four set of zirconia bars (specimens
(2.0� 2.0� 25.0mm3)) were printed with an LCM
3Dprinter (CeraFab 7500, Lithoz, Vienna, Austria).

The zirconia was printed using commercial ceramic
precursor slurry (LithaCon 3Y 610 Purple (zirconia,
3% yttria), Lithoz, Vienna, Austria), a photocurable
ceramic suspension [17]. The specimens were pre-
pared with the 3D printer either in vertical or hori-
zontal orientation. See Figure 1 for an illustrative
drawing of printing orientations. Group Z-1 con-
tained 9 zirconia specimens printed in vertical orien-
tation, the group Z-2 contained 9 zirconia specimens
printed in horizontal orientation, group Z-3 contained
9 specimens printed in horizontal orientation and
group Z-4 contained 9 vertically printed specimens.
The number of specimens, printing orientations and
printing parameters of each group are stated in
Table 1. Printing parameters in groups Z-1 and Z-2

Figure 1. Illustrative drawing of specimens which were 3D
printed in vertical and horizontal orientation and their flexural
strength testing set up. (a) Specimen printed in vertical orien-
tation, (b) Specimen printed in horizontal orientation, (c) verti-
cally printed specimen in flexural strength test, (d) horizontally
printed specimen in flexural strength test.

Table 1. The most substantial printing parameters of the
groups Z-1, Z-2, Z-3 and Z-4.

Z-1 Z-2 Z-3 Z-4

Number of vertically printed
specimens

9 9

Number of horizontally printed
specimens

9 9

Layer thickness 25 mm 25 mm 25mm 25mm
Exposure time general 2.0 s 2.0 s 4.0 s 4.0 s
Exposure intensity general 100% 100% 100% 100%
Waiting time exposure general 12.0 s 12.0 s 6.0 s 6.0 s
Shrinkage compensation X 1.354 1.354 1.354 1.354
Shrinkage compensation Y 1.354 1.354 1.354 1.354
Shrinkage compensation Z 1.365 1.365 1.365 1.365
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are proposed by the printer manufacturer. The slurry
was supplied by the same company. The printing
parameters in groups Z-3 and Z-4 were defined by
the research group.

The support structures of the printed specimens
were cut off in green stage with a sharp blade by
hand. After that the specimens were carbon-debinded
and sintered (debinding time 81.9 h with maximum
temperature 500 �C, sintering time 48.9 h with max-
imum temperature 1450 �C).

To compensate the firing shrinkage of zirconia, a
compensation factor of 1.354 was used in the X and
Y-directions and for the Z-direction the used shrink-
age compensation factor was 1.365. None of the speci-
mens in any group were surface treated after printing,
after carbon-debinding nor after sintering.

Flexural strength

The flexural strength was determined in accordance
to ISO 10477 by conducting 3-point bending test for
the bar shaped specimens described above [18] with a
universal testing machine (model LRX, Lloyd
Instrument Ltd, Fareham, England). In the test, the
specimens were positioned on the metal supports
with 20mm distance and a cylindrical piston applied
force from above in the middle of the supports until
the breakage. The test was carried out in air at room
temperature. The diameter of the piston is 2mm, the
speed of the cross-head is 2mm/min. The results
were recorded with PC computer software (Nexygen
4.0, Lloyd Instruments Ltd, Fareham, England). All
the specimens were tested for flexural strength and
modulus of elasticity. The data for flexural strength of
the control group (Control Group 1, (ZrO2, yttria-sta-
bilized tetragonal zirconia polycrystal [Y-TZP])) was
obtained from a previous data set of the research
laboratory (Hjerppe et al. [19]).

Surface microhardness

The surface microhardness of materials was tested
with Vickers hardness method (VH) of 5 specimens
of each group Z-1, Z-2, Z-3, Z-4 and milled control
(Control Group 2). The specimens were tested using
a load of 2.94mN for 5 s. The specimen material in
Control Group 2 was milled and sintered zirconium
oxide (zirconia, ZrO2, yttria-stabilized tetragonal zir-
conia polycrystal [Y-TZP]).

Scanning electron microscope (SEM, FESEM)

A number of specimens from all the groups were
coated with gold (SCD 050, Sputter coater, Bal-Tec
AG, Liechtenstein), and after that they were examined
with a scanning electron microscope (SEM) (JSM
5500, Jeol Ltd, Tokyo, Japan) for surface roughness,
printing layer thicknesses and possible integration
deficiencies between the layers.

Three specimens were thermally etched to study
the microstructure. One specimen was thermally
etched in 1300 �C, one in 1400 �C and one in 1500 �C
[20]. These specimens were examined with field emis-
sion scanning electron microscope (FESEM) (Zeiss
ULTRA plus FESEM, Germany).

Microstructure and grain size

The microstructure and grain size of zirconia speci-
mens from group Z-4 was measured from a FESEM
picture using image processing program ImageJ
(Version 1.44 National Institute of Health, USA).

Optical microscopy

Optical Microscopy (Wild M3Z, kombistereo,
Heerbrugg Switzerland) was used to study layer delam-
ination in the specimens from groups Z-1, Z-2. Z-3
and Z-4. The microscope was equipped with a digital
camera (Toupcam U3CMOS18000KPA, ToupTek
Photonics Co., LTD, Zhejiang, P.R.China) which used
a computer software (ToupTek ToupView, version:
�64, 3.7.7158, ToupTek Photonics Co., LTD, Zhejiang,
P.R.China) to view and photograph the specimens.

Density measurement

A balance (Mettler Toledo X) was used to weigh 6
specimens from groups Z-3, Z-4 and Control Group
3 (milled and sintered zirconia (ZrO2, yttria-stabilized
tetragonal zirconia polycrystal [Y-TZP])). The speci-
mens were weighed in air and SDS (1% of sodium
dodecyl sulfate dissolved in water), and the density
was calculated using the Archimedes method.

Dilatometry and differential scanning calorimetry

Dilatometry (Adamel Lhomargy DI-24, Ivry, France)
measurement on the as-printed zirconia specimens
was performed to examine the origin of delamination.
The dilatometry measurements were used to find the
critical temperatures in which shrinkage or expansion
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of the specimens occurs. The heating rate was
0.2–0.5 C�/min. The specimens were printed with the
same 3D printer as groups Z1 to Z4 with the same
parameters as groups Z3 and Z4.

In addition, differential scanning calorimetry
(DSC) was performed (Netzsch 204 F1 Phoenix) on
the zirconia precursor slurry (LithaCon 3Y 610 Purple
(zirconia, 3% yttria), Lithoz, Vienna, Austria). The
DSC measurements allow observation of monomer
and polymer related reactions as a function of tem-
perature which can lead to expansion or shrinkage in
the specimens. The combination of dilatometry and
DSC measurements is used to identify the tempera-
tures in which the decomposition of the polymer net-
work could lead to unwanted delamination of the
printing layers.

DSC measurement was performed on a pure
monomer solution which was dissolved from the
slurry using acetone. The acetone was fully evaporated
before DSC measurement. The heating rate was
10 �C/min.

Statistical analysis

To determine the differences between the groups, the
mean values of flexural strength and surface micro-
hardness were statistically analyzed with analysis of
variance (ANOVA, Tukey HSD) at the p< .05 signifi-
cance level. The program used was IBM SPSS
Statistics 21 (IBM, USA).

Results

The flexural strength results of all the groups are
summarized in Figure 2. The average 3-point flexural
strengths for horizontal orientation printed zirconia
were 499MPa in group Z-2 and 425MPa in group
Z-3. The corresponding values for vertical orientation
printed zirconia were 68MPa in group Z-1 and
576MPa in Z-4.

Surface microhardness test results for printed zir-
conia specimens in group Z-1 is 1303 VH, in group
Z-2 1301 VH, in group Z-3 1363 VH and in group
Z-4 1398 VH. Surface microhardness for Control

Figure 2. The 3-point flexural strength values of the groups Z-1, Z-2, Z-3, Z-4 and control 1 group. Different superscript letters (a,
b, c, d, e) indicate statistical difference (ANOVA, Tukey HSD, p< .05).
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Group 2 is 1402 VH. ANOVA revealed that there is
no significant difference between control group and
groups Z-3 and Z-4, however there is significant dif-
ference between the Control Group 2 and groups Z-1
and Z-2.

Optical microscopy and SEM revealed that the
material in groups Z-1 and Z-2 was randomly delami-
nated between the printing layers. Figure 3 shows that
in group Z-2 the printing layer thickness varied from
13 lm to over 20lm.

SEM also indicated that there are pores in the
specimens as seen in Figure 4. Microstructure exami-
nations with FESEM indicated that the average micro-
structure grain size is 392 nm (standard deviation
154 nm) in the specimen which was thermally etched
in 1500 �C. The examined specimen was from group

Z-4. Microstructure of the specimen can be seen in
Figure 5. The grain size result is average result from
altogether three FESEM pictures.

The average densities for the tested groups were:
Z-4: 6.0344 g/mL (standard deviation 0.0049 g/mL),
Z-3: 6.0223 (standard deviation 0.0067 g/mL) and
Control Group 3: 6.0853 (standard deviation 0.0044 g/
mL). ANOVA revealed that there is significant differ-
ence between all three groups.

Fractographical analysis performed on the fracture
surfaces of sintered flexural test samples indicates that
the low measured strength is often accompanied by
delamination of printed layers, but other types of crit-
ical defects were also detected, such as surface cracks
and pores leading to lower strength. Using multi-

Figure 3. SEM micrograph of layer structure. Layer thickness
varies from under 13mm to over 20mm. The specimen in the
picture is from group Z-2. Magnification 300�.

Figure 4. SEM micrograph revealed pores in specimens of
group Z-3. Magnification 1000�.

Figure 5. The FESEM micrograph of the specimen which was
thermally treated in 1500 �C reveals that the grain size is
392 nm (standard deviation 154 nm).

Figure 6. Optical microscope images of fractured ZrO2 surfa-
ces. (a) low strength (108MPa) specimen with delamination
covering more than half of the cross-sectional area true frac-
tured surface area marked with dashed red line) (b) high
strength (665MPa) sample with a characteristic mirror area on
the right bottom corner with blue arrows indicating the direc-
tion of crack propagation. The compression surface is facing
upwards and tensile surface downwards.
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focus imaging the delamination is detected roughly
one printing step higher or lower than the actual frac-
ture surface. Figure 6 illustrates fracture surfaces of

samples with low flexural strength and high flex-
ural strength.

With samples exhibiting an order of magnitude
lower strength, the fractured surfaces appear rough
and granular while also exhibiting delamination.
Figure 7 illustrates fracture surface when measured
strength is lower than 100MPa. Here the origin of
fracture was obscured and it appears that printing
parameters for these specimens cause poor integration
and cohesion between layers which dominate the frac-
ture strength.

Dilatometry analysis performed on as-printed ZrO2

showed that the samples exhibit thermal expansion
that is disrupted by two distinct shrinkage periods.
Figure 8 shows the first and second heating cycle up
to 150 �C performed on as-printed specimen. On the
first cycle, the sample shrinks 1–1.5% which indicated
that the unpolymerized matrix is reacting to the heat.
The second cycle to 150 �C shows linear thermal
expansion of the polymer/ceramic composite without
volume change. After cycling the printed sample to

Figure 8. Dilatometry measurements of an as-printed ZrO2 sample up to 150 �C. The first cycle (blue) indicates shrinkage of the
sample by 1.0–1.5%. The second cycle (red) on the same sample shows a linear thermal expansion of the sample. Shrinkage in
the first cycle is most likely due to polymerization reaction which is exhausted during the first heating cycle. Heating and cooling
rate was 0.2 C�/min.

Figure 7. Optical microscope images of fractured ZrO2 surfa-
ces exhibiting lowest measured strength. (a) low strength
(57MPa) specimen with delamination covering roughly half of
cross-sectional area true fractured surface area marked with
dashed red line) and (b) low strength sample (35MPa) with
one of the lowest measured strength. The compression surface
is facing upwards and tensile surface downwards.

Figure 9. Dilatometry measurement of printed ZrO2 sample heat cycled to 150 �C prior to the test. Thermal expansion is accom-
panied by two linear shrinkage sequences starting at 170 �C and 390 �C (dashed lines). Heating rate was 0.5 C�/min.
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150 �C, we measured dilatation of the sample up to
500 �C as shown in Figure 9. Complementary DSC
measurements revealed that the monomers in the zir-
conia precursor slurry start to polymerize via exother-
mic reaction beginning from 65 �C and continues
until 160 �C also without light exposure.

Discussion

In this study the suitability of 3D printing process
was evaluated for producing zirconia of adequate
mechanical properties for dental restorations. This
was carried out by determining the 3-point flexural
strength, surface microhardness and surface qualities
of 3D printed zirconia and by comparing these results
with new and previous test results of zirconia milled
from blocks.

The achieved average 3-point flexural strengths for
printed zirconia (499MPa in group Z-2 for specimens
printed in horizontal orientation and 576MPa in
group Z-4 for specimens printed in vertical orienta-
tion) are low compared to previous test results of
Control Group 1 (1143MPa, milled zirconia) [19].
The density of the printed zirconia is lower than that
of milled zirconia, which is also in line with the flex-
ural strength results. This applies also between groups
Z-3 and Z-4. Better 3-point flexural strength can still
be achieved with the same process by enhancing
printing, carbon-debinding and sintering parameters,
but the improvement will not be great enough to
reach the flexural strength level of Control Group 1.
The next step would be to study the possibilities of
improving the ceramic precursor slurry.

SEM revealed that in group Z-2 the printing layer
thickness varied from 13 lm to over 20 lm. The spe-
cimen thickness in group Z-2 varied from 2.04mm to
2.13mm. The reasons behind the layer thickness vari-
ation and the subsequent specimen thickness variation
were not in the scope of this study, but that would be
an interesting subject to study further since one might
assume that the great variation in layer thickness
would cause more variation in specimen thickness
as well.

The grain size distribution of the zirconia micro-
structure can be controlled by sintering temperature.
With milled zirconia, the highest flexural strengths
have been reached with sintering temperatures from
1400 �C to 1550 �C [21]. The grain size of typical den-
tal zirconia is between 0.4 and 1.0mm. Smaller par-
ticle size leads to lower mechanical strength and
larger particle size may cause defects or porosity
[21–23]. In this study, the particle size was 0.39 mm

which is very close to optimal grain size. Higher sin-
tering temperatures with a range from 1300 �C to
1700 �C equal larger grain size which also means bet-
ter translucency [21]. In this study translucency was
not studied.

Fractography revealed that specimens with low
flexural strength exhibit delaminated fracture surfaces
as in Figure 6(a) or rough and granular fracture sur-
faces as in Figure 7. When using printing parameters
that yielded the specimens with the highest flexural
strength, no delamination was detected, as indicated
in Figure 6(b). Instead, the fracture originated from
the surface under tension and the strength was dic-
tated by preexisting surface defects. The fracture sur-
faces of high strength samples (300–600MPa) are
typical for dense bulk ceramics [24,25]. The effect of
parameter change on the flexural strength is mainly
controlled by exposure time, which is linked to the
curing depth of each layer. It has been shown that
longer exposure time leads to better integration
between adjacent printing layers which again leads to
less delamination [26].

Delamination was found to happen mainly during
the debinding phase (0–500 �C for ZrO2) in which the
binding polymer matrix is removed by thermal
decomposition and evaporation and a fully ceramic
bulk is obtained. During heating, delamination can
occur due to several parallel mechanisms, at lower
temperature by continued polymerization leading to
shrinkage (Figure 8) or a possible internal stress
relaxation of the polymer while at higher temperature
delamination is likely promoted by decomposition
and evaporation of monomer and polymer species
leading to shrinkage (Figure 9) and by the simultan-
eous build-up of gas pressure inside the printed speci-
men. The polymer, copolymer or polymer mixture
used determines the rate and critical temperature of
gas removal which vary by the composition of the
polymer matrix [26,27]. Also the thermal expansion
of ceramic particles can promote delamination in the
whole debinding temperature range.

The LithaCon 3Y 610 Purple consist of a meth-
acrylic ester and 2-hydroxyethyl methacrylate, yttrium
oxide stabilized zirconia particles and other additives
[28]. DSC measurements show that if the monomers
are not fully polymerized during light exposure and
during debinding, monomers continue to polymerize
up to 160 �C via exothermic reaction. Because the cer-
amic particles act as a rigid skeleton in the printed
piece, the polymer shrinkage can also partially mani-
fest as a build-up of internal stresses. During the
polymerization reaction, acrylic polymers can shrink
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up to 15 Vol. % [27]. Therefore, between 0 and
160 �C, the polymer shrinkage accompanied by ther-
mal expansion of the ceramic particles can promote
delamination during the thermal treatments required
after printing. The shrinkage up to 150 �C was con-
firmed not to include mass loss (decomposition and
evaporation) as our reference thermogravimetry meas-
urement shows that mass loss begins after 155 �C.
Between 160 and 500 �C the delamination is likely
caused by the additional shrinkage steps associated
with the onset of thermal degradation. The shrinkage
is accompanied by increasing gas pressure due to
decomposition and evaporation. This is combined
with thermal expansion mismatch between the poly-
mer matrix and the inert ceramic particles.

The study results suggest that the choice of print-
ing parameters, especially a too low exposure time for
each individual layer can cause poor interfacial bind-
ing between layers and lead to exaggerated delamin-
ation during the thermal debinding phase. For a
given polymer/ceramic printing slurry, the key to
inhibit delamination during the debinding phase
would be to prevent the heat induced polymerization
reaction leading to shrinkage and to enhance the
strength of the interface between the printed layers.
Otherwise the effects leading to delamination during
debinding can be controlled only by slowing down
the heating rate. Additionally, a mixture of polymers
exhibiting different curing and thermal degradation
properties can be used to reduce the detrimental heat-
ing effects leading to delamination [26].

Fractography suggest that delamination typically
affects only a portion of the interface between two
adjacent layers, as in Figure 6(a). After thermal treat-
ments, the sintered sample can look visually
unharmed, however the partial delamination acts as a
geometrical flaw, considerably lowering the fracture
strength as described by the Griffith criterion [29]. It
is also important to notice that delamination greatly
reduces the load bearing capacity of the sample by
reducing the load bearing cross sectional area.
Therefore the true fracture stress can be higher than
indicated as the calculations assume that the fractured
surface area is the full cross-sectional area of
the sample.

Finally, we conclude that the overall quality of the
printed pieces is highly influenced by the expertise of
the user and therefore two batches of samples printed
with identical printing parameters can still yield sub-
stantially different statistical flexural strength. We
found that most of the random changes in the quality
of the printed samples occur due to human errors

during the printing procedure and during the subse-
quent cleaning process e.g. because of the cleaning
method and the cleaning solvent used. For example,
using small molecular weight solvents such as ethanol
is detrimental to the quality of the printed parts as
the polymer swells by absorbing the solvent, leading
to delamination in a similar manner as in thermal
debinding. There is also a possibility that some vari-
ation in statistical flexural strength is caused by
unknown factors such as differences between current
commercial feedstocks. In addition, to maintain a
consistent printing quality, the stability of the particle
dispersion should be well known as aging will eventu-
ally cause particle segregation in the printing slurry.
A way to control the slurry stability would be to ball
mill the slurry before each printing procedure.

Conclusion

3D printed zirconia specimens revealed a lack of
interfacial bonding between the printed layers, which
resulted in a low average flexural strength compared
to the reference milled dental zirconia. Changing the
light exposure of each printed layer can improve
interfacial bonding, which also enhances the flexural
strength of printed zirconia. However, significant
improvement is still needed in order for the printed
zirconia to compete with the strength of the current
state-of-the-art dental zirconia. Therefore future
research should focus on creating optimized precursor
slurries for the 3D printing of zirconia.
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