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Purpose: To design and fabricate zirconia bars with porous surfaces using stereolithog-
raphy and evaluate their surface characteristics and flexural strengths.

Materials and Methods: Five groups of zirconia bars (20 mm X 4 mm X 2 mm) with
interconnected porous surfaces were designed and manufactured: (i) 400-um pore size
and 50% porosity (D400-P50 group), (ii) 400-um pore size and 30% porosity (D400-
P30 group), (iii) 200-um pore size and 50% porosity (D200-P50 group), (iv) 200-um
pore size and 30% porosity (D200-P30 group), and (v) 100-um pore size and 30%
porosity (D100-P30 group). Zirconia bars without a porous surface (NP) were used as
controls. The surface topographies and pore structures were investigated using scanning
electron microscopy and three-dimensional laser microscopy. The printed porosity was
calculated using the Archimedes method. Fifteen specimens from each group were sub-
jected to a three-point bending test according to the ISO 6872:2015 standard. A Weibull
analysis was performed, and the fractured surfaces were examined using scanning
electron microscopy.

Results: Zirconia bars with porous surfaces were designed and successfully man-
ufactured. The designed pore size, porosity, and shape of the printed pores were
approximately achieved for all the porous surfaces. The flexural strength of the con-
trol group was significantly higher than those of the groups with porous surfaces (p
< 0.001). For the same porosity, groups with a pore size of 400 wm exhibited a lower
flexural strength than the other groups (p<0.001). Additionally, for the same pore-size
design, the flexural strengths of group D400-P50 and D400-P30 exhibited no significant
differences (p = 0.150), while the flexural strengths of D200-P30 were significantly
higher than that of the D200-P50 group (p = 0.043). The control group and D400-
P50 group had higher Weibull moduli than the other groups. The fractography of the
specimens with porous surfaces indicated more than one crack origin, mainly owing to
defects, including pores and cracks.

Conclusion: Zirconia bars with porous surfaces were successfully designed and
fabricated using the stereolithography technique. Although porous surfaces may be
advantageous for osteogenesis, the porous-surface design can reduce the flexural
strength of the printed zirconia bars. By reducing the pore size, controlling the porosity,
and improving the printing accuracy, a higher strength can be achieved.
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Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP)—
a high-strength zirconia ceramic—has become an attractive
material for dental implants.'~* The surface microstructure of
zirconia implants may be key to improving the osseointegra-
tion ability.” Most previous works claim that porous surface
with pore sizes between 100 and 400 um and porosity higher
than 30% are favorable for osteointegration.®’

Three-dimensional (3D)-printing, as a method of a 3D
object creation through layer-by-layer additive manufactur-
ing, has been widely investigated because of its potential
in ceramic processing.®” Stereolithography (SLA), in which
an object is fabricated via point-by-point polymerization
of a photocuring material using an ultraviolet laser, is one
of the most commonly used techniques.'!! With suitable
ceramic slurry, appropriate laser parameters and sintering
process,'” 1 it can provide zirconia features with high pre-
cision and good surface quality.'*'®?" Therefore, it was
expected that this technique can be used to create a dental
implant with a complex microstructure, such as a porous sur-
face with a controlled pore size and porosity, which cannot
be achieved with conventional techniques.”'>> Metal dental
implants with porous surfaces and dense cores were recently
reported to have the advantages of weakening the stress-
shielding effect on the surrounding bones and improving
osseointegration with long-term stability.”>>> However, zir-
conia with a porous surface and dense core has not been
reported.

Dental restorations require adequate flexural strength to
ensure they are permissible for clinical use and have enough
durability under occlusal forces. The flexural strength of
SLA-fabricated zirconia ceramics is closely related to the
ceramic suspension, processing parameters, phase transfor-
mation, density, and internal and surface defects.”?*>® The
effects of the porous design on the mechanical properties of
zirconia components remain unclear.

The objectives of this study were to design zirconia bars
with porous surfaces and dense bases of different pore sizes
and porosities using the SLA technique and to evaluate
their surface characteristics and flexural strengths. The null
hypothesis tested was that the porous surface, pore size, and
porosity did not affect the flexural strength of zirconia.

MATERIALS AND METHODS
Design and fabrication of zirconia specimens

Five groups were designed according to different pore
size and porosity: (i) 400-um pore size and 50% porosity
(D400-P50 group), (ii) 400-um pore size and 30% porosity
(D400-P30 group), (iii) 200-um pore size and 50% porosity
(D200-P50 group), (iv) 200-um pore size and 30% poros-
ity (D200-P30 group), and (v) 100-um pore size and 30%
porosity (D100-P30 group).

The design process for the porous surface is shown in
Figure 1. First, a pore cell unit with porosity of 50% (Fig 1a)
and 30% (Fig 1b) was created by Boolean operation respec-

FIGURE 1

The design process of porous surface. (a) Pore cell unit
for the volume fraction of 50%; (b) pore cell unit for the volume fraction of
30%; (c) tiling the pore cells to form a porous layer; and (d) adding a cuboid
beneath the porous layer to obtain zirconia bars.

tively. Afterwards a porous layer with a length of 20 mm and
width of 4 mm was formed by tiling the pore cells from the
center to the periphery (Fig lc). Then, a cuboid was added
beneath the porous layer to obtain zirconia bars of the same
size of 20 mm X 4 mm X 2 mm (Fig 1d). Finally, the mod-
els were processed using Materialize Magics 22 software
(Materialize, Leuven, Belgium).

All zirconia bars were fabricated using a zirconia slurry
provided by PORIMY via SLA printer (CSL-100; PORIMY
Co., Kunshan, China). It contained of 49 vol% Y-TZP par-
ticles and photosensitive acrylic resin mixture. To eliminate
the influence of scattering effect on the porous structure,'>>
a boundary compensation of 50 um was applied.’" After the
specimens were printed, the uncured slurry on the surface and
inside the pores was cleaned by air compressor. Subsequently,
the green bodies were converted into zirconia components via
organic burnout at 350°C to 550°C for 22 hours followed by
sintering process at 1500°C for 2 hours in a sintering fur-
nace (KSL-1700X, MTI Co., Hefei, China). The whole heat
treatment lasts for 52 hours.'” As a control (NP) group, zir-
conia bars without porous surfaces were manufactured using
the same processes.

Surface measurements

The pore diameters, surface roughness of the NP group and
flat surface between the pores were measured using a 3D
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laser microscope (VK-9700K, Keyence Co., Osaka, Japan).
Additionally, the shape and distribution of printed pores were
examined using a stereoscopic microscope (SZX7, OLYM-
PUS, Tokyo, Japan), while the surface microstructures such
as grain arrangement and surface defects of the specimens
were examined using scanning electron microscopy (SEM;
JSM-6010LA, JEOL, Tokyo, Japan).

Density and porosity measurements

The density (o) of the specimens (n = 3) was measured
using the Archimedes method according to the ASTM C373-
18 standard,’*!-*? and the porosity of the porous layer was
calculated by converting the overall porosity into the layer
thickness.

X-ray diffraction (XRD) measurements

Three specimens from each group were analyzed using an
X-ray diffractometer (D/max 2500, Rigaku, Japan) and the
contents of monoclinic phase were calculated.’?

Flexural strength (o) measurements, Weibull
analysis, and fractography

Fifteen specimens from each group were subjected to a
three-point bending test, according to the ISO 6872:2015
standard.’* The specimens were loaded on a universal test-
ing machine (AGS-X, SHIMADZU, Kyoto, Japan) with a
crosshead speed of 1 mm/min and a loading span of 16 mm
until failure. Then the structural reliability of each group was
assessed via a Weibull distribution analysis of the flexural-
strength data. The Weibull modulus m and characteristic
strength o (strength value at 63.21% failure probability)
were calculated at a 95% confidence interval in the software
(MATLAB R2014a, MathWorks, Natick, MA). The crack ori-
gins and fractography characteristics were investigated via
SEM.35—37

Statistical analysis

Statistical analyses were performed using SPSS Statistics
26.0 (IBM, Chicago, IL). The mean pore size and porosity
were compared with the design values using a one-sample
t-test. The surface-roughness values were compared among
the groups using a one-way analysis of variance, and an LSD
test was performed to evaluate the differences between the
two groups. The flexural strength exhibited heterogeneity of
variance; thus, the statistical differences in flexural strengths
were detected by Kruskal-Wallis and pairwise compar-
isons. The significance level for the comparisons was set as
p <0.05.

ACP

RESULTS
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Surface observation and surface roughness

Zirconia bars with porous surfaces were successfully man-
ufactured using SLA. Under stereomicroscopy and SEM, the
printed pores were uniformly distributed, with round, regular,
and consistent shapes (Fig 2). SEM revealed that at a high
magnification, all the tested specimens exhibited a compact
grain arrangement. The surface around the pores had inferior
quality to that between the pores, appearing rougher and more
irregular.

The mean values of surface roughness were showed in
Table 1. Except for the D400-P30 group (p = 0.014), the
roughness of the surface between the pores for other groups
was not significantly different from that for the NP group (p
> 0.05).

Density, pore-size, and porosity measurements

The calculated density of an SLA-printed zirconia specimen
without a porous surface was 6.01 g/cm?, which was 98.8%
of the theoretical density of zirconia (6.08 g/cm?). Table 2
presents the pore sizes and porosities for the five groups with
porous surfaces. The pore size of the D400-P50 was signif-
icantly smaller than the design value (p = 0.003). For the
D100-P30 and D400-P50, the porosity of the porous layer
was significantly lower than the design value (p = 0.003 and
p = 0.008). The pore parameters of the other groups were
similar to the corresponding design values (p > 0.05).

Phase transformation

The XRD patterns exhibited no obvious monoclinic phase
peak for any of the groups (Fig 3). The calculated sur-
face monoclinic phase content was 3.99%, 6.31%, 5.75%,
7.67%, 5.78%, and 4.58% for the NP, D400-P50, D400-P30,
D200-P50, D200-P30, and D100-P30 groups, respectively.

Flexural strength measurements and Weibull
characteristics

The flexural strengths and Weibull characteristics are pre-
sented in Table 3. All five porous-surface groups had
significantly lower flexural strengths than the NP group (p <
0.001). Zirconia bars with smaller pore sizes exhibited higher
flexural strengths. For the same porosity, the flexural strength
of the D200-P50 group was significantly higher than that of
the D400-P50 group (p = 0.002), and the flexural strength
of the D100-P30 group was significantly higher than that
of the D400-P30 groups (p < 0.001). For the same pore-
size, the flexural strengths of group D400-P50 and D400-P30
exhibited no significant differences (p > 0.05) but the flexu-
ral strength of group D200-P30 was significantly higher than
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FIGURE 2 (A) Surface morphologies of SLA-manufactured zirconia bars in stereomicroscopy. (a) D400-P50 group; (b) D400- P30 group; (c¢) D200-
P50 group; (d) D200- P30 group; (e) D100-P30 group; and (f) NP group. (B) Surface microstructures of SLA-manufactured zirconia bars in scanning electron

microscopy.

that of D200-P50 (p < 0.05). The Weibull analysis (Fig 4)
exhibited a higher Weibull modulus for the NP (12.82) and
D400-P50 (19.83) groups than for the other groups.

Fractographic analysis

Figure 5a shows SEM images of the fractured surfaces for
the six groups after the three-point bending test. The frac-
tured surfaces of the specimens of the NP group exhibited
classic hackle lines radiating from the crack origins at the
defects located on the surface or beneath the surface on the
tensile-stress side, where the processing flaws were observed.
However, for the specimens with porous surfaces, the frac-

ture patterns were complex. More than one crack origins
were observed owing to flaws including pores, agglomera-
tions, cracks, and delamination (Fig 5b), which were mainly
located at the bottoms or edges of the pores or inside the
channels connecting adjacent pores. Starting from multiple
crack origins, the crack propagation paths were disturbed or
interlaced.

DISCUSSION

In this study, gradient zirconia with a porous surface was
designed through forward modeling technology and fab-
ricated via the SLA technique with acceptable precision.
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TABLE 1 The surface roughness of two groups with no surface
modification

Groups Ra (um) Rz (um) Rq (um)
NP 0.60 +0.13 411+0.84 0.75+0.17
D400-P50 0.67 + 0.09 4.37+0.64 0.83 £0.11
D400-P30 0.70 £ 0.13* 437+ 1.05 0.87 £0.17
D200-P50 0.64 + 0.09 4.14 £ 0.64 0.79 £ 0.12
D200-P30 0.68 £0.11 4.43 +1.05 0.99 £0.71
D100-P30 0.63 £0.14 4.05 £ 1.05 0.78 £ 0.16

#*P < 0.05 compared to the NP group.

TABLE 2
porous surface

The printed pore size, interval, and porosity of groups with

Porosity of porous

Your smile. Our specialty’

The results indicated that although the porous surface layer
may be advantageous for osteogenesis, it could significantly
reduce the flexural strength of SLA fabricated zirconia. The
larger the pore size and the higher the porosity, the lower the
flexural strength. Thus, the null hypothesis was rejected.

The printing accuracy of zirconia is closely related to
each stage of the SLA process. In the light-curing mold-
ing stage, due to the different refractive indexes between
resin and zirconia materials, light scattering can occur on
the surface of the ceramic particles within the slurry and
cause a broadening of the cured area and a reduction in the
depth, resulting in a larger amount of surface surrounding
the inner opening, reducing the pore size, and increasing the
wall thickness.'>>” The D400-P50 group exhibited a signif-
icantly smaller pore size and lower porosity than the design,
which can be partly explained by the light-scattering effects.

Pore si Porosity (% 1 % L . .
Groups ore size (um) orosity (%) ayer (%) In the sintering stage, ceramic shrinkage after heat treatment
D400-P50  364.75 +3.77*%  13.93 + 0.44**  43.73%* and improper degreasing sintering may lead to cracking and
D400-P30  386.57 +11.45 1043 +£0.30 31.49 deformation of the specimens.'® The D100-P30 group exhib-
D200-PSO 19675 + 1.44 728 +0.14 48.07 iteq a signiﬁcantly lower porosity than the flesign, which was
D200P30 19770 4 191 449 4+ 0.05 28.29 mainly attributed to the (}1fﬁculty of gleanlng post-treatment
. » due to the small pore size. Controlling the content of the
DIOO-PSO 94.34 +2.28 331+0.19 20.657 ceramics in the slurry,'> adjusting the laser intensity and layer
##P < 0.01 compared to the corresponding designed value. thickness, setting adequate compensation for the sintering
Enlarged m
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FIGURE 3 X-ray diffraction spectra of the zirconia bars.
TABLE 3  Flexural strengths and Weibull modulus
Flexural strength Characteristic Weibull
Group (MPa) (o.) strength (MPa) (o) 95% CI modulus (m) 95% CI
NP 1039.76 +107.98 1084.40 [1040.40, 1130.30] 12.82 [8.50, 19.33]
D400-P50 214.03 +12.18 203.79 [198.38, 209.34] 19.83 [13.13,29.95]
D400-P30 217.27 +28.84 227.42 [217.62, 237.67] 11.91 [7.84,18.09]
D200-P50 255.01 + 30.89 268.99 [250.86, 288.43] 7.73 [5.47,10.91]
D200-P30 311.84 + 67.58 336.41 [311.36, 363.47] 6.60 [4.31,10.11]
D100-P30 348.91 +£60.15 374.05 [344.60, 406.00] 6.54 [4.43,9.66]
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FIGURE 4  Weibull distribution of the SLA-printed zirconia bars.

shrinkage,’” and optimizing the post-treatment process may
help to reduce the deformation and dimension changes of
3D-printed ceramics and increase the dimensional accuracy,
mechanical strength, and density.'>"?

In this study, the NP group exhibited a flexural strength
of (1039.76+107.98) MPa, which is higher than or similar
to those reported in related previous works,”'!? indicat-
ing that the zirconia slurry and processing parameters used
in this study are appropriate for 3D printing zirconia. The
significantly reduced flexural strengths of the porous sur-
face designed zirconia in this study were mainly attributed to
the significant growth of surface and internal defects accom-
panied by the porous layer. Defects such as pores, cracks,
inclusions, and delamination, which were observed in the
SEM images of the cross-sections and surfaces of the spec-
imens, acted as stress concentrators during crack nucleation,
and then the cracks propagated, leading to fracture. Owing to
the viscosity of the zirconia slurry, impurities in the air can
adhere to the slurry, and air bubbles can be trapped during the
printing process, resulting in inclusions and pores.*° In addi-
tion, defects caused by the de-binding of polymers from the
green parts during the sintering process may become visible
as cracks.’® Besides, because of the layered forming process,
insufficient adhesion between two adjacent layers could cause
defects between the layers, which is called delamination.?”-!°
The fractography results in this study revealed that compared
with the NP group, the specimens with porous surfaces exhib-
ited more internal pores, inclusions, and cracks in or near
the porous layer, which were mainly located at the bottoms

or edges of the pores or inside the connecting channels. It
can be deduced that the porous-surface design may affect
the adhesion between layers, and the significant density dif-
ference between the porous layer and the dense base may
lead to anisotropic shrinkage during the sintering process,
resulting in cracks at the interface. Therefore, the results
indicated that the porous surface structure can degrade the
printing quality and increase the number of defects, reducing
the flexural strength of the zirconia. In order to reduce the
defects, the SLA process can be optimized by using differ-
ent proportions of the slurry and laser parameters to produce
different structures, and improving the printing and sintering
environment.”®

Meanwhile, the porous surface structure itself can be
regarded as a macroscopic surface defect in materials. It has
been reported that the size and shape regularity of surface
defects are the main factors that impair the fracture strength,
and an increase in the pore size can reduce the stiffness and
strength of the material.” In this study, significantly higher
flexural strengths were observed for zirconia specimens with
smaller pore sizes. This may be due to the stress concentration
of the large pores, from which the cracks tended to originate,
rather than other randomly allocated defects. Additionally,
the specimens with larger pore size also had thicker porous
layer, which could result in more internal and surface defects
than those with smaller pore size. Although high porosity
may facilitate cell spreading and osteogenic differentiation,
it has been reported to reduce the flexural strength and flex-
ural modulus of 3D-printed zirconia significantly compared
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FIGURE 5

with milled and 3D-printed low-porosity zirconia. And zir-
conia with a porosity of 40% exhibited a flexural strength of
only (48.09 + 8.95) MPa.’® In this study, the flexural strength
in group D200-P50 is significantly lower than that of D200-
P30 group. But there was no significant difference between
the flexural strengths of D400-P30 and D400-P50 groups,
which may be explained by that the surface defects in 400-
um pore-size groups, with larger pore size and thicker porous
layer than 200-um groups. These results suggest that reduc-
ing the pore size, increasing the thickness of the base as well
as controlling the porosity can be beneficial for increasing the
flexural strength of zirconia with porous surfaces.

Additive manufacturing technology represents a promis-
ing alternative to conventional machining procedures, with
advantages such as the ability to manufacture specimens with
micro-scale and complex geometries, reduced material waste
and energy consumption, and the ability to form structures

D200-P50

ACP

D200-P30
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D100-P30 NP

(A) SEM photographs of the fractured surfaces after three-point bending tests; the white circles show the crack origins, the white arrows
show the cracks, and the black arrow shows a pore. (B) SEM observations of fractured surfaces, (a) pore; (b) agglomeration; (c) cracks; and (d) delamination.

with multiple materials.®?" This allows the mass production
of customized dental products with control over both surface
and internal structures. However, according to the results of
this study, further developments are needed to improve the
mechanical properties and printing accuracy of 3D-printed
zirconia with porous surface for dental applications. Further
studies should be conducted on the fatigue characteristics and
biological properties of zirconia with porous surfaces. Addi-
tionally, whether the mechanical properties of porous zirconia
are affected by physical and chemical environmental factors
requires further investigation.

CONCLUSION

Porous-surface zirconia bars were successfully designed and
fabricated using SLA. Although porous surfaces may have
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advantages for osteogenesis, attention should be paid to
the significant reduction in the flexural strength of zirconia
with porous surfaces. By reducing the pore size, controlling
the porosity, and increasing the printing accuracy, a higher
strength can be achieved.
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