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PURPOSE. The purpose of this study was to investigate the effect of barium silicate
filler contents on mechanical properties of resin nanoceramics (RNCs) for additive
manufacturing (AM). MATERIALS AND METHODS. Additively manufactured RNC
specimens were divided into 4 groups depending on the content of ceramic fillers
and polymers: 0% barium silicate and 100% polymer (B0/P10, control group); 50%
barium silicate and 50% polymer (B5/P5); 60% barium silicate and 40% polymer
(B6/P4); 67% barium silicate and 33% polymer (B6.7/P3.3). The compressive
strength (n = 15) and fracture toughness (n = 12) of the specimens were
measured, and scanning electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS) analyses were performed. Independent sample Kruskal-Wallis
tests were performed on the compressive strength and fracture toughness test
results, and the significance of each group was analyzed at the 95% confidence
interval through post-tests using the Bonferroni’s method. RESULTS. B6/P4 and
B6.7/P3.3 exhibited much higher yield strength than B0/P10 and B5/P5 (P <.05).
Compared to the control group (B0/P10), the other three groups exhibited higher
ultimate strength (P <.05). The fracture toughness of B6/P4 and B6.7/P3.3 were
similar (P >.05). The content of barium silicate and fracture toughness showed

a positive correlation coefficient (R =0.582). SEM and EDS analyses revealed the
presence of an oval-shaped ceramic aggregate in B6/P4 specimens, whereas the
ceramic filler and polymer substrate were homogeneously mixed in B6.7/P3.3.
CONCLUSION. Increasing the ceramic filler content improves the mechanical
properties, but it can be accompanied by a decrease in the flowability and the
homogeneity of the slurry. [J Adv Prosthodont 2022;14:315-23]
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INTRODUCTION

Compared with computer-aided design and computer-aided milling, additive
manufacturing (AM) can produce more complex shapes without requiring ex-

© 2022 The Korean Academy of Prosthodontics

@This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original work is properly cited.

315




pensive instruments.!3 Stereolithography (SLA) man-
ufacturing is one of the AM methods defined by the
American Society for Testing and Materials (ASTM)*
and is widely used in various fields to rapidly produce
parts with high quality surfaces.>® The SLA method
uses a photopolymerizable material.”® The degree
of polymerization was affected by the light source,
thickness of the layer, properties of the material, type
of photopolymerization initiator, and the presence of
other additive components.?® This implies that the
mechanical properties of the definitive product will
vary depending on the manufacturing conditions.

Polymers are the most widely studied and used
materials for SLA. They are used for manufacturing
dental casts, customized trays, orthodontic devices,
occlusal stabilization devices, and guides for implant
surgery. However, the poor mechanical properties
of polymers limit their application in dental clinics.
Conversely, ceramics, which are also widely used for
manufacturing prosthetics, have various advantages,
such as excellent mechanical properties, esthetics,
biocompatibility, and stability.? However, it is quite
difficult to fabricate ceramic parts using AM. Post-pro-
cessing of ceramics involve debinding (to remove
organic substances) and sintering (to reinforce the
structure).1® This procedure requires stringent man-
ufacturing conditions to prevent the degradation of
surface quality, mechanical strength decrease (due
to defects or bubbles), and volume changes of the ce-
ramic.

Generally, the elastic modulus of ceramics is higher
than that of teeth.1-13 Mixtures of polymers and ce-
ramics, such as polymer-infiltrated ceramic networks
and resin nanoceramics (RNCs), were developed to
decrease the brittleness of ceramics and increase the
flexibility, fracture toughness, and machinability of
the polymers.1314 Polymer-infiltrated ceramic net-
works are mainly processed through milling, while
RNCs are used for AM. RNC blocks for milling have a
ceramic filler content of approximately 65 - 74%.%
The production of milling blocks with polymer-infil-
trated ceramic networks is declining because their
properties are poorer than expected. However, manu-
facturing RNCs by AM is still attractive from the view-
point of producing the desired complex shape.

To use the RNC in AM, it is necessary to evaluate the
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mechanical properties of the product during the fab-
rication stage. The mechanical properties of RNCs are
affected by both the content and distribution of ce-
ramic fillers. While zirconia and alumina are the most
commonly used ceramic fillers for AM, glass ceram-
ics are also can be used.! For example, owing to their
suitable mechanical properties and shape accuracy,
lithium disilicate glass ceramics have been used for
the SLA-based AM of dental prosthesis.!> In addition,
barium silicate, which is easily mixed with a polymer
via silanization, can be successfully used in AM. How-
ever, few studies have investigated the effects of glass
ceramic filler and resin monomer ratio on the me-
chanical properties of the additively manufactured
part. In addition, it is necessary to determine the ho-
mogeneity of the slurry according to the components
constituting the resin monomer.

In this study, the mechanical properties and micro-
structure of an RNC produced by mixing a crystallized
glass filler composed of barium silicate and a resin
polymer substrate for AM were evaluated and their
optimal mixing ratio to produce a material suitable
for dental applications was determined. The null hy-
pothesis was that the proportion of barium silicate
crystals will not affect the mechanical properties of
RNCs.

MATERIALS AND METHODS

All inorganic materials, including barium silicate crys-
tals, were pre-silanated prior to addition to the resin
(Table 1). Asilane coupling agent was used for surface
modification of barium silica nanoparticles, 3-(Trime-
thoxysilyl)propyl methacrylate (TMSPMA). The ma-
terials were placed in a stirrer (SM500D; Global Lab,
Siheung, Korea) and mixed at a constant speed of 150
rpm. Samples were mixed for 2 hours between 21 and
23 degrees Celsius using a vacuum pump (MVP36;
Woosung Vacuum, Jeju, Korea). The components of
the RNC used in this study are listed in Table 1.
Preliminary experiments were conducted to max-
imize the amount of ceramic filler to ensure that the
RNC has favorable mechanical properties. The min-
imum content of 50% ceramic filler was set, and the
amount of ceramic filler was increased in small steps.
The control group was 0% barium silicate and 100%
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Table 1. Materials used for the fabrication of the slurry for additive manufacturing (AM)

Material Product name Model No. Lot No. Manufacturer
CAS No.
Inorganic filler (Ba, Ca, Al, Quartz) ~ Barium glass SG-BAG7T00GBFCMP5  SG-ZNNCZXC5 Sukgyung AT
Inorganic filler (Silica) Fumed silica AEROSIL-R972 617080581 EVOI’\Ik'
Industries
s e . . 1317-61-9 .
Inorganic filler (Iron oxide) Iron (11, 1) oxide 5020-4405 (CAS No.) Daejung
. Bisphenol A 1565-94-2 .
Monomer (Bis-GMA) glycerolate dimethacrylate 494356-100 ml (CAS No.) Aldrich
Monomer (TEGDMA) U 261548-1L STBH2136 Aldrich
glycol dimethacrylate
Monomer (UDMA) Diurethane dimethacrylate 436909-500 ml MKCG8230 Aldrich
Silane coupling agent ey o] 261548-1L SHBK1531 Aldrich
methacrylate
Photopolymerizing initiator Camphoroquinone 124893-5¢g 09003AQV Aldrich
.. - . 123-31-9 .
Photopolymerizing stabilizer Hydroquinone H17902-500 g (CAS No.) Aldrich
polymer. The maximum amount of ceramic filler that ~ Table 2. Printing parameters
enabled a smooth product was 67%, and it was dif- Parameters Conditions
ficult to obtain a homogeneous product at higher One layer polymerizing time (s) 4-6
ceramic fractions. The RNCs were divided into three Bottom layer polymerizing time (s) 5-8
groups depending on their proportion of inorganic One layer thickness (mm) 0.02-0.05
fillers and polymers. The samples are henceforth re- Wavelength (nm) UV LED 405
ferred to as Bx/Py, where B and P refer to the barium LED radiant flux (mW) 1100 - 1300

silicate and polymer, respectively, and x and y are
the corresponding weight fractions. Samples B0/P10,
B5/P5, B6/P4, and B6.7/P3.3 were prepared and an-
alyzed. A Moai 200 laser SLA three-dimensional (3D)
printer (Peopoly, Los Angeles, CA, USA) with dimen-
sions of 200 mm (both X and Y directions) by 250 mm
(Z direction) was used (Table 2). The specimens were
printed perpendicular to the surface of the fracture
test. After AM, the specimens were post-processed
for 30 min using a Wash and Cure system (Anycubic,
Shenzhen, China).

The mechanical properties of the manufactured
RNCs were compared to those of three commercially
available milling materials, namely, Real Fit (HASEM,
Daegu, Korea), which is polymethyl methacrylate
(PMMA), Lava Ultimate (3M ESPE, St. Paul, USA), and
Leucite glass ceramic containing Rosetta BM (HASS,
gangneung, Korea). The specimens for milling to the
same dimensions were designed using a comput-
er-aided design (CAD) program (SolidWorks; Dassault
Systemes, Waltham, MA, USA) and fabricated using
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a computer-aided manufacturing (CAM) milling ma-
chine (CORITEC 250i; imes-icore GmbH, Eiterfeld, Ger-
many).

For compression tests, 15 cylindrical specimens
with 6 mm diameter and 9 mm height were prepared
for each group. According to a statistical power anal-
ysis using G*Power (G*Power 3.1.9.2, Heinrich-Heine
University, Dusseldorf, Germany) based on the pilot
study (a = 0.05, power (1-f) = 0.95), the appropriate
number of specimens for the compression test was
15 per group. The size of the specimen was designed
by calculating the shrinkage according to the mixing
ratio. Next, the specimen surfaces were polished. Uni-
axial compression tests was performed with a univer-
sal testing machine (Model 5982 Instron; Norwood,
MA, USA) having a crosshead speed of 0.5 mm/min in
accordance with ASTM C1424-16. The elastic modulus
and compression data (yield strength and ultimate
strength) of the specimens were calculated from
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stress-strain curves.

For the fracture toughness tests, the appropri-
ate number of specimens was determined to be ~4.
However, considering other variables, the number of
specimens for these tests was set as 12. Twelve bar-
shaped specimens with a V-notch were produced for
each group (B5/P5, B6/P4, B6.7/P3.3) in accordance
with 1SO 20795-1.1¢ Since the control group was a
polymer without ceramic filler, the fracture tough-
ness was measured only for the test group (B5/P5,
B6/P4, and B6.7/P3.3). A single-edge V-notched beam
(SEVNB) technique was used to measure the fracture
toughness of the specimens. The tests were conduct-
ed using a universal testing machine (AGS-10kNX; Shi-
madzu, Kyoto, Japan) with a crosshead speed of 1.0
mm/min. The fracture toughness K, was calculated
using the following formula

Kic = % \/%[1.6 (%)1/2 —-26 (%)3/Z +123 (%)5/2 212 (%)7/2 +218 (%)9/2],

where P is the applied load; B is the width of the spec-
imen; a is the depth of the V-notch; W is the height of
the specimen.

The surface of the B6/P4 and B6.7/P3.3 specimens
was observed using scanning electron microscopy
(SEM, FEI Quanta FEG 250; Hillsboro, OR, USA) at mag-
nifications of 500X and 3000 X and energy dispersive
X-ray spectroscopy (EDS) analysis was performed to
compare elemental compositions.

Statistical analysis was performed using the SPSS
statistics program (IBM SPSS 23.0; IBM Corp., Armonk,
NY, USA). Normality and homogeneity of variance
tests of the measurements were performed through
Shapiro-Wilk and Levene’s tests. Because the data did
not satisfy either normality or homogeneity of vari-
ance, a Kruskal-Wallis test was performed, followed
by multiple Bonferroni comparisons. The statistical
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significance was analyzed at the 95% confidence in-
terval.

RESULTS

Table 3 lists the yield strength, ultimate strength,
and elastic modulus of the specimens. No statistical-
ly significant difference in the yield strength between
the BO/P10 and B5/P5 groups was observed (P = .433).
The mean yield strengths of the B6/P4 and B6.7/P3.3
groups were 106.18 = 8.29 and 150.23 * 13.46 MPa,
respectively, which were not significantly different (P
=.112). The B6/P4 and B6.7/P3.3 groups showed sig-
nificantly higher yield strength values than the B0/
P10 and B5/P5 groups (P <.05).

A statistically significant difference was observed
between the ultimate strength values of the control
group (BO/P10) and the other three test groups (P <
.05) but not between B5/P5 and B6/P4 (P =1.000), B5/
P5 and B6.7/P3.3 (P =.100), or B6/P4 and B6.7/P3.3 (P
=.115).

The difference in the moduli of elasticity of the B5/
P5 and B6/P4 groups was not statistically significant
(P =.750); these two test groups showed significantly
higher moduli of elasticity than the B0/P10 group (P <
.05). The B6.7/P3.3 group showed higher modulus of
elasticity than the B5/P5 and B6/P4 groups (P < .05).

According to a previous study,!” the yield strength
of PMMA for CAD-CAM is 130.67 MPa and the ultimate
yield strength is 289.7 MPa. The average modulus of
elasticity was reported to be 2.52 GPa. Therefore, all
experimental groups except B6.7/P3.3 showed lower
yield strength than that of PMMA. The ultimate yield
strength and modulus of elasticity measured for the
test groups were higher than those of PMMA in all
groups except BO/P10.

Figure 1 presents a box plot of the fracture tough-

Table 3. Results of yield strength, ultimate strength, and elastic modulus

Group Yield strength (MPa)  Ultimate strength (MPa)  Young’s modulus of elasticity (GPa)
Control BO/P10 85.47 £ 4.712 248.93 £ 58.192 2.19 + 0.262
B5/P5 83.38 £ 5.90? 343.49 + 25.13b 3.21 £0.17°
Experimental B6/P4 106.18 * 8.29° 345.11 + 16.83° 3.17 £ 0.25P
B6.7/P3.3 150.23 £ 13.46P 378.27 £ 30.97b 3.99 + 0.54¢

Different superscript lowercase letters indicate statistically significant differences (P <.05).
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ness of the samples fabricated in this study. There
is a positive Pearson correlation coefficient with in-
creasing fracture toughness as the content of barium
silicate increased (R = 0.582). In addition, the B6/P4
group showed statistically significantly higher frac-
ture toughness than the B5/P5 group (P <.05). How-
ever, no statistically significant difference was ob-
served in the fracture toughness between the B6/P4
and B6.7/P3.3 groups (P =.114).

4.00}-

200 =

Fracture toughness K (MPa-m'?2)

1 1 1

B5/P5 B6/P4 B6.7/P3.3

Glass filler / resin matrix ratio

Fig. 1. Box plot of fracture toughness (Kc) of experimental
RNC (MPa-m?2),
* indicates statistically significant differences (P <.05).

J Adv Prosthodont 2022;14:315-23

Figure 2 exhibited SEM images of the surfaces of the
B5/P5, B6/P4 and B6.7/P3.3 specimens at different
magnifications.

In the B5/P5 group, elliptical ceramic crystal aggre-
gates with a size of approximately 10 - 30 um (Fig. 2
A, D) were observed. In the B6/P4 group, these aggre-
gates were larger (30 - 50 um; Fig. 2 B, E). In contrast,
the microstructure of the B6.7/P3.3 group was uni-
form without clear distinction between the ceramic
crystal aggregates and polymer substrate. The images
at 500X and 3000 X magnification show that the bar-
ium silicate crystals are uniformly distributed in the
polymer matrix (Fig. 2 C, F).

Figure 3 presented the EDS results from the region
of the elliptical ceramic crystal aggregate of the B6/P4
group observed on the SEM images and the surround-
ing region. A higher distribution of Si and O elements
and a relatively lower distribution of C elements was
observed in the crystal area (selected area 1 in Fig.
2E) than in the surrounding area (selected area 2 in
Fig. 2E).

The B6.7/P3.3 group showed a uniform mixing pat-
tern on the SEM images; thus, EDS was performed
on the entire area. Figure 3C showed the EDS results
from the B6.7/P3.3 specimens. The figures reveal that
the B6.7/P3.3 specimen contained more Si and O and
less C than the than the B6/P4 specimen.

Fig. 2. SEM images of the B5/P5 (A, D), B6/P4 (B, E) and B6.7/P3.3 (C, F) specimens at magnifications X500 and X 3,000
respectively. Black arrows indicate the region of ceramic crystal aggregation.

https://jap.or.kr
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Fig. 3. Representative EDS spectra of variation elements (A) Area 1 in Figure 2E, (B) Area 2 in Figure 2E in B6/P4 specimen.
(C) Area 3 in Figure 2F in B6.7/P3.3 specimen. EDS, energy-dispersive x-ray spectroscopy.

DISCUSSION

As the compressive strength, elastic modulus, and
fracture toughness of the RNCs improved with an
increase in the barium silicate content, the null hy-
pothesis was rejected. The yield strength was higher
when the barium silicate content was more than 50%.
However, while the yield strength of B6/P4 specimens
was significantly higher than those of the B0/P10 and
B5/P5 specimens, it was similar to that of the B6.7/
P3.3 specimens. In the case of B6.7/P3.3 specimens,
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a polymer substrate was formed by increasing the
content of TEGDMA, a monomer with relatively low
viscosity. The composition of the resin matrix was ad-
justed to offset the decrease in flowability of the slur-
ry due to the increase in ceramic filler content.
Therefore, the increase in the ceramic filler content
as well as state of mixing of the slurry in which the
filler is homogeneously mixed with the matrix can af-
fect the improvement in the compressive strength of
the RNC. If the ceramic filler is not evenly mixed with
the resin, agglomeration occurs, and the filler content
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may have a weaker effect. In another pilot study, the
flowability of slurry was observed to rapidly decrease
when its viscosity increased above a certain level. Ini-
tially, we set the maximum ceramic filler content to
70% (rather than 67%), but the specimen could not
be successfully fabricated. Baumgartner et al.*> found
that the viscoelastic properties of ceramic slurry had
a strong relationship with its temperature. Dehurte-
vent et al.1® showed that the viscosity of the slurry
and the content of dry matter in it affected the me-
chanical properties of the manufactured specimens.
Johansson et al.’° studied the change in viscosity of
the slurry with the addition of different components.
However, an increase in the ceramic filler content to
improve the mechanical properties can hinder the
flowability.

The fracture toughness is an important mechani-
cal property of dental restorations as it indicates the
brittleness and elasticity of the material.?’ The RNCs
tested showed higher fracture toughness (K, = 2.81-
4,19 MPa-:m*?) compared to those of resins measured
in previous studies.?’?2 The reported elastic modulus
of Lava Ultimate, a commercial RNC, is 12.77 £ 0.99
GPa.z However, in this study, its elastic modulus was
observed to be relatively low (8.47 * 0.99 GPa). These
differences may be caused by the non-uniform shape
and high surface roughness of the specimens fabri-
cated in this study. According to Fischer et al.,** the
design of the notch affects the fracture toughness.
The top and bottom surfaces of the specimens should
be flat and parallel to each other for an accurate com-
pressive test. However, surfaces of the specimens
produced via AM were rough, and the accuracy of the
polishing process was relatively low compared to that
of milling. Therefore, it is not appropriate to directly
compare the relatively high fracture toughness values
obtained in this study with those of previous studies.
The B6/P4 and B6.7/P3.3 specimens showed higher
compressive strength than PMMA. The results of this
study agree with the observation that materials with
a relatively low strength and elastic modulus have
high fracture resistance?® and confirm the potential of
RNC for application in AM.

The fracture toughness of the B6.7/P3.3 specimens
was higher than that of the B5/P5 specimens. How-
ever, the fracture toughness of B6/P4 was not sig-
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nificantly different from that of the B5/P5 and B6.7/
P3.3 specimens. This indicates that in addition to the
barium silicate content, other conditions, such as the
microstructure, can affect the fracture toughness of
the RNC. Kruzic et al.?® proposed that depending on
the composition of ceramics, microstructures resist
fracture and fatigue progression through different re-
inforcing mechanisms. The SEM analysis results in-
dicated that elliptical clusters of the ceramic crystal
formed in the B6/P4 specimens. In this case, when
the ceramic crystal and polymer substrate were sep-
arated, the cracks propagated through the latter. In
contrast, the B6.7/P3.3 specimens effectively resisted
the propagation of cracks because the ceramic and
the polymer substrate were uniformly mixed and the
number of ceramic crystals was higher. Furthermore,
the fracture toughness values of the B6/P4 specimens
had a large spread, and therefore, no difference with
the B5/P5 specimens was observed. The reason for
this result was that the mixing of the ceramic crystal
and polymer substrate was not uniform. Therefore, it
is necessary to develop a more suitable material con-
dition considering not only the ratio of the filler to the
polymer but also the changes in composition, viscosi-
ty, and type of additives.

As mentioned earlier, oval-shaped ceramic crystal
aggregates of approximately 30 - 50 um size were ob-
served in the B6/P4 specimens, and their elemental
composition (via EDS) was distinct from that of the
rest of the region. Carbon contents in the aggregates
and the rest of the region were 27% and 48%, respec-
tively, which confirm that the dominant constituent
was the polymer matrix. In contrast, Si and O, which
are the constituents of the glass ceramic, were largely
observed in the aggregates. Unlike in the B6/P4 spec-
imens, the ceramic crystal and polymer substrate in
the B6.7/P3.3 specimens were mixed homogeneously.
Moreover, high Si and O contents and low C content
were observed across the entire region in the B6.7/
P3.3 than B6/P4 specimens. Although the difference
in the fracture toughness between B6.7/P3.3 and B6/
P4 was not statistically significant, it is believed that
the low standard deviation of the B6.7/P3.3 group
could be due to this uniformity.

In general, the polymerization shrinkage of a pho-
topolymerizable resin is affected by the filler content.
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When the filler content exceeds 80%, the shrinkage
rate considerably decreases to approximately 0.1%.%"
In contrast, the shrinkage rate is approximately 1.5 -
1.9% when the filler content is 70 - 75%.%8 As the filler
content in this study was approximately 60 - 67%, a
shrinkage of approximately 2 - 3% could be expect-
ed. In addition, the polymerization shrinkage rate de-
pends on the uniformity of the slurry. In addition to
the shrinkage that occurs during the curing of RNCs,
AM also results in relatively high shrinkage owing to
the building procedure and post-polymerizing pro-
cess and the low thickness of the layer.??

As a limitation of this study, it was not possible to
analyze the effect of the resin matrix composition
to improve the flowability, and various treatments
such as the stirring method or application of a disper-
sant to obtain a uniform slurry were not considered.
In particular, this in vitro study confirmed only basic
mechanical properties according to AM conditions
by limiting the study of the mechanical properties to
basic specimen shapes. Therefore, further research
on the optical properties of the composite should be
investigated in the future, and additional studies on
the physical properties and precision of the RNC pro-
duced by AM for samples with complex three-dimen-
sional shapes such as real prostheses will be valuable.

CONCLUSION

Within the limitations of this in vitro study, the follow-
ing conclusions can be drawn. Only B6.7/P3.3 group
showed higher yield strength than PMMA, but ulti-
mate yield strength and modulus were higher than
PMMA in all groups except polymer BO/P10 only. The
fracture toughness tends to increase as the content
of the ceramic filler increases, but this may be ac-
companied by a decrease in the flowability and ho-
mogeneity of the slurry. Changes in the resin matrix
composition can offset flow degradation, but can also
affect mechanical properties. Therefore, since it is im-
portant to increase the content of ceramic fillers with
guaranteed flowability and homogeneity of the slurry
for AM for RNC, additional research on slurry prepara-
tion such as stirring method or dispersant application
is required.
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