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Although efforts have been put into the research in polymer-infiltrated ceramic network
composites (PICNs), data are needed to understand the relationship between surface
roughness and flexural strength. In this work, a novel dental restorative composite
was fabricated via infiltrating mixtures of Bis-GMA/TEGDMA and UDMA/TEGDMA into
partially sintered porous sodium aluminum silicate blocks and curing. Bars with different
surface conditions were produced by sanding with abrasive and polishing. Flexural
strength was measured using three-point-bending. Scanning electron microscopy
(SEM) was employed to observe the microstructure of surface areas. One-way analysis
of variance was applied for statistical calculations, with p < 0.05 being considered
significant. Weibull plots were used to evaluate the reliability of flexural strength. The
results demonstrated that the flexural strength of the resultant composites was affected
by the scratch direction and the value of roughness. The flexural strength increased
with decrease of surface roughness. A higher strength value was found for parallel
types than for vertical types with nearly the same surface roughness. A large roughness
value and a scratch direction perpendicular to tensile stress produced a low Weibull
modulus. Of particular importance with this work is that these factors should be taken
into consideration when using PICNs as dental restorative composites.

Keywords: polymer infiltrated ceramic network composites, mechanical properties, dental composites,
CAD/CAM blocks, crack bridging

INTRODUCTION

Increased demand for dental restorative materials with high mechanical properties and esthetic
performances leads to the extensive use of ceramics (Denry and Kelly, 2008; Miyazaki et al., 2013;
Liet al., 2014) and composites (Moszner and Salz, 2001; Mitra et al., 2003; Klapdohr and Moszner,
2005; Ferracane, 2011; Acar et al., 2016; Alharbi et al., 2017). Ceramics possess excellent esthetic
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performance and high flexural strength, hardness, and elastic
modulus in comparison with resin composites. However, the
hardness and elastic modulus are so much higher than that of
natural enamel and dentin, which lead to the wear of the natural
tooth, such that these kinds of materials were even not suggested
to be used in areas of crowns (Moszner and Salz, 2001; Mitra et al.,
2003; Klapdohr and Moszner, 2005; Ferracane, 2011; Lawson
et al., 2014; Acar et al., 2016; Alharbi et al., 2017). Furthermore,
it is difficult to machine thoroughly sintered ceramics because of
the ultra-high hardness.

Composites are classified into filled composites and polymer-
infiltrated ceramic network composites (PICNs) according to
processing characteristics. Filled composites are fabricated by
adding inorganic particles to polymerizable monomers and
curing. For filled composites, the polymer is continuous phase,
while inorganic particles are dispersed into that phase (Klapdohr
and Moszner, 2005). Early dental restorative composites were
all filled composites. Because of low flexural strength, hardness,
and modulus of filled composites, they are mainly used as
adhesives and direct restorative materials. PICNs are prepared
via infiltrating polymerizable monomers into porous ceramic
networks (He and Swain, 2011; Swain et al., 2016). The
corresponding porous ceramics are mainly partially sintered
under a lower temperature and with a shorter holding time
in case of the formation of dense ceramics. Differently from
filled composites, PICNs are composed of two inter-penetrating
phases, i.e., polymer and porous ceramic networks. The effects
of the characteristics of inorganic particles and inorganic/organic
ratios on mechanical properties have been thoroughly examined.
The conclusion was that the hardness and elastic modulus of
the resultant composites increased with the increase of inorganic
particle loading.

Polymerization shrinkage and low degrees of conversion (DC)
are two factors that limit the performance of direct restorative
composite. As monomers are converted into polymers, covalent
bonds are created from Van der Waals band causing a volume
reduction. Reduction of DC and polymerization rate may be
beneficial to decreasing polymerization shrinkage, but both have
drawbacks. A low DC may cause a substantial compromise
of mechanical properties (Ferracane and Greener, 1986). An
effective approach is soft-start curing, hypothesized to decrease
polymerization rate without compromising other properties
(Rueggeberg, 2011). However, several studies showed that soft-
start curing often resulted in the reduction of mechanical
properties (Feng and Suh, 2006; Silva Prezotto et al., 2018).
Furthermore, the DC of light-cured direct restorative composites
is low and decreases with increase of depth and addition of
inorganic fillers (Aljabo et al., 2015).

With the developments of material process technology, high
particle loading filled composites and PICNs were fabricated
and launched by manufacturers. These composites are used as
CAD/CAM blocks, the same as ceramics. Lava Ultimate (filled
composites) and VITA ENAMIC (PICNs) were launched by 3M
ESPE in 2012 and VITA in 2013, respectively (Thornton, 2014).
The mechanical properties of PICNs are more similar to that of
the natural tooth. Of particular significance will be to develop
novel PICNs and their unique mechanical behaviors.

Dental materials are used in complex oral environments, so
it is necessary to pay attention to the specific service state (real
service state) and explore their properties accordingly. Though
PICNSs possess high flexural strength, the restoration could fail at
an early age because of the developing roughness. The increasing
roughness may be caused by insufficient polishing during
restoration and by the wear in oral environment. However,
little information is available about the effects of roughness and
defect dimensions on the flexural strength of dental restorative
composites. Therefore, knowledge about how surface roughness
and scratch directions affect flexural strength is necessary to
improve the usage of composites. Clinicians should take into
consideration that PICNs may be susceptible to surface roughness
and scratch directions perpendicular to tensile stress.

The null hypothesis was that surface roughness and defect
direction have equally decreasing effects on the flexural
strength of composites.

MATERIALS AND METHODS

Materials

The raw materials used in this study were sodium aluminum
silicate (SIPERNAT 820A, Degussa AG, Germany), Bis-GMA,
UDMA, TEGDMA (Aladdin Reagents Company, Shanghai,
China), and BPO (J&K Scientific, Ltd.).

Specimen Preparation

Sodium aluminum silicate powder was compressed into blocks
using a steel mold 30 mm in diameter with a pressure of
3 MPa and a holding time of 3 min. Then, the blocks were
subjected to isostatic cool pressing with a pressure of 220 MPa
and a stay time of 2 min. Finally, the blocks were sintered
at 700°C with a heating rate of 5°C/min and a preservation
time of 2 h. Partially sintered porous blocks were infiltrated
with Bis-GMA/TEGDMA (with a mass ratio of 50/50) and
UDMA/TEGDMA (with a mass ratio of 80/20), respectively, and
cured at 70°C for 8 h. Dibenzoylperoxide, BPO (J&K Scientific,
Ltd.), was used as the thermoinitiator. Two PICNs were obtained,
ie., Bis-GMA/TEGDMA-infiltrated PICNs (PICN BTC) and
UDMA/TEGDMA-infiltrated PICNs (PICN UTC).

A precision cutting machine loaded with a diamond saw was
used to cut the bending bars (2.2 mm x 2.2 mm x 20 mm,
n = 15) from corresponding composite blocks. Three groups of
bars (2 mm x 2 mm x 20 mm, with different roughness) for
each material were fabricated by sanding the bars with 400# and
1500# abrasive papers and polishing with a 0.5-um diamond
suspension. Two scratch directions were exerted on each group,
i.e., perpendicular and parallel to the bending span.

Mid-infrared Spectroscopy Tests

Fourier transform infrared spectroscopy were often used to
characterize the conversion degree of dental composites. The
Bis-GMA/TEGDMA and UDMA/TEGDMA monomers cured at
70°C for 8 h were tested with uncured monomers as control
using mid-infrared spectroscopy. As for the Bis-GMA/TEGDMA
group, there are peaks of around 1,608 c¢cm~! (aromatic
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C-C) and 1,637 cm~! (aliphatic C=C) for both mid-infrared
spectroscopies. As for the UDMA/TEGDMA group, there are
peaks of around 1,537 cm~! (N-H) and 1,637 cm™! (aliphatic
C=C). The 1,608 and 1,537 cm~! peaks remain constant
before and after polymerization, serving as internal standards.
The percentage of unconverted C=C bonds was calculated by
comparing the intensity of the aliphatic C=C peak at 1,637 cm ™!
and the reference peak of polymer and monomer. DC were
calculated from the results of both mid-infrared spectroscopies
according to the following formula:

[aliphatic (C=0) / reference]
[aliphatic (C = C) /reference]

polymer

1

%conversion = 1 —
monomer

Surface Roughness Testing

Roughness tests of sanded and polished specimens were
performed using a profilometer (DektakXT, Bruker, Germany).
The measurement was assessed with a scan length of 300 wm and
a scan time of 7 s. The test direction was perpendicular to the
scratch. Arithmetic mean deviation (Pa) and root mean square
deviation (Pq) were calculated automatically by the system.

Flexural Strength Testing
The testing of flexural strength was carried out with a universal
test machine (Shimadzu, EZ-100, Japan) in a three-point bending
format. The maximum stress at fracture was calculated by the
equation:

3FI

Where F is the maximum load at the point of fracture, [ is the
distance of the roller span (here I = 10 mm), b is the width (here
2 mm), and A is the height (here 2 mm) of the specimen. The
loading speed was 0.75 mm/min.

Vickers hardness and elastic modulus were calculated from
10 nano-indentations for each PICN. The nano-indentations

were carried out with a fixed depth of 1,000 nm using a nano-
indentation tester (M TS, Keysight, G200, America).

Observations of Surface and Inner
Micro-structure

Five Vickers indentations with a maximum load of 5 kg were
exerted to highly polished surfaces of two PICNs and the dense
ceramic counterparts using a hardness tester (Wilson Hardness,
America). The samples were observed using SEM (XIGMA
HD Zeiss, Germany). Sodium aluminum silicate particles were
observed using a transmission electron microscope (TEM). The
characteristics of the cracks were compared, and the reinforcing
mechanism of PICNs was evaluated.

Statistics

Flexural strength results were evaluated using single-factor
ANOVA by SPSS with respect to 95% confidence interval.
The flexural strength values were also analyzed using Weibull
statistics according to the equation:

lnln(l/(l—Pi)):mlnc—mlnco (3)

Where o is flexural strength, o is the scale parameter or
characteristic strength, and m is the Weibull modulus. P; is the
probability of failure, calculated according to the equation:

Pi=(i—0.5)/N (4)

where i is the ith sample, and N is the whole number of the
samples in each group.

RESULTS

Degree of Conversion
Figure 1 shows the FTIR spectra of the Bis-GMA/TEGDMA and
UDMA/TEGDMA monomers before and after polymerization.
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FIGURE 1 | Mid-infrared spectroscopy of uncured and cured pure resin. (A) Bis-GMA/TEGDMA, (B) UDMA/TEGDMA.
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After polymerization, decreases of the C=C peak (around
1,640 cm™!) were notably observed in both FTIR spectroscopy.

The calculated DC values from the FITR results of Bis-
GMA/TEGDMA and UDMA/TEGDMA are listed in Table 1.
Both indicated a high polymerization degree.

Transmission Electron Microscope

Observations of Inorganic Particles

The TEM observations (Figure 2) show the nano-cluster
characteristic of the inorganic component. Each individual
particle appeared to be spherical, with an average diameter of
less than 100 nm.

Macroscopic and Microscopic

Photographs of Two PICNs

Figure 3 shows the photographs and SEM images of two PICNSs,
i.e.,, PICN BTC and PICN UTC. PICN UTC exhibited a higher
transparency than PICN BTC. For PICN UTC, the background
could be seen clearly through the composite. PICN BTC showed
a translucent characteristic with a low light transmittance and an
opalescent appearance.

The Mechanical Properties of Two PICNs
The mechanical properties of two PICNs are listed in Table 2.
There were no significant differences between each other.

The SEM Micrographs of Composites’

Surface

The SEM micrographs (Figures 4a-f) of the composites’ surfaces
reveal evident unidirectional scratches (Figures 4a,b,d,e) after
grinding with abrasive papers and smooth surfaces (Figures 4c,f)
after polishing.

TABLE 1 | Degrees of conversion (DC) of Bis-GMA/TEGDMA and
UDMA/TEGDMA specimens.

Monomer mixture Bis-GMA/TEGDMA UDMA/TEGDMA

Calculated DC (%) 81.7

Surface Roughness Values

The average roughness values of sanded and polished samples
are presented in Table 3. The arithmetic mean deviation (Pa)
and root mean square deviation (Pq) of PICN BTC varied
from 11.5 & 7.9 to 828.8 £ 127.6 nm and from 14.2 + 9.4
to 1,016.8 & 149.5 nm, respectively. Those two values of PICN
UTC varied from 18.7 & 17.1 to 984.1 &+ 238.2 nm and from
23.7 £ 20.9 to 1,195.8 & 276.9 nm, respectively. Slightly higher
surface roughness values were produced for PICN UTC even for
the same sanding or polishing procedure.

Comparison of Flexural Strength

The results of the flexural strength are shown in Figures 5A,B.
The flexural strengths of PICN BTC varied from 83.37 & 9.45

to 140.24 £ 7.65 MPa, while that of PICN UTC varied from

108.71 £ 9.25 to 156.26 £ 9.52 MPa.

Weibull Plots of Flexural Strength

Weibull plots of flexural strength are shown in Figures 6A,B.
The Weibull modulus showed an increasing trend with decrease
of surface roughness for both PICN BTC and PICN UTC.
A high Weibull modulus indicated a centralized degree of flexural
strength values.

Crack Propagation Observation of

Ceramics and Two PICNs

The indentation areas of ceramics and two PICNs at an
indentation load of 50 N are shown in Figure 7. For ceramics,
crack propagation from indentation diagonals was observed
clearly (Figures 7a,b). For two PICNs, no cracks emanating
from the diagonals were observed. Cracks could only be found
under diamond indenter (Figures 7c,e). For the cracks under
diamond indenter induced in the high-gloss-polished surfaces of
two PICNS, crack bridging phenomenon was observed.

DISCUSSION

Dental composites have been developed rapidly in recent
years. Ferracane (2011) gave a thorough classification about

FIGURE 2 | Microstructures of sodium aluminum silicate nano-clusters. (@) TEM observations of the inorganic component. (b) Zoomed-in view of A.
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FIGURE 3 | Micro-structures and sample photographs of two PICNs. (a,c) PICN BTC, (b,d) PICN UTC.

TABLE 2 | Mechanical properties of two polymer-infiltrated ceramic network
composites (PICNs).

Flexural Elastic Vickers
strength modulus hardness
(MPa) (GPa) (GPa)
PICN BTC 140.24 + 7.65 18.69 + 2.02 1.198 £ 0.090
PICN UTC 156.26 + 9.52 18.93 £ 2.07 1.209 £ 0.097

conventional dental composites based on the characteristics of
inorganic fillers. In the present study, a novel dental composite
was fabricated, with its properties being evaluated. This novel
composite was of a special structure. The TEM micrographs
(Figures 2a,b) indicate sodium aluminum silicate with a nano-
cluster structure. Bis-GMA-based and UDMA-based composites
are two main contemporary restorative options in either direct
composite restorations or CAD/CAM composite blocks, and Bis-
GMA/TEGDMA and UDMA/TEGDMA resin systems were used
in this study. As for this novel restorative composite, the DC
value can reach a very high level via thermal polymerization
(Aljabo et al., 2015).

The ceramic components used in this work were different
from the irregular micron ones used in VITA Enamic. As could be
observed in Figure 2, the inorganic components are nanoclusters.
Silica/zirconia nano-clusters have already been used as fillers

in Lava Ultimate, with a high flexural strength obtained. Due
to the characteristics of the particles, there is a complete
infiltration of the monomer mixture into the partially sintered
blocks. SEM observations of PICNs microstructure indicate
the thorough infiltration of polymer (Figures 3a,b). Increasing
demands for esthetic restoration led the manufacturers to provide
restorative composites with an appearance similar to that of
natural tooth. Color match and transparency are two important
criteria in esthetic dentistry. PICN BTC (Figure 3c) and PICN
UTC (Figure 3d) exhibit an opalescent appearance and a high
translucent characteristic, respectively. These performances are
desirable, as they provide the ability to formulate a large range
of colors to mimic the natural tooth. A highly translucent
characteristic makes it resemble the appearance of natural
enamel. The higher light transmission of PICN UTC than PICN
BTC may be attributed to the close match of the refractive indices
between silica and UDMA. Shade matching is a frustrating
clinical process for direct light-cured restorative composites, as
there exists color changes as a result of polymerization (Lee et al.,
2003). Because of in vitro polymerization of PICNs, the color
of dental composites is fixed and stabilized before restoration,
and it does not pose the problems of color changes caused
by polymerization.

As reported (Sakaguchi and Powers, 2012), the flexural
strength, elastic modulus, and hardness of natural enamel
were 60-90 MPa, 60-120 GPa, and 3-6 GPa, respectively;
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400# sanded PICN UTC. (e) 1500# sanded PICN UTC. (f) Polished PICN UTC.

FIGURE 4 | Microstructures of sanded and polished surfaces of composites. (a) 400# sanded PICN BTC. (b) 1500# sanded PICN BTC. (c) Polished PICN BTC. (d)

TABLE 3 | Surface roughness values of sanded and polished samples.

Material 4004# sanded 15004# sanded Polished

Pa (nm) Pq (nm) Pa (nm) Pq (nm) Pa (nm) Pq (nm)
PICN BTC 828.8 + 127.6 1,016.8 £ 149.5 138.6 £ 64.6 1722 £87.6 11.5+79 142+9.4
PICN UTC 984.1 + 238.2 1,195.8 £ 276.9 325.5 £ 143.2 395.5 + 162.1 18.7 £ 171 23.7 £20.9

those values of natural dentin were 245-280 MPa, 18-24 GPa,
and 0.13-0.92 GPa (Mahoney et al, 2000). The mechanical
properties of two PICNs are listed in Table 2. The flexural
strength values (140.24 and 156.26 MPa) of two PICNs were
between that of natural enamel and natural dentin. The high
flexural strength of PICNs may be attributed to the unique

structure of this kind of material. The tested Vickers hardness
values were 1.198 and 1.209 GPa, respectively, very close to
that of natural dentin (0.13-0.92 GPa). The elastic modulus
(18.69 and 18.93 GPa) of these two PICNs resembles that of
natural dentin (18-24 GPa). It is the goal of dental material
research to achieve a similarity of the mechanical properties of
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restorative materials to that of natural enamel and dentin. The
characteristics of moderate hardness and elastic modulus may be
of considerable advantage, as the wear of the antagonist could
be avoided.

Dental restoration involves many processes. The processing
procedures during clinical adjustment, i.e., cutting, machining,
grinding, polishing, sandblasting, etc., could have potential effects
on the loss of strength (Al-Haj Husain et al., 2016; Curran et al.,
2017; Hatanaka et al., 2017; Mohammadi-Bassir et al., 2017).
Dental restorative materials are adjusted in the complicated oral
environment. The surface roughness of dental materials could
be affected by physical and chemical factors such as wear, food,
tooth brushing, and temperature change (Da Costa et al., 2010;
Heintze et al., 2010; Roselino et al., 2013, 2015; Kamonkhantikul
et al., 2016). Previous studies showed that many factors could
induce the increase of surface roughness which could decrease
the flexural strength of restorative composites (Da Costa et al.,

2010; Coldea et al., 2013; Belli et al., 2014; Al-Harbi et al,
2017). The composites used for CAD/CAM must be shaped to
a final size via material removal before being adjusted to the
areas to be restored. Sanding with abrasive paper may be an
available method to produce unidirectional scratches, as shown
in Figures 1C,D,EG. Sanding the samples with different abrasive
paper and polishing could produce a significantly different
surface roughness at p < 0.05 (Table 1). For either vertical
types or parallel types, the flexural strength increased with the
decrease of surface roughness. The source of failure may be
located at the extrinsic defects (flaws or surface cracks) in the
unidirectional scratches.

The flexural strength values were compared among groups
of different roughness values and defect directions. The
null hypothesis was rejected as significant differences were
observed for the same surface roughness values with different
defect directions.
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As for PICN BTC, the effects of roughness and scratch
directions on flexural strength could be observed. When the
samples were sanded with 400# abrasive paper, there were
no significant differences (p = 1) between vertical types
and parallel types. When the samples were sanded with
1500# abrasive paper, the flexural strength of parallel types
(131.77 £ 7.28 MPa) was significantly higher than that of vertical
types (106.95 & 11.93 MPa) at p < 0.05. There were even no
significant differences between that of samples sanded with 1500#
abrasive paper (parallel type) and that of thoroughly polished
samples, although the roughness of the former (Pa = 311.86 nm
and Pq = 366.89 nm) is obviously larger than that of the latter
(Pa = 11.76 nm and Pq = 17.71 nm). As for PICN UTC,
similar effects could also be observed. The scratch directions of
sample surfaces could affect the flexural strength significantly
for both 400# and 1500# abrasive paper-sanded samples at
p < 0.05. The differences between the flexural strength of
samples sanded with 1500# abrasive paper (parallel type) and
that of polished samples could also be seen as significant at
p = 0.009.

There was an increasing trend of Weibull modulus with the
decrease of surface roughness (Figure 3). A low Weibull modulus
indicates that there exists a big variation in surface appearance
and an inhomogeneous microcrack density as suggested in
some research in zirconia (Luthardt et al., 2002; Wang et al.,
2008; Hatanaka et al., 2017). Sanding with higher-mesh abrasive
papers or polishing could contribute to less and homogeneous
microcrack dentistry, leading to higher values of Weibull
modulus or a lower scatter of flexural strength values. According
to the Weibull plots of flexural strength (Figure 6), the reliability
of dental composites could be increased via thorough polishing.

No previous investigations were found in literature about the
effects of scratch direction on flexural strength. The observations
from this study suggest that this factor plays an important role in
the flexural strength of dental composites. The flexural strength
of parallel types was significantly higher than that of vertical
types, with nearly the same surface roughness for most of the
data. There existed more micro-cracks perpendicular to tensile
stress, leading to the fracture of materials at a relatively low
stress for vertical types. The Weibull modulus values were higher
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for parallel types than for vertical types even with nearly the
same surface roughness. These results indicate that the failure
of restorative composites occurs with a high probability in the
direction perpendicular to the force for the same roughness value.

The mechanical properties are all attributed to the unique
structure. The reinforcing mechanisms of PICNs were observed
by comparing the crack propagation to that of dense ceramic
after indention (Figure 7). The crack bridging observed in
PICNs indicates an enhanced resistance to crack propagation.
This performance was also interpreted as R-curve (resistance
curve) behavior (Swain et al., 2016). In PICNs, the constituent
ceramic phase and polymer phase are mutually interconnected
with each other in a three-dimensional topological structure. This
unique structure enables the reinforcement phase to distribute
stresses introduced to PICNs. Polymer, which plays the part of the
reinforcing phase, offers effective resistance to crack propagation
via crack bridging. This structural feature endows PICNs with an
insensitive property to microcracks.

CONCLUSION

This paper has focused on the fabrication of a novel restorative
composite and its characterization. The effects of surface
roughness on the flexural strength of experimental PICNs were
evaluated. The surface with different roughness values were
produced by sanding with abrasive paper and polishing. The
results indicated that both the surface roughness value and
scratch directions affected the flexural strength. A large roughness
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