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Abstract

The aim of this study was to evaluate the degree of conversion (DC), Vickers micro-
hardness (VHN), main components and surface properties of a microhybrid and two
bulk-fill composite resins polymerized with second and third generation light emit-
ting diodes (LED). Sixty cylindrical specimens of Filtek™ Bulk-Fill, everX Pos-
terior (bulk technique) and Filtek Z250 (incremental technique) were prepared in
plexiglass molds (5 mm in diameter and 4 mm in thickness) and cured with second-
generation LED (Woodpecker LED.B) and third-generation LED (Valo) resulting in
six groups (n=10). DC was determined using Fourier transform infrared spectros-
copy (FT-IR), and VHN with Vickers microhardness tester. The main components
were identified by means of energy-dispersive X-ray spectroscopy (EDX) microanal-
ysis; whereas filler particles and surface properties were analyzed by scanning elec-
tron microscopy (SEM). VHN and DC data were analyzed using two-way ANOVA,
followed by t-test with Bonferroni correction for pairwise comparison (p <0.05).
When DC and VHN values were evaluated, after polymerization with second and
third generation LED, there was a statistical difference in bulk-fill composites, while
there was no statistical difference in microhybrid composite. While, the highest DC
and VHN values were obtained after polymerization of Filtek Z250 with Valo, the
lowest DC and VHN values were obtained with Filtek Bulk-Fill with Woodpecker
LED.B. The degree of conversion and microhardness are affected by the structure of
the composite resin and LEDs.
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Introduction

Resin-based composites (RBCs) are widely used in dentistry, such as filling
material for the anterior and posterior region, endodontic post and core material,
and bonding material for indirect restorations [1, 2]. RBCs contain a polymeric
matrix, a silane coupling agent, and filler particles, as well as minor additional
components such as initiators, coloring pigments, and stabilizers, and are polym-
erized in a variety of ways. Many factors affect the photopolymerization of light-
cured RBCs, such as the type of light-curing unit (LCU), illumination parameters
(light exposure time and density), photoinitiator system, monomers, and fillers [3,
4].

Along with developments in RBCs, there have also been developments in LCU
used for polymerization. Light emitting diode (LED) LCUs have replaced quartz-
tungsten-halogen (QTH) today. Second Generation LED, which offers uniform
and homogeneous polymerization and better polymerization with extra strong
light intensity, and third generation LED, which is also efficient for photoinitia-
tors other than camphorquinone due to their wide wavelengths, have been intro-
duced. While, it was thought that approximately 40 s of exposure to curing light
would be required for complete polymerization, LCUs have been developed that
require only 5 s of exposure as a result of recent developments [5]. The manufac-
turers have focused on increasing the curing efficiency of RBCs through changes
in duration, irradiation intensity, and curing mode, maintaining the claim that
adequate polymerization can be achieved at short exposure times (5 s or less) at
high irradiance [6].

The incremental technique, which is based on the oblique or horizontal
placement of conventional 2 mm composite layers, is advantageous in terms of
reducing polymerization shrinkage, although it has disadvantages such as time
consumption, contamination, and risk of gaps between layers [7]. In order to
eliminate the disadvantages of the incremental technique, bulk fill composites
placed in layers of 4 mm or more have been developed. There are different fillers
(for example, prepolymer particles and fiberglass rods), photosensitive materials,
and more reactive photoinitiators to increase the depth of polymerization in bulk
fill composites. In addition, the inorganic filler ratio is generally lower than con-
ventional RBCs, but the larger size of the fillers is also effective in increasing the
depth of polymerization [5, 8].

In addition, nowadays, short treatment time is very important for clinicians and
patients. For this reason, bulk fill composites are gaining popularity in terms of
use. The fact that third generation LED provides polymerization with high light
intensity in a short time is also effective in saving time. However, the frequency
of use of second generation LED for photopolymerization and microhybrid com-
posites as composite resins in dentistry cannot be ignored.

In dimethacrylate-based resins, photopolymerization is triggered by free
radicals produced by irradiation of a photosensitive initiator. Under the action
of the initiation system, the crosslinking reaction begins, and the C=C double

@ Springer



Polymer Bulletin

bonds are converted into C—C single bonds to form a polymer. The percentage of
polymerizable double bonds converted to single bonds is indicated by the degree
of conversion (DC) [9]. The major clinical problems for light-cured RBCs are
the DC and polymerization qualities. It has been stated that DC is directly
related to the physical and mechanical properties of RBCs, such as hardness,
strength, color changes, solubility, and biocompatibility [6, 10]. DC is affected
by factors such as organic matrix chemistry, filler type, dispersion, photoinitia-
tors used, light intensity, exposure time and mode, and light tip size [11]. The
DC of RBCs generally varies between 43 and 75%, depending on the content,
light intensity, and exposure time [12].

Fourier transform infrared spectroscopy (FT-IR) is widely used as a reliable
method to study DC by detecting C=C double bonds before and after polym-
erization of the RBCs. Many studies have used scanning electron microscopy
(SEM) and FT-IR to evaluate the surface properties and DC of composites
[12-15].

Microhardness is a mechanical property that should always be considered
when comparing restorative materials, especially in areas subject to high chew-
ing forces. In addition, microhardness is a useful method for determining the
degree of polymerization for RBCs [16].

This study aims to evaluate the effect of the use of second and third genera-
tion LED on the DC and microhardness of two bulk-fill and a microhybrid com-
posites, as well as to evaluate the surface properties and components of fillers
with SEM and energy dispersive X-ray spectroscopy (EDX).

Materials and methods

In this study, two bulk-fill RBC; Filtek Bulk Fill (3 M ESPE, USA) (FBF group) and
everX Posterior (GC Corporation, Tokyo, Japan) (EXP group) and a microhybrid
composite Filtek Z250 (3 M ESPE, USA) (Z250 group) and 2 LED-units;
Woodpecker LED.B (Guilin Woodpecker Medical Instrument Co, Guilin, China)
and Valo (Ultradent Products Inc., South Jordan, USA) LCU were used (Table 1).
For microhardness and FTIR analysis, 60 cylindrical specimens (n=10) were
prepared from each material using 5 mm diameter x4 mm thick plexiglass molds
and 18 cylindrical samples (n=3) for SEM analysis. EXP and FBF were placed in
bulk (4 mm), and for the Z250, two consecutive horizontal increments of 2 mm each
were placed using a plastic instrument according to the manufacturer’s instructions.
Thirty of the samples were filled in a plexiglass mold placed on a celluloid strip and
on a glass slide, and light cured for 20 s using the second generation LED curing
light (LED.B) with soft-start mode, and the other thirty of the samples using the
third generation LED curing light (Valo) for 12 s with high power mode [17]. Then,
the samples were immersed in distilled water solution in plastic bottles and stored in
an incubator at 37 °C for 24 h. DC was determined using FT-IR, and microhardness
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Fig. 1 The schematic diagram
of the study
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was tested using a Vickers microhardness (VHN) tester. The schematic diagram of
the study is shown in Fig. 1.

Determination of the DC

A Fourier transform-infrared spectroscope (Nicolet™iS™5, USA) operating
at 400—4000 cm™! was used to measure DC. FT-IR spectra of both cured and
uncured samples were analyzed using an accessory for diffuse absorption. Meas-
urements were recorded as absorbance values. The number of double carbon
bonds converted to single bonds provides the DC% of the RBCs. The percentage
of non-reactive carbon—carbon double bonds (C=C%) was determined from the
ratio of the absorbance density of aliphatic C=C (peak at 1637 cm™!) to aromatic
C-C (peak at 1608 cm™!). DC was determined according to the following equa-
tion [2].

(1637 cm™! /1608 cm™!) cured
DC=|1- x 100
(1637 cm~! /1608 cm~") uncured

Microhardness test
For the microhardness values of the RBCs, a load of 300 g was applied through

the Vickers indentation for 15 s with a digital microhardness tester (Shimadzu
HMV-M3, Kyoto, Japan). Measurements were made from different regions of
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the top surfaces of each sample, and the average of the five measurements was
calculated.

SEM and EDX analysis

SEM photographs were taken from randomly selected samples from each group.
Samples were plated with gold (Quorum Q150R ES, Quorum Technologies, UK)
and evaluated by SEM (Zeiss EVO MA10, Zeiss, Germany). The entire surface
of the sample was scanned, and the most representative areas showing structural
surface changes were photographed from 20 um areas at 500x magnification and
2 um areas at Skx magnification with an accelerating voltage of 10 kV. To evalu-
ate the chemical composition and surface structure, randomly selected samples
from each group were examined with an EDX (EDX, Inca, Oxford Inst.) system
for surface elemental analysis.

Statistical analysis

The data obtained from the present study were evaluated with the SPSS 22.0 (Sta-
tistical Package for Social Science Version: 22) program. For evaluation of the data,
Kolmogorov-Smirnow and the paired sample ¢ test were used. VHN and DC data
were analyzed using two-way ANOVA, followed by #-test with Bonferroni correc-
tion for pairwise comparison. p-values equal to or less than 0.05 were considered
statistically significant.

Results
Degree of conversion

Among all groups, the highest DC% was observed in the Z250, which was cured
with Valo, while the lowest DC% was observed in the FBF, which was cured
with Woodpecker LED.B. In addition, there was a statistically significant dif-
ference in terms of DC% in both EXP and FBF cured with Valo and Wood-
pecker LED.B (p <0.05), while there was no significant difference in the Z250
(p>0.05).

The mean DC% results obtained for the composites are also shown in Table 2 and
Fig. 2. FT-IR plots for uncured and cured composites with different LEDs are shown
in Fig. 3.

Microhardness

The highest VHN value among all groups was observed in the Z250, which
was cured with Valo. The lowest VHN value was observed in the FBF cured
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Table 2 The mean DC % results obtained for the RBCs

Composite/ light units EXP FBF 7250
Mean DC%
Woodpecker LED.B 60.15+3.824# 46.78 £3.907° 65.11+£3.214¢
Valo 66.24 +2.9482 56.29 +3.498° 68.63 +4.4242
VHN values
Woodpecker LED B 52.84+2.34%4 44.76 +£2.37A° 61.81+£2.924¢
Valo 56.19+2.7384 49.50+1.978° 62.24 +3.86™¢

Different capital letters represent the difference in columns, and different lowercase letters represent the
difference in the line

The significance level was accepted as p <0.05

70
' Woodpecker LEDB ' Woodpecker LED.B
a|vao |vao
0
y A ~ B
o v o v
Exp FBF 2% Exp FBF 2%

Fig.2 The mean DC % (A) and VHN (B) results obtained for the RBCs

8 8 &8 8 8 3
8 &8 &8 8 8

B
B

with Woodpecker LED.B. In addition, for both EXP and FBF, there was a
statistically significant difference between the samples cured with all second
and third generation LED, while there was no significant difference in the Z250
(p>0.05).

The mean microhardness value (VHN) in all groups is shown in Table 2 and
Fig. 2.

SEM and EDX analysis

SEM-EDX, the composition of fillers was recorded for each group by weight of
each element (wt%). Barium, aluminum, and silica were observed to be common
elements in all RBCs. The shapes and sizes of the filler particles were different
among the RBCs. The filler particles in EXP were basically fiberglass consisting of
silicon, barium, sodium and aluminum. SEM-EDX analysis revealed that the bulk-
fill composite FBF contained aluminum, silicon, zirconium, barium and fluoride
consisting only of spherical irregular particles. Z250 contains fillers with a more
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Cured with Valo
Cured with LED.B

Uncured

Absorbance

Cured with LED.B
Cured with Valo

Uncured

Rovorbance

b Cured with Valo
Cured with LED.B

Uncured

Avsormance

Fig.3 FT-IR plots for uncured and cured RBCs with different LEDs (A EXP, B FBF, C Z250)

regular and spherical morphology compared to FBF. SEM-EDX analysis revealed
that the microhybrid Z250 contains spherical, regular and dense fillers of aluminum,
silicon, zirconium, barium and fluoride (Fig. 4).
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ELEMENT . WEIGHT % ELEMENT | WEIGHT % ELEMENT . WEIGHT %
c 35.39 e 22.19 ¢ 28.75
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Fig.4 SEM photographs and EDX analysis of RBCs after polymerization; for 500 X magnification A
EXP, B FBF, C Z250 and for 5.00kx magnification A": EXP, B": FBF, C": Z250

Discussion

In RBCs, the polymerization process depends on many factors and various prop-
erties such as mechanical properties, color stability, biocompatibility, polym-
erization shrinkage and stress, degradation, solubility, and water absorption are
directly affected by the DC achieved during polymerization [18, 19]. The DC and
microhardness are considered important physical properties of composite resins
and play an important role in the comparison and characterization of restoration
materials [16].

Microhardness is widely used to evaluate the depth of polymerization and thus
the efficiency of polymerization devices and is significantly affected by increased
crosslinking by polymerization reactions [20, 21]. Vickers hardness assessment
is widely used to study resin composite polymerization due to the relationship
between a composite’s microhardness and DC [22].

Since, the photoirradiation tip of the LCU is focused directly on the surface,
the surface provides an optimum microhardness measurement. For this reason, the
upper surface of the samples was chosen to measure the microhardness in this study.
In our study, there was no significant difference in DC or microhardness of Z250
cured with Woodpecker LED.B and Valo, while higher microhardness values were
obtained in the Z250 compared to the other two bulk-fill composite groups. Melo
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et al. [23], in their study evaluating the mechanical properties of bulk-fill and con-
ventional composites, obtained higher VHN values in the Z250 compared to the
FBF, similar to the results of this study. Gezawi et al. [24] reported that Filtek Z250
composites showed higher VHN values than bulk-fill composites in their study, in
which they evaluated the microhardness of composites. In the study of Saati et al.
[25], in which they evaluated the surface properties of the composites, the Z250
showed a higher VHN value than the other bulk-fill and conventional composites.
These findings may be due to the higher filler volume and weight in the Z250 com-
posite group compared to the other resin composites tested. Therefore, it can be said
that the Z250 composite group with higher filler content has better mechanical prop-
erties than bulk-fill composites, including microhardness, regardless of the type of
LCU. In addition, the Z250 may have shown a high VHN value due to the fillers
consisting of quartz and ceramic particles [26].

When we compared two bulk-fill composites in our study, EXP showed a higher
VHN value than FBF after polymerization with both LCUs. Fronza et al. [8], in
their study evaluating the mechanical properties of bulk-fill composites, showed that
the EXP had a higher VHN value than the FBF. In addition, Flury et al. [27] stated
that low viscosity bulk-fill composites (SDR, Filtek Bulk Fill and Venus) showed
significantly lower microhardness values compared to other RBCs tested. Although
EXP has a lower filler volume, its higher VHN may be due to its higher light trans-
mittance. In addition, the heterogeneous nature of bulk-fill composites causes light
to scatter at the resin-filler interface. More irregularity in the shape of the filler and
an increase in the filler content can also cause a decrease in light transmission [28].
In line with this information, a high filler volume of FBF may cause a decrease in
light transmittance, which may be another reason for lower VHN [29].

FT-IR has been frequently used in the literature to analyze DC as it is an effi-
cient and frequently used technique, provides a better understanding of the materials
expected to optimize the polymerization process, and directly detects spatial cou-
plings such as C—C and C=C vibrations [12, 30]. In this study, the DC of the tested
composites was also measured by FT-IR spectroscopy.

There are many factors that affect photopolymerization and, thus, the DC. When
these are examined: internal factors are the photoinitiator system, organic matrix
(monomer type, amount) and fillers (filler size/type, amount and volume) and exter-
nal factors are curing time/mode, position of light curing tip, irradiance, light spec-
trum [19, 31]. It is known that irradiance has a great effect on the polymerization of
the material. However, the energy dose is considered the most important factor in
determining the DC [32]. For this reason, LCU with two different light intensities
were used in this study.

DC can be affected by material composition (matrix and filler) and translucency.
The high filler particle content (volume) in the RBC also explains the reduced trans-
lucency of the material and, hence, the low DC [33, 34]. At the same time, fillers
can cause a scattering effect. Because the increased filler volume of the material
may cause the light intensity to decrease as it moves through the material. In our
study, the DC value may have been found to be lower than EXP due to the high
filler particle content (53% by volume) in the FBF and the decrease in its translu-
cency. Increasing the irradiation time to achieve light penetration in deeper layers
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can increase the conversion using a higher energy density to achieve the minimum
DC required for a larger thickness [35]. In this study, a significantly higher DC was
obtained with the Valo with higher energy density in all composite groups.

According to some studies, DC is affected by organic content because properties
such as reactivity and monomer mobility are related to the formation of polymeric
chains. Radical sites move faster on the chain structure through the reactions of
UDMA monomers, which are amino groups responsible for specific chain transfer
reactions. This results in increased conversion and monomer polymerization, thus
achieving high reactivity and conversion rates with the use of UDMA monomers
[10, 36]. In our study, the presence of UDMA monomer also supports the fact that
the Z250 restorative material with the highest filler volume has a higher DC than
the two bulk-fill composites. Moldovan et al. [37] evaluated the DC and mechanical
properties of three experimental and two commercial composite materials and found
that the group with the highest filler content had the least unreacted bonds, while
the composite resin without UDMA monomer showed the lowest DC. However,
although FBF contains UDMA monomer, its low DC from EXP can be explained by
the larger filler volume.

Factors such as polymeric matrix refractive index, monomer type, filler type,
and size can affect the light transmittance of RBCs. In addition, it was concluded
that as the sample volume decreases, less light attenuation (low attenuation coeffi-
cient) may be possible due to the reduction of incoming light blocking [28, 38]. It is
thought that increasing the irradiation time will also increase the DC [39]. As shown
in previous studies [40, 41] the mechanical properties of light-cured composites can
also affect the DC of the composite material by irregular distribution of light energy
due to its attenuation along depth. In our study, each layer polymerized in Z250 is
2 mm, and according to bulk-fill composite groups, the irradiation time in both light
devices is two times the total at Z250. For these reasons, DC of Z250 may have
been found higher than other RBCs. Additionally, when bulk-filled composites were
evaluated, higher DC values may have been obtained in the EXP group than in the
FBF group, as the glass fibers randomly placed in the EXP may have contributed to
the transmission of light. When considered in terms of microhardness, the longer
path of light in bulk-fill composites may have caused the microhardness values to be
lower compared to the Z250 group.

Silve et al. [42] 1., 2. and third generation LED, they obtained the highest DC
with the third generation LED in their study, where they evaluated the DC of con-
ventional composites. Aguiar et al. [43] in their study evaluating the DCs of resin
composites polymerized with different LCUs, there was no statistically significant
difference, but they achieved a higher DC with the third generation LED than with
the second generation. Braganga et al. [44], in their study, evaluated the DC and
microhardness of two resin cements as a result of polymerization with different
LCU and exposure times, they obtained data that LCU did not have a significant
effect on DC and microhardness, but low light output reduced the values. Similar to
these results, in this study, the highest DC in all composite groups was obtained with
the third generation LED.
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Conclusion

In all composite groups used in this study, an acceptable DC was obtained after
polymerization with both LCU. In line with the limitations of our study, we think
that DC has not a greater effect on VHN and a high correlation with the filler frac-
tion content of VHN and translucency. DC alone does not provide a complete
characterization of the polymer network structure because polymers with similar
DC may show different crosslinking densities due to differences in affected chain-
to-chain interactions. As a result, not only the light devices but also the properties
of the resin (e.g., translucency, amount, type, and size of filler) affect the material
polymerization and thus, the DC and microhardness.
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