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Abstract: Objectives: To characterize the mechanical properties of different resin-composites for
dental application. Methods: Thirteen universal dentin shade composites (n = 10) from different
manufacturers were evaluated (4 Seasons, Grandio, Venus, Amelogen Plus, P90, Z350, Esthet-X,
Amaris, Vita-l-escence, Natural-Look, Charisma, Z250 and Opallis). The polymerization shrinkage
percentage was calculated using a video-image recording device (ACUVOL—Bisco Dental) and
the hygroscopic expansion was measured after thermocycling aging in the same equipment. Equal
volumes of material were used and, after 5 min of relaxation, baseline measurements were calculated
with 18 J of energy delivered from the light-curing unit. Specimens were stored in a dry-dark
environment for 24 h then thermocycled in distilled water (5–55 ◦C for 20,000 cycles) with volume
measurement at each 5000 cycles. In addition, the pulse-excitatory method was applied to calculate
the elastic modulus and Poisson ratio for each resin material and the degree of conversion was
evaluated using Fourier transform infrared spectroscopy. Results: The ANOVA showed that all
composite volumes were influenced by the number of cycles (α = 0.05). Volumes at 5 min post-
polymerization (12.47 ± 0.08 cm3) were significantly lower than those at baseline (12.80 ± 0.09 cm3).
With regard to the impact of aging, all resin materials showed a statistically significant increase in
volume after 5000 cycles (13.04 ± 0.22 cm3). There was no statistical difference between volumes
measured at the other cycle steps. The elastic modulus ranged from 22.15 to 10.06 GPa and the
Poisson ratio from 0.54 to 0.22 with a significant difference between the evaluated materials (α = 0.05).
The degree of conversion was higher than 60% for all evaluated resin composites.

Keywords: composite dental resin; dental materials; polymerization; video recording

1. Introduction

In recent years, there has been an increasing interest in the development of new dental
adhesives and composites for direct restorations. The main challenge of developing these
materials is to provide an effective bond strength to the hard tissues, such as enamel and
dentin, as well as lower or no polymerization shrinkage [1,2]. In addition, the mechanical
and chemical properties of these materials have been improved along the years [1–4],
positively affecting their clinical performance. The aesthetic restorative technique has also
been improved, which increases the longevity of the resin-based restorations, especially
for posterior teeth [4–6]. The maintenance of the marginal sealing and good quality of
restoration filling techniques are the main focus during the treatment with conservative
(non-replacement) dental restorations [7,8]. However, the incidence of marginal gaps
can range from 1.67% to 5.68% of the total volume of the restoration [9], and can be
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fulfilled by oral fluids, which contain bacteria responsible for the post-sensitivity and for
caries lesions around restorations [10–12], compromising the clinical success. Complex
interactions in adhesive interfaces such the underperformed bonding approach associated
with high polymerization shrinkage strain, stress, and elastic modulus [13–16], rather than
the differences in the composite formulation, can also lead to interfacial gaps, affecting the
restoration integrity [17]. However, some authors reported that nanocomposites might
lead to less gap formation at the resin–dentin interface [14].

When the composites initiate the polymerization process, stress is generated as a
result of shrinkage. This phenomenon is a leading reason for bond failures in adhesive
restorations. The stress is influenced by the restorative technique, mechanical properties,
polymerization rate [18,19], and for some C-Factors, in particular small cavities [20]. As a
measure of a restoration’s confinement, the C-factor (Fc) is defined as the ratio of the bonded
to not-bonded (free) surfaces of the restoration [21]. It is hypothesized that shrinkage
stress increases with an increasing C-factor [21,22]. The constraints and stress magnitude
generated in dental restorations are highly non-uniform, therefore not only the C-factor
should be considered when evaluating the stress state [23]. The volumetric shrinkage
is observed at both pre-gel and post-gel phases. The polymerization shrinkage starts
immediately after the light activation, however at the post-gel phase it is possible to
achieve an increase in hardness, reflecting the increase of elastic modulus of the resinous
material, which is capable of creep. If the viscosity is already high, the stress developed
by the polymerization shrinkage is not compensated anymore, affecting the interfacial
bonding [23,24].

There are many testing systems for measuring the shrinkage stress and strain of resin-
based materials, showing few similarities for the commercial composites [25]. Some authors
used [26] the mercury dilatometer method and identified that the molecular weight and the
molecular structure configuration of different monomers can affect the shrinkage. Another
method is to measure the dimensional alterations in composites during the polymerization,
using electrical strain gauges bonded to the composite specimens [27]. Previous authors
found that the linear shrinkage reduced with the increase of the thickness of the specimen
and with the distance of the light source tip to the resin surface [28]. When a material
presents a low volumetric shrinkage, it does not mean that low shrinkage stresses will be
generated after polymerization and for this reason the investigation of the elastic modulus
is fundamental for the understanding of the stress generation [29,30].

Some authors have also found that not all low-shrinkage composites demonstrated
reduced polymerization shrinkage and mentioned that a low post-gel shrinkage must
be associated to a relatively low elastic modulus, in order to reduce the polymerization
stress [3]. Although there are several methods for measuring the polymerization shrinkage,
each of them presents advantages and disadvantages. The mercury capilar dilatometer is an
efficient example to obtain shrinkage data, however it is too complex and limited to measure
chemical composites, as it has to be prepared before its placement into the dilatometer [31].
Some authors calculated the volumetric shrinkage by the linear contraction, assuming that
the composite material has an isotropic behavior [32], however this is not what happens for
all cases. Therefore, the development of studies that characterize different properties from
the available dental biomaterials could provide suitable data to better predict the clinical
behavior of dental restorations. The aim of this study was to evaluate the polymerization
shrinkage, the hygroscopic expansion during aging, elastic modulus, Poisson ratio, and
degree of conversion of thirteen composites.

2. Materials and Methods

All materials used in this study are represented in Table 1. The chemical formula for
the monomers presented in Table 1 are summarized in Figure 1. Polymerization shrinkage
and hygroscopic expansion by water sorption were performed and described as follows.
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Table 1. Materials used in this study.

Materials
(Batch) Manufacturer Mean Filler Size

(µm) % Filler (Weight) % Filler
(Volume) Filler Type Organic Matrix Manufacture’s

Classification

Venus (#010313) Heraeus Kulzer,
GMbH & Co, Kg,

Germany

0.01–0.07 78% 61% SiO2, Barium,
aluminiumfluoride BisGMA. TEGDMA Nanohybrid

Charisma (#010401) 0.002–0.7 78% 61% Fluoride, barium,
SiO2

BisGMA, TEGDMA Hybrid

Filtek Supreme (#FBU)

3M ESPE, St. Paul,
MN, USA

0.005–0.02/0.6–1.4 78.5% 59.5% SiO2
BisGMA, BisEMA,
UDMA, TEGDMA Nanohybrid

Filtek P 90 (#N183458) 0.04–1.7 77% 51% Quartz, fluoride, Itria
fluoride Siloranes Nanohybrid

Filtek Z250 (#7EE) 0.01–3.5 78% 60% SiO2
BisGMA, UDMA,

BisEMA Hybrid

4 Seasons (#N48095) Ivoclar Vivadent, São
Paulo, SP, Brazil 0.6 76% 58% Barium, Aluminium

fluorsilicate, SiO2

BisGMA, TEGMA,
UDMA Hybrid

Opallis (#210619) FGM, Joinville, SC,
Brazil 0.5 79 % 58% Barium,

aluminiumsilicate
BisGMA, BisEMA,

TEGDMA Hybrid

EsthetX (#100522)
Dentsply Detrey

GmbH,
Konstanz, Germany

<1.0 86% 60%
Barium

fluoralumínium,
borosilicate, SiO2

UDMA, BisGMA,
TEGDMA Hybrid

Natural Look
(#09080800)

DFL, Rio de Janeiro,
RJ, Brazil 0.5 77% 59% Barium amorphous

silicate
BisGMA, BisEMA,

TEGDMA Hybrid

Amaris (#1024125)
VOCO, GMBH,

Germany

0.7 80 % 64% Silanized ceramic
particles SiO2

BisGMA, TEGDMA Hybrid

Grandio (#1031020) 0.7 80% 63% Silanized ceramic
particles SiO2

BisGMA, TEGDMA Hybrid

Vit-l-escence (#B5L7Y)
Ultradent Products

USA

0.7 75% 52% Silanized ceramic
particles SiO2

BisGMA Microhybrid

Amelogem PLUS
(#B5M99) 0.7 76% 61% SiO2 BisGMA, TEGDMA Hybrid
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Figure 1. Molecular 3D structure of monomers commonly applied in dental composites. Note: Reprinted from ChemSpider,
search and share chemistry.

2.1. Polymerization Shrinkage Measurement

Accurate volumetric shrinkage was measured using the video-imaging device (Acu-
volTM, Bisco Inc., Schaumburg, IL, USA). This apparatus processes the images generated
and performs the volume analysis simultaneously to the light-curing [33]. The accuracy of
this instrument is 0.1% of volumetric alteration, considering specimens of approximately
15 µL [34]. To measure the polymerization shrinkage, a small portion of the composite was
manually shaped in a polytetrafluoroethylene die, 4.8 mm in diameter at its base and 1.3
mm in height, resulting in a spherical cap shape (Figure 2).
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Figure 2. Scheme of polytetrafluoroethylene die used in the present study. The shape allowed the dental resin composite
placement with standardized volume.

This set-up was then placed in a support in front of the load device coupled to the
recording camera of the equipment (Figure 3). All specimens were stored for 5 min before
the first volume measurement in an attempt to eliminate the influence of the relaxation
generated by the gravity [33,34].
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The total theoretical volume of the composite was 12.91 mm3 and it was calculated by
the formula of the spherical cap volume:

V =
1

6πh (3a2) + h2)

where h is the height (1.3 mm) and a (2.4 mm) is the radius of the spherical cap base.
The area subjected to the light irradiation was calculated by the formula of the superfi-

cial area of the spherical cap as follows:

A = 2πrh

where r is the radius of the spherical cap base.
After the second measurement, the material was light-cured for 40 s using an LED

unit (KaVo Poly Wireless, KaVo, São Paulo, Brazil). The light curing unit tip (Ø = 8.2 mm)
was placed 1 mm from the top of the composite specimen. Before the test, the irradiation
was checked using a radiometer (Radiômetro LED, Kordortech, São Carlos, Brazil). This
procedure was repeated before the polymerization of each specimen to ensure that the
same amount of energy (18 J) was delivered to all samples.

The volumetric shrinkage was recorded 5 min after the light activation, in an attempt
to balance the specimens’ temperature with the room temperature. A second measurement
was then made and the subtraction of the first reading of the volume showed the volumetric
shrinkage of the composite (Figure 3).

Ten specimens were obtained from each composite (n = 10) (Table 1). To determine
the sample size, the normality of the pilot study data was verified by the Kolmogorov–
Smirnov test (p > 0.05). Using the OpenEpi website, a power of 95.4% was calculated using
a two-sided 95% confidence interval for 8 samples per group. However, 10 samples were
selected to increase the safety factor. The standard deviation of the volumes obtained was
maintained lower than 10%. To avoid light overexposure, the environment of the test was
prepared with the use of an orange filter over the equipment in a dark room. Data were
subjected to two-way ANOVA and Tukey tests, p < 0.05.

2.2. Hygroscopic Expansion

After the volumetric shrinkage test, the specimens were maintained in a dried condi-
tion at 37 ◦C for 24 h in a dark room. The humidity was controlled by the use of a dark
chamber with silica gel to store the samples. Then, they were subjected to a new volume
recording for analyzing the influence of the water sorption on the total specimen volume.

A sequence of 5000, 10,000, 15,000, and 20,000 aging cycles in distilled water was
performed at 5 ◦C and 55 ◦C, and at the end of each cycle step the specimens were dried
with a soft air jet for 15 s and repositioned at the equipment for new measurements. Data
was subjected to two-way ANOVA and Tukey tests, p < 0.05.

2.3. Elastic Modulus and Poisson Ratio

Elastic modulus and Poisson ratio were measured by the non-destructive Impulse
Excitation Technique (n = 8) using the equipment Sonelastic® (ATCP Physical Engineering,
Ribeirão Preto, Brazil) using bar shaped specimens (20 × 10 × 4 mm). The impulse
excitation technique (ASTM E1876) consists in determining the elastic modulus of the
resin material based on the natural frequency of a regular geometry sample (in this study
bar-shaped samples) [35]. The frequencies were excited by a short mechanical impulse,
followed by the acquisition of the acoustic response using a high-sensitive microphone.
After that, the software determines by means of a numerical calculation from the acoustic
signal that was captured in order to obtain the frequency spectrum (fast Fourier transform).
Based on this, the dynamic elastic modulus was determined using the ASTM standard,
which considers the specimen geometry, mass, dimensions, and frequencies obtained using
the equipment [35,36]. The characterization of the Poisson ratio using impulse excitation
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technique occurred indirectly. It was obtained by correlating the Elastic modulus and the
shear modulus of each material. The equations come from the elasticity theory and are
directly related to the stiffness matrices involving the symmetry present in the sample [35].
They are shown below:

v =
E

2G
− 1

where E is the Elastic modulus; G, the shear modulus; v, the Poisson ratio of an isotropic
material. Data were subjected to statistical analysis using one-way ANOVA and Tukey
tests, p < 0.05.

2.4. Degree of Conversion

For each composite material, disc-shaped specimens (diameter: 5 mm; thickness: 4
mm) (N = 30) were prepared [37]. The polishing was performed 24 h after the sample
polymerization, until the complete cure of the resinous materials. In order to remove
the oxygen-inhibited layer, each sample was finished with wet silicone carbide papers
600-grit up to 1200-grit and polished (Strues, Model DP 10, Panambra Ind. & Tec. S.A.,
São Paulo, Brazil) with diamond paste (3 µm). The surfaces were analyzed by FT-Raman
spectroscopy in order to evaluate the degree of conversion. The spectra of the uncured
and cured resins were obtained by an FT-Raman Spectrometer (RFS 100/S, BrukerInc,
Karlsruhe, Germany) using 100 scans. The spectrum resolution was set at 4 cm−1. The
specimens were excited by the defocused line of an Nd:YAG laser source at λ = 1064.1 nm
with maximum laser power of approximately 90 mW at the specimen. The uncured resin
was positioned on an aluminum rod in a sample holder mounted on an optical rail for
spectrum collection [35]. For the cured specimens, three spectra of the top surface and
another three spectra of the bottom surface were collected, resulting in a total of 480 spectra.
Based on the measurements, one average spectrum for each surface was obtained, resulting
in 160 spectra. The average FT-Raman spectra were analyzed by selecting a range between
1590 and 1660 cm−1. The Raman peaks corresponding to the vibrational stretching modes
at 1610 and 1640 cm−1 were fitted in Gaussian shapes to obtain the height of the peaks
using specific software (Microcal Software Inc., Northampton, MA, USA). A comparison
of the height ratio of the aliphatic carbon–carbon double bond (C=C) at 1640 cm−1 with
that of the aromatic component at 1610 cm−1 for the cured and uncured conditions was
performed in order to estimate the DC using Equation (1). The aromatic C=C peak at 1610
cm−1 originated from the aromatic bonds of the benzene rings in the monomer molecules,
and its intensity remains unchanged during the polymerization reaction [37]. The mean
value and standard deviation of the DC were calculated for each series, where R is the
percentage of uncured resin that is determined by a band height at 1640 cm−1/band height
at 1610 cm−1.

RU =
Band height at 1640 cm−1

Band height at 1610 cm−1 (1)

RP =
Band height at 1614 cm−1

Band height at 1640 cm−1 (2)

DC (%) = 11 × [1 − (RP/RU)] (3)

where: RU is the unpolymerized resin; RP is the polymerized resin. Data were subjected to
one-way ANOVA and Tukey tests, p < 0.05.

3. Results

Data were grouped for the first two measurements where the polymerization shrink-
age occurs immediately and after 24 h (Figure 4).
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Figure 4. Analysis of images before and after polymerization. The graphs show the shrinkage by
time.

After normality check, the two-way ANOVA was performed considering Material
and Time as factors for the evaluation of the volumetric shrinkage data. The ANOVA test
showed F-values for Material, Time, and interaction of, respectively 53.85, 140.17, and
5.8, and for all, p-value < 0.001 (Supplementary material: Table S1). There is a significant
difference between materials (Table 2). In addition, all composites’ volumetric shrinkages



J. Compos. Sci. 2021, 5, 322 9 of 18

were influenced by the post-polymerization time (24 h with 3.11% and 5 min with 2.49%).
The interaction between both factors was also significant (Table 3).

Table 2. Mean and standard deviation for the volumetric shrinkage according to the factor resin
composite materials. Same Capital Letter(s) means no statistical difference among groups (α = 0.05).

Material Mean ±
Stand. Dev. Grouping

Vit-L-Escence 3.83 ± 0.51 A
Natural look 3.52 ± 0.58 A B
Venus 3.21 ± 0.16 B C
4 Seasons 3.18 ± 1.04 B C D
Opallis 3.15 ± 0.28 B C D E
Amelogen 2.97 ± 0.18 C D E
EsthetX 2.89 ± 0.33 C D E F
Z350 2.75 ± 0.64 D E F
Charisma 2.71 ± 0.20 E F
Amaris 2.51 ± 0.70 F G
Z250 2.48 ± 0.68 F G
Grandio 2.18 ± 0.70 G
P90 1.04 ± 0.41 H

Table 3. Mean and standard deviation for the volumetric shrinkage according to the interaction of both factors, resin
composite materials and time. Same Capital Letter(s) means no statistical difference among groups (α = 0.05).

Material × Time Mean ±
Stand. Dev. Grouping

Vit-L-Escence × 24 h 4.31 ± 0.14 A
4 Seasons × 24 h 3.93 ± 1.03 A B

Natural look × 24 h 3.87 ± 0.64 A B C
Vit-L-Escence × 5 min 3.34 ± 0.17 B C D

Venus × 24 h 3.30 ± 0.17 B C D
Z350 × 24 h 3.26 ± 0.51 B C D E

Opallis × 24 h 3.22 ± 0.38 C D E F
EsthetX × 24 h 3.18 ± 0.20 C D E F

Natural look × 5 min 3.17 ± 0.14 D E F
Venus × 5 min 3.13 ± 0.09 D E F G
Opallis × 5 min 3.08 ± 0.11 D E F G

Amelogen × 5 min 3.00 ± 0.14 D E F G
Amelogen × 24 h 2.93 ± 0.22 D E F G H
Charisma × 24 h 2.90 ± 0.09 D E F G H

Amaris × 24 h 2.88 ± 0.84 D E F G H
Z250 × 24 h 2.87 ± 0.90 D E F G H

Grandio × 24 h 2.68 ± 0.69 D E F G H I
EsthetX × 5 min 2.59 ± 0.06 E F G H I

Charisma × 5 min 2.53 ± 0.09 F G H I
4 Seasons × 5 min 2.43 ± 0.07 G H I

Z350 × 5 min 2.24 ± 0.16 H I J
Amaris × 5 min 2.13 ± 0.07 I J

Z250 × 5 min 2.08 ± 0.05 I J
Grandio × 5 min 1.68 ± 0.07 J K

P90 × 24 h 1.09 ± 0.14 K
P90 × 5 min 0.98 ± 0.08 K
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After normality check, the two-way ANOVA was performed considering Material
and Time as factors for the evaluation of the hygroscopic expansion (caused by the water
sorption) data. The ANOVA showed F-values and p-value for Material, Time, and interac-
tion of, respectively, 1.47 and 0.131; 19.32 and p < 0.001; and, 1.09 and 0.294 (Supplementary
material: Table S2). There is no significant difference between the materials. However,
the period of evaluation was significant between the groups. There was no significant
interaction between the factors. Table 4 summarizes the average data distribution between
the different periods of evaluation for each restorative material. In Figure 5, it is possible to
observe the data trend in the function of time, demonstrating shrinkage after 5 min with
expansion following until 10,000 cycles regardless of the restorative material. To elucidate
the difference for each period of evaluation, Figure 6 shows the differences of means during
two-sided confidence intervals with 95% coverage.

Table 4. Means of composites hygroscopic expansion at different aging cycles.

Material Initial Volume 5 min 24 h 5000
Cycles

10,000
Cycles

15,000
Cycles

20,000
Cycles

Grandio 12.6924 12.4753 12.3366 12.9196 12.9712 12.9028 12.8062
Natural Look 12.8977 12.4655 12.4124 12.7651 12.6028 12.5833 12.5041

4Season 12.7869 12.4708 12.2934 13.0604 12.7115 12.7859 12.6772
EsthetX-HD 12.8141 12.4543 12.4198 13.0564 12.8844 12.9077 12.7392

Amaris 12.7433 12.4765 12.4549 13.0499 12.8212 12.8880 12.9252
Opallis 12.8696 12.4743 12.4426 13.0631 12.8871 12.9100 12.8878

Vit-l-lescence 12.9021 12.4864 12.3421 13.0600 12.8859 12.9371 12.8669
Filtek Z350 12.7648 12.4833 12.4285 13.1339 12.9876 12.9673 12.9285

P90 12.6060 12.4867 12.4735 13.1121 12.9719 12.9658 12.9592
Amelogen 12.8671 12.4823 12.4724 13.0355 12.9250 13.0264 12.9208

Venus 12.8718 12.5365 12.5253 13.1018 12.9525 12.9466 12.8691
Charisma 12.8208 12.4765 12.4533 13.1031 12.7304 13.0762 12.9795

Z250 12.8123 12.5367 12.4848 13.1532 13.0281 13.0199 12.9772
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evaluation.

After normality check, the one-way ANOVA was performed considering Material as a
factor for the evaluation of the elastic modulus, Poisson ratio, and degree of conversion
data sets. The ANOVA test for the elastic modulus (GPa) presented F-value = 5.61 and
p-value < 0.001 (Supplementary material: Table S3), while the for Poisson ratio presented
F-value = 3.47 and p-value < 0.001 (Supplementary material: Table S4). For degree of
conversion, the F-value was 33.19 and the p-value was <0.001 (Supplementary material:
Table S5). Therefore, there was a significant difference between materials for all three
properties.

Table 5 summarizes the mean and standard deviation for elastic modulus measure-
ment according to the different materials. The values ranged from 22.15 to 10.06 GPa. The
major differences were observed between Grandio (22.15 ± 2.68 GPa) and Vit-L-Escence
(16.24 ± 3.8 GPa) in comparison with 4 Seasons (10.06 ± 1.37 GPa).

Table 5. Mean and standard deviation for the elastic modulus (GPa) measurement according to the
factor resin composite material. Same Capital Letter(s) means no statistical difference among groups
(α = 0.05).

Material Mean ± Stand. Dev. Grouping

Grandio 22.15 ± 2.68 A
Vit-L-Escence 16.24 ± 3.8 A B
Natural look 16.01 ± 1.34 B C

Opallis 15.68 ± 1.5 B C
Amaris 15.04 ± 0.93 B C
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Table 5. Cont.

Material Mean ± Stand. Dev. Grouping

Charisma 13.77 ± 2.02 B C
Z350 13.61 ± 0.27 B C

Venus 13.33 ± 0.86 B C
Z250 12.76 ± 0.83 B C

EsthetX 12.75 ± 1.25 B C
Amelogen 12.35 ± 1.05 B C

P90 12.12 ± 0.58 B C
4 Seasons 10.06 ± 1.37 C

For the Poisson ratio (Table 6) the values ranged from 0.54 until 0.22 (dimensionless).
The major differences were observed between Grandio (0.54 ± 0.08) in comparison with 4
Seasons (0.31 ± 0.13), Z250 (0.30 ± 0.06), P90 (0.29 ± 0.11) and Amaris (0.22 ± 0.05).

Table 6. Mean and standard deviation for the Poisson ratio measurement according to the factor resin
composite material. Same Capital Letter(s) means no statistical difference among groups (α = 0.05).

Material Mean ± Stand. Dev. Grouping

Grandio 0.54 ± 0.08 A
Z350 0.47 ± 0.20 A B

Amelogen 0.41 ± 0.13 A B C
Vit-L-Escence 0.40 ± 0.12 A B C

Charisma 0.38 ± 0.13 A B C
Natural look 0.35 ± 0.10 A B C

Venus 0.35 ± 0.14 A B C
EsthetX 0.34 ± 0.10 A B C
Opallis 0.33 ± 0.14 A B C

4 Seasons 0.31 ± 0.13 B C
Z250 0.30 ± 0.06 B C
P90 0.29 ± 0.11 B C

Amaris 0.22 ± 0.05 C

For the degree of conversion (Table 7), all evaluated materials showed more than 60%
of conversion. The values ranged from 83.01 until 60.01 (%).

Table 7. Mean and standard deviation for the degree of conversion measurement according to the factor resin composite
material. Same Capital Letter(s) means no statistical difference among groups (α = 0.05).

Material Mean ± Stand. Dev. Grouping

4 Seasons 83.01 ± 5.04 A
Z350 78.63 ± 3.06 A B
P90 78.07 ± 4.41 A B

Z250 76.97 ± 2.82 B
Amaris 70.92 ± 2.14 C

Amelogen 69.36 ± 3.97 C D
Charisma 68.96 ± 3.28 C D E

Natural look 68.63 ± 3.46 C D E F
Opallis 64.62 ± 1.04 D E F G

Grandio 63.60 ± 3.66 D E F G
Venus 63.21 ± 1.92 E F G

Vit-L-Escence 62.93 ± 3.40 F G
EsthetX 60.76 ± 1.84 G
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4. Discussion

The methodology applied for measuring the volumetric shrinkage by video-imaging
the specimens was initially idealized for a simple verification of the shrinkage stress [33] as
it was intended for a static platform. Regarding the immediate volumetric polymerization
shrinkage, Filtek and Grandio presented the lowest mean value. After 24 h, the volumetric
shrinkage of Grandio continued increasing, from 1.7% to 2.64% while Filtek increased just
from 1.03% to 1.06%. Natural Look and 4 Seasons presented the highest values after 24 h,
reaching 3.76% and 3.86%, respectively, an expected result for the Natural Look as it has
lower viscosity.

From these results, it is possible to predict the need for a comparison between the
groups just aged in hot water to isolate the effect of the temperature and the humidity
separately, as these materials has been extensively used in dentistry for dental filling or
cementation. The longevity of these materials will then depend upon a better combination
of the aesthetic and mechanical properties as well as excellent techniques. Many mate-
rials used in the oral cavity have interactions with the wet environment and exposure
to different temperature variations. The efficacy of adhesives and restorative materials
is evaluated by exposing them to extreme temperature challenges, justifying the use of
thermocycling as aging method. For the resin-based materials, this exposure promotes
water diffusion through the organic matrix, resulting in hygroscopic expansion and chem-
ical degradation [38,39]. This behavior can be noted as a hygroscopic expansion for all
evaluated materials in the present study.

Previous studies have already verified that the water sorption can cause dimensional
and weight alterations in the material after polymerization [40–42]. Some authors [40],
showed a positive correlation between the absorbed water mass and the volume alteration.
Water sorption promotes significant effects in the structure, physical properties, and di-
mensional alterations of composite materials with different organic matrix [43]. A previous
method was described to measure the hygroscopic expansion of dental composites with
time [44]. The method consists of using a laser microscope to make the volume measure-
ments on rotating composite samples while the computer processes the data statistically,
which motivated the authors from the present study to use the AcuvolTM equipment with
the same purpose.

The effect of the humidity exposition resulting in an increase of the dental composite
volume can be demonstrated in many ways, such as measurements of the length [45] and
relaxation of the shrinkage stresses developed by the polymerization [46]. The ability of
the water molecule to diffuse through the organic matrix of the composite determines the
hydrophobicity of the material, while the elasticity and bond strength will determine the
dimensions of the material. The elastic limit of the polymer and co-polymers chemical
bonding determines the maximum amount that the material will expand. Finally, dimen-
sional alteration after the first aging cycling can happen due to the hydrolytic degradation
of the bonding into the polymer formed. The majority of the composites studied have
hydrophobic nature coming from the monomers used on its composition.

For dental composites, in order to effectively reduce the polymerization stress during
resin placement, a material with low post-gel shrinkage must be associated to a relatively
low elastic modulus [2]. This can be justified because, in summary, the higher the elastic
modulus of the restorative material, the smaller the deformation of dental structures under
the same stress [36]. However, a reduction in the dental composite elastic modulus could
lead to low hardness and low wear strength. Therefore, eventually generating higher
marginal misfit, post-operative sensitivity or dental fracture, compromising the longevity
of the dental treatment [9]. To compensate this, an intermediate elastic modulus material
should be preferable and the multilayer technique applied as a practical and effective
approach to lower the shrinkage stresses by adding a base layer under the restorative
material [21]. Biomaterials that possess adequate compressive and tensile strength and
relatively low elastic modulus could act as a cushion layer to the shrinkage stress transmit-
ted to the tooth tissues [21]. However, in adhesive restorations, the mechanical behavior
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under compressive loading and shrinkage stress can be associated with several factors
other than the material, including the enamel and dentine volumes lost [4]. In this study,
the highest Elastic modulus mean value was observed for Grandio (22.15 ± 2.68 GPa)
and the lowest for 4 Seasons (10.06 ± 1.37 GPa), as observed in Table 5. Poisson ratio is
normally between 0 and 1 and refers to the ratio between expansion and contraction under
tensile or compressive loads. The results showed accordance with the literature through
mean values ranging from 0.54 (Grandio) until 0.22 (Amaris) (Table 6).

Few studies are focused on the thermocycling effect in water sorption, solubility and
hygroscopic expansion of composites. Previous authors [39] evaluated the water sorption
and solubility of resin-based materials, following a thermocycle protocol initially purposed
by Gale and Darvell in 1999 [47] after an in vivo evaluation. In the present study, different
materials were not different statistically. All composites had a great reduction in volume
just after the polymerization, reducing slowly until 24 h. After the water immersion, the
volume trend showed an inverse progression that stabilized after 10,000 cycles. The reason
and the amount of polymer hygroscopic expansion depends on many factors, such as the
type of matrix, filler, bonding between filler and organic matrix, and the volumetric ratio
between the inorganic and organic matrix [40,42,48]. Another study pointed to a great
expansion occurring at the first week and a gradual increase, however slow, during the
first six months [41].

The conversion degree of monomers to polymers in dental resins can be evaluated
using hardness tests or FT-Raman spectroscopy [37]. The degree of conversion is one of the
critical parameters that may influence the physical properties of resin composite materials
and thus the expected clinical behavior of restorations made of polymeric materials [37].
Previous researchers that have used different indirect methods to evaluate restorative resins’
DC reported values ranging from 50% to 80% [49]. These values are in agreement with the
results calculated (Table 7) in the present study (more than 60% for all materials). However,
the degree of conversion as an isolated factor does not allow the proper ranking of different
materials in terms of functional longevity, since it can be affected by the light-source,
materials stiffness, and volume of resin.

It is already known that high temperature promotes a significant increase in the resin-
based material degradation [50,51]. In this way, the present study was based on maximum
and minimum temperatures, simulating the extreme conditions that would not surpass
this limit, to consider the clinical values that could still be present in the majority of the
researches evaluating the effect of aging on bonded interfaces. Other authors observed an
increase in water sorption in composites when increasing the number of cycles, regardless
of the energy font and the material, which was also observed in the present study [49]. The
sorption and diffusion of fluids through the polymer are affected by the liquid density
used during the cycles which are also influenced by the room temperature [44].

Although the statistical analysis does not show any differences among the evaluated
materials used, Natural Look composite presented the lowest final volume when compared
to Z250 and Charisma. This could have happened because UDMA polymer absorb less
water than BisGMA, due to its higher crosslinking ability [51–53]. Another factor that can
explain these small differences could be the amount of filler in each material, as there is an
inverse correlation with the degree of hygroscopic expansion and water sorption. As the
filler volume increases, there is a decrease in the water sorption and consequently the hy-
groscopic expansion [42]. A study idealized the influence of the filler/matrix interface [53],
where a poor bonding would provide a way of facilitating the water diffusion, then a
material with high filler volume would accommodate the water volume in this region.

The silane treatment of the filler gives a bonding resin-to-filler and has been shown
to enhance the mechanical stability of the filler–matrix interface, increasing the strength
and hardness of composite resins [54]. The inclusion of an effective coupling agent in the
composite significantly reduces the rate of diffusion along the grain boundary and leaves
only normal diffusion confined to the matrix alone [50]. Another possible explanation
for the higher values seen for the volume changes of some composites could be the weak



J. Compos. Sci. 2021, 5, 322 15 of 18

bonding between the cement particles and the resin matrix. The filler treatment and
presence of interspacing caused by a poor silanization process can affect the surface energy
of the fillers, as any of those are considered defects in the material and concentrate stress.
The surface energy of the glass particles under the water or saliva (whose proteins will be
absorbed) is lower than when in air. In this wet condition, the initiation of the crack/flaw
is then facilitated, requiring little effort, such as stresses generated after polymerization
shrinkage. Consequently, the adhesion of the particles to the matrix can be destroyed by
hydrolysis [52–57]. If the material is inhomogeneous and anisotropic, as almost all dental
materials are, several sizes of defects can be present [58]. This potential deterioration of
the glass is one of the reasons why it is so important to form an organic layer of silane
molecules on the surface of the filler to protect it from the environment [56–58]. No matter
what the application or the chemistry of the polymer present in the resin cements, the
properties investigated in this study show that future studies are needed considering
composite integrity. In addition, further studies should be carried out to investigate the
effect of different monomer ratios and how they can affect the volumetric shrinkage of the
current dental materials.

5. Conclusions

Within the limitations of this study, it was concluded that:

• The polymerization shrinkage is dependent upon the type of composite and can be
different between materials with similar Elastic moduli.

• The termocycling aging has a significant influence on the water sorption in the evalu-
ated materials.
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.3390/jcs5120322/s1, Table S1: Two-Way ANOVA for the volumetric shrinkage according to the resin
composite materials and post-polymerization time, Table S2: Two-Way ANOVA for the hygroscopic
expansion according to the resin composite materials and Period of evaluation, Table S3: One-Way
ANOVA for the elastic modulus according to the resin composite material, Table S4: One-Way
ANOVA for the Poisson ratio according to the resin composite material, Table S5: One-Way ANOVA
for the degree of conversion according to the resin composite material.
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