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Abstract: Despite developments and advances in dental materials which allow for greater restorative
performance, there are still challenges and questions regarding the formulation of new compositions
and chemical reactions of materials used in restorative dentistry. The aim of this study was to
assess and compare the mechanical and tribological characteristics of a bioactive resin, a composite
resin, and a glass ionomer. Twenty specimens of each material were divided into two groups: one
control group (n = 10), not subjected to thermocycling, and one test group (n = 10) submitted to
thermocycling. The Vickers microhardness test was carried out and surface roughness was evaluated.
The tribological sliding indentation test was chosen. The bioactive resin had the lowest hardness,
followed by the composite resin, and the glass ionomer. The bioactive resin also showed greater
resistance to fracture. For the tribological test, the wear rate was lower for the bioactive resin,
followed by the composite resin, and the glass ionomer. The bioactive resin presented a smooth
surface without visible cracks, while the other materials presented a brittle peeling of great portions
of material. Thus, the bioactive resin performs better in relation to fracture toughness, wear rate and
impact absorption than the composite resin and much better than the glass ionomer.

Keywords: restorative dentistry; bioactive resin; mechanical tests; friction behavior; wear mecha-
nisms; thermocycling

1. Introduction

The ideal adhesive dental restorative material should have all the advantages of
glass-ionomer systems combined with those of resin-based composites. It should be able
to present superior wear resistance, as in a glass-ionomer system, and eventually also
eliminate hydrolytic degradation of the adhesive interface, post-operative hypersensitivity,
and polymerization shrinkage of composite resin systems [1,2].

The concept of dental restorative materials with bioactive properties arose from the
combination of adhesive dentistry concepts and an understanding of fluoride’s ability to
prevent secondary or recurrent decay [2,3]. These materials are based on the development
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of a layer with an affinity for apatite in the presence of an inorganic phosphate solution [2].
These bioactive materials also present numerous advantages, such as reduced polymeriza-
tion shrinkage, a capacity for remineralization, induction of hydrophilicity, and intimate
contact with dentin. In addition, they enable minimal formation of spaces between layers
and are less technique sensitive than composite resins [2–6].

Activa™ BioActive restorative (Pulpdent, Watertown, MA, USA) and Activa™ BioAc-
tive base/liner (Pulpdent, Watertown, MA, USA) are the first bioactive dental materials
with an ionic resin matrix and bioactive fillers that mimic some physical and chemical
properties of natural teeth [7,8]. This bioactive material is believed to be an advance in the
field of restorative dentistry as it combines improved physical properties and esthetics of
composite resin systems together with all the benefits of resin-modified glass ionomers,
such as the release and recharge of ions which can stimulate mineralization [6,8,9]. Conven-
tional glass-ionomer cements also have bioactive properties, promoting remineralization
of the tooth structure [2]. In addition, they do not need application of any extra products
for retention or adhesion to dental hard tissues as composite resins do [2]. Moreover, this
material is less technically demanding [10].

Despite the developments and advances in dental materials allowing for greater
restorative performance, there are still challenges and questions regarding the formulation
of new compositions and the chemical reactions of materials used in restorative dentistry [2].
Furthermore, it is challenging to find a dental restorative material that can withstand
existing mechanical, chemical, and thermal stresses in the oral cavity while maintaining a
high longevity rate [11]. Defining and comparing the physical and tribological properties
of these materials allows for a correct and insightful selection of materials, depending on
the needs of each particular case [12].

The aim of the present research paper is to assess and compare the mechanical and
tribological characteristics of three different materials: a bioactive resin (Activa™ BioActive
Restorative™, Watertown, MA, USA), a composite resin, and a glass ionomer, before and
after thermocycling. The null hypothesis is that the bioactive resin does not perform better
than the other two materials.

2. Materials and Methods

Activa™ Bio-active Restorative™ (Watertown, MA, USA), Filtek Supreme™ XTE
(3M ESPE, St. Paul, MN, USA), and Ketac™ Fil Plus Aplicap™ (3M ESPE, St. Paul, MN,
USA) were used.

Sixty parallelepipedal specimens (3 mm × 6 mm × 45 mm) were produced using a 3D
printed rubber-like mold (twenty of each dental material). The mold was placed on a glass
slab and filled manually, in one increment, with a slight excess of material and covered with
another glass slab. Before curing, the resin samples were manually compacted by applying
finger pressure on the upper glass slab to allow flushing of the excess material and to obtain
smoother surfaces. The specimens that required a light cure were then photopolymerized
using a light polymerizing unit Bluephase® (Ivoclar Vivadent AG, Schaan, Liechtenstein)
with a light intensity of 1500 mW/cm2 ± 10% for 40 s.

The composite material was polished in LaboPol-5 equipment (Struers, Ballerup,
Denmark) using several SiC abrasive papers with 340, 600, 1000, and 2500 grit, with a
continuous passage of water, until minimal visible imperfections were reached. When an
abrasive paper was changed, the specimens were rotated by approximately 90◦ to eliminate
the scratches created by the previous abrasive paper.

The specimens of each material were divided into two groups: one control group
(n = 10), not subjected to thermocycling, and one test group (n = 10) submitted to 5000 cy-
cles of thermocycling with a temperature variation of 5 ◦C to 55 ◦C for 60 s. The mechanical
properties of the material were studied before and after the thermocycling cycles. The
Vickers microhardness test was carried out and surface roughness was also evaluated. The
tribological sliding indentation test was chosen.
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2.1. Surface Microhardness

The microhardness measurement was performed using a Struers Duramin durometer
(Struers, Ballerup, Denmark) according to the ASTM E384-10 standard [13]. This device
has a maximum resolution of 0.01 µm, and hardness measures. It performs micro- and
macrohardness measurements, with an applied load range between 10–2000 gf and has
an automatic load exchange system. The positioning of the specimen is carried out by
a micrometric measuring table with two degrees of freedom. In this study, the Vickers
hardness (HV) value was determined by applying a load of 200 gf (1.962 N) for a dwell
time of 40 s. For each specimen, the average of five indentations was determined and for
each group of composites the average of the ten averages was calculated, before and after
thermocycling.

2.2. Surface Roughness

In order to characterize the surface roughness of the different materials under investi-
gation, several roughness parameters were evaluated using a Mitutoyo Surftest SJ 500P
profilometer (Mitutoyo Co., Kawasaki, Japan). This device has an extendable arm and
a stylus tip at its end that consists of a conical diamond with a tip radius of 5 mm and
60 degrees. The specimens are placed on the profilometer platform so that the diamond tip
travels across the surface of the sample during its movement. This instrument is connected
to a computer and controlled via the Formtracepak software (Mitutoyo, Aurora, IL, USA).
As a means of removing shape deviation and waviness, the roughness profile (R-profile)
was isolated using a cut-off wavelength λc filter. Surface roughness measurements—Ra
(arithmetical mean roughness), Rz (mean roughness depth), Rq (root mean square) and Rsk
(roughness skewness)—were in accordance with DIN/ISO standards, with 2D roughness
parameters being calculated according to EN ISO 4287 [14].

2.3. Flexural Test

A four-point flexural test was performed in accordance with ASTM D 6272-02 [15].
This technique has already been used in previous research works [12]. In this type of
four-point bending test, the moment between the internal supports remains constant with
the consequence that only tractive and compressive stresses act along the cross section.
Figure 1 shows a schematic picture of the two supports and the loading points as well the
load span that is one half of the support span.
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For this propose, a properly calibrated Shimadzu Autograph AG-X-5kN universal
testing machnine (Shimadzu, Kyoto, Japan) was used (Figure 2). It was operated at a
constant rate of crosshead motion of 0.5 mm/min using a support lower span of 40 mm
and an upper loading span of 20 mm. At least five specimens (out of approximately ten)
were used for each condition as stated in the standard. Before the tests, a muffle was used
to maintain the temperature at the desired level with each specimen transported on a
ceramic plate to maintain a constant temperature and then tested at a chosen temperature
of 37 ± 2 ◦C.
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Figure 2. The four-point bending test configuration in the Shimadzu universal testing machine.

To carry out this test, the different specimens were submitted to flexure, as exemplified
in the scheme presented in Figure 2, until failure was reached. The flexural test consists
of applying a certain increasing load and monitoring the corresponding deflection. By
analyzing the corresponding stress–strain curve, the various flexural properties were
calculated. As stated in ASTM D6272-02 [15], the flexural strength (S) corresponds to
the maximum stress reached at the moment of the break and is normalized through
the section area using Equation (1). The static Young’s modulus (ES) is calculated using
Equation (2). Finally, the work of fracture (WOF) or energy absorbed to fracture is calculated
by the integration of the area of the stress–strain curve and provides a measure of the
fracture toughness.

S =
3PL
4dt2 (1)

Es =

(
P
δ

) (
L3

bd3

)
(2)

where: (P/δ) is the slope of the stress–strain curve in the elastic domain (N/mm), L is
the support span (mm), d is the width of the specimen (mm) and t is the thickness of the
specimen (mm).
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2.4. Dynamic Young’s Modulus

The dynamic Young’s modulus was determined by impulse excitation of vibration
technique described in the ASTM E 1876-01 [16]. This test method measures the fundamen-
tal resonant frequency of test specimens of suitable geometry by exciting them mechanically
with an impulse tool, as shown in the flowchart of Figure 3. A ceramic piezoelectric trans-
ducer that is sensitive to a certain mechanical stimulus such as mechanical vibration was
used and generates a potential difference when it undergoes a certain deformation. The
signal analysis system is a digital oscilloscope connected to a laptop computer that uses the
PicoScope 6 software (Pico® Technology, St. Neots, UK). Subsequently, using the OriginPro
2015 (OriginLab®, Northampton, MA, USA) program, a signal analysis was performed us-
ing a fast Fourier transform (FFT). By knowing the resonant frequency of a given specimen
as well as its dimensions and mass, it was possible, using Equation (3), to determine the
dynamic Young’s modulus.

Ed = 0.9465

(
m f 2

f

b

)(
L3

t3

)
T1 (3)

where: Ed is the dynamic Young’s modulus (Pa), m the mass of the specimen (g), ff the
fundamental resonant frequency (Hz), t the thickness (mm), b the width (mm) and L the
length of the specimen (mm). T1 is a correction factor that depends on the geometry of
the specimen that was set equal to the unity, for the specimen dimensions used in the
current work.
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Before the exciting impulse, all the specimens were heated in an oven, Digitheat
(Selecta, Barcelona, Spain), at 40 ◦C for 1 h. Each specimen was removed one by one from
the oven and transported on a ceramic plate and tested immediately at a temperature of
37 ± 2 ◦C. For each specimen, five determinations of the Young’s modulus were achieved
in order to estimate the mean and standard deviation.

The ratio of the loss modulus to storage modulus (E”/E′) in a viscoelastic material
is defined as the tan δ and provides information on the stress response under oscillatory
deformation. This value was determined according to the following method, already used
in previous papers [17]:

The logarithmic decrement, ∆ can be calculate using Equation (4).

∆ =
1
j

ln
(

Xi
Xi + j

)
= ζwnTa (4)

where: Xi and Xi+j are the amplitude of two peaks of the free vibrating system, separated by
j oscillations, ζ the damping factor, wn the system vibratory frequency and Ta the average
period of the wave form that can be calculated through Equation (5).

Ta =
2π

wd
=

2π

wn
√

1− ζ2
(5)

where wd is the dumped frequency of the system. Considering Equations (4) and (5), the
logarithmic decrement, ∆ is as follows:

∆ =
2πζ√
1− ζ2

(6)

For light dumping, Equation (6) can be simplified as follows (Equation (7)):

∆ = 2πζ (7)

From Equations (4)–(7), the damping factor ζ can be obtained and finally tan δ can be
obtained as 2ζ.

2.5. Tribological Characterization

In order to carry out a tribological characterization of the different materials and mea-
sure the friction coefficient as well as the wear volume, the sliding indentation technique,
or “scratch test”, was used in accordance with ASTM G 171-13 [18]. This technique consists
of scratching a specimen with a specific indenter of tungsten carbide with a 50 µm rounded
tip and 60◦ conical shape. The specimen was fixed on a CNC sliding table with four axes
and was moved with a speed of 0.5 mm/s according to the direction of the sliding line. An
increasing load between 0 and 20 N was applied to the specimen surface, by the indenter,
via a helical spring drive by linear actuator which allows for fast, high precision control
(accuracy of 1 µm). A concomitant sliding movement of 10 mm was imposed by a second
linear driver, with similar accuracy to that used to apply the load, connected to the lower
specimen. A three-component load cell directly connected to the specimen was used to
measure both normal and friction forces. The diagram in Figure 4 shows an example of
a scratch test. Subsequently, the coefficient of friction was determined considering the
slope of the curve between the tangential force vs. normal force and the plastic defor-
mation caused by the indenter was analyzed and quantified using a profilometer. The
wear mechanisms were observed by examining the wear track using a scanning electron
microscope (SEM) (Hitachi-SU-3800, Hitachi, Japan) and an optical microscope (LEICA
DM 2500, Leica, Germany).
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After performing all the tribological tests using the sliding indentation technique
for the characterization of the different specimens, before and after thermocycling, the
respective coefficients of friction (COF) and wear were evaluated. Wear was evaluated by
measuring the straight section profile of the wear track using a profilometer and measuring
for a sliding distance of 8 mm and corresponding to an applied load of 16 N. The values
of depth and worn area (A3) were extracted from each wear track profile since the built-
up areas corresponding to A1 and A2 were ignored as they did not present significant
material accumulation.

2.6. Statistical Analysis

The results were initially evaluated descriptively, using the mean and the standard
deviation. The Wilcoxon–Mann–Whitney test and the Kruskal–Wallis test followed by the
Mann–Whitney U test using Bonferroni correction were used. The level of significance
adopted throughout the statistical analysis was 5%. The software used in data processing
was IBM®SPSS® v.28.0 (IBM Corporation, Armonk, NY, USA).

3. Results
3.1. Microhardness

The initial and final microhardness values and respective standard deviation for each
material are shown in Figure 5. The Vickers hardness was significantly different among all
groups (p < 0.05).

3.2. Roughness

The roughness results were represented by the different variables considered in the
study: Ra, Rq, Rz and Rsk (Table 1).
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Table 1. 2D roughness parameters, Ra, Rq, Rz and Rsk for the different materials before (37 ± 2 ◦C) and after thermocycling
(37 ± 2 ◦C).

Material Thermocycling Ra (µm) Rq (µm) Rz (µm) Rsk (µm)

Activa™
Before 0.26 ± 0.05 0.35 ± 0.08 2.08 ± 0.45 −0.87 ± 0.83

After 0.52 ± 0.14 0.77 ± 0.23 3.25 ± 0.59 −0.07 ± 0.78

Filtek Supreme™ XTE
Before 0.30 ± 0.09 0.40 ± 0.14 1.41 ± 0.25 −0.09 ± 0.48

After 0.17 ± 0.04 0.22 ± 0.07 1.23 ± 0.38 −0.31 ± 0.95

Ketac™
Before 0.36 ± 0.08 0.51 ± 0.15 2.35 ± 0.63 −1.45 ± 1.14

After 0.78 ± 0.35 1.10 ± 0.55 4.17 ± 1.43 −1.08 ± 1.14

Before thermocycling, Ra and Rq presented similar results for the different materials.
After thermocycling, these parameters showed a greater dispersion of results. Concerning
Rz, a large dispersion between the results of the different specimens was observed, which
increased after thermocycling, with Ketac™ having the highest results.

When comparing Filtek Supreme™ and Ketac™, statistically significant differences
were found in the initial evaluation of Ra (p = 0.012), Rq (p = 0.005), Rz (p = 0.003), and Rsk
(p < 0.001). After thermocycling, significant differences were found regarding Ra (p = 0.002),
Rq (p = 0.002), and Rz (p = 0.028).

For Filtek Supreme™ and Activa™, statistically significant differences were found for
the initial evaluation of Rz (p < 0.001) and Rsk (p < 0.001). After thermocycling, significant
differences were found regarding Ra (p = 0.028), Rq (p = 0.024), and Rz (p = 0.040).

For Activa™ and Ketac™, statistically significant differences were found for the
initial evaluation of Ra (p = 0.022) and Rq (p = 0.042). After thermocycling, no statistically
significant differences were found.

Regarding Rsk, no statistically significant differences between groups were found after
thermocycling (p = 0.151).
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3.3. Flexural Test

The four-point flexural test allowed various mechanical properties to be calculated,
such as flexural strength (S), static elastic modulus (Es), and work of fracture (WOF).

The flexural strength (S) is illustrated in Figure 6. These results dropped monotonically
with increasing temperature and after being subjected to thermocycling, reaching values of
36.58 MPa and 37.90 MPa for Activa™ and Filtek Supreme™, respectively. As for Ketac™,
it was not possible to measure its flexural strength after thermocycling since the samples
broke immediately.
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Regarding the results of the static elastic modulus (Es), presented in Figure 7, and
determined through the flexural test, they show similar values to those determined through
the impulse excitation of vibration technique and Ketac™ before (25 ± 2 ◦C and 37 ± 2 ◦C)
and after thermocycling (37 ± 2 ◦C).

The work of fracture (WOF) is illustrated in Figure 8. Activa™ had a higher fracture
toughness than Filtek Supreme™, regardless of temperature and whether it had been
subjected to thermocycling or not. Filtek Supreme™ had a resistance to fracture higher
than Ketac™, at 25 ◦C and 37 ◦C. It was not possible to determine the WOF value for
Ketac™ after thermocycling at 37 ◦C, since the samples broke immediately at the mini-
mum displacement.

3.4. Dynamic Young’s Modulus

At 25 ◦C the results were similar to those of the hardness evaluation, with Activa™
showing a lower Ed (8.03 GPa) than Filtek Supreme™ (12.48 GPa), and Ketac™ having the
highest Ed (26.69 GPa).

For Activa™ and Filtek Supreme™, before thermocycling (from 25 ◦C to 37 ◦C), there
was a variation from 8.03 GPa to 7.91 GPa (1.49%) for Activa™ and from 12.48 GPa to
12.63 GPa (1.20%) for Filtek Supreme™. However, the effect of thermocycling decreased Ed
from 7.91 GPa to 6.36GPa (19.60%) for Activa™, and from 12.63 GPa to 9.03GPa (28.50%)
for Filtek Supreme™. As for Ketac™, it was not possible to measure the dynamic elastic
modulus after thermocycling, since the samples broke immediately when an attempt was
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made at measuring by the impulse excitation of vibration technique. The dynamic elastic
modulus was significantly different between materials, at 25 ◦C and after thermocycling
(p < 0.05) but at 37 ◦C there was no differences between materials (p = 0.05). It was observed
that Activa™ had the lowest Ed value, whereas Ketac™ had the highest value (Figure 9).
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The ratio of the loss modulus to storage modulus (E”/E′) in a viscoelastic material is
defined as the tan δ, which provides a measure of damping in the material or degree of
energy dissipation, presented in Table 2.

Table 2. tan δ—ratio of the loss modulus to storage modulus for the different specimens (37 ± 2 ◦C).

Specimens tan δ

Activa™ 0.06

Filtek™ 0.044

Ketac™ 0.02

3.5. Tribological Characterization

Activa™ was able to better reduce the vibration response with a consequent structure
resistance, while Ketac™ showed an opposite behavior which is presented in the graphs in
Figure 10.

Figure 9 presents different parts of the scratch test for the Filtek Supreme™ specimen
where it is possible to observe the middle part (Figure 10a) and the final part (Figure 10b).
It is equally possible to observe the region where the wear profiles were taken (Figure 10a).

Figure 11 shows the wear profiles for the different specimens, before and after ther-
mocycling, showing the evolution of the wear depth and worn area with the transversal
distance at a fixed sliding distance of 8 mm (16 N). The depth of the wear track and the worn
area are smaller for the Activa™ specimen with values of 98.04 µm and 1.11 × 10−4 µm2,
respectively. For the Filtek Supreme™ specimen, these values increase to 108.32 µm and
1.35 × 10−4 µm2, respectively. Finally, for the Ketac™ specimen, the values increase signifi-
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cantly to 124.71 µm and 2.68 × 10−4 µm2, respectively. For Activa™ and Filtek Supreme™,
the results for the worn area and maximum depth of the wear track do not vary much be-
fore and after being subjected to thermocycling. In the case of Ketac™ the values obtained
for the maximum depth of the wear track before and after thermocycling are 124.71 µm and
203.42 µm, respectively, and the values for the worn area before and after thermocycling
are 2.68 × 10−4 µm2 to 3.90 × 10−4 µm2, respectively.
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Figure 11. Wear profiles for the different specimens, before and after thermocycling, showing the
evolution of the wear depth with the transversal distance. These profiles were taken at 8 mm
sliding distance and with an applied load of approximately 16 N: (a) Activa™; (b) Filtek Supreme™;
(c) Ketac™.
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Figure 12 represents the evolution of the normal force and tangential force with the
sliding time. The sliding time is the time it takes the indenter to travel the 10 mm sliding
distance. It can be observed that the normal force increases progressively and linearly until
reaching approximately 20 N and that the tangential force responds to this force depending
on the specimen under analysis. In order to assess the value of the COF for the different
specimens, it is necessary to represent the tangential force as a function of the normal force
and calculate the slope of the adjusted trend line, as exemplified in Figure 13 for Activa™.
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Figure 13. Evolution of the tangential load with normal load showing the slope of the curve (1.37)
that matches the value for the COF. This test was performed for the Activa™ specimen before being
subject to thermocycling.

Table 3 summarizes the results of the COF as well as the worn area and the maximum
depth of the wear track for the different specimens, before and after thermocycling. Re-
garding the COF, Filtek Supreme™ present lower results than those of the Activa™ and
Ketac™. Except for Filtek Supreme™, the COF increased with thermocycling.
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Table 3. COF and worn area for the different specimens evaluated during scratch test, before and
after thermocycling. The worn area was evaluated at a sliding distance of 8 mm.

Coefficient of Friction
(COF)

Worn Area
(µm2)

Wear Track Maximum Depth
(µm)

Activa
Before 1.38 1.11 × 10−4 98.04

After 1.50 1.35 × 10−4 102.61

Filtek
Before 1.22 2.40 × 10−4 108.32

After 1.01 1.57 × 10−4 91.03

Ketac
Before 1.32 2.68 × 10−4 124.71

After 1.46 3.90 × 10−4 203.42

Figure 14 shows SEM micrographs of the wear track for the various specimens before
being thermocycled. The wear mechanism was essentially identical before and after ther-
mocycling, which is why micrographs are presented for only one of the cases. The different
behavior observed in the indentation track is considerably different for the three materials.
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Figures 15 and 16 show SEM micrographs of the wear track for the various specimens
before being thermocycled. It shows that the wear mechanism is essentially identical before
and after thermocycling, which is why micrographs are presented for only one of the cases.
The different behavior observed in the indentation track is considerably different for the
three specimens and is clearly related to the mechanical properties previously measured.
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Figure 15. SEM micrographs showing part of the wear track made by scratch tribotesting before thermocycling, for the 
following specimens: (a) Activa™; (b) Filtek Supreme™ XTE and (c) Ketac™. 
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Figure 15. SEM micrographs showing part of the wear track made by scratch tribotesting before
thermocycling, for the following specimens: (a) Activa™; (b) Filtek Supreme™ XTE and (c) Ketac™.
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3.6. Thermocycling

Before and after thermocycling, statistically significant differences were only found for
Ketac™ concerning microhardness (p = 0.008) and Ra (p = 0.043). For the other measured
parameters and materials, no statistically significant differences were found.

4. Discussion

In this experimental study, several mechanical and tribological parameters of Activa™
Bio-active Restorative™, Filtek Supreme™ XTE and Ketac™ Fil Plus Aplicap™ were tested.

The oral temperature changes were simulated by undertaking thermocycling for half
of the samples included in each study group. Thermocycling results in surface stresses and
interface microcracks due to high thermal gradients, so it can assess material stability and
filler/matrix interaction [19].

The variability of the composition of restorative materials influences its physical
parameters, such as flexural strength, fracture toughness, Vickers hardness, elastic modulus,
and curing depth, among others [20]. The diffusion of water molecules that occur in the
polymer matrix when dental restorations are in contact with saliva can compromise their
physical and mechanical properties [12].

Ketac™ exhibited the highest microhardness and a significant decrease of its values
after thermocycling was found, which makes it an unstable material. Although Filtek™
XTE and Activa™ were associated with lower microhardness values before thermocycling,
no significant differences were found before and after thermocycling. As such, this material
may be considered the most stable in terms of hardness. These results are in accordance
with the investigation of Alrahlah et al. [4], who also evaluated the microhardness of
Activa™ and Ketac™ before and after thermocycling.

The arithmetic average of the absolute heights (Ra) and the mean square root of the
height of profiles (Rq) were selected since these roughness measurements are widely used
and allow the comparison of sample roughness concerning their esthetic aspects [21,22].
Ketac™ was the only material that presented statistically significant differences in Ra after
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thermocycling, which is in accordance with the results of previous studies [23,24]. This
increase in surface roughness, observed in glass-ionomer specimens, can determine the
increase in bacterial adhesion and infiltration, allowing fast microbial colonization [23,24].
Rz, the average distance between the highest peak and lowest valley in each sampling
length, enables an idea of the profile’s total height [21,22]. The differences found between
Filtek™ and Activa™, regarding this parameter, could be due to the fact that nanohybrid
composites have nanofillers and micrometer particles (0.4–5 µm) in their composition [25].

The only parameter that did not vary significantly with thermocycling was the skew-
ness (Rsk), which is related to the surface load capability. A negative value of Rsk indicates
that there are valleys in the surface [21,22]. Therefore, the general observed trend of
an increase in the Rsk values was correlated with a decrease in the superficial pores by
swelling induced by the thermocycling. There was a decrease in all groups, except for
Filtek Supreme™, but the differences were not statistically significant. This fact was
corroborated by Carreira et al. who reported a decrease in Rsk values of a nanohybrid
composite after thermocycling [12]. According to Ţălu et al. [26], a negative Rsk shows
the positive load-resistance ability of the surface of dental restorative materials, which
would have a relatively stable wear rate during function. Regarding the 2D roughness
parameters, it is difficult to draw precise conclusions as the final surface was identical for
all specimens and that this difference is due to the type of microstructure that makes up
the different specimens.

Wear resistance of a dental material is a prerequisite to its acceptance by both dentists
and patients. A high level of resistance may contribute to its durable esthetics and longevity.
This is an important factor to be considered when selecting restorative materials for clinical
use as many variables that derive from their composition directly influence their wear
resistance [20].

The properties of dental composites depend on various factors related to the filler
particles, the polymeric matrix and the coupling between matrix and filler [27,28]. FiltekTM

SupremeTM contains bis-GMA, UDMA, bis-EMA and a low quantity of TEGDMA resins [29].
ActivaTM results from a mixture of UDMA and other methacrylates with modified poly-
acrylic acid [30]. KetacTM results from a mixture of calcium fluoro-alumino-silicate glass
powder and an aqueous solution with the copolymer of polyacrylic acid-itaconic acid and
tartaric acid [31]. Regarding the composition of the studied materials, the results are in
line with those of Asmussen et al. [27]. The authors reported that a composite resin with a
high percentage of UDMA (~70 mol%), a low percentage of TEGDMA (~30 mol%) and no
Bis-GMA would result in optimum strength. Such a material would present a relatively low
elastic modulus of about 8 GPa [27]. According to this investigation, ActivaTM obtained an
initial elastic modulus of 8.03± 0.15 GPa, followed by Filtek SupremeTM (12.48± 0.18 GPa)
and finally KetacTM (26.69 ± 0.26 GPa). The elastic modulus provides an idea about the
rigidity of the material. The higher the value of the elastic modulus, the greater the stress
required for the same degree of deformation, and therefore the more rigid the material.

Flexural strength (FS) is one of the key mechanical properties selected by the Interna-
tional Organization for Standardization (ISO) for screening of resin-based materials [5]. The
fracture properties of materials are determined by their FS and are critical if the material
is used for filling dental cavities [28]. Surface characteristics of restorative materials may
affect FS [32]. In this investigation, Activa™ had the highest fracture toughness, followed
by Filtek Supreme™ and Ketac™, regardless of temperature and whether it had been
subjected to thermocycling. These facts corroborate the results obtained in the tribological
tests, where a large number of cracks could be observed through an SEM micrograph for
Ketac™ after thermocycling, which weakened the integrity of the specimen after testing.
Some studies report that flexural strength increases when bis-GMA or TEGDMA are sub-
stituted by UDMA [27,33], which could justify the highest FS of Activa™. These materials,
which the manufacturer reports as containing a resilient resin matrix with energy-absorbing
elastomeric components (diurethane and methacrylates with modified polyacrylic acid and
polybutadiene modified diurethane dimethacrylate), may be more suitable in higher-stress
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areas that are contraindicated for conventional glass-ionomer cements [7]. According to
the existing literature, FS values for conventional resin-modified glass-ionomer cement
(RMGIC) materials range from 42 MPa to 66 MPa, 25 MPa to 60 MPa, and 16.9 MPa to
59 MPa [23]. In a study by Pameijer et al. [5], the FS of RMGIC was found to be greater than
the one of conventional composite resin materials. In addition, bioactive RMGIC showed a
higher FS than that of conventional glass-ionomer cements (Fuji™, Ketac™) [5]. Thus, the
results from this study are in accordance with the available literature. The difference in the
FS of the tested materials may be attributed to the difference in their composition, type of
resin, inorganic filler, and size and content of the fillers [34].

Activa™ had a homogeneous wear track where no cracks were visible outside the
wear track and where the track width was approximately constant. This fact may be related
to the low hardness value obtained in the Vickers test (HV0.2 = 20.2 Kgf/mm2), which
allows the removal of material, but at the same time a high fracture toughness as evidenced
in the calculated value of work of fracture (WOF = 2767.78 J/m2) which maintains the
integrity of the composite. This wear track with a smooth surface and without visible
cracks is characteristic of a ductile removal mode.

Filtek Supreme™ had a very irregular wear track, as a consequence of the constant
peeling of material that was visible in a perpendicular direction to the wear track. This
peeling explains the wider wear profiles and it was noticeable that fragments or portions
of large amounts of material came out. This fact can be related to the moderate hardness
obtained in the Vickers test (HV0.2 = 67.7 Kgf/mm2) and with the work of fracture value
(WOF = 1995.50 J/m2). The observed scratch wear track where brittle peeling of great
portions of material was observed is characteristic of brittle removal mode.

Ketac™ showed a very wide wear track where a destruction of the material on
the edges of the wear track could be observed with large cracks that extended in all
directions. This fact can be related to the high hardness obtained in the Vickers test
(HV0.2 = 110.65 Kgf/mm2) and the very low value of fracture toughness that is related
to the determined value of work of fracture (WOF = 25.20 J/m2). The existence of high
porosity also helps to understand the properties observed. Furthermore, it was observed
that, after thermocycling, Ketac™ showed the same wear mechanism, but a considerable
increase in the number of fractures could be observed in various directions. This fact can be
explained by the increased hardness and decreased fracture toughness after thermocycling.

Although this study allows for a better understanding of the mechanical and tribolog-
ical properties of dental restorative materials, it has some limitations. The test methods
vary among authors and, therefore, it was difficult to compare results to the ones of similar
works. Although the experimental procedures incorporate a multi-parametric analysis, the
number of specimens per group could have been higher to promote more accurate results.
In addition, the WOF for Ketac™ after thermocycling at 37 ◦C could not be determined,
since the samples broke immediately at the minimum displacement.

5. Conclusions

During the present research work, it was possible to conclude that:

• The four-point flexural test and scratch testing are expeditious methods to determine
the mechanical and tribological properties of newly developed composite resins for
restorative dentistry.

• Of all the composites analyzed, Activa™ was the one with the lowest hardness,
followed by Filtek™ and consequently Ketac™. However, toughness presented the
inverse order, with Activa™ showing greater resistance to fracture than Filtek™ and
in turn than Ketac™.

• The stiffness or elastic modulus determined by the two different methods show the
same trend although with different amplitudes.

• For the tribological test an increasing normal load up to 20 N was applied. A COF
varying between 1 and 1.5 was observed with the maximum value for the Activa
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specimen and the minimum value for Filtek™. Regarding the wear rate, this was
lower for Activa™, followed by Filtek™ and Ketac™.

• Related with the wear mechanism it was shown that Activa™ presented a smooth sur-
face without visible cracks characteristic from a ductile removal mode, while Filtek™
and Ketac™ presented a brittle peeling of great portions of material characteristic of
brittle removal mode.

• Activa™ can absorb impact better than Filtek™ and Ketac™.

Activa™ performed better in relation to fracture toughness, wear rate and impact
absorption than Filtek™ and Ketac™. Moreover, thermocycling had little effect on this
bioactive composite.

Further studies are needed, with standardized protocols, to establish clear relations be-
tween the evaluated parameters for each material and to confirm their clinical performance.
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