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environment on current commercial resin-based restorative 
composites.
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1  Introduction

Currently, composite materials play a key role in biomedi-
cal applications, the aerospace industry, automobile indus-
try and other engineering applications, as they exhibit out-
standing performance [2].

The first commercial composites for dental restora-
tion appeared in the 1960s and since then a lot of research 
has been carried out to improve their physical properties 
[2–8]. This development led to a wide range of commercial 

Abstract  The purpose of this study is to evaluate the 
effects of aging by thermocycling on the mechanical and 
tribological properties of two indirect filling commercial 
resin-based restorative composite materials. The studied 
composites are referenced by the capital letters: A and B. 
The commercial trade names are omitted, to avoid com-
mercial references. Forty specimens of each material were 
produced and divided into three groups: a control group 
not subjected to aging, and two groups, T1 and T2 sub-
mitted to different thermocycling conditions. The studied 
properties were surface roughness, elastic modulus (deter-
mined dynamically by impulse excitation of vibration, and 
statically by four-point bending test), flexural strength and 
work of fracture (four-point bending test), micro-hardness 
(Vickers micro-indentation) and coefficient of friction 
(scratch test). From this study, it was possible to conclude 
that Composite A, in addition to having better mechanical 
properties, is less affected by thermocycling than Com-
posite B, which suggests that it will better withstand the 
stresses, both mechanical and thermal, which it is subjected 
to. It is also possible to infer that the thermocycling regi-
men proposed by Standard ISO 11405 (Dental materials—
testing of adhesion to tooth structure, 2003) is not sufficient 
to adequately simulate the degradation caused by the oral 
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composite materials with different physical properties. 
Since improving one property may worsen another, it is 
essential to assess which properties should be improved, 
in order to produce composites that will better resist the 
mechanical, thermal and chemical stresses that dental 
restorative materials are subjected to in the oral cavity. 
Although the most accurate way to understand which com-
mercial composites better withstand the oral environment 
would be through in vivo tests, their inherent difficulties do 
not allow this to be practical, making in  vitro tests much 
more appealing.

Many papers about the influence of filler particles 
and different monomer combinations on the mechani-
cal and tribological properties of resin composites have 
been published. Different monomer combinations have 
been tested to understand their influence on the mechani-
cal properties of composites [3], to reduce the shrinkage 
that occurs during polymerization [4–6] and the water 
sorption in aqueous environments [7, 8]. The most fre-
quently used monomers that constitute the resin matrix 
are bisphenol A-glycidyl methacrylate (Bis-GMA), tri-
ethylene glycol dimethacrylate (TEGDMA) and urethane 
dimethacrylate (UDMA). Modern composites have a 
wide range of filler particles, with different sizes, types, 
shapes and volume fractions, which will ultimately influ-
ence their physical properties. Resin composites are vis-
coelastic materials and, as such, their physical properties 
are highly dependent on several parameters, of which the 
most important are the oral temperature and the deforma-
tion rate [9]. Several studies demonstrate the importance 
of temperature in the physical properties of resin compos-
ites [9–12]. Ramalho et al. [10] studied the effect of tem-
perature on the elastic modulus, flexural strength, tough-
ness, micro-hardness and wear resistance of three direct 
posterior restoration resin composites and observed that 
all the above properties are very sensitive to temperature. 
Musanje and Darvell [11] state that properties obtained 
at temperatures other than 37  °C are inaccurate and do 
not adequately describe the behavior of these materials in 
the mouth. However, most studies found in the literature 
were done at room temperature and only rarely at nomi-
nal body temperature, 37 °C.

To simulate the effect that the oral environment has on 
restorative materials, aging techniques were developed. 
One of the most widely used techniques is thermocy-
cling, which consists of subjecting the restorative materi-
als to cyclic thermal stresses. The specimens are heated 
and cooled in baths, generally using distilled water, at 
the extreme temperatures that restorative materials are 
exposed to in the mouth. The material has a tendency to 
expand during heating and shrink during cooling. The dif-
ference between the coefficients of thermal expansion of 

the organic resin matrix and the inorganic filler particles 
induces high mechanical stresses in the matrix/filler inter-
face [13], promoting micro-leakage and fatigue fractures 
[14].

Gale and Darvell [12] analyzed 130 papers where ther-
mocycling was used. Morresi et  al. [15] examined 193 
papers, published between 1998 and August of 2013, where 
thermocycling was used. Thermocycling is a controver-
sial process because the results vary widely, which can be 
explained by the different bath temperatures, dwell times 
and number of cycles used by each researcher [12, 15].

The standard ISO 11405 [1] recommends that 500 ther-
mal cycles be made, in baths at the extreme temperatures 
of 5 and 55 °C, with a dwell time of 20 s. However, such 
a regimen might not be enough to fully simulate the deg-
radation caused by the oral environment on the restorative 
materials, which led several researchers to increase the 
number of thermal cycles, the bath temperatures and/or the 
dwell time of the specimens in the baths. Gale and Darvell 
[12] and Morresi et al. [15] observed that most researchers 
choose their own parameters, instead of following the regi-
men proposed by standard ISO 11405 [1].

Besides the evaluation of mechanical properties, the 
influence of thermocycling on the wear resistance is of vital 
importance. There is an expanding literature interest on a 
simple, yet refreshing and exciting test which adds under-
standing to wear damage processes, the scratch test. On 
the topic of the scratching and nanoscratching, Zheng et al. 
[16] investigated the microtribological behavior of human 
tooth using this technic. In recent literature, there are also 
some authors which use this technique to determine poly-
mers and dental composites wear damage processes [17, 
18].

Current dental composites have adequate mechanical 
properties for use in all areas of the mouth. But concern 
still exists when the materials are placed in high stress situ-
ations, especially in patients with bruxing or parafunctional 
habits. The concern here is for fracture of the restoration as 
well as wear. Wear is considered to be a lesser problem for 
current materials as compared to those that were the stand-
ard of care a decade ago, in large part due to refinement 
in the size of the reinforcing fillers which significantly 
reduced the magnitude of abrasive wear.

Due to the lack of specific international standards for 
restorative dental materials, to assess the more important 
properties it is essential to establish which properties are 
fundamental for direct restorative materials. The desired 
mechanical and physical properties are difficult to define 
because there is currently little correlation between the 
properties of composites and their clinical performance, 
resulting in difficulty to translate the in  vitro results to 
in vivo ones.
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Stress is a critical parameter for the success or failure of 
the adhesive interface and may lead to marginal gap for-
mation. Elastic modulus obtained in  vitro conditions, at 
ambient temperature and in dry conditions, does not have 
the same value when the material is applied in the mouth, 
hydration and temperature conditions will change and 
along with aging would affect the visco-elastic behavior 
of the composite material [19]. Contraction stress build-
up occurs since shrinkage is obstructed and the material is 
rigid enough to resist sufficient plastic flow to compensate 
for the original volume [20].

The overall properties of a composite are influenced by 
the type, size, and volume fraction of the filler particles and 
the degree to which the filler is bonded to the resin matrix 
[21]. The type of matrix and the degree to which conversion 
occurs during polymerization also influence the properties, 
especially when aging occurs in the oral environment [21]. 
The presence of filler particles increases the compressive 
strength and hardness of the polymer matrix. Yang et  al. 
[22] reported that changing the level of filler in composite 
altered the properties of hardness, water sorption, compres-
sive strength, elastic modulus, and wear resistance [23].

Therefore, it is important to compare restorative com-
posites to allow for the correct selection for each applica-
tion needed, as this is essential to know the physical/tribo-
logical properties of dental composites relatively to other 
dental restorative materials.

In this work, two restorative resin commercial compos-
ites, available on the market, produced by different manu-
facturers and with distinct compositions, were subjected 
to aging by thermocycling. The aim of this study is to 
understand, according to their mechanical and tribological 
properties, which of the composites better withstands the 
degradation caused by thermocycling and which is better 
qualified to be used in posterior restorations, where they 
are exposed to high mechanical stresses during mastication.

2 � Experimental work

The tests undertaken in the evaluation of the mechanical 
properties were: surface profilometry, impulse excitation of 
vibration, four-point bending and Vickers micro-hardness, 
which allow us to obtain the following properties: surface 
roughness, dynamic and static elastic modulus, flexural 
strength, work-of-fracture (WOF) and micro-hardness. The 
mechanical tests were done at a controlled temperature, to 
correctly evaluate how these materials behave at the nomi-
nal temperature of the oral cavity, 37 °C. The tribological 
evaluation was done using a scratch test, to assess the wear 
mechanisms and coefficient of friction between stylus and 
composite material.

2.1 � Materials

In this work the resin composite restorative materials used 
are: a nanohybrid—Composite A and a microfilled—Com-
posite B. Table  1 presents the resin composite restorative 
materials under study, with details about their matrix com-
position and reinforcement filler, the latter being subdi-
vided into type, average particle dimension and percentage 
of fraction in volume and weight.

Sixty parallelepipedic specimens 
(3 mm × 6 mm × 45 mm) were produced for each mate-
rial using a silicone mould. The mould was placed on a 
glass slab and filled manually, in one increment, with a 
slight excess of material and covered in the same manner 
as the base. Before curing, the composite resin samples 
were manually compacted applying finger pressure on the 
upper glass slab, to allow flushing of the excess material 
and to obtain smoother surfaces. The specimens were then 
photopolymerized using a halogen light polymerizing unit 
Bluephase® (Ivoclar Vivadent AG, Schaan, Liechtenstein) 
with a light intensity of 1500 mW/cm2 ±  10 % for 40  s, 

Table 1   Resin composite materials under study and their composition, according to the manufacturers

BisGMA bisphenol A-glycidyl methacrylate, BisEMA ethoxylated bisphenol-A dimethacrylate, TEGDMA triethylene glycol dimethacrylate, 
UDMA urethane dimethacrylate
a  Composite B is a heterogeneous microfilled composite. The main reinforcement filler (62.9 % in weight) is a copolymer which consists of pre-
polymerized ground up UDMA matrix and inorganic microfiller particles. Besides the copolymer, Composite B also contains highly dispersed 
silica particles (19.8 %)

Designation Matrix Reinforcement filler

Type Dimension (µm) Vol./weight (%)

Composite A BisGMA, BisEMA, TEGDMA Glass–ceramic particles, nano-particles of SiO2 Micro-particles
(1 µm)
Nano-particles (20–40 nm)

73/89

Composite B UDMA, aliphatic dimethacrylate Nano-particles of SiO2, copolymer Nano-particles (10–50 nm)
Copolymer
(−)

a
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three times on each surface. The curing light intensity 
was verified with a radiometer Bluephase® meter (Ivoclar 
Vivadent AG, Schaan, Liechtenstein). Subsequently, in 
order to ensure a complete polymerization, the specimens 
went into a light/heat furnace Lumamat® 100 (Ivoclar 
Vivadent AG, Schaan, Liechtenstein).

The specimens were manually polished with several 
Silicon Carbide abrasive paper from grit 320 up to 2500 
under continuous water cooling, until minimum permissi-
ble roughness was achieved, so that the mechanical proper-
ties could be tested. This task was done using a machine 
LaboPol-5 (Struers, Ballerup, Denmark). When passing 
from one paper to the other, the specimens were turned 
approximately 90°, to eliminate the marks created by the 
previous paper. Subsequently, an ultrasound was passed 
where the impurities were removed and, to finish, the spec-
imens were dried with an air jet and observed for direction-
ality marks on the surface, with an optical microscope.

2.1.1 � Thermocycling

Each material’s specimens were divided into three groups: 
a control group, not subjected to aging, and two thermocy-
cled groups. The thermocycled specimens were immersed 
in baths at the same temperatures but with a different num-
ber of cycles and dwell times. Table  2 shows the three 
groups into which specimens were divided, in which A 
stands for Composite A, B for Composite B, C for control 
and T1 and T2 for thermocycling 1 and 2, respectively. The 
thermocycling equipment allows to configure: baths tem-
perature in Celsius degrees, bath dwell time in seconds and 
number of cycles.

2.2 � Experimental procedures

2.2.1 � Mechanical characterization

2.2.1.1  Surface roughness  Roughness measurements 
were performed according to the standard ISO 4288 [24]. 
The measuring apparatus was a mechanical roughness tester, 
Mitutoyo Surftest SJ 500P (Mitutoyo Co., Kawasaki, Japan). 
The monitored parameters are presented in Table 3; Ra, Rz, Rq 

and Rsk. Ra and Rq arithmetic average and root mean square, 
respectively, were selected due to their large use and permit 
to compare sample roughness in what concerns their esthetic 
aspects. Rz average distance between the highest peak and 
lowest valley in each sampling length enables to have an idea 
of the profile total high. The skewness parameter, Rsk, is indi-
cated to relate the surface load capability and therefore was 
selected to evaluate the materials in the study. Roughness 
measurements were made in all specimens, and five meas-
urements were performed on each specimen, evenly distrib-
uted along the surface and perpendicular to the previous one, 
to minimize the influence of directionality.

The mean dimensions (length, width, thickness) were 
measured ten times in each direction, for each specimen, using 
a digital calliper (Mitutoyo Co., Kawasaki, Japan). Each spec-
imen was weighed on a precision scale (A&D, Tokyo, Japan). 
The specimen geometry used to determine the mechanical 
properties was a parallelepiped with nominal dimensions of 
45 mm long, 6 mm wide and 3 mm thick. All the mechanical 
tests were made at the controlled temperature of 37 °C.

2.2.1.2  Dynamic test  The elastic modulus was measured 
by the impulse excitation technique as described by Braem 
et al. [25] and according to the standard ASTM C1259-14 
[26]. Before testing, the specimens were heated in an oven, 
model Digitheat (Selecta, Barcelona, Spain), at 40  °C for 
1 h. Each specimen, after being removed from the oven and 
a temperature of 37 °C was attained, was set in free flexural 
vibration by a light mechanical impulse. The fundamental 
frequency of the first flexural vibration mode was deter-
mined analyzing the vibrational response by Fast Fourier 
Transform. Five vibrational signals per specimen were con-
sidered in the determination of the elastic modulus.

Table 2   Groups of the resin composite specimens were divided into and thermocycling conditions: number of cycles, dwell time, bath tempera-
tures and number of samples

Groups Thermocycling Number of specimens

Number of cycles Dwell time (s) Bath temperature (°C)

Control (AC and BC) 0 0 – 20

Thermocycling 1 (AT1 and BT1) 1500 30 5–55 20

Thermocycling 2 (AT2 and BT2) 5000 60 5–55 20

Specimens per resin composite 60

Table 3   Monitored roughness parameters

Roughness parameters

Ra Average surface roughness 

Rq Root mean square roughness

Rz Mean roughness depth

Rsk Roughness skewness
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The elastic modulus obtained through this test will be 
known as dynamic elastic modulus (Ed) and was calculated 
as a function of the frequency of the first flexural vibration 
mode using Eq. (1);

where l, d and t are, respectively, the length, width and 
thickness of the bar, m is the mass and ft is the fundamental 
frequency of the first flexural vibration mode. According to 
the ASTM standard, T1 is a correction factor to take into 
account the finite dimensions of the specimen. For the cal-
culation of T1, a constant Poisson ratio of 0.3 was assumed.

2.2.1.3  Bending test  A bending test was carried out by 
four-point-flexure tests performed according to the stand-
ard ASTM C1161-13 [27]. An environmental chamber 
(Fig. 1) was made to allow testing at the desired temperature 
(37 ±  2  °C). Resin samples were tested with a Shimadzu 
Autograph AG-X-5kN Universal Testing Machine (Shi-
madzu, Kyoto, Japan) with a crosshead speed of 0.5 mm/
min using a support lower span of 40 mm and an upper load-
ing span of 20 mm.

In order to determine the static elastic modulus (ES) 
the evolution of flexural stress versus crosshead displace-
ment was plotted. In the initial linear part of the curve, the 
slope represents the resistance to deformation of the mate-
rial, so is a measure of the static elastic modulus (ES). The 
use of Eqs. (2) and (3) allows to determine the static elas-
tic modulus (ES) and the flexural strength (S), respectively. 
The work-of-fracture (WOF) was calculated by numerical 

(1)Ed = 0.9465

(

mf 2t

d

)(

l3

t3

)

T1

integration as the area below the flexural curve that can be 
used as a comparative value of the toughness. The work-of-
fracture (WOF) corresponds to the area below the flexural 
strength curve and was calculated by numerical integration. 
It can be used as a comparative value of the toughness.

where P/δ is the slope of the linear part of the load–dis-
placement curve (in N/mm), L is the outer span, d and t are, 
respectively, the width and the thickness of the specimen 
(in mm).

2.2.1.4  Hardness  To determine the hardness, a Vick-
ers micro-indentation test was carried out, using Struers 
Duramin (Struers, Ballerup, Denmark) testing equipment, 
according to the standard ASTM E384-10 [28]. The test tem-
perature was controlled using a specimen base holder shown 
in Fig. 2. An electric heating element, placed inside an alu-
minum block, was connected to a power source, heating the 
aluminum block which, in turn, heated the specimen. Inside 
the aluminum block, other than the element, there was also 
a sensor, connected to a temperature controller that, depend-
ing on the temperature of the block, turns the power source 
on or off, maintaining the temperature inside the desired 
range (37 ± 3 °C). A thermal conducting paste, manufac-
tured by Fisher Elektronik, was smeared on the base of the 
specimen, in order to increase the rate of heat transfer from 

(2)Es =

(

P

δ

)

L3

8dt3

(3)S =
PL3

4dt2

Fig. 1   Environmental chamber 
used in bending tests
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the block to the specimen. A load of 1.962 newtons (N) was 
applied for a period of 40 s; ten indentations were made on 
the surface of each specimen.

2.2.2 � Tribological characterization—scratch test

To determine the coefficient of friction, a scratch test was 
carried out using a four-axis CNC machine according to 
the standard ASTM G 171-13 [29]. A stylus made from 
tungsten carbide, with a rounded tip, 50  µm and conic 
shape, 60°, was drawn horizontally across the specimens 
at a constant speed of 0.5 mm/s, with the load increasing 
linearly over time from 0 to 10  N, producing 5  mm long 
scratches. The normal and tangential loads were measured 
through a three-way load cell connected to the specimen 
bearer. Systematic SEM observations of the specimen’s 
surface were made using a Philips XL30 (Philips, Eind-
hoven, Netherlands). All the tested specimens were sputter-
coated with gold to allow a better observation. The images 
were attained with secondary and backscattered electrons 
to make it possible to see the dimension and distribution 
of the particles and identify the failure mechanisms that 
occurred in the tests.

3 � Results and discussion

A preliminary study was made after the first thermo-
cycled groups (T1) were produced. Because the effect 
of thermocycling on the mechanical properties was 
very small, the heat transfer rate from the water baths 
to the specimen of resin composite material was stud-
ied by finite element method (FEM). The finite element 

analysis (FEA) was done using MSC Software’s Marc 
and Mentat (2013); the specimens mesh was done using 
a linear isoparametric element. The thermal analysis 
was done considering convective heat transfer in tran-
sient regime. The specimen’s FEA was executed con-
sidering no constriction, the boundary conditions. Three 
fluid media were considered: distilled water at 5  °C, 
air at room temperature 20  °C) and distilled water at 
55  °C. The parameters used were: cp =  837,36  J/kg  K, 
h = 100 W/m2 k, k = 1, 2 W/m K and ρ = 2000 kg/m3, 
where cp is the heat capacity at constant pressure, h is 
the heat transfer coefficient, k is the thermal conductiv-
ity and ρ is the density. The values used were collected 
from the literature [30].

From the FEM analysis, it was possible to determine the 
temperature distribution as shown in Fig. 3. The specimen 
heats up faster at the edges then at the centre of the speci-
men, this is due to the larger ratio surface/volume of the 
specimen’s edge in contact with the fluid. Observing Fig. 3, 
it is possible to note that the temperature rises more slowly 
in the centre of the specimen. For this FEM analysis, it was 
considered that the specimen started the cycle at room tem-
perature, 20 °C, in order to simulate the first thermal cycle 
of the specimens in the baths.

Figure  4 shows that the superficial temperature of the 
specimen only reaches the temperature of the bath after 
approximately 50  s of immersion. It is logical to assume 
that, considering a dwell time inferior to 50  s, not all the 
parts of the specimen will reach the bath’s temperature.

To test the hypothesis that the first thermocycling (T1), 
in which the specimens were subjected to 1500 thermal 
cycles with a dwell time of the specimens in the baths of 
30 s, would not be enough to affect the extensive properties 

Fig. 2   Assembly used to assess 
the specimens micro-hardness
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of the composites in study, a decision was made to process 
20 more specimens, and subject them to a more aggressive 
thermocycling (T2). These new specimen groups were sub-
jected to 5000 thermal cycles with a dwell time of 60 s for 
the specimens in the baths, to make sure that the whole vol-
ume specimen would be affected.

3.1 � Surface roughness

The values obtained for the surface roughness for the dif-
ferent groups of both studied materials are presented in 
Table 4.

The only parameter that varies significantly with ther-
mocycling is the skewness (Rsk), which for Composite B 
decreased 34 % for BT1 and increased 57 % for BT2. For 
Composite A, the skewness increased 30  % for AT1 and 
67 % for AT2. A negative value of Rsk indicates that the sur-
face is made up of valleys, whereas a surface with a posi-
tive skewness is said to contain mainly peaks and asperi-
ties. Therefore, the general observed trend of an increase of 
the Rsk values was correlated to a decrease of the surficial 
pores by a swelling effect induced by the thermocycling.

Tuncer et al. [31] only studied the arithmetic average Ra 
of Composite A, which was very similar to the one obtained 

Fig. 3   Middle centre point temperature of a specimen exposed to a water bath at the temperature of 55 °C for 60 s

Fig. 4   Middle centre point temperature of a specimen in relation to the time it is exposed to the water baths at: a 5 °C, and b 55 °C
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in this study, and concluded that this parameter was not influ-
enced by thermocycling (10,000 cycles between water baths 
at the temperature of 5 and 55 °C, with a dwell time of 30 s).

3.2 � Impulse excitation of vibration

The elastic modulus of the composites under study was 
measured, using both dynamic and static tests. Hereinafter, 
the elastic modulus obtained with this test will be known as 
dynamic elastic modulus.

The dynamic elastic modulus (GPa) of both com-
posites was not significantly affected by thermocycling 
(Fig. 5). Comparing the values of Composite A and Com-
posite B, it is possible to observe that the dynamic elastic 
modulus of Composite B is nearly three times lower than 
that of Composite A. These results mean that, when sub-
jected to the same load, a specimen of Composite B will 
deform more elastically than a specimen of Composite A. 
Many researchers have shown that this property is highly 
dependent on the filler volume fraction, increasing when 
the filler volume fraction in the matrix of the composite is 
increased [2, 32, 33]. Composite A contains a much higher 
volume fraction of inorganic filler particles than Com-
posite B, which explains why it has a much higher elastic 
modulus.

As can be seen in Fig.  5, the static elastic modulus of 
Composite A was not affected by the thermocycling aging 
process, while the dynamic modulus decreased 2  % for 
AT1 and 4  % for AT2. These differences, observed espe-
cially on the dynamic modulus, should be correlated to the 
variation of the viscoelastic behavior of the matrix induced 
by the thermocycling. On the other hand, the elastic mod-
ulus assessed statically for Composite B varies with ther-
mocycling; an increase was noticed for the static elastic 
modulus of group BT1, which was 1.2 GPa higher than the 
static elastic modulus obtained for BC (5.6 GPa) and cor-
responds to an increase of 22.3 %. This variation could be 
due to an evolution of the cross-link polymerization of the 
matrix along the thermocycling, while a decrease of 14.3 % 
was observed for the static elastic modulus after the BT2 
thermocycling, which was much more aggressive induc-
ing a reduction in rigidity by damage of the matrix or a 

weakness effect on the interface particle–matrix. The varia-
tion noticed for the dynamic elastic modulus of Composite 
B was very small, which can be explained by the fact that 
the dynamic test induced very small deformations which 
are less sensitive to the damage in the interface particle–
matrix. From Fig. 5, it is noticeable that the dynamic elastic 
modulus is always greater than the static elastic modulus. 
The viscoelastic behavior of the resin matrix makes these 
materials highly dependent on the deformation rate. If the 
rate of deflection of the specimen was increased during the 
bending test, the value obtained statically would tend to the 
value obtained dynamically [34].

The modulus of elasticity of Composite A, measured 
both dynamically and statically, is always superior to that 
of Composite B and closer to that of dentin (≈19 GPa [35]), 
which means that the restoration and the dentin will deform 
in a similar way under load. The modulus of elasticity of 
Composite A was also measured by other researchers: El-
Safty et  al. [36] obtained an elastic modulus of 24.1 GPa 
for Composite A by nano-indentation, which is between the 
values obtained for the static and dynamic elastic modulus 
obtained in this study. Belli et  al. [37] reported an elastic 
modulus of 14.6 GPa, obtained by three-point bending.

Table 4   Comparison between the roughness parameter average values and respective standard deviations (SD) obtained for Composite A and 
Composite B control and thermocycled specimen groups

Roughness parameter Composite A Composite B

AC (SD) AT1 (SD) AT2 (SD) BC (SD) BT1 (SD) BT2 (SD)

Ra 0.14 (0.04) 0.12 (0.01) 0.15 (0.07) 0.14 (0.06) 0.16 (0.08) 0.17 (0.14)

Rq 0.19 (0.05) 0.16 (0.02) 0.20 (0.09) 0.21 (0.09) 0.27 (0.13) 0.24 (0.06)

Rz 1.47 (0.34) 1.26 (0.19) 1.46 (0.50) 1.73 (0.84) 2.01 (0.60) 1.98 (0.51)

Rsk −1.18 (0.71) −0.83 (0.56) −0.39 (0.34) −1.86 (0.80) −2.49 (1.34) −0.79 (0.81)

Fig. 5   Comparison between the average values and respective stand-
ard deviations obtained for the static and dynamic elastic modulus of 
Composite A and Composite B control and thermocycled specimen 
groups
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3.3 � Four‑point bending

This test was used to obtain the static elastic modulus, pre-
sented in Fig. 5, the flexural strength (MPa), and the work-
of-fracture, WOF (J/m2), of the composites under study.

In Fig. 6, the variations on flexural strength are shown 
for both materials and for all considered groups. The first 
thermocycling condition (T1) caused an increase in the 
flexural strength of Composite B (14.9  %). However, the 
second, more aggressive, thermocycling condition (T2) 
brought about a pronounced reduction of this property 
(53.1  %). For Composite A, the flexural strength of AT1 
was nearly equal to that of group AC, but group AT2 suf-
fered a significant reduction (19.1  %). In this study, the 
flexural strength obtained for the three groups of Compos-
ite B was far from the minimum of 80 MPa required by ISO 
4049 [38] for posterior dental restorative materials, and 
its use in posterior regions of the mouth is not advisable. 
Although by a very short value, Composite A also missed 
the imposed condition of 80  MPa required by ISO 4049 
[38] (both groups AC and AT1, with 78.1 and 79.4  MPa, 
respectively).

The WOF of Composite B (2459.3  J/m2) was initially 
higher than the WOF of Composite A (1435.9 J/m2). Com-
posite A has a higher fraction of inorganic reinforcement 
particles and hence has a higher elastic modulus, which 
makes it deform less when subjected to a load. Further-
more, the polymer nature of the matrix is different for the 
two composites and in general lower rigidity and higher 
deformation is expected for UDMA [39]. The deforma-
tion at fracture for a specimen of Composite B is greater, 
which results in a larger area below the stress–strain curve 
and, consequently, a greater WOF. This result means that, 
although more force is necessary to fracture a specimen 
of Composite A, it will deform less upon fracture than a 

specimen of Composite B. In both T1 groups, a slight 
increase in WOF was noticed, for both materials. How-
ever, due to the high standard deviations, it was concluded 
that this increase was not significant. The WOF dimin-
ishes quite a lot for AT2 (25.8  %) and especially for BT2 
(73.2 %).

The higher values of WOF of Composite B are reported 
by several authors. Asmussen and Peutzfeldt [40] and 
Sideridou et  al. [41] report that in copolymers bis-GMA/
UDMA, the tenacity capabilities increase with the content 
of UDMA [39, 40]. Ruyter and Øysæd [41] indicate that 
a possible explanation for this finding may be found in the 
rather flexible nature of UDMA, which has been observed 
with some urethane polymers. Peutzfeldt and Asmussen 
[42] noted that some compositions of relatively high con-
tent of UDMA are at the same time rather flexible and 
strong. Such materials are by definition characterized by a 
considerable modulus of resilience or toughness [43].

As can be seen in Figs. 5, 6 and 7, the standard devia-
tions of the properties obtained through this test are very 
high, which means that the results varied a lot from speci-
men to specimen. The four-point bending test is highly 
dependent on the quality of the specimens since the load 
applied by the cylindrical rolls is applied on a wide area 
and the presence of superficial defects, such as pores, may 
induce the premature fracture of the specimen. Neverthe-
less, composite materials in general are characterized by a 
high variability of their properties.

In general, Composite B seems to be more affected by 
thermocycling conditions than Composite A. Since Com-
posite B has a lower filler volume fraction, it has higher 
resin content, which is precisely the main factor respon-
sible for the water sorption in aqueous environments. The 
monomers that constitute the matrix of both composites 
may have influenced these results. According to Sideridou 

Fig. 6   Comparison of the average values and respective standard 
deviations obtained for the flexural strength of Composite A and 
Composite B control and thermocycled specimen groups

Fig. 7   Comparison of the WOF average values and respective stand-
ard deviations obtained for Composite A and Composite B control 
and thermocycled specimen groups
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et  al. [8], a BisGMA-based composite has more stable 
mechanical properties in aqueous environments than a 
UDMA-based composite. Other researchers observed that 
UDMA-based composites more easily experience a soften-
ing in aqueous environments than BisGMA-based compos-
ites [44, 45].

The increase in static elastic modulus and flexural 
strength of group BT1 was unexpected and hard to explain. 
Besides these two parameters, the skewness of group BT1 
also decreased. It actually seems that the first thermocy-
cling condition (T1) improved the mechanical properties 
of Composite B. It is well established that the exposure 
of resin composites to aqueous environments lowers their 
mechanical properties [46]. However, some studies demon-
strate that water sorption during aging may cause a plasti-
cizing of the tough but slightly brittle resin matrix, making 
resin composites more flexible, which causes an apparent 
increase in mechanical properties [47, 48]. However, all 
results lead us to conclude that in the case of Composite 
B, the mild thermocycling condition T1 seems complete 
the cross-linking polymerization which could explain both 
the increase of the number of pores, hence the reduction of 
the roughness skewness, and the increase of the mechani-
cal properties. While for the more aggressive condition, the 
degradation of the matrix was superposed to this favorable 
effect.

The degradation observed for groups AT2 and BT2 may 
be explained by the entry of water in the material, which 
breaks the link between the organic matrix and the inor-
ganic filler particles [8, 49, 50]. The failure of the cou-
pling agent, by hydrolysis, promotes the degradation of the 
matrix and the elution of fillers from the matrix, originating 
pores, hence diminishing the material’s flexural strength 
and toughness. The huge degradation in flexural strength 
and work of fracture observed for group BT2 may signify 
that a generalized failure of the UDMA matrix occurred, 
caused by water sorption [8, 51].

3.4 � Micro‑hardness

The micro-hardness obtained for Composite A was more 
than three times greater than that of Composite B, Fig. 8. 
The hardness of both materials does not seem to be sig-
nificantly affected by thermocycling conditions since the 
largest reduction, percentage-wise, was observed for BT2, 
which lowered by 7.5 %.

It is well established in the literature that hardness raises 
with the increase in filler volume fraction [2, 33]. As Com-
posite A possesses a filler volume fraction much superior 
to Composite B, it was expected that its hardness would be 
greater than that of Composite B. The micro-hardness of 
enamel has been measured at around 4000 MPa and dentin 

at around 1000 MPa [52]. By these results, only Composite 
A shows micro-hardness close to that of dentin (see Fig. 8).

Other researchers studied the hardness of Composite A. 
Tuncer et  al. [31] studied the micro-hardness of Compos-
ite A after 10,000 thermal cycles between baths at 5 and 
55  °C, with a dwell time of 30  s and obtained a micro-
hardness of 1430 MPa (146 Vickers) for the control group 
and a micro-hardness of 1180 MPa (129 Vickers) after ther-
mocycling. El-Safty et  al. [36] reported a nano-hardness 
of 1600 MPa for Composite A. Alshali et  al. [53] studied 
the post-irradiation hardness development of Composite A 
and found that the maximum hardness was 950 MPa (97.5 
Vickers), for 24-h post-curing.

According to Rahim et  al. [54], composite degradation 
can be induced by two mechanisms. The first mechanism 
is due to the diffusion of water molecules into the polymer 
network; water molecules occupy the free volume between 

Fig. 8   Comparison of the average values and respective standard 
deviations obtained for the micro-hardness of Composite A and Com-
posite B control and thermocycled specimen groups

Fig. 9   Comparison between the coefficient of friction of Composite 
A and Composite B control and thermocycled specimen group
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polymer chains and microvoids, causing plasticization and 
swelling of the polymer matrix and also initiate the chain’s 
scission causing monomer elution [55, 56]. The water 
molecules also tend to degrade the siloxane bonds (bond 
between silanol groups of the silica surface and the silane 
coupling agent) via a hydrolysis reaction, causing filler 
debonding [55]. These occurrences lead to the degrada-
tion or softening of resin composites which may diminish 
some physical and mechanical properties such as hardness, 
strength and modulus of elasticity [54].

Ferracane [56] affirms that water sorption of polymer 
composites is also highly dependent upon the chemical 
structure of the resin monomers. The monomers are hydro-
philic in nature due to the presence of polar groups in their 
structure which tends to be attracted by water molecules to 
form hydrogen bonding [54]. Nevertheless, the degree of 
hydrophilicity of monomers varies, depending on the type 
of functional groups obtained in monomer structure. The 
hydroxyl group, for instance, present in BisGMA would 
form a stronger hydrogen bonding with water molecules 
compared to ether and urethane linkage found in BisEMA 
and UDMA, respectively [57]. Kalachandra and Turner 
[58] have shown that water sorption is greater for Bis-
GMA containing higher concentrations of TEGDMA. In 
the referred study, they compared two composites, one only 
with UDMA monomer against another which had a com-
bination of BisGMA and other dimethacrylate monomers 
(TEGDMA, BisEMA and UDMA) and the composited 
with UDMA monomer registered less water sorption [54].

When comparing hardness and the other material prop-
erties tested there is almost no influence of the thermocy-
cling on the materials hardness, this could be explained 
due to good plastic compression resistance of composites. 
Since the weakness of the interface matrix particle is one 

of the main identified mechanisms of failure induced by 
water, this effect should play a reduced action in compres-
sive tests.

3.5 � Scratch test

Fundamental knowledge about mechanical behavior during 
scratch tests is not nearly as developed as indentation test-
ing owing to the complex damage mechanisms involved. 
The first approach to this was towards a parameter quan-
tifying the coefficient of friction (COF) of both materials, 
Composite A and Composite B.

Regarding COF Composite A specimens groups 
increased with thermocycling, the COF of Composite B 
specimens group diminished with increasing thermocycling 
severity, Fig. 9.

Figures  10, 11, 12, 13, 14 and 15 represent the wear 
scars left by the stylus on the Composite A and Composite 
B specimens, respectively. In all figures, the normal and the 
tangential forces measured by the load cell can be related 
for the different groups under study to the respective wear 
scar. By analyzing the wear scars, it is possible to identify 
the exact location and the respective loads which caused 
the major local failures. A large fluctuation of the tangential 
force was noticed in all groups of Composite A due to the 
presence of many hard filler particles, which increase the 
resistance to the progress of the stylus, reaching the point 
where enough local stress propagates a crack which causes 
an instantaneous drop of the friction force, with the subse-
quent starting of a new increase.

Heintze et al. [33] observed that highly filled composites 
provide higher friction, since the asperities of the antagonist 
material collide with a surface which is rich in hard parti-
cles and, therefore, more difficult to plough into. However, 

Fig. 10   Wear scar obtained by 
SEM analysis for a specimen 
of Composite A, group AC, 
juxtaposition with normal and 
tangential loads
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several researchers noticed that materials with high fracture 
toughness are more wear resistant [2, 33], and if the filler 
volume fraction is increased, the toughness of the mate-
rial diminishes. Larger particles increase the coefficient of 
friction and, consequently, the contact forces. An increase 
in the filler size may increase the dimension of the wear 
debris, because whole reinforce particles may be removed. 
Regarding scar shape, it is possible to observe an increase 
in the scar contour with an increase in thermocycling con-
ditions, and it is also possible to find failures for smaller 
normal loads. These results agree with the reduction of the 
toughness induced by thermocycling, as observed by the 
WOF values.

Regarding the behavior of Composite A and considering 
the control and thermocycled groups, as the tangential load 

increases the specific contact stress field is reflected in the 
material in the form of a compressive area in front of the 
advancing indenter and of a tensile stress field at its back 
[59]. When the stress overcomes the specific strength of the 
material, massive delamination phenomena occur, similar 
to data reported on thermoset and thermoplastic organic 
coatings [60]. The brittle nature of the delamination phe-
nomenon of the material tested with the sharper indenter is 
confirmed by the area of damage, more noticeable in groups 
with thermocycling, and especially for group AT2. The dam-
age spreads at the sides and ahead of the actual contact 
between the indenter and the material surface as a result of a 
brittle spallation phenomenon. The more severe the thermo-
cycling, the more severe the corresponding spallation phe-
nomenon after the progressive load scratch test [61].

Fig. 11   Wear scar obtained by 
SEM analysis for a specimen 
of Composite A, group AT1, 
juxtaposition with normal and 
tangential loads

Fig. 12   Wear scar obtained by 
SEM analysis for a specimen 
of Composite A, group AT2, 
juxtaposition with normal and 
tangential loads
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The main failure mode observed for Composite A is by 
chipping of composite debris, noticeable on the edges of 
the scratch, with little plastic deformation along the wear 
scar. Figures 10, 11 and 12 show that the wear removal by 
chipping happens at peaks of tangential force. When an 
increase is accompanied by a sudden and sharp decrease of 
the tangential force, it is likely that chipping occurred. The 
compression stresses ahead of the stylus are responsible for 
the chipping observed in this test. The presence of some 
large and brittle particles acts as an enabling factor for the 

crack propagation. A filler particle of over 5 μm, found on 
the fracture surface of group AC, is shown in Fig. 16.

For Composite B, which has a lower volume of filler par-
ticles and a larger amount of organic matrix than Compos-
ite A, the main failure mode obtained by scratch test was 
micro-cracks on the wear scar, brought about by the plastic 
deformation caused by the tensile stresses, behind the sty-
lus, Figs. 13, 14 and 15. As Composite B is tougher than 
Composite A, it dissipates better the stresses applied by the 
stylus, reducing the quantity of wear debris and increasing 

Fig. 13   Wear scar obtained by 
SEM analysis for a specimen 
of Composite B, group BC, 
juxtaposition with normal and 
tangential loads

Fig. 14   Wear scar obtained by 
SEM analysis for a specimen 
of Composite B, group BT1, 
juxtaposition with normal and 
tangential loads
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the plastic deformation. Some chipping was observed in 
the borders of the wear scar, more notable in group BT2, 
Fig.  17. It is hard to qualify the fractures caused by ten-
sile stresses in Composite B, since the scratches are nota-
ble perfect at the beginning of the wear scar, in all tested 
groups. This behavior is also possible to explain based on 
the nature of Composite B with a UDMA matrix, which is 
a softer material and also due to the lower inorganic filling 
percentage when compared to Composite A. The difference 
in scratch test is also confirmed by the results in micro-
hardness test values, with Composite A’s average values 
more than three times greater than that of Composite B.

Several researchers [62–64] found that the lower the 
skewness, the lower the contact area and, consequently, 
the lower the coefficient of friction. Ţălu et  al. [65] state 
that negative Rsk shows the positive load-resistance abil-
ity of the surface of dental composites, which would have 

a relatively stable wear rate during function. The larger 
amount of valleys in the composites would allow them to 
retain the saliva which would have a role of a lubricant in 
this specific naturally engineered environment. In the pre-
sent study, a negative skewness should not have any benefi-
cial influence because the dry sliding condition was used, 
and considering the brittle nature of the composites any 
surface asperity would have a detrimental effect both for 
valleys and peaks. The variation of the COF is much more 
related to mechanical resistance. In the case of the Com-
posite B, the decrease of the mechanical resistance with 
thermocycling explains the rise in friction. The UDMA 
matrix suffered a general degradation due to the sorption 
of water, reducing its capacity to withstand the advance of 
the stylus and, consequently, diminishing the coefficient of 

Fig. 15   Wear scar obtained by 
SEM analysis for a specimen 
of Composite B, group BT2, 
juxtaposition with normal and 
tangential loads

Fig. 16   SEM analysis of a specimen of Composite A, group AC, 
amplified 6400 times Fig. 17   Wear scar obtained by SEM analysis for a specimen of Com-

posite B, BT2 group, augmented ×500. There is plastic deformation 
at the center of the wear scar and localized chipping on scratch bor-
ders
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friction. While for the case of Composite A, the spalling of 
the material ahead of the stylus generates a rough surface 
which induces high friction.

Regarding the tribological evaluation, the test selected 
was the scratch test, which is a load-scanning test that 
allows a change in the applied load and, consequently, 
the friction force throughout the test, as well as correlat-
ing these parameters with stress distribution and contact 
morphology. Palaniappan et  al. [66] observed a very high 
correlation between in vitro scratch tests and clinical con-
tact-free occlusal area wear and concluded that scratch 
tests could roughly categorize a new material as to whether 
it will probably exhibit a high or low wear rate. This sim-
ple and quick test can, therefore, be a great alternative to 
other more time-consuming wear tests in order to compare 
and rank wear performance of novel resin composites. This 
in vitro scratch test appears to potentially provide a rapid 
way of screening materials to assess expected clinical wear 
performance.

To summarize the limitation of the present study, the 
conditions expressed in standard ISO 11405 [1] are not 
adequate to infer a proper thermocycling effect on restor-
ative materials. The tests evaluations vary from author to 
author and, therefore, it is difficult to compare results from 
similar works. Although the experimental procedures are 
robust and it incorporates a multi-parametric analysis, the 
number of material tested is reduced. A higher number 
of materials would definitely evaluate the thermocycling 
effect on restorative materials. Regarding future recom-
mendations, it would be of great importance to increase the 
number of cycles regarding the aging, quantify the scratch 
test and validate the scratch tests with some reciprocating 
wear tests.

4 � Conclusions

In the present study, the effect of thermocycling on the 
mechanical and tribological properties of two indirect 
restoration dental composite materials, Composite B and 
Composite A, currently marketed, was evaluated.

Both numerical finite element analysis and the experi-
mental results lead us to conclude that the number of cycles 
and dwell times of the specimens in the baths imposed by 
standard ISO 11405 [1] for thermocycling studies are not 
sufficient to significantly alter the mechanical properties 
of modern resin composites. A larger number of thermal 
cycles and a substantial increase of the dwell time may be 
representative of the aging that restorative materials are 
subjected to in the oral cavity.

Regarding the mechanical properties, it could be con-
cluded that:

•	 Comparing the two tested composites, Composite A has 
much better mechanical properties in general, due to the 
difference in the nature of the polymeric matrix and the 
content of inorganic particles;

•	 From a general viewpoint on the effect of thermocycling 
in the reduction of mechanical properties:

•	 the hardness was not affected for both composites;
•	 the elastic modulus of Composite A was slightly 

reduced, while Composite B displayed a drop in 
elastic modulus after thermocycling;

•	 in general, Composite B was more affected by ther-
mocycling.

With regard to the tribological evaluation, it could be 
concluded that:

•	 The coefficient of friction of Composite A increased 
with thermocycling, while the coefficient of friction of 
Composite B decreased with thermocycling. The dif-
ferent behaviors were dependent on the failure mecha-
nisms displayed by the two materials tested.

•	 The wear mechanisms predominant in Composite A are 
spallation and chipping. For Composite B, the main wear 
mechanism observed was plastic deformation, with chip-
ping of material restricted to the borders of the wear scar.
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