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Linear polymerization shrinkage (LPS), flexural strength (FS) and modulus of elasticity (ME) of 7 dental
composites (Filtek Z350™, Filtek Z250™/3M ESPE; Grandio™, Polofil Supra™/VOCO; TPH Spectrum™,
TPH3™, Esthet-X™/Denstply) were measured. For the measurement of LPS, composites were applied to a
cylindrical metallic mold and polymerized (n = 8). The gap formed at the resin/mold interface was observed
using scanning electron microscopy (1500x). For FS and ME, specimens were prepared according to the ISO
4049 specifications (n = 10). Statistical analysis of the data was performed with one-way ANOVA and the
Tukey test. TPH Spectrum presented significantly higher LPS values (29.45 pm). Grandio had significantly
higher mean values for FS (141.07 MPa) and ME (13.91 GPa). The relationship between modulus of elasticity
and polymerization shrinkage is the main challenge for maintenance of the adhesive interface, thus composites
presenting high shrinkage values, associated with a high modulus of elasticity tend to disrupt the adhesive

interface under polymerization.
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1. Introduction

Despite advances in adhesive dentistry, polymerization shrinkage
of resin composites remains a challenge. Polymerization shrinkage is
the consequence of molecular re-arrangement in a space smaller than
the one needed during the liquid phase of the material; intermolecular
distances may change from 0.3 A (van der Waals distance) to 0.1 A
(covalent bonds). Resin composites polymerize as the consequence of
achemical reaction that involves the breakage of carbon double bonds
and subsequent formation of simple carbon—carbon bonds, producing
polymer chains. The consequence of this “molecular contraction” in
the material is a volumetric loss of approximately 1.5%.!

Shrinkage promotes a deformation in the composite, which is
clinically masked by the constraint of the bonded material, resulting
in stress generation.? As the reaction proceeds, the stress increases and
eventually becomes higher than the adhesives bond strength, causing
gap formation.** In addition to marginal gap formation, stress at the
tooth-restoration margins can lead to marginal discoloration, post-
operative sensitivity and recurrent caries. These clinical consequences
are the main reason for replacement of resin composites restorations
and explain why polymerization shrinkage is the great limitation of
these materials.>®

The factors that influence the generation of stress are volumetric
polymerization shrinkage, modulus of elasticity, visco-elastic be-
havior, adherence of the resin composite to the cavity walls and the
configuration factor of the restoration (C-factor).> The modulus of
elasticity is a mechanical property that describes the relative stiffness
or rigidity of a material and provides a direct relationship with the
inorganic filler volume fraction. Modulus of elasticity is measured
by the slope of the elastic region of the stress x strain diagram and
has an important influence on the stress generated during shrinkage
that accompanies the polymerization of resin composites. According
to Hooke’s law the strain of these materials produces stress. This
law describes the linear relationship between stress and strain in an
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elastic solid. Since stress is a product of the modulus of elasticity
by strain, materials with a combination of high volumetric shrink-
age and high modulus of elasticity tend to generate high stresses
during the polymerization reaction.® In vitro studies suggest that
polymerization stresses increase with increase in the stiffness of the
resin composite.’

However, during the polymerization reaction, not all the shrink-
age is converted into contraction stress, because the polymer is able
to rearrange and relieve the generated stress. This is a result of the
visco-elastic behavior, characterized by the flow capacity of compos-
ites in the early stages of the reaction and by the modulus of elasticity
achieved during polymerization.

The mechanical properties of composites depend on many factors
related to the composition of the materials, such as the type and quan-
tity of the monomers used, their degree of conversion, type and size of
the inorganic fillers, type of silanization and the amount of initiators
present. The more inorganic filler added to the material, the smaller
the total shrinkage and the higher the elastic modulus; however, this
does not mean that a low shrinkage composite necessarily generates
low shrinkage stress, because the increase in modulus of elasticity
makes the material less capable of undergoing plastic deformation
during shrinkage, diminishing the possibility of stress relief.’”

In order to enhance the physical, chemical and mechanical
properties of resin composites, some changes have been proposed:
the incorporation of new monomers, new initiation systems and new
technologies, such as nanotechnology, for inorganic filler production.
Nanotechnology consists of the production of materials and functional
structures in an interval between 0.1 and 100 nm, the nanoscale, using
various physical and chemical methods.®!°

Within a certain limit, the smaller the size of the inorganic filler
the more fillers can be incorporated into the resin composite. An in-
crease in inorganic filler concentrations, although favoring decreases
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in polymerization shrinkage, promotes increases in the modulus of
elasticity. The relationship between modulus of elasticity and po-
lymerization shrinkage values is a way to predict stress generation
at the adhesive interface. Nevertheless, whether the incorporation
of nanometric inorganic fillers promotes an increase in the physical
properties of resin composites, such as flexural strength and modulus
of elasticity, and whether it promotes a reduction of the composites
polymerization shrinkage, remains uncertain.

2. Materials and Methods

The materials, manufacturers, compositions and batch numbers
for this study are listed in Table 1.

2.1. Linear polymerization shrinkage

The restorative composites were placed in a circular metallic
mold (inner diameter 7 mm, height 2 mm). The composites were then
covered with a mylar strip and pressed with a microscope glass slab.
Eight specimens were prepared for each material. Photo-activation
was performed with the curing tip positioned close to the metal-
lic mold/restorative composite for 40 seconds, with light intensity
of 600 mW.cm™ using an Optilight Plus™ curing unit (Gnatus,
Ribeirdo Preto, Sdo Paulo, Brazil). The light intensity was measured
with a radiometer (Gnatus, Ribeirao Preto, Sdo Paulo, Brazil). After
15 minutes, the top and bottom surfaces of the specimens were pol-
ished with sandpaper of decreasing grit (nos. 320, 600, 1200) and
then placed in an ultrasound cube for 2 minutes. After 24 hours at
37 °C, the specimens were mounted on stubs, gold sputtered (sputter
coater SCD 050 Bal-Tec, Schaan, Liechtenstein) and, using scan-
ning electron microscopy (JEOL JSM-6360 SEM, Japan; 1500x),
the gap formed between the metallic mold and the resin composite
was observed at 4 points located in positions corresponding to 3, 6,
9 and 12 hours of a clock face.! Images were taken and the gaps
were measured (in micrometers) using the ImageJ program (Image
Processing and Analysis in Java).'? The arithmetic means were cal-
culated for each specimen.

2.2. Flexural strength and modulus of elasticity

Flexural strength was determined according to the International
Organization for Standardization (ISO) Standard 4049." Resin com-
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posites were inserted in a split stainless steel mold (25 x 2 x 2 mm),
covered with a mylar strip and a glass microscope slab, then light-
cured using the Optilight Plus curing unit described above. The light
curing procedure was performed with 3 overlapping sections of
40 seconds each. This procedure was repeated on the opposite side.
Ten specimens were prepared for each group. Fifteen minutes after
light curing, the specimens were then freed from the mold, gently
wet-ground (sandpaper paper no. 320) to remove any flash, and trans-
ferred to a distilled water bath at 37 °C. After 24 hours, the dimensions
of the specimens were measured to an accuracy of 0.01 mm using
a digital micrometer. The 3-point bend fixture consisted of 2 rods
(diameter 2 mm) mounted parallel with 20 mm between their cent-
ers (support span 20 mm). Each specimen was loaded at its center
with a 2 mm diameter striker at a cross-head speed of 0.5 mm/min
until failure (Universal Testing Machine, Kratos Dynamometers, Sdo
Paulo, Brazil). Flexural strength (6) and modulus of elasticity (E)
were calculated using the following formulas:

6 =3 PL/2bh* (measured in MPa) (1)

E = FL’/4bh*dx107 (measured in GPa)

where L is the distance between the supports (fixed at 20 mm), b
is the specimen width (mm), % is the specimen height (mm), F' is
the load (N) at a convenient point on the straight line portion of the
curve, d the deflection (mm) at load F, and P is the maximum load
(N) resulting in failure.

Statistical evaluation of the data was performed by one-way
analysis of variance (ANOVA) and the Tukey test; a 5% significance
level was used (p = 0.05).

3. Results

The results for the linear polymerization shrinkage are shown
in Figure 1. The highest value for the coefficient of variation was
31.82% (Esthet-X). ANOVA rejected the null hypothesis, showing
that at least one of the groups differed from the rest (p = 0.00001).
The Tukey paired comparisons test, at 5% (p < 0.05), demonstrated
statistically significant differences between TPH Spectrum and all the
other groups, as shown by the different letters in parentheses.

Table 1. Composition, Manufacturers and Batch numbers of the materials studied.

Composite Matrix® Filler content; filler size; Manufacturer;
% in mass/volume batch no.
Filtek Z350™ BisGMA, UDMA, TEGDMA Zirconia/silica and silica; nanoparticle; 78.5/59.5 3M/ESPE; 6EB
and BisEMA
Filtek Z250™ BisGMA, UDMA and BisEMA Zirconia/silica; microhybrid; 82/60" 3M/ESPE; SWK
Grandio™ BisGMA and TEDMA —; nanohybrid; 87/71.4 VOCO; 621307
Polofil Supra™ BisGMA, UDMA and TEDMA —; microhybrid; 76.5/60 VOCO; 571239
Esthet-X™ U-BisGMA, BisEMA and Boro-silicate/aluminium/barium glass and silica; Dentsply/Caulk;
EGDMA nanohybrid; 77/-! 0510082
TPH 3™ BisGMA and BisEMA Boro-silicate/aluminium/barium glass and silica; Dentsply/Caulk;
dimethacrylate nanohybrid; 75.27/- 492008
TPH Spectrum™  U-BisGMA Boro-silicate/aluminium, barium and silica; Dentsply/Caulk;
microhybrid; 77/57.1" 541552

All composites were A3 color. —, information not available from the manufacturer.

“‘BisGMA, bisphenol-glycidyl methacrylate; UDMA, urethanethyl dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; BisSEMA, bisphenol-
polyethylene glycol dimethacrylate; U-BisGMA, urethane modified bisphenol-glycidyl methacrylate.

"3M ESPE, St. Paul, MN, USA; Dentsply Caulk, Milford, DE, USA; VOCO, Cuxhaven, Germany.
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Figure 1. Results for linear polymerization shrinkage.
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Figure 2. Results for flexural strength test.
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Figure 3. Results for modulus of elasticity.

Figure 2 shows that flexural strength varied from 117.42 MPa
(Polofil Supra) to 141.07 MPa (Grandio), with significant differences
existing between these groups (p = 0.0188). The highest coefficient
of variation was 21.31% (Filtek Z250).

Results for the modulus of elasticity are shown in Figure 3. Val-
ues varied from 7.41 GPa (Esthet-X) to 13.91 GPa (Grandio). The
highest coefficient of variation was 15.52% (Esthet-X). Statistically
significant differences were found between Grandio and all the other
groups and between TPH Spectrum and Esthet-X (p = 0.0001).

4. Discussion

Reducing polymerization shrinkage is a primary goal towards
diminishing stress generation at the bonded interface. On the other
hand, assessing the true shrinkage remains a challenge. Several meth-
ods can be used for such measurements, and for each one, a distinct
aspect of polymerization shrinkage is measured.'*
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To measure volumetric shrinkage, multi-axial dimensional chang-
es are accessed. However, considering the difficulty in accomplishing
these measurements, linear changes are frequently measured since
volumetric deformation can be mathematically derived from linear
values. Shrinkage measurements can also record the total shrinkage
(i.e. pre- and post-gel shrinkage) or only post-gel contraction. The
latter requires a sensor that ignores viscous flow and is sensitive only
to shrinkage of a solid with measurable stiffness."

If the degree of polymerization is not taken into account, volumet-
ric shrinkage is mainly dependant on the chemical composition of the
resin matrix and the percentage of filler load, while the contraction
stress and flow of the resin-based material is determined by Young’s
modulus of the composite resin.'®

4.1. Linear polymerization shrinkage

The highest values in the linear polymerization shrinkage test
were for TPH Spectrum (29.45 um) and this result was statistically
significant in comparison to the other groups (p = 0.0001). There
was a tendency towards a smaller shrinkage for the Filtek Z250
composite (12.09 um). The groups with the lowest shrinkage (Filtek
7250 = 12.09 pm, Filtek Z350 =15.76 um and Grandio = 16.12 um)
were also those with the highest percentage of inorganic fillers in
weight/volume (82/60%, 78.5/59.5% and 87/71.4%, respectively).

The high polymerization shrinkage observed in for TPH Spec-
trum could be attributed to its composition. TPH Spectrum contains
77.5% of inorganic filler by weight, and 57.1% by volume,'” which
is the smallest percentage of filler by volume within the composites
studied for which compositional data were available (Dentsply does
not supply this information).

In addition to the concentration, the shape of the inorganic fill-
ers can also influence polymerization shrinkage. Shrinkage may be
greater for composites with irregular shape due to the low interac-
tion between the particles.'® Previous studies have reported that
the TPH Spectrum resin composite has irregular-shaped fillers and
that the zirconia/silica fillers present in composites manufactured
by 3M/ESPE (Z100, Filtek Z250, Filtek P60 and Filtek flow) are
round-shaped.'” Some advantages have been attributed to zirconia/
silica fillers. First, the microstructure of these fillers tends to absorb
energy, making crack propagation difficult. Second, its chemical
characteristics allow efficient coupling of the cover system (silane),
improving the filler-matrix union, and the large and homogeneous
distribution allows greater incorporation of filler. In contrast, mate-
rials with bimodal distribution, which combines barium glass and
extremely thin amorphous silica, tend to be more sticky and hard to
manipulate due to the greater voids between the particles. In addition,
round-shaped fillers allow the formulation of materials with high filler
concentration, without sacrificing manipulation properties.” These
fillers also tend to increase resistance to wear and fracture, since
there is no concentration of mechanical stress, due to the absence of
angles and protuberances.'

However, evaluation of the concentrations and the shapes of the
fillers used do not fully explain our results, leading us to analyze the
influence of monomer composition on polymerization shrinkage.”!
The composition of TPH Spectrum is based only on urethane modi-
fied BisGMA; this monomer corresponds to a BisGMA molecule
with urethane bonds that tend to lower the viscosity of BisGMA,
raising the mobility of its molecules during the polymerization of
the organic matrix and, possibly, increasing the degree of conversion
and leading to higher polymerization shrinkage.'" Specific tests (i.e.
Raman spectroscopy) should be performed to prove this hypothesis.
The monomeric composition of Filtek Z250 and Filtek Z350 is
BisGMA, UDMA and BisEMA, all of which are high molecular
weight monomers with high viscosity and lower polymerization
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shrinkage. BisSEMA, for example, corresponds to a BisGMA molecule
without the hydroxyls. In addition to the 3 base monomers, the Filtek
7350 composite contains the diluent monomer, TEGDMA, probably
because this is a nanoparticule composite, requiring a certain dilution
of the base monomers to incorporate filler particles without altering
the composite’s viscosity. However, it appears that the incorporation
of this diluent monomer did not affect the increase in polymerization
shrinkage.

4.2. Flexural strength test

The results from the 3-point bending test showed statistically
significant differences (p = 0.0188) between Grandio (141.07 MPa)
and Polofil Supra (117.42 MPa) composites. Even though these 2
resin composites are from the same manufacturer (VOCO), they have
different chemical compositions, with regard to the filler size and the
base monomers used. Grandio contains BisSGMA and TEDMA, and
Polofil Supra contains UDMA in addition to these 2 monomers.

Studies on the influence of monomer composition on the mechani-
cal properties of resin composites have found that flexural strength
increases when BisGMA or TEGDMA are substituted by UDMA.
Furthermore, a reduction in flexural strength was observed when
BisGMA was substituted by TEGDMA, showing that the degree of
conversion does not necessarily have a positive correlation with all the
mechanical properties.?? This is an isolated factor that could explain
our results. Other factors such as filler size and composition, amount
of initiators and the quality of silanization can also contribute to the
development of physical and mechanical properties.

The high flexural strength values achieved with Grandio could
be also be explained by the fact that, of the composites studied,
Grandio has the highest filler concentration. This high concentration
favors the development of mechanical properties such as compressive
strength, hardness, flexural strength and modulus of elasticity, and
also tends to reduce polymerization shrinkage;'*' however, such a
direct relationship between filler concentration and flexural strength
has not been shown by other authors.!’

The use of standardized protocols, such as ISO 4049, allows the
results from different studies to be compared. Despite such standardi-
zation, these data demonstrate great variation, which is perhaps not
surprising given the presence of some variables that can influence the
results such as exposure time, light intensity and even the use of light
boxes instead of conventional light units. Moreover, limitations still
exist when trying to extrapolate these results to the clinical perform-
ance of materials, since the ISO 4049 standards for flexural strength
testing recommend submerging the specimen in distilled water for
only 24 hours prior to testing; furthermore, the specimen is submitted
to only one mechanical cycle before submitting to fracture. These
specifications do not reflect the material’s long-term performance.
Despite these considerations, the 3-point bending test used according
to ISO 4049 is still considered a standard test."”

4.3. Modulus of elasticity

The results obtained for the modulus of elasticity demonstrate sta-
tistically significant differences between the groups studied. Grandio
(13.91 GPa) was statistically different from all the other groups and
TPH Spectrum (9.09 GPa) was statistically different from Esthet-X
(7.41 GPa). These results are in accordance with other findings, where
composites with high filler content had a high modulus of elasticity,
and Grandio resin composite showed the highest modulus.'**

In addition to the intimate relationship between filler content
and the modulus of elasticity, as described above, the composition
of the organic matrix also influences this property. In this study, this
relationship can be observed from the differences found between
the composites from the same manufacturer (Dentsply), Esthet-X
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and TPH Spectrum. These composites differ in filler size (Esthet-X
0.01-0.08 um; TPH Spectrum 0.04-5 um) and monomer composition.
Despite the differences in size, the percentages and type of particles
are very similar, leading to the conclusion that differences in monomer
composition were responsible for the discrepant values in the modulus
of elasticity. TPH Spectrum contains urethane modified BisGMA
only, and Esthet-X contains BisSEMA and TEGDMA. The presence
of TEGDMA in Esthet-X could be the reason for the low modulus of
elasticity values. This diluent monomer tends to decrease the stiffness
of the polymer network and, consequently, the modulus of elastic-
ity. A discrete increase in the modulus of elasticity was found when
BisGMA was substituted by TEGDMA, followed by a significant
decrease as the TEGDMA concentration increased.*

The low strength in composites with high TEGDMA concen-
trations can be caused by the tendency that this small and flexible
monomer has for cyclization, instead of cross-linking. The pendent
double bonds react to form primary cycles, which increase the degree
of conversion, but do not contribute to the formation of the polymeric
chain. Cross-linking is important for the formation of a good polymer
chain and, consequently, good mechanical properties.>*

The correlation between the data obtained by linear polymeri-
zation shrinkage and modulus of elasticity is extremely important
to partially understand the behavior of resin composites during the
polymerization reaction. Composites with low linear polymerization
shrinkage, associated with a high modulus of elasticity (Grandio),
although polymerizing to form small gaps, tend to create a rigid
contraction; that is, they develop high stress at the bonding interface
as aresult of the contraction that occurs during polymerization. This
contraction is attributed to the high stiffness of the material which
makes stress relief through plastic deformation difficult. In addition,
composites with high polymerization shrinkage and high modulus of
elasticity (TPH Spectrum) will have even worse effects at the tooth—
restoration interface, overcoming the adhesive bond strength; this
may lead to the development of fracture lines in the enamel, at the
restoration margins and, more rarely, fracture of the cusps weakened
by preparation.

The influence of the modulus of elasticity of composites on
the stress generated during linear polymerization shrinkage has
been studied previously by Pereira et al.' In this investigation, the
polymerization shrinkage of 4 commercial resin composites (Filtek
Z250/3M ESPE, Filtek Supreme/3M ESPE, Admira/VOCO and
Grandio/VOCO) were evaluated using 3 different methods: the
magnitude of the stress generated during polymerization, linear
polymerization shrinkage and wall-to-wall shrinkage in cylindrical
cavities of bovine dentin; gaps in the second and third methods were
examined by optical microscopy. The results showed that there were
no significant differences in the magnitude of the stress generated;
the Grandio composite had the highest values. With regard to the
linear polymerization shrinkage, statistically significant differences
were observed between the composites evaluated, with the Grandio
composite presenting the smallest gap. In the wall-to-wall evaluation,
there were also no statistically significant differences between the
groups studied; these results suggest that materials with high filler
content and high modulus of elasticity have smaller polymerization
shrinkage when free to contract. However, when in constrained
conditions, for example, when bonded to the cavity walls, making
contraction difficult, these materials may generate considerably high
stresses in relation to their own shrinkage.

Similar results were observed for all the tests performed in this
study for the resin composites, Filtek Z350 and Filtek Z250, with
only numerical differences. These results confirm that nanoparticle
resin composites perform similarly to universal resin composites
(hybrids).'°
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Recently siloranes (derived from the combination of siloxanes
and oxiranes) have been proposed as low-shrinkage dental compos-
ites.'® The low polymerization shrinkage is due to the ring-opening
oxirane monomer.” As a result, the new silorane-based material has
the ability to compensate for shrinkage by opening the oxirane ring
during polymerization.?® This material seem to have comparable
properties and slightly reduced shrinkage compared with Bis-GMA-
based materials, thus probably representing a valid alternative to
dimethacrylates.?”

Depending on the intended use, composites with different me-
chanical properties may be required; in some situations the materials
must be hard and strong, while in other situations the flexibility of the
material is more important and strength is not an important factor;
in contrast, stiffness or resilience may be the properties of interest.??
Hence, the physical and mechanical properties of resin composites
depend on many variables of which clinicians should be aware.

The relationship between polymerization shrinkage and modulus
of elasticity suggests that composites with low shrinkage, although
associated with a high modulus of elasticity, will tend to generate
high stresses at the bonded interface due to rigid contraction. Fur-
thermore, composites with high shrinkage and high modulus will
tend to produce even higher shrinkage stresses, risking the integrity
of the bonded interface.

Future work measuring shrinkage stress and correlating the re-
sults with modulus of elasticity will help to confirm this hypothesis.
Still, accessing polymerization shrinkage through different methods
should also be performed since the results tend to vary especially
between methods.
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