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Abstract We have investigated the thermal and structural
properties of different commercial dental resins: Filtek™
7-350, Grandio®, Tetric Ceram®, and TPH Spectrum®.
The purpose of the present study was to evaluate quanti-
tatively the photo-polymerization behavior and the effect
of filler contents on the kinetic cures of the dental resins by
using Differential Scanning Calorimetry (DSC) and Fourier
Transform Infrared Spectroscopy (FT-IR) techniques. We
have successfully obtained the low and high glass transi-
tion T, values of the dental composite resins from DSC
curves. It was also observed a good agreement between the
both T, values, activation energies from thermal degrada-
tion, and the degree of conversion obtained for all samples.
The results have shown that Tetric Ceram® dental resin
presented the higher T, values, activation energy of
215 + 6 KJ mol™!, and the higher degree of conversion
(63%) when compared to the other resins studied herein.
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Introduction

Methacrylate-based composites have been widely used as
direct polymeric dental restorative materials because they
have excellent aesthetic qualities and relatively high cure
efficiency in free radical photo-polymerization [1, 2].

The essential phases of most polymeric dental restor-
ative materials are the matrix, filler, and interphase [3]. The
matrix, or continuous phase, is typically derived from the
monomer system that includes a free radical initiating
system. The filler or dispersed phase is designed to enhance
the strength-modulus of the softer polymer phase and
usually consists of glass or ceramic particles of different
compositions, sizes, and size distributions [4]. Filler size is
only one of several parameters that affect the overall
properties of a composite resin. The filler type, shape, and
amount, as well as the efficient coupling between fillers
and resin matrix, contribute to the material performance
[5].

An important point to be considered in the treatment of
dental cavities with composite resins materials, in order to
obtain satisfactory restorative results, is to make an ade-
quate clinical composite filling by means of the photo-
polymerization process [6].

Photo-polymerization of dental composite resins pro-
duces highly crosslinked network systems that exhibit good
solvent resistance [7]. However, strong structural changes
are observed during the polymerization of multifunctional
methacrylate-based composites for dental restorations,
which significantly affect the final properties of the mate-
rials [8].

The study of the thermal degradation processes would
provide more specific information about the internal
structures of the dental composite resins. Several studies
have been reporting the relationships between filler content
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and different properties of dental composite resins, such as
flexural strength [9], hardness [10], wear [11], stress [12],
and thermal expansion [13]. However, there are few studies
examining the effect of the filler content on the polymer-
ization of the dental composite resins [14].

A significant characteristic of the light-cured resin-based
dental composites is represented by the glass transition
temperature (7T5,). It is well known that incomplete poly-
merization which occurs in normal operative conditions
determines the high level of the unreacted double bonds
that may adversely affect the mechanical properties and the
environmental resistance of the dental composites [15].
Moreover, an incomplete polymerization of the matrix
determines a low final glass transition temperature—low 7,
(1658 °C). However, it is also known that the unreacted
groups in the incompletely cured resins react to some
degree after irradiation, providing a glass transition at
higher temperatures—high 7, (130-178 °C) [15]. Lee
et al. showed that these both glass transitions are only well
determined by measuring the differential scanning calo-
rimetry (DSC)—curve immediately after irradiation of the
dental resin [15].

DSC technique allows the direct determination of the
rate of polymerization reaction, assuming that the heat
produced by the polymerization is proportional to the
number of monomer units reacted. Therefore, DSC can
also be used to the development of kinetic models, which
represents a fundamental step for the optimization of
conditions during application of the dental composite res-
ins in the oral environment [16].

Thus, the purpose of this study was to evaluate quanti-
tatively the photo-polymerization behavior of the different
commercial dental composite resins using the DSC tech-
nique and the effect of filler content on the cure kinetics
and degree of conversion (DC%) of the dental composites

Table 1 Basic characteristic of the commercial dental composite resins

by means of FT-IR technique. The low and high T, values
were determined by measuring the DSC curves of the light-
cured and uncured dental composite resins, respectively.

Experimental

The information about fillers and resins matrix of the
commercial dental composite resins, analyzed in this work,
is summarized in Table 1.

The samples were made with a metallic mould (4 mm
diameter and 1 mm thickness). The mould was placed on a
glass plate of 10 mm of thickness. The composite resin was
packed in a single increment and the top and base surfaces
were covered by a mylar strip. A glass sheet with 1 mm
thickness was positioned, and a 1 kg weight was used to
pack the composite resin. After that, the top surface of the
samples was placed in contact with the light-curing tip.

The dental composite resins were photo-activated for
40 s of irradiation by using one LED LCU (LEC 1000/
MMOptics, Sao Carlos, SP, Brazil). The LED LCU was
used in standard mode (continuous, constant power density)
and power density value of 400 mW cm 2. The power
output was measured using a power meter Fieldmaster
(Coherent Commercial Products Division—model number
FM, set no WX65, part number 33-0506 made in USA) and
the power densities values were determined by the equation:

I'=< (1)
where P is defined as the power in mW and A is the area of
the light tip in cm?

DSC measurements were performed with a DSC 2910
(TA Instruments). The samples were heated at 5, 10, and
15 °C min~! constant rates, from 25 to 500 °C, under

Composite resin Resinous matrix

Filler type loading (vol%) Batch number

Filtek™ Z-350 (3M/ESPE Dental
Products Division, St. Paul, MN
55144-1000, USA)

Grandio® (Voco, (Cuxhaven,
Germany)

Bis-GMA, Bis-EMA,

Bis-GMA, TEGDMA

Bis-GMA, UDMA,
TEGDMA

Tetric Ceram® (Ivoclar Vivadent,
Liechtenstein)

TPH Spectrum® (Dentsply/Caulk,
Milford, DE, USA)

Urethane modified Bis-
GMA dimethacrylate

UDMA, and TEGDMA

59.5 vol% silica no aglomerate 7THL6018
20 nm and silica/zirconia

aglomerate (0.6-1.4 pm)

71.4 vol% spherical nano- 0809115
particules (silicium dioxide,
20-50 nm) and glass ceramic

particles

60 vol% barium G25986
aluminofluorosilicate glass filler
of 0.04-3.0 pm (average
0.7 um)

57 vol% barium
aluminoborosilicate glass and
highly dispersed silicon dioxide
of submicron filler (0.8 pm)

E391965
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nitrogen flowing at 40 mL min~" in order to observe the

degradation peak of the different dental composite resins. A
mass of ~6.5 mg of the samples was used in an aluminum
sample pan. The reference pan contained 5 mg of aluminum.
All cured dental composite resins were previously heated
until 100 °C in order to eliminate the thermal history of the
resins and after that the DSC curves were performed.

In order to understand the thermal behavior of the dental
composite resins, all uncured samples were submitted to
DSC measurement in two steps at 10 °C min~". In the first
step, the samples were heated up to the exothermal peak,
which means that the composite resins reached their ther-
mal cure during the DSC measurement and were cooled
down. In the second run, subsequently done, the samples
were heated until reaching their thermal degradation tem-
peratures. These curves were compared to the DSC curve
of the light-cured composite resins at 10 °C min~'. All
DSC curves presented herein are the experimental results
without fit or smooth.

The samples used for FT-IR measurements were pre-
pared 24 h after the photo-activation. The composite resins
were pulverized into a fine powder and maintained in a
dark room until the moment of the FT-IR analysis. The
ground powders (10 mg) were thoroughly mixed with KBr
powder salt (100 mg). These mixtures were pressed with a
load of 10 tons during 1 min to obtain a pellet.

The number of double carbon bonds which are con-
verted in single bonds provides the degree of conversion
(DC%) of the composite resin. In order to measure the
degree of conversion values for the samples, the FTIR
spectra (Nexus—470) for both uncured and cured samples
were analyzed. The measurements were recorded in the
absorbance mode operating under the following conditions:
32 scans, 4 cm~ ' of resolution, in the range of 400-
4000 cm™".

The percentage of unreacted carbon—carbon double
bonds (C=C%) was determined from the ratio of absor-
bance intensities of the aliphatic C=C, which corresponds
to the IR peak at 1638 cm™', against internal standard
before and after curing of the specimen: aromatic C-C, IR
peak observed at 1608 cm™' [17]. This experiment was
carried out in triplicate. The degree of conversion was
determined by subtracting the C=C% from 100%, accord-
ing to the formula:

(1638cm ™' /1608cm™~")cured

DC% =1 —
% (1638cm~!/1608cm~! )uncured

x 100 (2)

Results and discussion

A representative result obtained by DSC measurements of
two commercial dental composite resins TPH Spectrum®

and Filtek™ Z-350, without and with photo-polymeriza-
tion, is shown in Fig. 1. The inset in the Fig. 1a, b shows
the T, values observed at low and high temperatures.

It has been observed, in Fig. 1a for the first run (dashed
line), a high T, value (102 °C) and an exothermal peak in a
range of 160-193 °C, that can be attributed to the thermal
cure of the TPH® Spectrum composite resin. In the second
run of DSC measurement (dotted line) the thermal degra-
dation of the composite resin, represented by the endo-
thermic peaks, was observed. The first degradation was
observed between 250 and 350 °C, and a second degra-
dation in a range of 400-475 °C, which represents the main
chain degradation of the polymer. The peak value of the
main degradation was observed at 433 °C. The solid line in
Fig. la represents the DSC curve of THP® Spectrum
composite resin, previously cured with blue LED, and in
this curve was observed the low T, value (52 °C), and its
main thermal degradation peak was observed at 436 °C.

Figure 1b shows the results of DSC curves from Fil-
tek™ Z-350 composite resin. It has been observed a sim-
ilar behavior in the thermal events as obtained for TPH
Spectmm®, as well as to the other resins. The characteristic

0
TPH Spectrum
14 -
=
£
% s
1
A, :
-3 4
a
50 100 150 200 250 300 350 400 450 500

Temperature/°C

™

FILTEK " Z-350

DSC/mW

50 100 150 200 250 300 350 400 450 500
Temperature/°C

Fig. 1 DSC curves from a TPH Spectrum® and b Filtek™ Z-350
dental composite resins under different conditions, uncured (two runs:
dashed and dotted lines) and light-cured with blue LED (solid line) at
10 °C minfl, in N, atmosphere
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Table 2 Thermal parameters obtained from DSC curves and degree of conversion of the dental resins

Resin Low T, (at 10 °C min~ ) High T, (at 10 °C min~h) AE/KJ mol ™! R? Degree of conversion (%)
Filtek™ Z-350 61 118 217 + 14 0.991 54
Grandio® 50 103 173 £ 10 0.994 51
Tetric Ceram® 84 140 215+ 6 0.998 63
TPH Spectrum® 52 102 204 £+ 10 0.995 52
R? fit parameter
temperatures as low and high T, for all resins studied 0.20
herein are summarized in Table 2. Tetric Ceram” C=C
Recently, Achillias et al. [18] published a report about é 0.15 |7~ Uncured I
degradation of the Bis-GMA, Bis-EMA, UDMA, and s — Lightcured KA
TEGDMA resins. It has been shown that only TEGDMA :‘% // “,
presented significant degradation of 34.5% at 300 °C, by ?2 0101 ¢ K \
heating it at 10 °C min~'. All other resins presented very _‘é‘ , '\\ // \
small degradation in the same conditions, however, the % 0.05 4~ S--7 ‘\\
Bis-GMA and Bis-EMA degraded in two steps, while, < N
UDMA and TEGDMA degraded in three steps. 0.00 | | | | ‘\\
It has been demonstrated, in a former paper [19] that 1600 1610 1620 1630 1640 1650 1660
different commercial composite resins presented three Wavenumber/cm™"

steps for degradation before be light-cured with the blue
LED, and after that all composite resins presented only two
steps of degradation. Those previous results were observed
by thermogravimetric measurements [19], which are in
accordance with the DSC curves obtained in this study. The
differences observed among the commercial composite
resins studied herein and those studied by Achilias et al.,
can be attributed to the presence of the different fillers at
high concentration (57-70%), which can stabilize the res-
ins under its thermal degradation.

When the composite resins are light irradiated, the
radicals generated broken the double bonds of the mono-
mers, creating cross-linked three-dimensional network
polymers. However, the conversion of double bonds inside
the polymerized samples cannot be easily measured
directly by using the FT-IR technique. Representative FT-
IR measurement obtained for Tetric Ceram® dental com-
posite resin is shown in Fig. 2.

Figure 3 shows the degree of conversion obtained for all
dental composite resins. The degree of conversion values
were calculated by applying Eq. 2.

The comparison between the thermal and structural
characteristics of the cured resins was carried out by
measuring the activation energy required for decomposi-
tion of the dental composite resins and the degree of con-
version obtained by FT-IR. Higher activation energy
suggests a greater degree of polymerization, and increased
cross linking.

Figure 4 shows representative curves of DSC obtained
for all composite resins, studied at three different heating
rates: 5, 10, and 15 °C min~ L.

@ Springer

Fig. 2 FT-IR measurement obtained for Tetric Ceram® dental

composite resin, IR bands at 1608 and 1638 cm™' correspond to
the C—C and C=C vibrations, respectively, [17]

Degree of conversion/%

™
Tetric Ccram® TPH Spectrum® Filtek  Z-350

Grandio®

Composite resins

Fig. 3 Degree of conversion of the dental composite resins obtained
from FT-IR measurements

All endothermic peak values were obtained at higher
temperatures for faster heating rates. These curves were
used to obtain the activation energy values associated to the
thermal degradation of the main chain of the polymer
matrix. It was calculated by the endothermic curves created
from the decomposition of dental resins during DSC
measurements. The reaction-rate analysis was performed
by using Ozawa’s method [20, 21], which is applied to the
peak value of the endothermic curves. The chemical
reaction is described by
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Fig. 4 DSC curves from 1
commercial dental composite
resins under three different
heating rates

DSC/mW

TPH Spectrum®

Tetric Ccram®

DSC/mW

100 200 300
Temperature/°C

400 500 100 200 300 400 500
Temperature/°C

DSC/mW

Filtek™ 7-350

Grandin®

DSC/mW

° 160 260 360 460 500 ° 160 260 360 460 500

Temperature/°C Temperature/°C

ZAexp(IfTE>(1x)" (3) R
g 11 -
Here x is the reaction rate, ¢ is time, A is the frequency z .

factor, AE is the activation energy, R is the gas constant, T § 1.0 1 ;\\
is the absolute temperature, and # is the order of reaction. _E 09 1
As the reaction rate (x) is considered to be constant at lower = .
peaks, the reciprocal temperatures of the endothermic §° 0.8 -
peaks (T,) are related to the logarithm of the heating rates 07| \\\v
(an), ’

AE AE
log ap + 04567R—Tl = log ay + O4567R_T2

AE

=1 04567 —=... 4
0gas + RT (4)
The activation energy can be approximated from the
slope of the regression line in an Arrhenius plot,

~ R(Slope)
AE~———— 5
0.4567 ®)

Representative Arrhenius plot for Filtek™ Z-350 resin,
obtained by applying Ozawa’s method, is shown in Fig. 5.

Table 2 summarizes the thermal parameters obtained
from DSC experiments and the degree of conversion
obtained from FT-IR measurements. It has been observed a
good agreement among the T, values (for low and high
temperatures), the activation energies and the degree of
conversion for all samples. The higher values of the studied

142 143 144 145 146 147
1/K(x107)

Fig. 5 Arrhenius plot of the reciprocal peak temperature versus the
logarithm of the heating rate, obtained for Filtek™ Z-350 dental
composite resin

parameters and consequently major stability were observed
for Tetric Ceram® dental composite resin.

Conclusions

In the present work we have confirmed that there was a
good agreement between the two T, values, at low and high
temperatures, activation energies from thermal degradation
of the main chain of the polymer matrix, and the degree of
conversion obtained for all samples. The results observed
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by DSC measurements showed that Tetric Ceram® dental
resin presented the higher T, values (low T, at 84 °C and
high T, at 140 °C) and the higher activation energy value
(215 &+ 6 KJ mol "), associated to the thermal degradation
from the main chain of the polymer. It was confirmed by
the degree of conversion (63%) obtained by FT-IR
absorption, which implies that Tetric Ceram® dental resin
presents the major stability when compared to the other
commercial resins studied.
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