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ABSTRACT
The aim of this study was to evaluate the polymerization stress
and degree of conversion of a composite submitted to different
photoactivation protocols. The composite Filtek Z350 was
placed in the central perforation of a photoelastic disc and
polymerized using a LED-based curing unit (BluePhase II IvoclarVivadent) with energy density of 12, 24 or 36 J/cm2
using the following photopolymerization protocols: continuous
high intensity (HI: 1200 mW/cm2 during 10, 20 or 30s), continuous low intensity (LI: 650 mW/cm2 during 18, 36 or 54s) and
soft-start (SS: 150 mW/cm2 during 5 s + 1200 mW/cm2 during
9, 19 or 29s) (n=5). Photoelastic analysis was used to evaluate
polymerization shrinkage stress and FTIR was performed to
determine the degree of conversion of the composite. ANOVA
3-way procedure was used to determine the significance of the

main effects and their interactions followed by two-way
ANOVA for each time was performed (p<0.05). Shrinkage
stress increased with higher values of energy. No statistically
significant differences on polymerization shrinkage stress were
found between high and low intensity activation modes. Softstart method generated stresses that were statistically lower
than continuous modes except when 12 J/cm2 was applied. Similar degree of conversion was observed for photoactivation
modes used, except for soft-start mode with 12, 24 and 36 J/cm2
that showed lowest levels of conversion. Energy density and
activation mode influenced polymerization shrinkage stress,
but no benefit on degree of conversion was observed.
Key words: Composite resins; Dental stress analysis; Polymerization.

TENSÃO DE CONTRAÇÃO E GRAU DE CONVERSÃO DE RESINA COMPOSTA
SUBMETIDA A DIFERENTES PROTOCOLOS DE FOTOATIVAÇÃO
RESUMO
O objetivo neste estudo foi avaliar a tensão de contração de polimerização e o grau de conversão de uma resina composta submetida a vários protocolos de fotoativação. O compósito Filtek
Z350 foi inserido na perfuração central de um disco de resina
fotoelástica e polimerizado usando uma unidade de fotoativação LED (BluePhase II - IvoclarVivadent) com as doses de energia de 12, 24 or 36 J/cm2 usando os seguintes protocolos de
polimerização: contínuo de alta intensidade (HI: 1200 mW/cm2
durante 10, 20 ou 30s), contínuo de baixa intensidade (LI: 650
mW/cm2 durante 18, 36 ou54s) e “soft-start” (SS: 150 mW/cm2
durante 5 s + 1200 mW/cm2 durante 9, 19 ou 29s) (n=5). Análise fotoelástica e Espectroscopia Infravermelha Transformada
de Fourier (FTIR) foram usados para avaliar a tensão de contração de polimerização e grau de conversão do compósito respectivamente. O teste ANOVA três fatores foi usado para

determinar os principais efeitos e interações das variáveis e
seguidamente, ANOVA 2 fatores para ver a diferença entre os
grupos (p<0.05). A tensão de contração aumentou com valores
maiores de energia. Não foram observadas diferenças estatisticamente significantes para a tensão de contração entre os modos
de alta e baixa intensidade. O modo “soft-start” gerou menor
tensão que os modos contínuos, exceto quando 12 J/cm2 foi aplicado. Similar grau de conversão foi observado para os modos
de fotoativação usados, com exceção do modo “soft-start” com
12, 24 e 36 J/cm2 que mostraram níveis menores de conversão. A
dose de energia e modo de ativação influenciam a tensão de contração de polimerização, porém nenhum benefício no grau de
conversão foi observado.

INTRODUCTION
The use of resin composites has significantly
increased in restorative dentistry due to the importance of their aesthetic, mechanical and physical

properties. However, polymerization shrinkage is
still an inevitable problem. It is the consequence of
the conversion of Van Der Walls bonds into shorter
covalent C-C bonds1. When the composite is adhered
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to the cavity walls, this shrinkage creates stresses
that lead to problems on the interface of restoration2. Polymerization shrinkage stress is directly
related to the degree and rate of conversion3. In
addition, the clinical performance of composites
depends on degree of conversion of the monomers
in the material. Monomers conversion never
achieve 100% and monomers which have not reacted remain within the polymer network, damaging
the mechanical qualities of the restoration and are
potentially toxic to surrounding tissues4. Better
mechanical properties, chemical stability and
longevity of the composite are associated to higher
degrees of conversion5.
The rate of polymerization reaction control may
increase the resin flow index, allowing stress release
caused by polymerization shrinkage6. Different activation modes can influence the polymerization
shrinkage stress and final properties of composites3,
7-10
. Photoactivation techniques have been introduced with the aim of reducing the stress created
during the polymerization process. In soft-start technique the activation begins with low intensity
followed by a high intensity irradiation.11 One
hypothesis for the use of this technique is that the
initial low irradiance could allow easier stress relaxation since the material takes longer to reach rigidity.8,12 However, the literature still discusses if these
techniques can reduce the stress without compromising the monomers final conversion and their
clinical benefits have not been proved10, 13, 14.
Photoelastic analysis allows visualization of birefringent axis in photoelastic materials that coincides with main stress axis in the material15. The
fringes created have precise mathematic bases that
allow the evaluation of stresses and strains in the
material16.
Faced with these findings, the aim of this study was
to evaluate the polymerization shrinkage stress and
degree of conversion of a resin composite material
submitted to different photoactivation protocols,
involving different activation modes and energy
densities.
MATERIAL AND METHODS
The composite Filtek Z350 (3M-ESPE, St. Paul,
MN, USA) was the resinous material elected for this
study and the adhesive system SingleBond 2 (3MESPE, St. Paul, MN, USA) was used to improve the
union of the composite to the photoelastic resin.

Vol. 25 Nº 1 / 2012 / 114-121

115

The light source tested was the LED BluePhase II
(IvoclarVivadent - Schaan, Liechtenstein) which
presents three LED light sources and one that emits
ultraviolet radiation.
Samples Preparation
Discs with 20 mm in diameter and 2 mm in thick, with
a 6 mm diameter central orifice were made with
Araldite GY 279/ Aradur 2963 resin (Araltec Chemical Products - SP, Brazil). Inner preparation surfaces of
photoelastic resin discs were roughened by wear with
a drill to improve the adhesion between photoelastic
resin and composite. Discs were stored at 37°C for 24
hours to allow stress relief in the photoelastic resin.
Before specimen preparation, the discs were placed in
the photoelastic device to verify residual stress and if
detected, they were stored in an oven at 37°C for more
24 hours until stress was completely released.
The end surface of the light source was measured
with a digital caliper (Mitutoyo, Japan) for area
measurement (cm2). The power (mW) of the light
was measured with Ophir 10A-V2-SH (Ophir
Optronics, Har – Hotzvim, P.O.B. 45021, Jerusalem
91450, Israel). Then, the irradiance (mW/cm2) of
light source was obtained and the density energy or
power density was standardized through different
exposition times. The energy density (J/cm2) is
obtained from the irradiance multiplied by the time
(seconds) and divided by 1000.
Araldite disc inner surfaces were treated with the
adhesive system (SingleBond 2, 3M-ESPE, St.
Paul, MN, USA) following the manufacturer’s
instructions. A bulk increment of composite was
placed in the central orifice of photoelastic disc and
polymerized using the LED-based curing unit
(BluePhase II - IvoclarVivadent) using three different curing modes and three energy densities.
Five specimens were prepared for each group (n=5)
using the following photo-polymerization protocols: continuous high intensity (HI: 1200 mW/cm2
during 10, 20 or 30 s), continuous low intensity (LI:
650 mW/cm2 during 18, 36 or 54 s) and soft-start
(SS: 150 mW/cm2 during 5 s + 1200 mW/cm2 during 9, 19, 29 s). The power density was standardized in 12, 24 or 36 J/cm2.
Optical Calibration
To obtain the photoelastic constant (Kσ) of Araldite
resin optical calibration was performed17. Briefly, a
beam of photoelastic resin was loaded using the four-
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points bending method; this method produces stress
patterns under pure bending, generating horizontal
isochromatic fringes from a neutral axis on the center
of the beam. According to the plot of 3Pa vs. h2N the
mean coefficient value was Kσ = 11271 N/m. Where
P is the load applied to the beam (N), a is the length
between beam supports (m), h is the beam cross-section height (m) and N the fringe order.
Photoelastic Analysis
Photoelastic images were recorded with a 2.1
megapixel digital camera (FD MAVICA, SONY,
model MVC-FD97, Japan) immediately after light
activation and 24 hours post-polymerization in a
plane photoelastic device with the exact filter angulations (90 degrees) to obtain constant colored
fringes. Fringes formed on photoelastic resin were
qualitatively analyzed based on the stress optic law.
Black and white images were taken to obtain constant light and dark fields on images. These images
were used to analyze stresses quantitatively based on
certain fundamental physical principles. To obtain
shrinkage stress values (σ0) from the isochromaticdiameter rings the equation used was: σ0 = (Nx Dx2
Kσ)/(Di2 2d), where: Nx is the isochromatic ring order;
Dx2 the isochromatic ring diameter (mm); Di2 the disc
preparation diameter (mm); Kσ the photoelastic constant (N/mm) and d the Araldite disc thickness (mm).
Polymerization shrinkage stress data (MPa) were
calculated based on the location and diameter of the
first order isochromatic ring obtained from Araldite
discs, on monochromatic images. Three measurements of photoelastic fringe were made in standard
directions (vertical, horizontal and diagonal) of
each specimen image using the ImageJ software
(National Institutes of Health - NIH, Maryland USA). The mean fringe diameter was obtained and
used in the above-mentioned photoelastic equation
to calculate stress values of each specimen.

Fig. 1: Representative photoelastic fringes formed by dental
composite polymerization shrinkage stress: minimum stress
(1A), medium stress (1B) and maximum stress (1C) observed
among the groups tested.
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Degree of Conversion Measurements
Degree of conversion (DC) was measured by Fourier Transformation Infrared - FTIR (Prestige21; Shimadzu, Columbia, ML, USA). Using a metallic
mold 4.5 mm diameter and 1 mm thick specimens
were prepared with each of the photoactivation protocols. The uncured and cured samples of the composite were placed above a horizontal zinc crystal.
Measurements were made immediately and 24
hours after photoactivation (n=5). Absorption spectra were recorded in a transmission mode using 16
scans at a resolution of 4 cm-1. The ratio of maximum absorption was determined using the baseline
method considering the peaks of 1638 cm-1 for
aliphatic and 1608 cm-1 for aromatic chains. The
degree of conversion was calculated from the
equivalent aliphatic/aromatic molar ratio from
polymerized (P) and unpolymerized (U) samples
using the formula:
DC (%) = (1-P/U) x 100.
Statistical Analysis
The normal distribution and equality of variance
assumptions were checked in the variables. In the
first step, polymerization shrinkage stress and degree
of conversion data were analyzed by three-way
ANOVA considering 3 power densities , 3 activation
modes and 2 times to determine the significance of
main effects and their interactions. In a second step,
separate analysis for each time was performed by
means of two-way ANOVA. The level of significance was set for P<0.05.
RESULTS
Fig. 1 shows most representative photoelastic fringes
formed by dental composite polymerization shrinkage stress: minimum stress (1A), medium stress (1B)
and maximum stress (1C) observed among the groups
tested.
The images showed that polymerization shrinkage
stress increased with higher values of power density. Slight differences could be noticed between high
and low intensity modes of activation. Soft-start
method generated less stress considering all of the
tested power densities.
Considering polymerization shrinkage stress, threeway ANOVA revealed significant effect (p<0.05)
of all factors. Only the photoactivation mode*energy density interaction was statistically significant
(p<0.05).
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The distribution and median of
polymerization shrinkage stress
values immediately and after 24
hours are shown in Fig. 2.
Statistical tests showed that the
polymerization shrinkage stress
was similar when 12 and 24 J/cm2
were applied on composite immediately after the photo-activation.
The 36 J/cm2 power density created the highest stress values in both
times evaluated. When 12 J/cm2
was used, there were no statistical
differences between the three activation modes immediately after
polymerization, but after 24 hours
soft-start and low intensity modes
showed values of stress lower than
those found with the high intensity mode. Immediately after photoactivation, the composites that
received 24 J/cm2 presented statistical significant differences on
stress values between low intensity and soft-start modes with the
lowest values for the latter. After
24 hours, the stress was comparable for all activation modes. Softstart mode had the lowest stress
values when 36 J/cm2 of energy
was applied on the photo-activation. In 24 hours, the stress created by high intensity mode was
higher than for low intensity and
soft-start modes.
Table 1 shows mean and standard
deviation values (SD) for polymerization shrinkage stress immediately after photoactivation and after
24 hours for all activation modes
tested. No statistical differences
between times were observed for
continuous high intensity mode
and high energy density groups.
Fig. 3 shows the distribution and
median of composite degree of
conversion immediately and 24
hours after photoactivation. No
statistical differences were found
among the three energy dose test-
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Fig. 2: Charts box plot of polymerization shrinkage stress immediately and 24 hours
after different power density and photoactivation modes. *Different capital letters
compare different energy density. Different lowercase letters compare different curing modes (p<0.05).

Fig. 3: Charts box plot of degree of conversion immediately and 24 hours after different power density and photoactivation modes. * Different capital letters compare
different energy density. Different lowercase letters compare different curing modes
(p<0.05).
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Table 1: Mean (standard deviation) for polymerization shrinkage stress values immediately after photoactivation
and after 24 hours for all activation modes tested (MPa).
Energy density

Continuous High Intensity

Continuous Low intensity

Soft-Start

Immediate

24 hours

Immediate

24 hours

Immediate

24 hours

2

3.19 (0.16) A

3.44 (0.17) A

3.08 (0.09) A

3.15 (0.09) A

3.05 (0.18) A

3.13 (0.12) B

2

24 J/cm

3.07 (0.11) A

3.21 (0.10) A

3.19 (0.09) A

3.26 (0.03) B

3.01 (0.02) A

3.22 (0.07) B

36 J/cm2

3.75 (0.26) A

3.97 (0.24) A

3.65 (0.10) A

3.73 (0.07) A

3.28 (0.05) A

3.36 (0.08) A

12 J/cm

*Different letters mean statistical differences between the time in the same activation mode and energy density (p<0.05).

ed (p>0.05). Soft-start photoactivation mode showed
lowest values of conversion for all energy doses tested (p<0.05) and no significant differences were
found between high and low continuous activation
modes.
DISCUSSION
As a consequence of the methacrylate matrix polymerization, the composite material undergoes a fast
temperature and shrinkage increase18. Curing contraction is a complex process involving many interdependent factors: the number of covalent bonds
formed3, the nature of the initial monomers, the
ratio, size, and type of fillers19; the concentration of
photoinitiators20, and the light energy supplied5, 21,
22
. Polymerization shrinkage can create destructive
stresses when the material is bonded to cavity
walls12. Degree of conversion measurements helped
to better understand and explain polymerization
shrinkage stress results.
Polymerization stresses of light-curing polymerbased material are influenced by the amount of energy delivered to the material during irradiation23. The
control of polymerization rates seems to allow the
flow of resin composite during curing and consequently minimize polymerization shrinkage stress24.
This can be done by polymerization at low power
density followed by final cure at high power density12. Besides, when a reduction of the shrinkage rate
of the composite is obtained, the effect is a reduction
of stress developed into the restorative material locally25. Our results showed that soft-start curing mode
showed lower stress rates of composite tested when
high light energies densities (24 and 36 J/cm2) were
applied. It has been claimed that slower polymerization causes an improved flow of molecules in the
material, decreasing the polymerization shrinkage
stress in a restoration8. In addition, at a constant energy density, pulse-delay curing reduced the bonding
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strength of resin composite to dentin compared to
continuous curing26. Although, light modulation at
the beginning of the photoactivation provides low
shrinkage stress, low rates of degree of conversion
were also observed. This is in accordance with other
study 13 that also reported reduction on hardness of
composites after ethanol storage13, 27.
Considering polymerization shrinkage stress, softstart curing technique did not show differences from
continuous techniques tested when 12 J/cm2 was
applied. During the polymerization process, thermal variation can be observed into the composite,
and the temperature developed may increase stresses into the material if no time is allowed to dissipate thermal energy28. The low amount of energy
may have created less alteration in the composite
temperature and consequently stress differences
between the curing techniques could not be noticed.
Moreover, according to Dewaele et al.29, comparisons of the continuous and the stepped mode of
photo-activation are ambiguous. Those authors
attribute this to the fact that, in the step-cure mode,
power density of the first step has effects on degree
of conversion and on density of cross-linking in the
opposite direction. When high power density is
used, two phenomena can occur: higher concentrations of radicals that rapidly react with each other
are produced, thus yielding premature termination
and resulting in lower degree of conversion; or a
multitude of growth centers are created, increasing
the tendency to form a branched polymer (higher
crosslink density). On the other side, a lower power
density in the first step proportionally yields higher
efficiency of the radicals initiated and this results in
a delayed termination of polymerization and in
higher degree of conversion. But lower power density would lead to relatively few growth centers,
and a relatively linear polymer will be formed. Also,
soft curing polymerization can result in reduced
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shrinkage stress levels and keep the degree of conversion and mechanical properties constant7.
At a constant energy density, high and low intensity
continuous modes showed similar degree of conversion and polymerization stress by photoelastic
analysis. The LED unit used in this study provided
power energy of 650 mW/cm2 when low intensity
mode was used, which the literature considers
medium-high power intensity23, 30, 31 and this amount
of energy was sufficient to satisfactory polymerize
the composites and achieve similar levels of conversion of the group that receive the high (1200
mW/cm2) light energy; this is in accordance with
Dewaele et al.29. Since polymerization shrinkage
stress is directly related to degree of conversion3,
this could be an explanation for the comparable
stresses found.
The energy density is not only related to the degree
of conversion, but also with the elastic modulus and
the glass transition temperature (Tg); the higher
energy density applied to the material, the higher are
elastic modulus and Tg29. The visco-elastic properties, such as polymerization shrinkage, polymerization reaction rate and modulus of elasticity are very
important in the pattern of shrinkage stress32. The
results of this study showed that polymerization with
36 J/cm2 energy presented higher stress than with 12
and 24 J/cm2. Despite the same composite was used
for all curing modes in this study, the higher energy
density can make the material achieve a higher
degree of conversion and Tg values29, and consequently could lead to higher stress levels. In addition, new generations of the LED units emit
high-power blue light, which may cause higher temperature rise due to the light irradiation33. To achieve
36 J/cm2 the exposure time of the light source was
increased and this may have caused greater increase
in temperature than in the samples that received less
exposition time and energy. Given the amount and
the thickness of resin to be cured, temperature and
shrinkage rate during the light curing polymerization can raise when the power output is increased
depending on the quality of the emitted light spectra28. This could explain the higher stresses observed
when 36 J/cm2 energy was applied to start the composite cure. The use of high energy densities results
in an unfavorable relationship between degree of
conversion and contraction stress34.
In this study, no difference on degree of conversion
was observed among the different energy densities
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applied; probably a satisfactory conversion of the
composite was achieved with 12 J/cm2. Also, as
polymerization reaction occurs, the conversion rate
decreases drastically as the material stiffness
increases and restrict the mobility of monomers or
growing polymer chains to continue the reaction
making it difficult to increase conversion significantly, even using high energy densities35.
There was no difference in polymerization shrinkage stress when composite was photo-activated
with 12 and 24 J/cm2. Both power energies seem to
be appropriate to polymerize and create comparable conversion of the composite, and consequently
no differences on polymerization shrinkage stress
was found. The composite can be successfully
polymerized at reduced light intensity, while the
final conversion value remains high28. Despite that,
after 24 hours for the high intensity continuous
activation, when 12 J/cm2 of energy was applied
the stress was higher than the other modes;
although this could not be observed with 24 J/cm2
of energy density. It is known that degree of conversion of composites is directly related to polymerization shrinkage stress created on the wall that
composite is bonded.3 In addition, thermal stress
can reduce the effectiveness of dentin adhesives36.
Probably the energy provided to composite when
24 J/cm2 was applied created high stresses after 24
hours that were able to disrupt the bond between
composite and photoelastic discs walls but the
evaluation of integrity of this interface was not a
goal on this study.
Within 24 hours, differences between the curing
modes were observed when 36 J/cm2 of energy density was applied. Continuous high intensity mode
created higher stresses than continuous low intensity mode, and soft-start mode showed lower stress
rates. One explanation can be that huge thermal
contraction force is evident using high power curing unit and shows a steep stress contraction as the
light is switched off 34 and this may become more
evident after 24 hours. Also, the polymerization
contraction is only totally completed after 24 hours
of composite activation37, and this can help to
explain the differences between polymerization
modes were more evident after 24 hours. According to Li et al.38, polymerization shrinkage followed
by Young’s modulus of the composite are the most
important factors in the development of residual
stresses. Also, decreasing the viscosity and poly-

ISSN 0326-4815

Acta Odontol. Latinoam. 2012

ACTA-1-2012-SEG:3-2011 11/07/2012 11:26 a.m. Página 120

120

Karla M.C. Oliveira, Ailla C.R.A. Lancellotti, et al.

merization rate could reduce the residual stresses in
the top section of the restoration, but not those in
deeper locations.
Considering the same energy and activation mode,
polymerization shrinkage stress of the composite
increased after 24 hours only for the continuous low
intensity (24 J/cm2) and soft-start curing modes (12
and 24 J/cm2). Properties of light-cured composite
are strongly dependent on both the energy dose and
the duration of the dark reaction process25. Nevertheless the stress created during the other curing
modes did not show statistical differences between
stress values immediately and at 24 hours. The
degree of conversion achieved by the composites
cured with high power and energy density minutes
after the activation did not significantly change
within 24 hours and no changes in stress levels

could be noticed. Also, no differences on degree of
conversion were observed with the time, this can
be explained because the monomer conversion
achieves a maximum value and after that point no
significant changes can be observed34, 35.
CONCLUSION
Within the limitations of this study, it can be concluded that polymerization shrinkage stress is significantly influenced by energy density increase.
Soft-start curing mode can create lower stress levels if the energy density of 24 and 36 J/cm2 were
applied. Stress levels of the composite tested are
similar minutes after activation and within 24 hours
when the higher power energy and irradiance were
applied. No benefits on degree of conversion were
observed by increasing the energy density.
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