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Abstract This study assessed the Knoop hardness and
temperature increase provided by three light curing units
when using (1) the manufacturers’ recommended times of
photo-activation and (2) standardizing total energy density.
One halogen –XL2500 (3M/ESPE) – and two light-emitting
diode (LED) curing units – Freelight (3M/ESPE) and
Ultrablue IS (DMC) – were used. A type-K thermocouple
registered the temperature change produced by the com-
posite photo-activation in a mold. Twenty-four hours after
the photo-activation procedures, the composite specimens
were submitted to a hardness test. Both temperature in-
crease and hardness data were submitted to ANOVA and
Tukey’s test (5% significance). Using the first set of photo-
activation conditions, the halogen unit produced a sta-
tistically higher temperature increase than did both LED
units, and the Freelight LED resulted in a lower hardness
than did the other curing units. When applying the second
set of photo-activation conditions, the two LED units
produced statistically greater temperature increase than did
the halogen unit, whereas there were no statistical differ-
ences in hardness among the curing units.

Keywords Light curing unit . Hardness . Irradiance .
Polymerization . Temperature increase

Introduction

Light-cured composites are set through an addition po-
lymerization. The exposure to light of a suitable wave-
length and power density initiates the generation of free

radicals that propagate the polymerization [15, 20]. How-
ever, photo-activation causes a temperature increase due to
an exothermic reaction process and to the light energy
absorbed [21, 23].

The most widely used light curing units (LCUs) are
based on quartz tungsten halogen (QTH) lamps. The main
radiant output from a QTH LCU is infrared energy, which
may be absorbed by composites and results in an increased
molecular vibration and heat generation. Thus, QTH LCUs
require heat-absorbing filters to reduce the passage of
infrared energy from the LCU to the tooth. However,
unfiltered infrared energy can result in heat generation at
the pulp chamber [20].

The relatively new light-emitting diode (LED) LCUs
emit a narrow light wavelength that correlates with the
spectral absorbance range of camphorquinone (CQ) [4].
However, Price et al. [18] showed differences that exist
among the light emitted by different LED LCUs and even
for LED LCUs of the same model.

It has been advocated that blue LEDs have all the
spectral purity for highly efficient curing of composites
with the added advantage of preventing overheating, when
compared with QTH LCUs [26]. However, the majority of
studies that have compared temperature rises during photo-
activation [10, 14] employed different energy densities and
do not provide any information about mechanical proper-
ties. Knezevic et al. [12] evaluated the temperature rise in
composite samples cured by LED and QTH LCUs and
obtained lower temperature values with the LED LCU.
However, in Knezevic’s study, the LED LCU obtained
slightly lower values for the degree of cure. Therefore, it is
important to characterize the temperature increase pro-
duced by different LCUs when producing a similar cure. A
lower temperature production could be related to poor
degree of conversion and, thus, to the poor mechanical
properties of the photo-activated composite [22]. To achieve
similar results for the degree of cure, a constant energy
density (power density vs time of exposure) could be used,
as it has been claimed that the photopolymerization process
of dental composites seems to be energy density dependent
[9, 17].
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Therefore, the aim of this study was to investigate the
temperature increase and the Knoop hardness of a com-
posite that was photo-activated under two conditions:
(1) using the time of photo-activation as indicated by the
manufacturers and (2) maintaining a constant energy den-
sity value among the LCUs.

Moreover, this study accessed the power density of the
light curing units in different regions of the spectrum (190–
400, 400–515, 450–490, and above 515 nm).

Materials and methods

One restorative composite was used in this study: Filtek
Z250 (3M/ESPE Dental Products, St Paul, MN 55144,
USA).

Three LCUs were used: QTH LCU XL2500 (3M/
ESPE), Freelight LED LCU (3M/ESPE), and Ultrablue IS
LED LCU (DMC Equipamentos LTDA, São Carlos,
13562030, São Paulo, SP, Brazil).

The output power (mW) LCU measurements were made
with a power meter (Ophir Optronics, Danvers, MA 01923,
USA) and the diameters of the tips were measured with a
digital caliper (Mitutoyo Tokyo, Japan) to determine the
area of the light guide. The power density (mW/cm2) of
each LCU was determined by dividing the output power by
the area of the light guide.

The spectral distributions of light were obtained using a
calibrated spectrometer (USB 2000, Ocean Optics, Dune-
din, FL 34698, USA). The power density and the spectral
distribution data were plotted using the Origin 6.1 software
(OriginLab Northampton, MA 01060, USA) to obtain, by
numerical integration over the wavelength, the specific
power density in the regions 190–400, 400–515, 450–490,
and above 515 nm of the spectrum. With the total power
density values (Table 1), the total energy density could be
standardized by different exposure times of photo-activa-
tion. Because the QTH LCU demonstrated the highest
energy density values when the manufacturers’ recom-
mended times of photo-activation were applied (13,400 mJ/
cm2), this LCU was used as the control group.

Thus, five photo-activation treatmentswere accomplished:

1. 20 s of photo-activation by QTH LCU (manufacturer’s
recommendations) — CONTROL

2. 20 s of photo-activation by Freelight LED (manufac-
turer’s recommendations)

3. 20 s of photo-activation by Ultrablue IS LED (manu-
facturer’s recommendations)

4. 50 s of photo-activation by Freelight LED (photo-
activation time necessary to approach the Freelight

LED total energy density with the QTH LCU total
energy density—50 s×270 mW/cm2=13,500 mJ/cm2)

5. 30 s of photo-activation by Ultrablue IS LED (photo-
activation time necessary to approach the Ultrablue IS
LED total energy density with the QTH total energy
density—30 s×453 mW/cm2=13,590 mJ/cm2).

Temperature test

The temperature increase was recorded using a type-K
thermocouple connected to a digital thermometer (Iopetherm
46, IOPE, São Paulo, SP 02712-050, Brazil). The com-
posite was applied in a circular elastomer mold (3 mm in
inner diameter and 2 mm in height) with the thermocouple
positioned in the center of the mold. Between the thermo-
couple and the composite, a 0.5-mm dentin disc was
positioned to simulate the leftover dentin (Fig. 1). The
composite was then covered with aMylar strip and digitally
pressed. Ten specimens were prepared for each group
(n=10). For the photo-activation, the LCU tips were
positioned against the elastomer mold/composite.

For the temperature measurements, the initial temper-
ature was recorded following temperature stabilization
(20±0.5°C). The composite was then light cured and the

Fig. 1 Apparatus for measuring temperature changes

Table 1 Characteristics of light LCUs

Light LCU Total power density (mW/cm2)

QTH XL2500 670
Ultrablue IS LED 453
Freelight LED 270 Fig. 2 Diagram of Knoop indentation locations
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temperature peak was registered. This peak was regis-
tered even after the light was turned off. The initial
temperature was deducted from the final one to obtain
the temperature variation. All measurements were taken
in a temperature-controlled room, with a constant tem-
perature of 20±1°C.

The temperature variation data were submitted to one-
way ANOVA and the means were compared by Tukey’s
test (5% of significance level). The statistical analyses
were performed separately for the two photo-activation
conditions.

Knoop hardness test

After the photo-activation procedure, the specimens were
then placed in 3/4-in.-diameter PVC rings filled with self-
curing polystyrene resin (Piraglass, Piracicaba, SP 13424-
550, Brazil) to keep them fixed. After 24 h, at room
temperature and light protected, each sample was flattened
from the edge up to the center of the disc (1.5 mm of wear)
with carbide sandpaper of decreasing grit (320, 400, 600,
and 1,200) on a water-cooled automatic polisher APL-4
(Arotec Ind. Com., Cotia, SP 06709-150, Brazil) to obtain
flattened surfaces. The Knoop hardness readings were
performed with an indenter (HMV-2000, Shimadzu, Tokyo
101, Japan) under a load of 50 g for 15 s. Three in-
dentations were made at three different depths: top (20-μm
depth), middle (1,000-μm depth), and bottom (1,980-ìm
depth), in a total of nine indentations for each specimen
(Fig. 2). The values obtained in micrometers were con-
verted to Knoop hardness number (KHN) by indenter
software. The results were submitted to split-plot two-way
ANOVA (LCU and depth) and the means were compared
by Tukey’s test (5% significance level). The statistical
analyses were performed separately for the two photo-
activation conditions.

The mean KHN values and the mean temperature change
values of all the five groups were submitted to Pearson’s
correlation test.

Results

Table 2 shows mean values of KHN in each appraised
depth when the time of photo-activation was used as
indicated by the manufacturer. The three KHN averages
obtained with the Freelight LED did not differ statistically.
Whereas, the ones obtained with the Ultrablue IS LED and
QTH LCUs varied with depth, where a significant increase
in KHN values was found at the middle depth for the
Ultrablue IS LED. Comparing the photo-activation meth-
ods at all depths, there were no statistically significant
differences (p>0.05) between the QTH LCU and the
Ultrablue IS LED. However, the Freelight LED LCU
produced statistically lower KHN values than the others
(p<0.05).

Table 3 shows mean values of KHN at each appraised
depth when the time was adjusted to maintain a constant
energy density value among the LCUs. There was no
decrease in hardness, as depth increased when the Freelight
LED and Ultrablue IS LEDwere used (p>0.05). The results
with QTH LCU were the same as Table 2 because the same
values were used, as this method was used as a control.
Comparing the LCUs, there were no statistically significant
differences (p>0.05).

Table 4 shows mean values of temperature increase
recorded (Celsius degree). When the time of photo-
activation was used as indicated by the manufacturers,
both LED LCUs produced lower temperature increase than
the QTH LCU. However, when the time of photo-
activation necessary to maintain a constant energy density
value among the LCUs was applied, the Freelight LED
LCU produced higher values (p<0.05) than the Ultrablue

Table 2 Mean values and standard deviations of Knoop hardness at each appraised depth when the time of photo-activation was used as
indicated by the manufacturers of the LCUs and the composite

QTH XL2500 (20 s) Ultrablue IS LED (20 s) Freelight LED (20 s)

Top 81.68 (17.27) A, a, b 76.58 (11.52) A, b 40.08 (17.26) B, a
Middle 88.22 (14.42) A, a 92.72 (6.61) A, a 44.21 (14.42) B, a
Bottom 74.21 (15.72) A, b 78.46 (7.94) A, b 43.93 (15.72) B, a

Mean values followed by different small letters in the column differ statistically among themselves. Mean values followed by different
capital letters in the line differ statistically among themselves

Table 3 Mean values and standard deviations of Knoop hardness at each appraised depth when the time of photo-activation was used to
maintain a constant energy density value among the LCUs

QTH XL2500 (20 s) Ultrablue IS LED (30 s) Freelight LED (50 s)

Top 81.68 (17.27) A, a, b 87.32 (7.26) A, a 88.19 (7.63) A, a
Middle 88.22 (14.42) A, a 88.16 (8.97) A, a 84.37 (5.93) A, a
Bottom 74.21 (15.72) A, b 88.17 (5.56) A, a 79.31 (7.58) A, a

Mean values followed by different small letters in the column differ statistically among themselves. Mean values followed by different
capital letters in the line differ statistically among themselves
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IS LED and the QTH LCUs, and the Ultrablue IS LED
produced a greater temperature increase (p<0.05) than the
QTH LCU.

Table 5 shows the power density (mW/cm2) of the LCUs
in the different regions of the spectrum (190–400, 400–
515, 450–490, and above 515 nm). In the 190- to 400-nm
wavelength region and above 515 nm, the Ultrablue IS
showed the highest values of power density of the three
LCUs. In the 400- to 515- and 450- to 490-nm regions, the
QTH LCU emitted the highest values of the three LCUs.

Figure 3 shows the spectral distribution emitted by all
the LCUs. Higher values of power density were seen for
the Ultrablue IS LED when compared with the Freelight
LED. Moreover, the broader wavelength range of the QTH
than both the LED LCUs can be seen.

Pearson’s correlation test showed, despite a positive
correlation between temperature increase and Knoop
hardness values (R=0.60816), that the correlation was not
statistically significant (p=0.14).

Discussion

Thermal transfer from the outside environment to the pulp
chamber is affected by dentin thickness [8]. Thus, thicker
dentin specimens reduce the temperature increase [14],
protecting the pulp tissues from temperature injuries. As
dentine has a relatively low thermal conductivity, the
potential for pulpal damage is greater in deep cavities
where the residual dentin thickness is smaller and the
tubular surface area increases [23]. Therefore, a 0.5-mm
dentine disc was used to standardize the leftover dentin.

The effectiveness of the composite cure may be directly
or indirectly assessed [19, 24, 28]. Direct methods that
check the degree of conversion are complex, expensive,
and time-consuming [20]. Moreover, the indirect methods,
which include the hardness test, have been shown to be an
indicator of the degree of conversion [1] and there seems to

be a good correlation between Knoop hardness and infrared
spectroscopy determinations of degree of conversion [6, 7,
27]. Thus, the Knoop hardness test was used to compare
the cure promoted by the LCUs.

Many authors and manufacturers have stated that LED
LCUs have a similar curing efficiency when compared with
QTH LCUs and the advantage of preventing overheating.
Using the manufacturer’s recommended time of photo-
activation, the QTH LCU really produced higher temper-
ature increase than the two LED LCUs. However, the
Freelight LED not only produced a lower temperature
increase but also lower KHN values. These findings may
be explained by the low energy density provided by this
LCU (5,400 mJ/cm2) due to the low power density emitted
(270 mW/cm2). Thus, this lower temperature increase
could not be considered an advantage. Despite a lower
temperature increase, the Ultrablue IS LED resulted in
KHN values that were not statistically lower than those
obtained by the QTH LCU. These findings may be
explained by the fact that the Ultrablue IS LED emitted a
spectrum that was centered more in the 450- to 490-nm
region – the most efficient CQ absorption region [16] –
when compared with the QTH LCU. Moreover, the
Ultrablue IS LED emitted a light with a power density of
322 mW/cm2 in the 450- to 490-nm range, which rep-
resents 71% of the total energy density (453 mW/cm2).
These values were higher than the one promoted by the
QTH LCU that represent only 53%. Thus, even with a
lower total power density emitted by the Ultrablue IS LED,
this LCU promoted similar KHN values to the QTH LCU.

Some studies suggest that the cure temperature increase
of a photo-activated composite is based on the total energy

Table 4 Mean values and standard deviations of temperature increase promoted by the LCUs

Irradiation condition Mean values of temperature rise (°C)

QTH XL2500 Ultrablue IS LED Freelight LED

Using the time of photo-activation as indicated by the manufacturers 1.57 (0.13) A 1.13 (0.05) B 1.05 (0.16) B
Using the time of photo-activation to maintain a constant energy density value 1.57 (0.13) C 1.86 (0.21) B 2.30 (0.27) A

Mean values followed by different capital letters in the line differ statistically for the curing units

Fig. 3 Spectral distribution emitted by the light curing units

Table 5 Power density of the LCUs in the different regions
of the spectrum

Region of the spectrum
(nm)

Power density (mW/cm2) of the LCUs

QTH
XL2500

Ultrablue IS
LED

Freelight
LED

190–400 3.94 5.18 3.74
400–515 658 437 259
450–490 357 322 150
Above 515 6.64 9.5 5.88
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density applied to the composite [20, 28]. However, in this
study, the Freelight LED promoted the highest increase of
temperature values, followed by the Ultrablue IS LED and
then the QTH LCU. Although the same total energy density
of light was applied, the findings in this study could be
explained by the low thermal conductivity of composites
and the different pattern of energy density distribution
along time. Thus, the effect of energy density on the tem-
perature increase may be dependent on how energy density
is distributed and dissipated. The relation of these aspects
within time may be responsible for the difference among
these three photo-activation methods. Furthermore, the
standardization of energy density resulted in no difference
in Knoop hardness values, corroborating with previous
studies [9, 17].

When the Ultrablue IS LED was used (when the time of
photo-activation was used as indicated by the manufac-
turers), the KHN values in the middle region were sta-
tistically higher than those of the top and bottom regions.
Asmussen and Peutzfeldt [2] suggested that, in these cases,
the heat of polymerization inside the bulk produced by the
conversion of double bonds might have an influence on
these values.

One of the qualities attributed to LED LCUs is that there
is basically no infrared light transmission to the tooth;
therefore, no excessive heat is produced [13]. The ISO TS
10650 standard [11] proposes that the upper limit of power
density above 515 nm is 50 mW/cm2 for QTH LCUs. The
QTH LCU used in the present study emitted only 6.64 mW/
cm2, showing the efficiency of the infrared filter of the
QTH LCU.

Another determination of the current ISO standard [11]
is that the upper limit of light power density in the 190- to
385-nm wavelength range, the ultraviolet (UV) region, is
100 mW/cm2, as the UV radiation can generate ocular
damage [5]. In the present study, the Ultrablue IS LED
emitted the highest power density value in the UV region—
5.18 mW/cm2, showing that the LCUs used in the present
study can be safely used, with regard to UV radiation
emission.

The Pearson’s correlation test showed that the correla-
tion between temperature increase and Knoop hardness
was not statistically significant. This may be due to the fact
that the temperature was recorded beneath a dentin disk and
that, due to heat dissipation, it was not possible to estimate
the temperature within the composite.

Over the years, studies [3, 29] have tried to verify the
effect of external heat application on the pulpal tissues.
However, the exact extent of thermal trauma that can be
tolerated by the dental tissues remains unknown [25]. Thus,
clinicians should be aware of the factors that are involved
in the temperature increase, such as light energy density,
light power density, emitted spectrum, and leftover dentin
thickness. Moreover, they should be aware of the pos-
sibility of overheating when using lower power density
values for long exposure periods (when aiming for good
photo-activation) because composites are materials with
low thermal conductivity and the effect of energy density
on the temperature increase may be dependent on how this

energy density is distributed, regarding the time of photo-
activation and heat dissipation.

Conclusions

Using the manufacturers’ recommended times of photo-
activation, the QTH LCU produced a higher temperature
increase than did both LED units. However, the Freelight
LED resulted in a lower hardness than did the other curing
units.

Standardizing total energy density, the two LED units
produced greater temperature increase than did the QTH
LCU, whereas there were no statistical differences among
hardness values.
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