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Effect of different light-curing devices 
and aging procedures on composite 
knoop microhardness

Abstract: The aim of this study was to evaluate the effect of light-curing 
devices (Halogen/HAL, Light Emitting Diodes/LED, Argon Laser/LAS 
and Plasma Arc/PAC) and aging procedures (Mechanical Cycling/MC, 
Thermal Cycling/TC, Storage/S, MC+TC and MC+TC+S) on the micro-
hardness of bottom/B and top/T surfaces of 2-mm-high composite resin 
cylinders. The Knoop microhardness test (25 g, 20 s) on both B and T 
was performed before and after each aging procedure. For B and T, be-
fore aging procedures, PAC showed reduced polymerization effectiveness 
when compared with HAL. In the T, after TC, PAC and LAS had also 
showed reduced polymerization effectiveness when compared to HAL 
and LED. For all light-curing devices, MC+TC+S and S affected the 
Knoop microhardness values. In the B, no difference could be observed 
among the aging procedures for PAC. From all light-curing units, PAC 
may have rendered composites of reduced quality and the storage aging 
procedures were the most harmful to the polymer hardness. 

Descriptors: Dental materials; Hardness tests; Dental curing lights; 
Dental stress analysis.
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Introduction
Photoactivated composite resins have been de-

veloped in an attempt to surpass the limitations of 
chemically cured systems.1 Dentists have a choice 
of various types of curing lights for the photopo-
lymerization of composites: conventional quartz-
tungsten-halogen (QTH/HAL), light-emitting diode 
(LED), plasma arc (PAC) or argon laser (LAS) cur-
ing lights. These lights have different characteristics 
and advantages, but the optimal light-curing unit 
for the photopolymerization of composites has not 
yet been determined.2

The QTH is the most traditional dental light-
curing unit. It produces light by incandescence.3,4 
Filters are needed to restrict the emitted light to the 
blue region of the spectrum for the polymerization 
of composite resins.5 One of the benefits of using the 
QTH is low cost technology.6 However, one of the 
drawbacks of using these units is the limited effec-
tive lifetime.3,5 The bulb, reflector and filter can de-
grade over time because of the high operating tem-
peratures and the large amount of heat generated.4,5

LED curing lights use gallium nitride semicon-
ductors that produce a blue light when subjected to 
an electrical current,7 in a narrow band with peak 
emission of 470 nm.8 One of the advantages of LEDs 
is that they consume very little energy during the 
light emitting process allowing them to be powered 
by rechargeable batteries.9 Recently, the second and 
the third generation of LEDs have been introduced. 
These new generations of LED have a higher power 
density and broader light spectrum, respectively, 
compared to the first previous generation of LED.7

The argon laser curing units produce usable en-
ergy by exciting ions in the argon-filled resonating 
chamber.3 Instead of providing a continuous wave-
length of energy, the argon laser delivers energy 
through a variety of wavelengths that fall within the 
absorption range required by CQ: 454, 458, 466, 
472, 488 and 497 nm.7,10 Because it generates little 
infrared output, little heat is produced.3,7,10 How-
ever, the high cost of these units and their limited 
lifetime serves as a deterrent for many potential 
buyers.10

The plasma arc curing units were introduced 
with the expected advantage of reduced time spent 

on curing composite resins. The light emitted from 
the lamp passes through a filter in order to obtain 
visible light with a peak wavelength of around 
470 nm.11,12 However, investigations of the efficacy 
of PAC units have demonstrated, in some cases, that 
the curing time is too short to provide optimal po-
lymerization.

Deterioration of the restoration could occur due 
to chemical, thermal and mechanical load stresses.13 
These load stresses could accelerate the deteriora-
tion of the composite resin and dictate the behav-
ior of materials exposed to stresses similar to those 
found in the oral environment.14

There is a lack of research in literature that 
compares the four light sources currently available 
(HAL, LED, LAS and PAC) and a lack of standard-
ization of aging procedures (MC, TC and S). There-
fore, the aim of the present study was to evaluate 
the effectiveness of the different light-curing units 
and the effect of thermal, mechanical and storage 
aging on the Knoop microhardness of a composite 
resin.

Material and Methods
Power density calculation

The real power density was calculated for each 
light source, within the range of absorption of the 
CQ (450-490 nm),15 and their approximations as 
well. First, the spectrum emitted by each light source 
was analyzed using a spectrometer (USB 2000, 
Ocean Optics. Inc., Dunedin, FL, USA). Then, a 
potentiometer (Power Meter Ophir, Ophir Optron-
ics Inc., Danver, MA, USA) was used to check the 
potency of each light source. This value was divided 
by the area of the tip of the corresponding unit. This 
way, it was possible to obtain the intensity of total 
light emitted. The software Origin 6.1 (OriginLab 
Corp., Northampton, MA, USA) gave the total in-
tensity correlated with the spectrum previously ap-
praised through the construction of a graph. In the 
graph the X axis represented the wavelength (nm) 
and the Y axis represented the light intensity (mW/
cm²). This data allowed for the selection of a spe-
cific range and, through integral calculation of the 
area, verification of the light intensity emitted from 
the wavelength examined.
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The photoactivation of the Z250 resin composite 
was carried out according to the manufacturer’s rec-
ommendation, using 2-mm-thick increments under 
halogen lamp units with an exposure time of 20 sec-
onds and energy density of 6.04 J/cm². Applying the 
calculation formula for energy density (ED = mW/
cm² X seconds/1000), and using the value of light 
intensity emitted by each unit in the range of ab-
sorption of camphorquinone, we could approximate 
the power densities through the adjustment of expo-
sure times. This way, the exposure times obtained 
for each light source were: HAL - 20 seconds, LED - 
10 seconds, LAS - 30 seconds and PAC - 6 seconds.

Specimen fabrication
A metallic cylindrical matrix (diameter of 5 mm 

and height of 2.0 mm) was used to fabricate 200 
specimens of composite resin Filtek Z250 (3M ESPE 
Dental Products, St. Paul, MN, USA), color A2. The 
specimens were divided into 20 groups (n = 10) ac-
cording to the light source (HAL, LED, LAS and 
PAC) and aging procedures (MC, TC, S, MC+TC, 
MC+TC+S).

The composite resin specimens were made using 
one horizontal increment, photopolymerized with 
the tip of the unit in contact with the top surface of 
the matrix using one of the light sources: Halogen 
lamp (OPTILUX 501, Demetron/Kerr Corp., Or-
ange, CA, USA); Light Emitting Diodes (Freelight 
Elipar 2, 3M ESPE, Seefeld, Germany); Argon La-
ser (AccuCure 3000, LaserMed, West Jordan, UT, 
USA); Xenon Plasma Arc (Apollo 95E Elite, DMD 
- Dental Medical Diagnostic Systems, Westlake Vil-
lage, CA, USA).

Aging procedures
During the thermal aging (TC), the specimens 

were submitted to 1,000 cycles14 in distilled wa-
ter, using a thermal cycling machine (MCT3-Plus, 
Instrumental, São Paulo, SP, Brazil). In each cycle 
the specimen was bathed for 60 s in water varying 
in temperatures from 5 ± 2°C to 55 ± 2°C, with a 
transfer time of 5 s.

For the mechanical aging (MC) two-hundred 
thousand cycles14 at a frequency of 2 Hz (cycles/sec-
ond)14 with a vertical load of 75 N14 were accom-

plished using a mechanical cycling machine (ER-
FOP 10, International Erios, São Paulo, SP, Brazil). 
During the test, the cylinders were maintained in 
distilled water at 37°C.

In the storage aging procedure (S), the specimens 
were maintained in Hank’s saline buffer solution16 
for 1 year. This solution was employed to simulate 
the chemical composition of saliva. During the stor-
age period, the samples were kept in hot chambers 
at 37°C and the storage solution was changed every 
15 days.

The association between thermal cycling and 
mechanical loading (TC+MC), and among all aging 
procedures (TC+MC+S) was carried out using the 
same methodology as previously described. 

Knoop microhardness test
Approximately 24 hours after sample fabrication 

and after each aging procedure, Knoop hardness 
was measured on the bottom and top surfaces of the 
specimens using a microhardness tester (Microhard-
ness Tester, Future Tech FM-1E, Future Tech Corp., 
Tokyo, Japan). A load of 25 g per 20 s was applied in 
five different points in each surface of the specimen.

An average of the five measurements was calculat-
ed on each surface and transformed in Knoop hard-
ness number (KHN) using the following formula:

where:
F is the force in grams (25 grams) and d is the 

length of the longest diagonal in micrometers.

Statistical analysis
One-way Anova was used to compare the effect 

of light-curing sources. ANOVA applied to the split-
plot design tested the effect of light-curing sources 
and aging procedure. The split-plot design is coher-
ent with the determination method (the aging pro-
cess was defined after the determination of the light-
curing source).

The analysis of variance tests the difference 
between, at least, two means for each factor. The 
Tukey’s HSD test was used to compare means at 
different levels of the factor, when significant in 

KHN = 14,230 ×
F
d2
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the ANOVA. The level of significance adopted was 
0.05.

Results
Before the aging procedures, all we have is the 

effect of the different light sources influencing the 
Knoop microhardness values. Graph 1 demonstrates 
the comparison of the light sources on the top and 
bottom of specimens. The effect of the light-curing 
sources before the aging process was different at 
the top and the bottom. On the top, two groups of 
means were formed. The first group (PAC and LAS) 
has means significantly different from the other 
group (HAL and LED). On the bottom, three groups 
were formed. The first group was LED, the second 
group was HAL and LAS and the third group was 
PAC.

In other words, the existence of differences be-
tween the light-curing sources on top and bottom in 
the initial phase shows the importance of the subdi-
vision of the study in order to compare the effects 
of aging and light-curing sources. After aging, the 

effects of both aging procedures and light-curing 
sources on the Knoop microhardness values were 
tested. The analysis of variance showed a signifi-
cant interaction between light-curing units and ag-
ing. When aging procedures on the top surface were 
compared (Table 1), it was observed that, for all light 
sources, the groups stored for 1 year (MC+TC+S and 
S) had reduced Knoop microhardness values when 
compared to the other groups.

The differences between light-curing sources in 
each aging procedure at the top side are illustrated 
in Graph 2, corroborating the previous table.

In the comparison of the different aging proce-
dures on the bottom surface (Table 2), it was ob-
served that, for HAL, LED and LAS, the groups 
that were stored for 1 year (MC+TC+S and S) also 
had reduced Knoop microhardness values when 
compared to the other types of aging procedures. 
For PAC, the aging procedures did not differ among 
them.

The differences between light-curing sources in 
each aging procedure on the bottom side are illus-

Aging
procedures

Light-curing units

Halogen LED Argon Laser Plasma Arc

MC 70.55 Aa (3.11) 71.18 Aa (1.93) 66.00 Ba (1.94) 66.94ABa (3.51)

MC+TC 73.08 Aa (3.63) 73.39 Aa (2.00) 72.64 Aa (3.89) 70.26 Aa (6.34)

MC+TC+S 51.60 Ba (5.51) 51.18 Ba (5.22) 51.39 Ca (5.90) 52.16 Ca (4.11)

TC 70.38 Aa (2.38) 69.83 Aa (5.12) 62.97 Bb (2.25) 62.31 Bb (5.09)

S 52.04 Ba (5.45) 51.23 Ba (5.64) 49.24 Ca (3.15) 48.80 Ca (4.94)

Different letters indicate statistically significant differences (Tukey; α = 5%). Capital letters compare aging 
procedures; Low case letters compare light curing units.

Table 1 - Knoop microhardness 
values (KHN) according to aging 

procedures and light-curing units on 
the top surface.
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Graph 1 - Mean (Standard 
deviation) of the Knoop 

microhardness values (KHN)  
according to the light source. 

Different letters indicate 
statistically significant difference 
between means (Tukey HSD test; 

alpha: 0.05).
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trated in Graph 3, corroborating the existence of 
differences in MC, MC+TC and TC procedure.

Discussion
The comparison among the light-curing sources 

(Graph 1), before the aging procedures, showed that 
the top surface of composites light-cured with LED 
and HAL had Knoop microhardness values signifi -
cantly higher than the ones with LAS and PAC. The 
bottom surface of composites light-cured with PAC 
also had signifi cantly reduced hardness values be-
fore the aging procedures. 

This could be due to the fact that PAC was used 
with a short exposure time of 6 seconds, besides 
the emission of a high intensity light. Although it 

supplied the same energy density as the other light-
curing units, the exposure time might have been too 
short for an adequate polymerization of the compos-
ite material. This may have affected the extension of 
cross link bonds and the fi nal size of the polymeric 
chain.1 High intensity lights allow the formation of 
multiple growth centers in the polymer,17 but, with 
a short exposure time, there is not enough time for 
polymeric growth.

Also, because the polymerization termination is 
normally a bimolecular process, loss of radicals is 
faster when their population is greater, where the 
termination rate is a square function of radical con-
centration. Even if the same total number of radicals 
can be generated with the same energy density, due 

Graph 2 - Mean Knoop microhardness values (KHN) ac-
cording to the light source after different aging procedures 
at top side.

Graph 3 - Mean Knoop microhardness values (KHN) ac-
cording to the light source after different aging procedures 
at bottom side.
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Aging
Procedures

Light-curing units

Halogen LED Argon Laser Plasma Arc

MC 60.17 Aa (2.57) 61.07 Aa (2.57)  54.00 Bb  (2.35) 39.30 Ac (2.59)

MC+TC 63.27 Aa (2.40) 62.03 Aa (3.19) 58.19 ABa (5.42) 46.33 Ab (4.03)

MC+TC+S 46.20 Ba (4.93) 47.17 Ba (6.24)  47.81 Ca  (6.21) 43.92 Aa (4.62)

TC 63.24 Aa (3.03) 63.65 Aa (2.97)  60.02 Aa  (3.48) 45.72 Ab (3.62)

S 43.44 Ba (4.59) 50.38 Ba (5.93)  44.41 Ca  (4.22) 44.44 Aa (6.27)

Different letters indicate statistically significant differences (Tukey; α = 5%). Capital letters compare aging 
procedures; Low case letters compare light-curing units.

Table 2 - Knoop microhardness 
values (KHN) according to aging 
procedures and light-curing units 

on the bottom surface.
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to its shorter life time, each radical will react with 
fewer double bonds before being annihilated.18

In this study, LAS had low light intensity 
(278 mW/cm²), and, even being used with a longer 
exposure time (30 seconds), the Knoop microhard-
ness of the composite material was compromised. 
Few polymeric growth centers are associated with 
a slower polymerization and low light intensity, 
which results in a more linear structure and in less 
amount of cross link bonds.17 In addition, the ab-
sorption peak of camphoroquinone is at approxi-
mately 470 nm, and the argon ion laser works at a 
wavelength of 488 nm. This distance between them 
can make the laser activation inefficient.19

When aging procedures in the top surface were 
compared (Table 1), we observed that, for all light 
sources, the groups stored for 1 year (MC+TC+S and 
S) had reduced Knoop microhardness values when 
compared with the other types of aging. Similar 
results were found in the bottom surface (Table 2). 
This reduction in the properties of the restorative 
composite material after water storage is in agree-
ment with findings by Ferracane et al.20 (1998). The 
absorption of water by the polymer causes a soft-
ening of the material through the expansion of the 
chains and decreasing of the friction forces among 
the polymer chains.20,21 Moreover, degradation of 
dental composites can be proceeded by hydrolysis 
of the siloxane bond,21 with the possible loss of the 
filler particles.19,21,22

The composites absorb water and release their 
components into their surroundings.21,23 Degrada-
tion changes the microstructure by forming pores or 
openings, weakening the composite material suffi-
ciently to reduce restoration longevity and mechani-
cal properties, as Knoop microhardness.21,23

For LAS and PAC, the composite specimens 
submitted to the association between mechanical 
cycling and thermal cycling had higher hardness 
values. This may be explained by both the larger 
period during which the specimens were exposed 
to room light before the evaluation of their Knoop 
microhardness and the influence of the heat gener-
ated during the cycling procedures. During the me-
chanical cycling, the temperature was kept at 37°C, 

however physical heat may have been generated by 
the movement of the vertical load in contact with 
the sample surface. Both the mechanical and ther-
mal cycling consisted of a period of, approximately, 
40 hours. Therefore, the samples submitted to the 
association between these aging procedures were 
about 80 hours in test. This larger post-polymeriza-
tion period and exposure to light might have been 
responsible for the higher Knoop microhardness 
value obtained.

Interestingly, for LAS, the hardness of the bot-
tom surfaces of specimens submitted to TC and MC 
did not differ from those submitted to the associa-
tion between MC+TC; however those submitted to 
TC had higher hardness than those submitted to 
MC (Table 2). Probably, the deleterious influence of 
the mechanical load may have led to the failure of 
the bond interface between the filler and resin ma-
trix, which resulted in a decrease of the hardness of 
the composite material.24

Acccording to Braz et al.25 (2009), the fracture 
process presents three phases: crack initiation, slow 
crack growth and fast fracture. Crack initiation is 
a phase that is considered more difficult to predict, 
since it depends on the microstructural properties.25 
Crack initiation nucleates at heterogeneities on the 
surface and subsurface, porosities or filler particles 
within the material, but external cycling loading is 
able to originate or further develop a crack.25

Conclusions
Before aging procedures, the composites light-
cured with PAC had inferior Knoop microhard-
ness on both top and bottom surfaces. 
The aging procedures that involved storage of 
the specimens (MC+TC+S and S) resulted in a 
significant decrease in the Knoop microhardness 
values.
On the bottom surface, all of the aging proce-
dures were harmful to the specimens light-cured 
with PAC.
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