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This study evaluated the microhardness and Young’s modulus of a photocurable bonding resin, Clearfil SE Bond (SE), cured
with four curing units at different distances. The curing units used were: Candelux (Quartz-tungsten halogen), Lux-O-Max
(Blue light emitting diode), Arc-light (Plasma-arc), and Rayblaze (Metal halide). Discs of bonding resin were prepared
using vinyl molds and were photocured at the top surface with light tip at three different distances (contact, 2 and 4 mm).
After 24 hours of storage in water at 370, the specimens were sectioned into halves, embedded in epoxy resin, and polished.
The microhardness and Young’s modulus of this bonding resin were measured using a nanoindentation tester. Six specimens
were prepared for each group. The data was statistically analyzed using two-way ANOVA test and Tukey multiple compari-

son test (pJ0.01). The microhardness of SE was affected by light source and distance, as was Young’s modulus. Candelux
and Rayblaze presented the highest hardness and Young’s modulus results. Both properties presented high values when the
curing unit tip was maintained in contact with the irradiated surface. Increasing the distance between the curing unit tip
and the irradiated surface decreased the hardness and Young’s modulus of SE.
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INTRODUCTION

The quartz-tungsten halogen lamp has been the
popular, most frequently wused light-curing unit
(LCU) to polymerize resin materials. However, this
LCU has shown some drawbacks. The most common
defects detected in this LCU are related to the degra-
dation of bulb and light reflector, broken filters,
breakdown of optical fibers, and tip damage”. This
damage then leads to a decrease in light output over
time, which could compromise the polymerization of
resin materials, and consequently, the clinical behav-
ior of the restoration. Moreover, curing with
quartz-tungsten halogen is time-consuming because
of the long irradiation time required to cure each
layer of resin composite?.

To overcome these drawbacks of traditional
quartz-tungsten halogen lamps, some new LCUs have
been introduced in the market. A recent development
for dental clinical applications is the plasma-arc cur-
ing light. The manufacturers of this kind of light
claim faster curing time than quartz-tungsten halo-
gen, hence reducing chairside time. Due to the
greater light intensity, plasma-arc curing lights help
to enhance the speed of polymerization®. Besides,
these curing units have a spectral output that is
more intense at certain wavelengths, compared to
quartz-tungsten halogen lights®. Blue light emitting
diode LCUs have been developed, which claim curing
to be as good as quartz-tungsten halogen®. These
LCUs present some advantages such as non-
degradation of bulbs (blue light emitting diode lamp

does not have any bulb), easy handling (portable,
battery operated, cordless)®, and longer lifetime than
quartz-tungsten halogen™. The metal halide technol-
ogy, which has been successfully developed to polym-
erize indirect composites®, is presented here with a
prototype to apply its properties to clinical use. The
manufacturer of this curing unit also claims fast
curing.

Several studies in our laboratory have been de-
veloped to examine bonding between the different ad-
hesive systems and dentin. It was observed that
quartz-tungsten halogen and metal halide LCUs pre-
sented the best bond strength results after 24-hour
storage in water, when compared to blue light emit-
ting diode and plasma-arc curing LCUs®.

However, regardless of the type of curing unit
used, power density decreases as the distance between
the tip and the irradiated surface increases'™?.
Power density also decreases as it passes through the
material'®. This is a very important factor to con-
sider in clinical practice due to the deep cavities that
need to be restored with resin composite materials.
In our laboratory, a previous study was developed
based on an adhesive, Clearfil SE Bond (Kuraray
Medical Inc., Tokyo, Japan), cured with different
LCUs. It was observed that as the thickness of resin
composite increased, bond strength of the adhesive to
bovine dentin decreased'.

Hardness is a measure of a material’s strength
and has been used as an indirect method to measure
the depth of cure of composite materials'”?. Hardness
correlates well with the degree of conversion
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although it cannot be used to predict the degree of
conversion'.  Young’s modulus is an important
property that must be determined as the stiffness of
resin-based materials can vary and do not fully
match those of natural teeth'. Polymerization
shrinkage, an inherent property of resin materials,
produces stresses, which can interfere with the adhe-
sive interface, enamel and dentin substrates. A rela-
tively thick bonding layer of 50-150y m has been
effective in leveling the mismatch of modulus values
at the restoration-tooth interface'®.

Many reports abound on the properties of resin
composite restorative materials. However, very few
papers are available on the polymerization of bonding
resin. It is important to evaluate the polymerization
of bonding resin as long as resin tags contribute to
the adhesion between resin and tooth substrates. Ac-
cording to a theoretical model of tensile bond
strength of resin to dentin developed by Pashley et
al.'P, the total bond strength of a resin is the sum of
the strength of resin tags plus the strength of resin
infiltrating non-tubular porosity plus the strength of
resin due to surface adhesion. The authors reported
that the contribution of resin tags to the theoretical
tensile bond strength significantly increased as the
ultimate tensile strength of resin increased. In turn,
the strength of resin tags may vary depending on
the type of adhesive, its degree of polymerization,
and the cross-sectional area of the tags. Hansen and
Swift'® and Crim'” have reported on the effect of
pre-polymerization of bonding resin prior the place-
ment of restorative resin on microleakage. Both
studies demonstrated less microleakage when a bond-

Table 1 Material, lot number, and basic formulation

ing resin was cured before placement of the restora-
tive material. Therefore, for a good sealing, the
bonding resin should be well polymerized. Addition-
ally, with strong bond strength, the effect of stress
developed due to polymerization shrinkage could be
minimized®”.

Therefore, the purpose of this study was to
evaluate the microhardness and Young’s modulus of
a bonding resin cured with four LCUs at three dif-
ferent distances between the tip and the irradiated
surface.

MATERIALS AND METHODS

The material used in this study was the bonding
resin of Clearfil SE Bond (Kuraray Medical Inc.,
Tokyo, Japan). Its basic formulation is shown in
Table 1.

Four light curing units were used to polymerize
the bonding resin: Candelux (CDX, Quartz-tungsten
halogen, J. Morita, Kyoto, Japan), Lux-O-Max
(LOM, Blue light emitting diode, Akeda Dental,
Lystrup, Denmark), Arc-Light (ARL, Plasma-arc,
Air Techniques, New York, USA), and Rayblaze
(RBZ, Metal Halide, Moritex, Tokyo, Japan). The
irradiation time is shown in Table 2; the manufac-
turers’ instructions were followed. The wavelengths
of all the light curing units (Fig.1) were measured
using Spectrometer USR-40 (Spectroradiometer type
USR-40V-01, Ushio, Japan, 0001070016). Power den-
sity was also measured with a digital hand-held radi-
ometer (Jetlite Light Tester, J. Morita, CA, USA,
09061727).

Material, Code, and Manufacturer Lot Number

Basic formulation (bonding resin)

Clearfil SE Bond 00161A

SE (Kuraray Medical, Tokyo, Japan)

MDP; Bis-GMA; HEMA,; Hydrophobic dimethacrylate;
dl-CQ; N,N-Diethanol-p-toluidine; Silanated colloidal silica

MDP: 10-metacryloyloxydecyl-dihydrogen phosphate
Bis-GMA: bisphenol-A diglycidylmethacrylate
HEMA: 2-hydroxy-ethylmethacrylate

CQ: camphorquinone

Table 2 Curing units, codes, manufacturers, light source, and irradiation time

Curing unit and code .
urhg untt anc o Light source

Power density

Irradiation time Total energy

(manufacturer) (MW /ecm?) (sec) (@)
Candelux 0O CDX Quartz-tungsten 707 10 1.12
(Morita, Japan) halogen
Lux-O-Max O LOM Blue light emitting 98 10 0.15
(Akeda, Denmark) diode
Arc-Light O ARL Plasma-arc 1134 3 0.54
(Air Techniques, USA)
Rayblaze 0 RBZ Metal halide 1625 3 0.77

(Moritex, Japan)




B

YAMAUTI et al. 459

Spectral of irradiance

3500

3000
2
§ 2500
£ ; " Candelux
= 2000 i ——— Lux-O-Max
g 1500 E: Arc-Light
2 2 : e Metal Halide
£ 1000 .;. 7 ;i :
e i N \ %
e 500 ol | L :'l

300 329 358 387 416 445 474 503 532 561 590

Wavelength

Fig.1 Wavelength distribution.
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Fig.2 Specimen preparation scheme.

Fig. 2 illustrates the specimens’ preparation pro-
cedure. Holes (4.5 mm in diameter) were prepared in
a vinyl tape (Yamato, Tokyo, Japan) of approxi-
mately 0.4-mm thickness. Dentin discs of 2-mm
thickness were prepared from extracted human third

molars. These teeth were sectioned with a diamond
saw (Buehler, IL, USA) under copious water and
slow speed. The dentin discs were polished with Si-C
papers 00600 to produce standardized smear layer,
and they served as the background as in clinical
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Fig.3 Embedding the cross-cut specimens in epoxy resin.
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Fig.4 Representative illustration of nanoindentations in the cross-cut surface of the bonding resin disc.

situations. A Mylar strip (Lumi Strip, Inoue At-
tachment Co., Tokyo, Japan) was placed on the
dentin, and over this was the vinyl tape matrix. The
bonding resin SE was poured on the hole, and an-
other Mylar strip was placed on this surface to make
it flat. The four curing units were used according to
the manufacturers’ instructions to polymerize the
bonding resin (Table 2).

To polymerize the bonding resin, tips of the

curing units were maintained at three different dis-
tances from the surface: contact (0 mm), 2 mm, and
4 mm. Six bonding resin discs were prepared for
each curing unit at each predetermined distance be-
tween the tip and the irradiated surface. There were
72 specimens in total.

Immediately after preparation, the specimens
were immersed in tap water and stored for 24 hours
at 370 in darkness. Subsequently, they were
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sectioned into halves for in-depth assessment of
microhardness and Young’s modulus. Therefore, rec-
tangular cross-section surfaces were obtained, embed-
ded in epoxy resin (EPON 815, Shell Chemical Co.,
Nisshin EM Co., Tokyo, Japan) (Fig.3), and left for
24 hours until the epoxy resin was cured. The speci-
mens were polished using Si-C papers up to 1500-grit
(Marumoto Struers KK, Tokyo, Japan) followed by
cotton cloths up to 1-ym diamond paste (Struers,
Ballerup, Denmark). Care was taken to ensure that
the disc surfaces were flat and parallel to each other.

The discs were fixed to a metal stage with
cyanocrylate adhesive (Konishi Co., Tokyo, Japan).
Parallelism between disc and stage surfaces was
checked visually. Microhardness and Young’s
modulus were measured using a nanoindentation
tester (Elionix ENT-1100, Elionix Inc., Tokyo, Japan)
under a load of 0.05 N. Elionix ENT-1100 is a depth-
sensing, computer-controlled instrument with a
Berkovich indentor O which is a three-sided pyramid
diamond probe. The main body of ENT-1100 is
mounted on a vibration isolator and placed within an
environmental isolation enclosure with a temperature
controller.

Sixteen measurements were obtained for each
specimen (Fig.4). The first measurement was made
approximately 500y m from the specimen’s lateral
sides and 130y m from the upper and lower surfaces
of the cross-sectional disc. A distance of 500y m was
maintained between each measurement. The average
of 16 measurements obtained for each specimen was
then used in its microhardness and Young’s modulus
calculations. The microhardness and Young’s
modulus values of SE were calculated based on the
index of Elionix indentor. This is an index modified
from the index reported by Oliver and Pharr®”.

All the microhardness and Young’s modulus data
of SE were analyzed using two-way ANOVA
(SigmaStat version 2.03, SPSS, Chicago, IL, USA).
Differences among the groups were assessed using
Tukey multiple comparison tests (SigmaStat version
2.03, SPSS, Chicago, IL, USA). Statistical signifi-
cance in all analyses was set in advance at 0.01 prob-
ability level.

RESULTS

Table 3 shows the mean and standard deviation of
the microhardness and Young’s modulus of SE cured
by different LCUs. Two-way ANOVA revealed sig-
nificant differences (pd 0.001) among the LCU and
tip distance groups for microhardness and Young’s
modulus.

In the case of microhardness, Tukey multiple
comparison tests indicated that increasing the tip dis-
tance from the irradiated surface decreased the
microhardness value (p0 0.001). There was no inter-
action between both factors. When the tip was in
contact with the irradiated surface, SE presented the
highest values compared with the tip at 2- and 4-mm
distance from the surface. There were no significant
differences between the microhardness values with
the tip at 2 and 4 mm from the irradiated surface of
SE. Regarding LCUs, there were no significant dif-
ferences between the microhardness values of SE
when it was cured with either CDX or RBZ. These
values were significantly higher than those of LOM
and ARL, which were not statistically different from
each other.

In the case of Young’s modulus, both factors
(LCU and tip distance) affected the results
(p00.001). There was a significant interaction be-
tween them. In other words, the effect of LCU de-
pended on which distance the light was maintained
from the irradiated surface. The Young’s modulus
varied with tip distance, decreasing as the distance
increased. When the tip was in contact with the ir-
radiated surface, there were no significant differences
among the Young’s modulus of SE cured with RBZ
(7.61x 0.03 GPa), CDX (7.49% 0.12 GPa), and ARL
(7.26+ 0.12 GPa), which were significantly higher
than that of LOM (6.41+ 0.48 GPa). At 2-mm dis-
tance, there were no significant differences among
the groups, except between CDX (7.09+ 0.33 GPa)
and ARL (6.64+ 0.40 GPa). When the light tip was
maintained at 4 mm from the surface, there were no
significant differences between RBZ (6.92+ 0.05 GPa)
and ARL (6.57+ 0.07 GPa), and between ARL and
CDX (6.39+ 0.09 GPa). At this distance, LOM pre-
sented the lowest Young’s modulus value (5.62+ 0.13
GPa), which was significantly different from the
other groups.

Table 3 Nanohardness and Young’s modulus of SE. Values are expressed as means (standard deviations), n(J 6. Mean
values with different superscripts are significantly different (p0 0.001)

CDX LOM ARL RBZ
Hardness  Young’s modulus| Hardness  Young’s modulus| Hardness  Young’s modulus| Hardness — Young’s modulus
(Kgf/mm®)  (GPa) | (Kgf/mm®)  (GPa) | (Kgf/mm®)  (GPa) | (Kgf/mm®)  (GPa)
Contact | 23.49(0.31)*  7.49¢0.12)* | 19.93(2.09)°  6.41(0.48)® | 20.55(0.71)°  7.26¢0.12)* | 23.59(0.32)*  7.61(0.03)*
2 mm | 21.78(0.95)"  7.09¢0.33)C | 18.42(1.31)"  6.83(0.27)“P| 18.71(1.53)*  6.64(0.40)° | 20.99(0.35)"  6.75¢0.03)"
4 mm | 20.89(0.23)"  6.39¢0.09)¢ | 17.48(0.68)"  5.62(0.13)" | 18.97(0.58)¢  6.57¢0.07)%Y 22.36(0.05)>  6.92(0.05)"
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DISCUSSION

Hardness has been widely used as an indirect method
to measure the depth of cure of resin-based materi-
als. Although the degree of conversion appears to be
the most sensitive test for depth of cure, hardness
correlates well with the degree of conversion of resin
materials'*?.

The nanoindentation test consists in a special
hardness testing method, which can measure very
small structures using precise indentations with di-
ameters of only a few micrometers and at loads of
only a few Newtons. The indentation depth is moni-
tored in situ during loading and unloading. As a re-
sult, microhardness and Young’s modulus can be
calculated from the load-displacement curve, and be
not biased by visual assessments as with the conven-
tional microhardness testers™. This method has
been widely used to measure the hardness and
Young’s modulus of resin-dentin bonding areas®, ad-
hesive resins®?, and biological hard tissues® %,

Two-millimeter thick human dentin discs were
used as background materials to simulate the back-
ground color of dental substrate to which dental ad-
hesive systems are adhered in clinical situation. In
addition, Fan et al?® have shown that hardness val-
ues of resin composites differed when black and
white backing conditions were used. Black backing
decreased the hardness of resin composites while
white backing promoted the degree of conversion of
the lower surface of resin composites. The white-
reflecting backing made available more light to
polymerize the lower surface, as in in vivo
situations™.

It has been reported that the mechanical proper-
ties of bonding resin were substantially affected by
storage in water’”. Water has an adverse effect on
polymers, as hydrolysis occurs passively. Carrilho et
al™ have reported that water-free oil storage al-
lowed adhesive systems specimens to achieve better
degree of conversion than those tested after 24 hours
of immersion in water. Additionally, for light-cured
resin-based materials, the polymerization reaction
gradually continues even in darkness [0 a process
known as post-irradiation hardening®* .  When
specimens are immersed in water soon after prepara-
tion, this immersion could cause an immediate water
uptake that plasticizes the polymer®? and this could
adversely affect post-irradiation reaction.

In clinical situations, water vapor is present in
the oral environment as well as in the working envi-
ronment. Musanje and Darvell® have demonstrated
that resin composites can absorb this water vapor.
Additionally, dentin is a naturally wet substrate.
Dentine tubules contain fluid that could affect the
polymerized bonding resin.

Concerning microhardness values, the highest
values were obtained when the tip was maintained in

contact with the irradiated surface regardless of
which LCU was used. The microhardness value de-
creased as the distance increased, and there were no
significant differences in results be it at the 2-mm or
4-mm distance.

Usually, power density decreases as light passes
through the air and through the thickness of com-
posite material®®. Thus, the power density of LCU
decreases as the light tip moves away from the irra-
diated surface®. Physically, power density as a
function of distance from the light source follows an
inverse-square relationship. However, Rueggeberg
and Jordan®® have demonstrated that when light
exits the light tip, its decrease in intensity does obey
this law for distances measured between 0 and 10
mm. Instead, the decrease occurres due to light di-
vergence at an angle. The latter was dependent on
the ratio of the indices of diffraction of air and that
of the composition of light tip®.

In microhardness results, two distinct groups
could be observed: CDX/RBZ versus ARL/LOM. The
first group presented higher microhardness values,
which could be attributed to LCU characteristics and
composition of SE. CDX and RBZ presented large-
spectrum irradiance (Fig.1) and the total energy
(1.12 J and 0.77 J, respectively) was sufficient to ac-
tivate SE’s photo-components.  According to the
manufacturer, SE contains camphorquinone (CQ) and
another photoinitiator 0 which is not disclosed. In
the ARL/LOM group, although ARL presented
higher power density (1134 mW/cm?) and higher
total energy (0.54 J) than LOM, no significant dif-
ferences were observed in the microhardness of SE
cured with both LCUs. These results could be attrib-
uted to the wavelength distribution of ARL. The
wavelength distribution of ARL was not as wide as
those of CDX and RBZ (Fig.1), which yielded the
highest hardness values. Although the wavelength
distribution of ARL was larger than that of LOM, it
is speculated that the unknown photoinitiator of SE
could not be activated within ARL’s range. It could
be further speculated that the wavelength range of
ARL could not completely activate SE’s photo-
components. In the case of LOM, the low hardness
results (19.930 2.09 Kgf/mm?) could be attributed to
its narrow spectrum (Fig.1) and low power density
(98 mW/cm?), thus leading to a poorer polymeriza-
tion than those obtained with other LCUs. In addi-
tion, the peak of LOM’s wavelength distribution was
around 460 nm 0O which essentially activated CQ
only but not the other unknown photo-component of
SE.

The microhardness results of this study were in
accordance with other studies conducted to evaluate
the mechanical properties of resin-based materials
cured with different light sources. Christensen et
al® analyzed several properties of various resin
composites cured with different LCUs. According to
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their study, the modulus seemed to be highly affected
by resin formulation rather than other factors such
as LCU. The authors examined the Young’s
modulus of six resins cured with 12 LCUs. There
were no differences among the LCUs, but there were
significant differences among the different resin for-
mulations. Micro-filled resin had the lowest
modulus, and an autocured resin had a modulus that
was significantly higher than all the other light-
cured resins.

Quartz-tungsten halogen LCUs are very popular
and widely used in clinical practice due to their rela-
tively inexpensive price and maintenance. They have
good power density and are able to emit a broad
wavelength range of usable lights that cure different
materials®.  Additionally, quartz-tungsten halogen
has proven to be able to cure materials at different
depths'®.  When it comes to polymerizing composite
materials, metal halide lights have performed well in
previous studies conducted with indirect resin com-
posite materials®**? .  However, more studies are
needed to evaluate the potential of metal halide for
clinical use to polymerize direct composite materials
and adhesive systems. When materials were cured
using plasma-arc curing lights, studies have shown
that the resultant materials rendered inferior proper-
ties such as lower surface hardness and poor polym-
erization. The main reasons cited in these studies
for such unsatisfactory results were namely short
curing time and material formulation®*. Hofmann
et al.®™ demonstrated that the suitability of plasma-
arc light for a particular material depended on the
photoinitiator it contained. Studies conducted with
blue light emitting diode LCUs have demonstrated
conflicting results. Some studies showed that the
performance of blue light emitting diode was as good
as quartz-tungsten halogen in terms of hardness and
depth of cure™®. Others yielded inferior properties
when the materials cured with blue light emitting
diode LCUs were compared to those results obtained
with quartz-tungsten halogen lights™*”. Despite the
different findings, all authors agreed that blue light
emitting diode LCUs have a great potential for clini-
cal use as long as the light intensity be improved.

Concerning Young’s modulus, it also decreased
as distance increased. In other words, the bonding
resin SE became less stiff (i.e., lower modulus) as
the tip distance increased. Despite this observed
trend, there was a great variance among the modulus
values with the use of different LCUs. When the tip
was in contact with the irradiated surface, only LOM
presented significantly lower Young’s modulus than
the other LCUs. This was attributed to the low
power density and narrow wavelength range of LOM,
which meant that it could not optimally cure SE. As
a result, monomers remained unconverted and the
bonding resin became more flexible. At 2 mm, CDX,
LOM, and RBZ had no significant differences in the

Young’s modulus results as well as LOM, RBZ, and
ARL. When tip distance from the irradiated surface
increased, the elasticity of SE decreased for all LCUs,
except for LOM O which had an increase in
Young’s modulus value. No explanation could be of-
fered for this increase with LOM.

At 4-mm tip distance, RBZ and ARL produced
more rigid specimens than CDX and LOM. It is sug-
gested that, in this case, power density could have a
significant effect on the development of Young’s
modulus. Hence, high power density LCUs (i.e., RBZ
and ARL) produced more rigid specimens than CDX
and LOM. In effect, LOM presented the lowest
Young’s modulus value. This was because LOM had
the lowest power density and a very narrow wave-
length distribution that probably could not activate
SE’s photo-components.

Takahashi et al*? evaluated the relationship be-
tween bond strength to dentin and the mechanical
properties of adhesive resins. However, no correla-
tion was found between hardness or Young’s
modulus and bond strength. Nevertheless, in clinical
situations, Young’s modulus is a very important fac-
tor when considering its relation to the stresses at
the adhesive interface®™. In clinical situations, the
adhesion of adhesive system to human substrate is
achieved through the use of primer and bonding
resin [0 as illustratively demonstrated by Van
Meerbeek et al®® using different microscopy tech-
niques. Yoshida et al®® reported that some func-
tional monomers, such as 10-MDP (which is one of
SE’s components), could also chemically bond to
hydroxyapatite of dental hard tissues. Some studies
have reported that the primer affects the mechanical
properties of bonding resins. According to Hotta et
al®, hardness and tensile strength of adhesive/
primer mixtures were lower compared to the results
of bonding resin used alone. Griffiths and
Watson® reported that viscosity difference between
primer and adhesive could also affect bonding to
dentin.

A great deal of research has demonstrated a
strong correlation between resin material’s formula-
tion and adhesion®®%®Y  In other words, it is desir-
able to obtain a good match between material
formulation and LCU characteristics in order to
achieve good adhesion. Several materials that con-
tain photoinitiators other than CQ have been intro-
duced to the market. As such, it is necessary to
assess the polymerization effect on these materials by
different LCUs. Hirabayashi and Imai®® and
Hirabayashi®®  have reported that  different
photoinitiators led to different levels of polymeriza-
tion of PMMA/MMA resin.

The results of this study should be considered
with care. Only one brand of bonding resin was
used in this study. The results cannot be extrapo-
lated and compared with other materials due to
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in chemical formulation. Additionally,

bonding resin alone was used in this study, whilst in

clinics it is always used with primer.

Therefore, fur-

ther studies with other materials, photoinitiators,
and LCUs need to be conducted in order to establish
some clinical guidelines.

CONCLUSIONS

Within the limitations and conditions of this study,
the following conclusions may be arrived at:
e Different curing units and different irradiation

distances affected the
modulus of SE;

hardness and Young’s

e In general, as the irradiation distance increased,

the hardness and Young’s modulus of SE de-
creased.
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