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ABSTRACT: The aim of this study was to investigate the effect of four different curing modes on the polymerization efficiency of

eight bulk-fill composites. Five specimens for each material were prepared for Vickers hardness measurements. The measurements

were performed at 0 and 2 or 4 mm from the top of the surface of the specimens 24 h after photopolymerization. Statistical analy-

sis was performed with one-way analysis of variance and Tukey post hoc tests at a level of significance of a 5 0.05 where a is the

the level of significance. The light-curing mode affected the microhardness in all depths, but this influence was material-dependent

(pmat< 0.001), where pmat is the probability to be affected by the material. The Vickers hardness numbers of the tested composites

at 0 mm ranged from 9.32 6 0.87 to 72.58 6 6.52 and those of the tested composites at 4 mm ranged from 5.48 6 0.32 to

54.34 6 2.27. The clinician has to be aware of the technical characteristics of the materials and light-curing units (LCUs) to use the

most appropriate combination of LCU, composite material, and application technique. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2016, 133, 43392.
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INTRODUCTION

The depth of cure of resin-based composites (RBCs) is crucial

in determining the maximum increment thickness in the resto-

ration of tooth cavities. In restorations with conventional RBCs,

the thickness of each increment is defined as up to 2 mm.1 This

limitation is related to the degree of monomer conversion of

RBCs; this determines their mechanical and physical properties,

such as the strength, modulus, hardness, solubility,2 and bio-

compatibility.3 Although the critical threshold for the degree of

conversion of RBCs has not yet been established, it has been

accepted that the degree of monomer conversion below 55% is

not appropriate for adequate clinical performance.4

There are many factors that influence the depth of cure of RBCs.

These include the composition (monomers, fillers, photoinitia-

tors, silane-coupling agents),5–7 shade, and translucency8 of the

composite and characteristics of the light-curing unit (LCU),

such as the light intensity, thermal emission, wavelength range,

diameter of the tip, and curing mode.9 Other factors, such as the

exposure time10 and distance of the restorative from the tip of

the LCU11 also affect the depth of cure of these materials.

The incremental technique for composite restorations is associ-

ated with various weaknesses; these include the risk of incorpo-

rating air bubbles or contaminants between composite layers,

failure in bonding between the increments, and an extended

treatment time.12,13 To overcome these problems, bulk-fill resin

composites have been recently introduced to the market; they

enable increments of up to 4 mm to be adequately cured.14 To

achieve this extended depth of cure, bulk-fill materials have

acquired certain modifications in their composition to increase

the penetration of visible light through materials; these modifica-

tions include an increased filler size15 and novel photoinitiators.16

It has been reported that a reduction in the intermolecular dis-

tance from 0.3–0.4 to 0.15 nm may occur during the polymer-

ization of RBCs17; this generates stresses because of the

contraction of the material and may lead to bonding failure and

an increase in the microleakage of the restoration. Previous

studies have reported that bulk-fill composites may exhibit bet-

ter polymerization shrinkage stress kinetics18 and reduced cuspal

deflection19 than conventional RBCs. However, the improved

behavior of these newly introduced materials with respect to

marginal adaptation to dental tissues remains unconfirmed.19,20

It has been suggested that the use of altered light application

methods could enhance the degree of conversion and reduce the

effects of the polymerization shrinkage of RBCs.21,22 These
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methods include soft-start and pulse-delay curing modes, which

start with a lower light intensity followed by high-intensity

light; this reduces the curing speed. As a result, this slower poly-

merization process allows the composite to flow in the pregel

stage and leads to a lower level of shrinkage stress. Feitosa

et al.21 found that soft-start and pulse-delay step-curing

approaches may provide less shrinkage outcomes that are

appropriate for high-configuration factors (c factors) class I and

II RBC restorations. Additionally, plasma arc LCUs provide

reduced curing times because of their higher light intensity

emission. However, an adequate degree of conversion in 4 mm

of bulk-fill RBCs when a plasma arc is used for polymerization

has not been sufficiently investigated.

Surface microhardness measurements of RBCs are an effective

method for indirectly determining the degree of monomer con-

version.13 In this study, Vickers hardness measurements were

performed to evaluate the curing efficiency of various bulk-fill

RBCs. To achieve an acceptable curing efficiency, bulk-fill mate-

rials have to meet the requirement of having a bottom/top sur-

face microhardness of 80% or greater.13

The aim of this study was to investigate the effect of four differ-

ent light-curing modes on the polymerization efficiency of four

highly viscous and four flowable bulk-fill RBCs at three depths

(0, 2, and 4 mm) and to determine if they achieved the curing

efficiency requirement. The novelty of the study was that some

of the tested materials had never been investigated before with

respect to this property, and their polymerization efficiency was

studied with four different light-curing modes for the first time

so that they could compared with each other.

The first null hypothesis of the study was that there was no

difference in the Vickers hardness values of the materials light-

cured with the same curing mode at the same depth. The

second null hypothesis of the study was that there was no dif-

ference between the Vickers hardness values of the same mate-

rial when it was polymerized with different curing modes at the

same depth.

EXPERIMENTAL

Materials

Four high-viscosity bulk-fill RBCs [X-tra Fil (XF), EverX Poste-

rior (EXP), Tetric EvoCeram Bulk Fill (TEB), and Beautifil-Bulk

Restorative (BBR)] and four flowable bulk-fill RBCs [X-tra Base

(XB), Beautifil Bulk Flowable (BBF), Filtek Bulk Fill (FB), and

Venus Bulk Fill (VB)] were investigated in this study, and a

nanohybrid conventional composite [Filtek Z550 (FZ)] was

used as a control (Table I). The shade of the bulk-fill RBCs was

Universal, and the shade of FZ was A2. In addition, three light-

emitting diode (LED) LCUs (Table II) were used for the photo-

polymerization of the composite materials. The settings of each

curing mode were made according to the manufacturer’s recom-

mendations. A radiometer (Demetron L.E.D. Radiometer, Kerr

Corp.) was used to verify the output irradiance of each LCU.

Preparation of the Specimens

Four experimental groups for each composite material were

tested according to the curing mode of the LED unit used for

photopolymerization. The curing modes of each LED unit are

presented in Table II. The specimens with standardized dimen-

sions (5 mm wide, 5 mm long, and 2 or 4 mm high) were pre-

pared for surface microhardness measurements with a reusable

and custom-made stainless steel mold. The composite was

inserted in the mold in one increment 2 or 4 mm in thickness.

Polyester strips 0.05 mm in thickness were placed on both sides

of the mold, and glass microscope slides were placed over the

polyester strips and clamped to produce a standardized smooth

surface and to remove excess material. Subsequently, the top of

each specimen was irradiated for the designated time according

to the manufacturer’s instructions. There was no distance

between the light tip of the LED and the top surface of the

composite specimen. Five specimens were prepared for each

combination of the parameters (resin composite and curing

mode); this resulted in 72 experimental groups and a total of

360 specimens.

Surface Microhardness Measurements

Immediately after photopolymerization, the composite specimens

were removed from the mold and stored in the dark for 24 h at

37 8C. After 24 h, the specimens were placed under a microhard-

ness indentation device (HMV-2000, Shimadzu, Tokyo, Japan). A

fixed load of 200 g was applied for 10 s (Vickers pyramid, a dia-

mond right pyramid with a square base and an angle of a 5 1368

between the opposite faces at the vertex, where a is the angle of

the pyramidal diamond intender). Vickers hardness measure-

ments were performed on the top and bottom surfaces of the

specimens (0 and 2 or 4 mm depth). Four indentations were

made for each specimen’s surface, one in every quadrant (>100

lm from each other), and these were independently averaged

and reported as the Vickers hardness number (VHN). Because

that the surfaces were in direct contact with a polyester film and

provided a uniform surface luster, no polishing was performed.

Statistical Analysis

Having preliminarily checked that data distribution was normal

in each material and that the group variances were homogene-

ous (with Kolmogorov–Smirnov test and Levene test, respec-

tively), we applied a one-way analysis of variance to verify the

existence of statistically significant differences; we then per-

formed the Tukey test for post hoc comparisons (Bonferroni cor-

rected). The previous analysis was followed for each

combination of depth and light-curing mode (3 3 4 5 12).

Additionally, the data were analyzed by a two-way analysis of

variance to define how the material and light-curing mode

affected the VHN level. In all of the analyses, the level of signifi-

cance was set at a 5 0.05. The relationship between the mean

VHN and the filler load (vol %) of the materials at the 4 mm

depth was evaluated by linear regression. For composite micro-

hardness measurements, the bottom surface hardness of the

specimens should be 80% of the top surface hardness. There-

fore, in this study, the reduction of the composite microhard-

ness with depth, expressed in percentage VHN of the top

surface of the specimens, was also calculated, and we noted

when it was recorded as less than 80%.
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RESULTS

The Vickers hardness measurements for the experimental groups in

this study are presented graphically in Figure 1(a–d). The Vickers

hardness values at the top surface of the specimens ranged from

9.32 6 0.87 to 72.58 6 6.52 VHN at 2 mm, from 7.50 6 0.61 to

56.36 6 2.36 VHN at 4 mm, and from 5.48 6 0.32 to 54.34 6 2.27

VHN. In almost all of the experimental groups, the microhardness

values decreased as the measurement depth increased. At 0 mm,

the highest VHN was observed in control group (FZ), whereas at 2

and 4 mm, the high-viscosity bulk-fill composites exhibited higher

values than the control group (p< 0.05). Generally, the highest

microhardness values were presented by XF followed by EXP, and

the lowest were presented by VB followed by FB. The flowable

bulk-fill composites exhibited significantly lower VHNs (almost the

half) than the highly viscous bulk-fill composites at all depths,

regardless of the light-curing mode applied (p< 0.001).

Table II. Technical Characteristics of the Investigated LCUs According to the Manufacturers

LED
Curing
mode

Exposure
time Output irradiance

Energy density
(top)

Wavelength
range

Diameter of
the light tip Manufacturer

Demi Plus Pulse 20 s 1100–1330 mW/cm2 �24 J/cm2 450–470 nm 8 mm Kerr Corp.
(Orange, CA)

Bluephase
C8

Soft start 15 s 650–800 mW/cm2 11.25 J/cm2 385–515 nm 10 mm Ivoclar Vivadent
(Schaan,
Lichtenstein)

Valo Standard 20 s 1000 mW/cm2 20 J/cm2 395–480 nm 10 mm Ultradent (South
Jordan, UT)

Plasma 3 s 3200 mW/cm2 9.6 J/cm2

Figure 1. Mean values and standard deviations of the microhardness (VHN) of the experimental groups light-cured at three depths (0, 2, and 4 mm)

with (a) Valo (*p< 0.001), (b) Valo plasma (*p< 0.001), (c) Bluephase (*p< 0.001), and (d) Demi Plus (*p< 0.05, **p< 0.001).
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The two-way analysis of variance revealed that both the material

and light-curing mode affected the VHN level individually

(pmat< 0.001, pled< 0.001), where pmat is probability affected by

material factor and pled is the probability affected by curing-

mode factor, but there was no evidence of a synergistic (interac-

tion) effect of the two (pmat*led 5 0.064), where pmat*led is proba-

bility of interaction between material and curing mode. The

light-curing mode affected the microhardness at all depths, but

this influence was dependent on the material. The plasma

experimental groups exhibited significantly lower microhardness

values than the other light-curing modes at 2 and 4 mm depths

(p< 0.05), except for XF at the 2 mm depth (p 5 0.449). More-

over, at 4-mm depth, data for FZ (control) was not applicable

(N/A) for plasma curing mode. The standard curing mode

showed the highest mean VHN at 0 mm (FZ: 72.58 6 6.52

VHN), 2 mm (XF: 56.36 6 2.36 VHN), and also 4 mm (XF:

54.34 6 2.27 VHN).

The reduction of the composite microhardness with depth for

each experimental group expressed in percentage VHN of the top

surface of the specimens is presented in Table III. At the 2 mm

depth, all of the materials investigated met or were very close to

the threshold value of the requirement for microhardness (�80%

VHN of the top), except for the plasma data, which were

dependent on the material. At the 4 mm depth, there was a fur-

ther reduction in the mean VHN for all of the materials eval-

uated in comparison with that at the 2 mm depth. However, the

tested composites again met or were very close to the threshold

value of the requirement, except for BBR (14.29–65.54%) and FZ

(not applicable to 31.32%). The conventional resin composite FZ

presented a significantly higher reduction in microhardness than

all of the bulk-fill composites investigated at the 4 mm depth,

although it did not exhibit the lowest VHN. Furthermore, neither

of the composites light-cured with the plasma curing mode met

the Vickers hardness requirement at 4 mm.

Regression analyses between the mean VHN and filler loading

(volume percentage) of the materials for each light-curing mode

at the 4 mm depth are illustrated in Figure 2(a–d). Linear regres-

sion confirmed a poor positive correlation between the mean

VHN and the filler content of the composites for all of the curing

modes (standard r2 5 0.29, plasma r2 5 0.08, soft start r2 5 0.08,

and pulse r2 5 0.44), where r2 is the coefficient of determination.

A statistical method that explains how much of the variability of

a factor can be caused or explained by its relationship to another

factor.

Coefficient of determination is used in trend analysis. It is com-

puted as a value between 0 (0 percent) and 1 (100 percent).

The higher the value, the better the fit. Coefficient of determi-

nation is symbolized by r2 because it is square of the coefficient

of correlation symbolized by r. The coefficient of determination

is an important tool in determining the degree of linear-correla-

tion of variables (‘goodness of fit’) in regression analysis.

DISCUSSION

The results obtained from this study demand rejection of the

first null hypothesis, that there is no difference in the Vickers

hardness of materials light-cured with the same curing mode at

the same depth. The tested bulk-fill RBCs varied markedly with

respect to their Vickers hardness profiles at all measurement

Table III. Reduction of the Microhardness at 2 and 4 mm Depths for Each Experimental Group Expressed in the Percentage of VHN of the Top Surface

of the Specimens

Materials Depth Valo Valo Plasma Bluephase Demi Plus

XF 2 mm 95.88% 87.66% 96.00% 80.27%

4 mm 92.45% 73.62%a 85.92% 73.00%a

EXP 2 mm 91.05% 59.21%a 91.95% 88.79%

4 mm 80.97% 26.40%a 81.55% 76.68%a

BBR 2 mm 85.75% 69.30%a 79.89%a 86.22%

4 mm 60.13%a 14.29%a 61.72%a 65.54%a

TEB 2 mm 85.98% 91.58% 83.00% 89.02%

4 mm 74.33%a 26.94%a 77.98%a 73.24%a

XB 2 mm 85.69% 40.64%a 93.50% 93.77%

4 mm 73.32%a 28.77%a 90.50% 72.77%a

BBF 2 mm 78.32%a 83.92% 104.68% 102.03%

4 mm 72.62%a 45.79%a 90.19% 83.79%

FB 2 mm 95.26% 67.40%a 95.38% 88.78%

4 mm 80.52% 30.01%a 77.80%a 79.55%a

VB 2 mm 121.17% 80.47% 129.46% 76.32%a

4 mm 101.99% 58.80%a 104.15% 83.73%

FZ 2 mm 74.78%a 35.02%a 75.38%a 83.62%

4 mm 27.39%a N/A 25.21%a 31.32%a

N/A, not applicable.
a VHN<80% of the top surface.
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depths. These variations in microhardness may have been due

to the different compositions of the materials with respect to fil-

ler particles, monomers, and photoinitiator systems. In addi-

tion, the curing efficiency of the bulk-fill materials at 4 mm was

better compared to the conventional RBC, which was used as a

control. This discrepancy may have been the result of an

increased translucency of bulk-fill composites because their

composition did not consistently differ from that of the conven-

tional resin composite.14

In particular, the fillers of the bulk-fill RBCs increased in size to

achieve a lower filler–matrix interface; this led to decreased light

scattering and, as a result, to an enhanced light transmittance

through the materials.15 Another interesting issue with respect

to the filler size of the resin composites was that as the filler

size approached the output wavelength of the LCU used for

polymerization, the light-transmitting ability was reduced

because of the scattering of light on fillers of this size.23 It has

also been postulated that differences in the refractive indices

between inorganic fillers and organic matrixes affect the translu-

cency of the composites.24 As a result, the increasing filler size

of the bulk-fill RBCs improved their translucency. Conversely, it

was found that with increasing filler content, the translucency

of a composite material is reduced.5 In contrast, the filler shape

and type are not related to changes in the curing efficiency of

resin composites.23

The variations in the monomer composition among resin com-

posites may influence their degree of polymerization.25 The ini-

tial viscosity and flexibility of monomers and their ultimate

degree of polymerization crucially affect the polymerization effi-

ciency of the composite materials.26 Nevertheless, in this study,

the materials that we investigated did not present main differen-

ces in the monomer composition to explain the results.

Furthermore, the degree of polymerization of a resin composite

may be affected by the light absorbance of the photoinitiator

system27 and the included pigments.28 In this study, the shade

of all of the bulk-fill RBCs tested was Universal, whereas the

photoinitiator system was camphorquinone (CQ), except for

TEB, which contained an additional photoinitiator system called

Ivocerin. This recently introduced photoinitiator, which is a

dibenzoyl germanium compound, has higher photocuring activ-

ity than CQ; this leads to an enhanced degree of conversion in

deeper layers of the material.16 However, in our study, TEB

showed lower Vickers hardness values than XF and EXP, which

contained CQ as a photoinitiator, at all depths. This may have

been due to the smaller filler size of TEB, which resembled con-

ventional RBCs and led to lower translucency.29

The results of this study demonstrate that XF and EXP exhib-

ited the highest microhardnesses at 2 and 4 mm. This evidence

could be explained by the fact that larger fillers (>20 lm) were

incorporated into the resin matrix of XF than the other compo-

sites; this led, as mentioned previously, to an increased translu-

cency.15 Also, EXP contained E-glass fibers, which provided

better mechanical properties.30 This was in agreement with sim-

ilar reported results of previous studies.15,31 Despite the high

microhardness values of XF, in previous investigations, it has

been reported that XF did not show reductions in shrinkage

stress like the other bulk-fill RBCs that were tested compared to

conventional composites.18,31 BBR exhibited the lowest Vickers

hardness values among the high-viscosity bulk-fill RBCs, per-

haps because it presented the highest filler content; this led to

the lower translucency.

The flowable bulk-fill composites tested in this study presented

significantly lower microhardness values than the highly viscous

bulk-fill composites, regardless of the polymerization condi-

tions. These results coincide with the results of previous investi-

gations.31,32 Because of the lower mechanical properties of the

flowable bulk-fill RBCs, the finishing of restorations with a layer

of a high-viscosity bulk-fill RBC is recommended. To increase

the curing efficiency of bulk-fill flowable composites in compar-

ison with conventional ones, their filler size was increased,

Figure 2. Regression analysis between the mean VHN and the filler loading (vol %) of the materials for (a) Valo (standard), (b) Valo (plasma), (c) Blue-

phase (soft start), and (d) Demi Plus (pulse) at a 4 mm depth. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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whereas their filler load decreased.29 In this investigation, XB

and BBF exhibited higher Vickers hardness values than FB and

VB. Perhaps the difference in the filler content was the main

reason for this evidence. This finding supported the work of Ilie

et al.,29 who found that FB and VB presented very low hardness

values. It, therefore, seemed of interest to verify to what extent

the hardness of the composite restoratives was adequate for

clinical use.

Linear regression analyses revealed a poor positive correlation

between the Vickers hardness and filler load of the materials for

all curing modes at 4 mm (r2 5 0.08–0.44). This finding was

expected because the variations in the microhardness of the

materials could not be explained by only the differences in their

filler load. Thus, other factors, such as the filler size or refractive

indices between the fillers and matrix, may have been more

important for the curing efficiency of these materials. This was

in agreement with other recent studies.18,29,31

In this investigation, four different LED irradiation modes were

evaluated for the curing efficiency of the bulk-fill composites.

The results indicate that the curing mode affected the micro-

hardness of the tested materials to different extents. Conse-

quently, the second null hypothesis of the study, which states

that the curing mode does not influence Vickers hardness of the

materials, was rejected. Among the curing modes, the Vickers

hardness values on the surfaces of the composite specimens

were similar. However, at the 2 and 4 mm depths, the plasma

curing mode exhibited a significantly lower VHN in all of the

materials tested. This evidence has been reported in several pre-

vious studies.15,33 Moreover, it has been found that soft-start

and pulse-curing modes may present lower hardness values in

composites at 2 mm compared with the standard curing mode,

but they may reduce the crosslinking density of the composite

polymeric network.21 In addition, Neo et al.22 reported the

increased curing effectiveness of a resin composite at 2 mm by

soft-start and turbopolymerization regimens. Nevertheless, the

results of this study do not support these findings, and it might

be argued that the differences observed between these curing

modes were more material-dependent.

Furthermore, the different technical characteristics of the LEDs,

such as the light intensity, wavelength range, exposure time, and

diameter of the light tip, may have affected, to some extent, the

results of our study. In this study, the energy density produced

on the top surface of the specimens by the light-curing modes

evaluated varied markedly (9.6–24 J/cm2), and may have been

the main reason for the differences in the Vickers hardness val-

ues among the group specimens of the same material light-

cured with different curing modes.14,34

As a matter of fact, we postulated that the degree of conversion

at a certain depth of a composite depends on the light energy

delivered. Consequently, the energy density at 4 mm was the

crucial parameter for the sufficient light curing of a bulk-fill

RBC; this was directly related to the translucency35 of the mate-

rial and the technical characteristics of the LCU.14 As we con-

cluded from the results of our research, short exposure times,

such as in the plasma curing mode (3 s), provided low energy

density at the 4 mm depth, and this led to insufficient polymer-

ization of the bulk-fill composites.33

In this study, almost all of the tested bulk-fill materials met or

were close to the requirement of 80% VHN of the top at 4 mm

when light-cured with three out of four curing modes (except

plasma). Some bulk-fill materials presented values below the

threshold value of the microhardness requirement, but this find-

ing was reported previously in comparative studies.36 Perhaps

the filler composition of the materials reduced their translu-

cency, and this led to lower energy density in the deeper layers.

Moreover, it was reported37 that the coefficient factor (k) was

much lower for the bottom surfaces compared with the top

surfaces of the composite specimens. This reduction in the value

of k was more severe for the material with a higher concentration

of photoinitiator and a higher percentage of glass filler particles

in the wavelength range affecting the photopolymerization. It was

argued that the relationship between k and the irradiation inten-

sity could be used to quantify the decay of irradiated light with

its penetration into the resin composites.

CONCLUSIONS

Within the limitations of this in vitro study, we concluded that

the tested bulk-fill RBCs were adequately polymerized at the

4 mm thickness. However, the efficiency of polymerization

depended on the light-curing mode and the composition of the

material. Short exposure times, such as the plasma curing mode,

provided low energy density at deeper layers, and this led to

insufficient polymerization of the bulk-fill composites. As a

result, it is not recommended for the light curing of this category

of composites. In contrast, the other tested protocols of curing

modes (standard, soft-start, and pulse) provided adequate poly-

merization at the 4 mm depth. A poor positive correlation

between the Vickers hardness and filler load of the materials was

revealed. The clinical significance of the study was that the dental

practitioner has to be aware of the technical characteristics of the

composite material to use the appropriate LCU and to choose the

right application technique. Further clinical and laboratory stud-

ies regarding the physical and mechanical properties of bulk-fill

RBCs are necessary to estimate their clinical performance.
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