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Abstract

Objectives To evaluate the biaxial flexural strength (BFS), flexural modulus (BFM), and Knoop microhardness (KHN) of
incremental and bulk-filled resin-based composites (RBCs) using extended curing exposure times.

Materials and methods Disc specimens (n=8; 6-mm diameter) were fabricated using three stacked molds (0.5-mm thick
for the top and bottom molds, and a 1-mm-thick center mold for the conventional and 3-mm thick for the bulk-fill RBCs).
Conventional (Tetric EvoCeram/TCE and Filtek Z250/FIZ) and bulk-fill RBCs (Tetric EvoCeram Bulk Fill/TBF and Filtek
One Bulk Fill Restorative/FOB) were evaluated. The stacked RBC-filled molds were light-cured for (1) the manufacturer-
recommended exposure (MRE) duration; (2) 50%, and (3) 100% extension of the MRE. The BFS, BFM, and KHN of the
top and bottom discs were measured. BFS and BFM were analyzed by three-way ANOVA (material*curing time*depth) and
Tukey’s post hoc (¢ =0.05). KHN was analyzed by two-way ANOVA (curing time*depth) and Tukey’s post hoc (a¢=0.05).
Results Extending the exposure duration did not change the BFS and BFM on the top of the RBCs, but the BFS and KHN
increased at the bottom of bulk-fill RBCs. For the conventional RBCs, TCE showed the highest increase on BFS at the bottom,
going from 53.6 MPa at T1 to 69.9 at T3. Among the bulk-fill RBCs, FOB presented the highest increase on the bottom BFS
(T1: 101.0+19.9 MPa, T3: 147.6 + 12.9 MPa). For all RBCs and exposure times, BFS and KHN were lower at the bottom.
Only FIZ and FOB reached a bottom-to-top hardness ratio of 80%, at T3 and T2.

Conclusion A significant increase on the BFS and KHN on the bottom of bulk-fill RBCs can be observed when the time of
exposure to the curing light is double the MRE. However, extended exposure does not eliminate differences on the BFS and
KHN between the shallow and deep regions of RBCs. TCE and TBF failed to reach an acceptable B/T hardness ratio at all
evaluated exposure times.

Clinical relevance Mechanical properties of RBCs can be affected by insufficient polymerization, specially at deeper regions
of the increment. Therefore, clinicians should consider applying twice the MRE to curing-light to polymerize the maximal
increment thickness of bulk-fill RBCs.

Keywords Polymerization - Light exposure duration - Composite resins - Mechanical properties
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the depth at which the resin matrix transitions from a glassy
material to a rubbery state [8] and measures the capability
of a RBCs to reach an acceptable monomeric conversion at
an specific thickness [12], which is related to the attenua-
tion of the light-curing wavelength as it passes through the
material [4, 13-15].

Analysis of the DOC on light-cured RBCs is important
because many factors limit the ability of RBCs to achieve
optimal photopolymerization at depth, such as incorrect
operator technique [16, 17], inadequate matching of curing
light emission spectrum with the needs of photoinitiators
within the RBC [11, 17-20], the RBC shade [9, 10, 17], and
general limitations of the material to achieve a satisfactory
DOC [9, 11, 12, 20, 21]. Clinically, inadequate polymeriza-
tion of RBCs has been associated to clinical complications
like cytotoxicity [17], marginal leakage [17, 22], discolora-
tion [17], and reduced wear resistance [23], hardness [9,
19, 23], and bond strength [17, 24]. Those potential nega-
tive effects may be even more pronounced when the RBCs
are light-cured at the maximal increment depth. Hence, to
ensure that adequate and sufficient radiant energy is supplied
at depths within a RBC increment, some authors suggest
extending the manufacturer-recommended exposure (MRE)
duration [6, 25-28] by as long as twice that value [6]. On
the other hand, extension of the exposure duration must be
performed carefully because it also increases the polymeri-
zation shrinkage stress and causes heating of the restorative
material as well as of dental and soft oral tissues [15, 16].

The purpose of applying an extended exposure is to com-
pensate for light attenuation in deeper regions [14, 27, 29] by
supplying additional photons during the light-curing cycle.
The effects of increasing the exposure on the DOC have
been evaluated by different methods, such as measuring the
degree of conversion of double bonds at different depths
[30-33], removing of the uncured polymer using solvents
[6, 21, 32, 34], or manually scraping away uncured mate-
rial [6, 8, 32-35]. However, analysis of mechanical proper-
ties such as flexural strength [25, 36, 37], flexural modulus
[25, 36], and microhardness with greater RBC thickness
[11, 17,29, 36-39] may also provide important information
of a material under specific conditions. Despite the impor-
tance of mechanical evaluation of restorative materials, the
traditional three-point bending method to evaluate flexural
strength of RBCs [35] lacks clinical relevance regarding the
influence of light curing, because several overlapping light-
curing cycles are required to fabricate the 25-mm length
specimens [25, 36].

Therefore, a modified technique for analysis of biaxial
flexural strength (BFS) [25, 36, 37, 40, 41] has been rec-
ommended as a more clinically relevant method for flex-
ural strength analysis on light-cured RBCs. Also, measur-
ing the microhardness at the top and deeper regions of an
RBC increment may allow to determine if the material has

@ Springer

reached a bottom-to-top hardness ratio of at least 80% [9, 29,
38, 42], hence resulting in an acceptable DOC. This correla-
tion is of great significance because the physical properties
are directly related to the adequacy of the polymerization
reaction of the material [9, 18, 25, 36, 38, 43, 44]. In short,
a lower degree of monomer conversion at deeper regions
causes a reduction in the mechanical properties of RBCs,
and the analysis of these effects may provide clinical guid-
ance about the consequences of compensating the light
attenuation by extending the light-curing time beyond the
MRE [25, 44].

The purpose of this study was to evaluate the effect of
extended light exposure durations past those using the MRE
on the BFS, biaxial flexural modulus (BFM), and Knoop
microhardness (KHN) two conventional (incrementally
placed) and two bulk-fill RBCs. The research hypotheses
were that extension of the exposure duration past the MRE
values would result in (1) a significant increase of BFS and
BFM at the bottom 0.5-mm-thick layer of both types of
RBCs compared to use of the MRE values, (2) significantly
different BFS or BFM values at the bottom and top 0.5-mm-
thick layers of the RBC increment, (3) a significant increase
of KHN at bottom 0.5-mm-thick layer of all RBCs compared
with the MRE, and (4) similar KHN at the top and bottom
0.5-mm-thick portions of the RBCs.

Material and methods
Tested materials

Four commercially available restorative RBCs were evalu-
ated. Two RBCs were indicated for placement using incre-
ments of <2-mm thickness: Filtek Z250 (FIZ/3 M Oral Care,
St Paul, MN, USA) and Tetric EvoCeram (TCE/Ivoclar
Vivadent AG, Schaan, Liechtenstein). The two other RBCs
were high-viscosity, bulk-fill materials intended for single
increment thicknesses between 4 and 5 mm: Filtek One Bulk
Fill (FOB/3 M Oral Care, St Paul, MN, USA) and Tetric
EvoCeram Bulk Fill (TBF/Ivoclar Vivadent AG, Schaan,
Liechtenstein). The composition, shades, lot number, and
exposure durations used for the tested RBCs are presented
in Table 1.

Biaxial flexural strength and flexural modulus

A schematic representation of the specimen fabrication
and testing procedures is presented in Fig. 1. A previously
reported method for measurement of BFS and BFM was
followed [25, 36, 37]. Three cylinder-shaped specimens
were fabricated using a set of 3D printed poly-lactic acid
molds that were stacked in an aluminum holding jig hav-
ing two vertical guides to hold the RBC-filled molds. For
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KHN was measured on the
surface facing the LCU of
the top and bottom discs

Top and bottom discs
were tested for BFS and
FMO on the surface
facing the LCU

0.5 mm thick =p=>

3 mm thick

0.5 mm thick =

Fig.1 Schematic representation of sample preparation and testing.
(A) A polyester strip was placed at the flat bottom surface of the hold-
ing jig and the first 0.5-mm-thick mold was inserted and filled with
the corresponding uncured composite material; (B) a second poly-
ester strip was placed over the filled mold and a new, unfilled mold
was placed above the previously filled mold, and the unpolymerized
restorative material was inserted. For the conventional resin compos-
ite, the second mold had 1-mm thickness, and for the bulk-fill mate-
rials, the mold was 3 mm in thickness; (C) a third, 0.5-mm thick,

all evaluated RBCs, the three molds were filled, and light-
cured as a single cylinder that could be disassembled into
three separate parts. For all RBCs, the top and bottom molds
were 0.5-mm thick, and for FIZ and TCE, the middle mold
was 1-mm thick (2-mm total RBC cylinder height), while
for FOB and TBF, the middle mold was 3-mm thick (4-mm
total RBC cylinder height).

The bottom surface of the holding jig presented a flat,
unpolished surface where a transparent polyester strip
(Mylar, 0.05-mm thick; DuPont, Wilmington, DE, USA)
was positioned. The bottom-most, empty mold (with 0.5-
mm thick) was placed over the polyester strip. This mold
was slightly overfilled with the corresponding RBC and cov-
ered with another polyester strip (Fig. 1A), the combination
of which were then subjected to vertical pressure applied
to displace the uncured material towards the walls of the
mold and to extrude excess RBC. The middle mold (1-mm
or 3-mm thick) was placed over the second polyester strip of
the bottom mold, filled with the RBC (Fig. 1B), and another
polyester strip was placed on the top of the middle mold,
followed by the same application of vertical pressure [25].
Finally, the top-most mold (third one) was placed over the
stacked molds and the same filling procedure (polyester strip
placement and vertical pressure) was performed.

The assembly was light-cured using a light-curing unit
(LCU) fabricated by the same manufacturer of each RBC
(Fig. 1C). Thus, emitting light with an optimized spec-
trum for the photoinitiator composition of each RBC. The
products FIZ and FOB were light-activated using a blue,
monowave LCU (Elipar Deep Cure-S, 3 M Oral Care, St
Paul, MN, USA; 1200 mW/cm? radiant exitance), while
TCE and TBF were light-activated using a Polywave®
LCU (Bluephase Style, Ivoclar Vivadent AG, Schaan,

@ Springer

mold was stacked and filled using the same procedure and light-cured
for the pre-determined time; (D) the resulting composite disc had a
diameter of 6 mm and was 0.5-mm thick. The discs were identified
as to the surface that faced the curing light before removal from the
molds for testing; (E) the discs were placed in a custom-made jig
and subjected to the piston-on-ring biaxial test using a universal test-
ing machine; (F) the fractured specimens were recovered and Knoop
microhardness was measured three times (in three different locations)
to obtain the mean KHN of the bottom and top samples

Liechtenstein; 1077 mW/cm? radiant exitance). The output
of the selected LCU was measured using a NIST traceable 6"
integrating sphere (LabSphere, Sutton, NH, USA) connected
to a small spectrometer (USB 2000, Ocean Optics, Dunedin,
FL, USA) [45]. The emitting end of the LCUs was posi-
tioned by gently touching the surface of the strip (at O-mm
distance from the polyester-covered surface of the top-most
mold) [36]. The exposure duration used was either the MRE
time (T1) or was extended by 50% (T2) or a 100% to double
the exposure (T3) (Table 1). After exposure, the resulting
“composite disc stacks” were disassembled into three sepa-
rate discs (Fig. 1D). The top and bottom, 0.5-mm-thick discs
were marked to identify the surface facing the curing light
and were kept for 24 h in a dark oven (Stabil-Therm, Blue
M Electric Company, Blue Island, IL, USA) at 37 °C+ 1 °C
and 100% humidity.

The dimensions of top and bottom discs were measured
using a digital caliper (MDC-Lite, Mitutoyo Corporation,
Kanagawa, Japan). Each disc was individually placed into a
custom-made jig and subjected to the piston-on-ring biaxial
test (Fig. 1E) [25], using a universal testing machine (Model
5844, Instron Corp., Canton, MA, USA), at a crosshead
speed of 1.27 mm/min, until failure [36, 37, 40, 41]. The
maximum load at failure was recorded and the BFS and
BFM values were calculated using software (SRS Biaxial
Testing Software, Instron Corp., Canton, MA, USA) and
expressed in MPa, using a previously reported method [36,
37, 40, 41].

Knoop microhardness

The fragments of tested discs were recovered and inspected
at 40 x magnification, using the optical microscope
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assembled into the hardness tester to identify areas that were
free of any sign of stress deformation or cracks. Those areas
were used to measure the top and bottom microhardness
(KNN) of the RBC segments (Fig. 1F). A microhardness
tester (Future-Tech FM Corp, Tokyo, Japan) coupled to soft-
ware (FM-ARS 9000, Future-Tech FM Corp) applied a sin-
gle static load of 50 g (0.49 N) for 5 s at each disc segment
(Fig. 1F) [9]. A total of three microhardness measurements
were performed in each sample and averaged to obtain the
mean KHN value for the top as well as the bottom of a single
disc specimen. The bottom-to-top disc hardness (B/T) ratio
of each stack was determined by dividing the hardness of the
top of the bottom 0.5-mm-thick disc by the top microhard-
ness of the top 0.5-mm-thick disc [38].

Statistical analyses

The statistical analyses for BFS and BFM were performed
separately for the conventional and the bulk-fill RBCs. Data
was analyzed for homogeneity and normality (Levene and
Shapiro—Wilk test). To attain normality, the data received a
logarithmic transformation and were then subjected to three-
way ANOVA (factors: material, depth, and exposure dura-
tion). Tukey’s post hoc tests were used to detect significant
differences between pairwise group comparisons (pre-set
a=0.05). For the KHN data, each material was individu-
ally analyzed for homogeneity and normality (Levene and
Shapiro—Wilk tests, respectively) and was then subjected to
two-way ANOVAs (factors: depth and exposure duration).
Tukey post hoc test was used to identify significant differ-
ences between pairs of groups (pre-set @ =0.05). The B/T
ratio was analyzed for homogeneity and normality (Lev-
ene and Shapiro—Wilk tests, respectively) and subjected to

two-way ANOVA (factors: material and exposure duration)
separately for the conventional and the bulk-fill RBCs fol-
lowed by Tukey post hoc test for group comparisons (pre-set
a=0.05) and Dunnett post hoc test (pre-set a=0.05) to com-
pare each group against a reference value established in the
literature as an acceptable B/T ratio [9, 21, 38]. All statisti-
cal analyses were performed using a personal computer and
statistical software (SPSS Statistics for Windows, Version
23, IBM SPSS, Armonk, NY, USA).

Results
Biaxial flexural strength and flexural modulus

Mean BFS and BFM data are presented in Table 2. Statisti-
cal analyses for BFS of the conventional RBCs indicated
that the material (p <0.001) and depth (p <0.001) factors
significantly influenced the results. The exposure duration
did not produce significant differences (p=0.3851), nor did
the interactions between factors. For the bulk-fill RBCs,
material (p <0.001), depth (»p <0.001), and exposure dura-
tion (p <0.001) significantly influenced the results, as well
as the double interaction between depth and exposure dura-
tion (p <0.001).

For all the evaluated RBCs and exposure durations, the
BFS of the top 0.5-mm-thick portion was significantly
higher than at the bottom 0.5-mm-thick layer. Also, a sig-
nificant increase on the BFS at the bottom 0.5-mm-thick
surface of the bulk-fill RBCs was observed on the T3 expo-
sure, compared to T1. For TBF, the BFS increased from
51.9+6.5 MPa at T1 to 67.1 +8.6 MPa at T3. In the case
of FOB, T1 produced a BFS of 101.0+ 19.9 MPa, while T3

Table 2 Mean (SD) biaxial flexural strength (BFS) and flexural modulus (BFM) of the evaluated composites according to measurement location

and exposure duration

BFS (MPa) BFM (GPa)
Composite Location T1 T2 T3 Tl T2 T3
TCE Top 86.2 (13.4) Ab* 80.5 (15.5) Ab* 86.9 (12.3) Ab* 2.5(0.8) Aa 2.6 (0.6) Aa 2.6 (0.8) Ab
Bottom 53.6 (9.8) Ab 57.1 (7.0) Ab 69.9 (11.5) Ab 2.2 (0.6) Ab 2.3(0.4) Ab 2.2 (0.6) Ab
FIZ Top 145.3 (25.3) Aa* 153.5 (21.0) Aa* 157.5 (19.1) Aa* 4.6 (0.9) Aa 43 (1.2) Aa 4.8 (1.5) Aa
Bottom 103.8 (16.8) Aa 110.0 (28.1) Aa 114.4 (194) Aa 3.6 (0.7) Aa 3.4 (1.3) Aa 3.7(1.1) Aa
TBF Top 109.8 (14.6) Ab* 107.8 (18.7) Ab* 106.8 (17.9) Ab* 3.1 (0.6) Aa* 3.9 (0.9) Aa* 4.7 (1.9) Aa*
Bottom 51.9 (6.5) Ab 58.3 (6.5) Ab 67.1 (8.6) Bb 1.5 (0.5) Ab 1.9 (0.5) Ab 2.3(0.8) Ab
FOB Top 151.5 (18.2) Aa* 148.5 (38.4) Aa* 160.0 (23.4) Aa* 4.7 (1.1) Aa 4.4 (1.6) Aa 4.3 (0.8) Aa
Bottom 101.0 (19.9) Aa 119.9 (16.9) Aa 147.6 (12.9) Ba 3.1(0.7) Aa 3.7(1.4) Aa 3.7(0.6) Aa

Within a demarcated quadrant: Similar uppercase letters (horizontal) denote no significant difference in parameter value for a given composite
and location among different exposure durations. Similar smallcase letters (vertical) indicate no significant difference in parameter value when
comparing composites (TCEXFIZ and TBF X FOB) for similar surface location (top or bottom) and exposure duration (T1, T2, and T3). An
asterisk (*) indicates a significant difference in parameter value between top and bottom locations within the same exposure duration for a given

composite

T1, the manufacturer-recommended time (TCE and TBF: 10 s; FIZ and FOB: 20 s); 72, 50%; T3, 100% extension on the exposure duration

@ Springer
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Table 3 Microhardness of the

. ” Increment type Composite ~ Location Tl T2 T3
evaluated composites, according

to the measurement location 2-mm-thick incremental ~ TCE Top 313(5.8)Ba  38.3(5.4) Aa 39.6 (6.1) Aa
gl‘l’rf; talgi bottom), and exposure Botom  132(1.2)Bb 164 (29)ABb  18.0 (4.3) Ab
FIZ Top 62.6 (6.5) Aa  65.3(9.6) Aa 65.8 (7.8) Aa
Bottom 35.0(6.1)Bb  41.5(3.1)Bb 49.6 (8.0) Ab
4-mm-thick bulk-fill TBF Top 37.7(5.9) Ba 46.0 (3.8) Aa 48.4 (5.5) Aa
Bottom 9.9 (5.8) Bb 14.4 (3.3) ABb 18.5(3.1) Ab
FOB Top 45.5(5.4)Ba 46.6 (8.6) Ba 59.6 (8.5) Aa
Bottom 24.7 (5.3) Bb 36.2 (6.5) Ab 39.1 (7.4) Ab
Within an increment type, material, and location (horizontal), microhardness values noted using a simi-
lar uppercase letter are not significantly different among exposure durations. Within an exposure duration,
increment type and material hardness values are not significantly different when denoted using similar low-

ercase letters
T1, the MRE duration (TCE and TBF: 10 s; FIZ and FOB: 20 s); 72, 50%; T3, 100% extension of the expo-

sure duration
I =T1 T2 =T3 For TBF, at all the evaluated exposure durations, BFM
o " Ra values at the top 0.5-thick layer were significantly higher
'g 8095 === mmmmm e Ll 1 — == than. th(?se at th.e bottom Q.S mm. Conversely, there were
@ . no significant differences in BFM for the other evaluated
g o - Ca¥ I RBCs (TCE, FIZ, and FOB). Also, increasing the exposure
5 Abr 7 AP - I duration did not increase BFM within the top 0.5-mm-
2 40y I l ABL thick layer of any of the evaluated RBCs. Comparison
'CT, B I among materials did not show significant differences in
B o *If the BFM of any of the evaluated materials at the top sur-
% face. At the bottom 0.5-mm-thick disc, the BFM of FIZ
o . and FOB were significantly higher than those of TCE and

TCE F2 TBF _Fos TBF respectively.
2-mm Incremental 4-mm Bulk-fill

Evaluated Materials and Thicknesses

Fig.2 Mean bottom-to-top microhardness ratios of the evaluated
composites using different exposure durations. Statistical analysis
was performed separately for conventional and bulk-fill materials
(p>0.05). Similar uppercase letters indicate no significant differ-
ences between exposure durations, within the same material. Similar
lowercase letters indicate no significant difference between materials,
within the same exposure duration. An asterisk (*) indicates signifi-
cant difference between the acceptable 80% threshold for the bottom-
to-top microhardness ratio (represented by the dotted red line) and the
evaluated condition. T1, the manufacturer-reccommended time; T2,
50%; T3, 100% extension of the exposure duration

resulted on a BFS of 147.6 + 12.9 MPa. Comparison among
RBCs showed that FIZ and FOB presented significantly
higher BFS, regardless of the depth and exposure duration
than TCE and TBF.

The analyses of BFM data indicated that, for the
conventional RBCs, the material (p <0.001) signifi-
cantly influenced the test results, but the exposure time
(p=0.3085) and depth (p =0.1722) did not. For the bulk-
fill RBCs, both material (p <0.001) and depth (p <0.001),
as well as the double interaction between material and
depth (p =0.0055), significantly affected the test results.

@ Springer

Knoop microhardness

Surface microhardness results are presented in Table 3.
For TCE, factors depth (p < 0.001) and exposure duration
(p=0.001) significantly influenced the results, which is con-
firmed because for TEC, the lowest KHN was observed at
the bottom surface, using the MRE (13.2 +1.2). The same
tendency was observed for FIZ (depth: p < 0.001; time:
p=0.004), TBF (depth: p <0.001; time: p=0.004), and FOB
(depth: p < 0.001; time: p < 0.001). TBF showed the high-
est KHN improvement of all the evaluated RBCs related
to extended exposure, both at the top (T1: 37.7+5.9; T2:
46.0+3.8; and T3: 48.4+5.5) and bottom measurements
(T1:9.94+£5.8; T2 14.4+3.3; and T3: 18.5+3.1).

For all RBCs, microhardness was always higher at the top
0.5-mm-thick layer than at the bottom (p <0.05), regardless
of the time of exposure. Extending the curing time past MRE
values tended to increase microhardness of all RBCs, regard-
less of the location, except for FIZ at the top (p <0.05),
which showed little change, going from 62.6+6.5 at T1 to
65.3+9.3 and 65.8 +7.8 at T2 and T3 respectively. The dou-
ble interaction between depth and time was not significant
for any of the evaluated materials (p > 0.05).
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Bottom-to-top hardness ratio

The results of B/T ratio for all materials and exposure dura-
tions are presented in Fig. 2. For the conventional RBCs,
the factors exposure duration (p=0.001) and material (p *
0.001) significantly influenced the B/T ratio. The double
interaction between exposure duration and material was also
significant (p =0.013). Analysis of this interaction showed
that for TEC, there were no significant differences between
the evaluated exposure durations, reaching a B/T ration of
43% for T1 and 46% for T2 and T3. However, for FZI, the
B/T ratio presented significant differences between the T1
(57%) and T2 (65%) (p=0.043), T1 and T3 (76%; p “ 0.001),
and T2 and T3 (p =0.005), with a tendency to increase with
the extension of the exposure duration. The Dunnet post hoc
test identified significant differences between the reference
value and all the evaluated conditions except for FZI at the
T3 exposure duration (p=0.460).

For the bulk-fill RBCs, the factors exposure duration (p *
0.001) and material (p <0.001) influenced the results. Also,
the double interaction between exposure duration and mate-
rial was significant (p =0.001). Analysis of the interaction
showed that for TBF, the B/T ratio differed significantly only
between T1 (27%) and T3 (39%; p=0.004). On the other
hand, for FOB, there were significant differences on the B/T
ratio between T1 (55%) and T2 (80%; p < 0.001), T1 and
T3 (67%; p=0.004), and T2 and T3 (p =0.002). Finally,
the Dunnet post hoc test identified significant differences
between the reference value and all groups, except for FOB
at the T2 exposure duration (p=0.819).

Discussion

The first research hypothesis stating that the BFS and
BFM at the bottom layer of the RBCs materials would be
increased by the longer exposure durations was partially
rejected, because significant increases in BFS were observed
only for the bulk-fill RBCs, and there were no changes on the
BFM associated with extending light exposure duration. As
expected, the extension of the exposure time did not result in
a significant change in the BFS and BFM at the top 0.5-mm-
thick layer of any of the evaluated RBCs. Also, the BFS at
the bottom of TCE and FIZ (the two incremental RBCs) did
not significantly increase following extension of the expo-
sure duration past that recommended by the manufacturer.
Conversely, the BFS of both bulk-fill RBCs (TBF and FOB)
significantly increased when the recommended exposure
duration was doubled, although the bottom 0.5-mm-thick
BFS was lower than at the top surface disc. Interestingly,
extension of the recommended exposure duration did not
produce a significant change in the BFM for TCE, FZI, and
FOB, regardless of the measurement location.

Coincidentally, the second research hypothesis was
accepted because regardless of the exposure duration, the
BFS of all RBCs was significantly higher at the top 0.5-mm-
thick disc location. Also, for TBF, at all the evaluated expo-
sure durations, BFM was significantly higher at the top
than at the bottom. It could be hypothesized that because
the DOC is a transition from a glassy to a rubbery state in
RBCs [8], a poorly polymerized material could present more
“rubber-like” characteristics. Such a circumstance would
be reflected as a greater tolerance to bending, which was
confirmed by the significantly lower BFM, compared to the
adequately polymerized, brittle, top sample from the same
material. The effect of the differences between the “rub-
bery” and the “glassy” RBC may be enhanced in TBF by
the increment thickness of 4 mm, compared to the 2-mm
increment thickness used for TCE, despite the similar filler
and monomer composition of the RBCs.

In general, TCE and TBF showed significantly lower
BFS and BFM than FIZ and FOB. The better mechanical
properties of FIZ and FOB can be explained by the higher
volume content of inorganic fillers [36] and adequate mono-
meric conversion of the 2- and 4-mm increments, respec-
tively [6, 25]. Previous reports indicate that the presence
of pre-polymerized particles as filler, as in the case of TEC
and TBF, results in a reduction on the modulus of RBCs
[12, 36, 44]. Also, the effect of extension of the exposure
duration on BFS at depth for TBF can be explained by a
greater activation at depth of camphorquinone (CQ) by the
blue light emitted from the multiple peak LCU. Because
the violet light has a more limited penetrability through the
material [9, 10], the TPO and Ivocerin photoinitiators are not
activated at depths greater than 2 mm [10, 20]. Therefore,
for a bulk-fill RBC such as TBF, increasing the exposure
duration may be beneficial, because the polymerization of
the most superficial regions of the increment allows a greater
penetrability of blue light, to improve the polymerization of
the deeper regions. For FOB, doubling the recommended
exposure duration yielded a significantly higher BFS. In this
case, the thickness and opacity of the restorative material
reduce the passage of light. Thus, extending the exposure
duration could tend to compensate for the loss of light in the
deeper regions of the RBC.

The third research hypothesis stating that extending the
exposure duration would significantly increase the micro-
hardness at the bottom of the RBCs was upheld because
for all the evaluated materials, doubling the recommended
exposure duration resulted in a significant increase in the
bottom KHN values. Also, for TCE and for both bulk-fill
RBCs, this effect was also observed at the top 0.5-mm-thick
surface. This result is in agreement with previous studies
reporting the beneficial effect on the DOC of extending the
recommended exposure duration to overcome light attenua-
tion and to improve polymerization [6, 25, 27]. For TBF, the
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microhardness results are consistent with previous studies
reporting lower monomeric conversion [6, 12], reflected as
reduced hardness [9, 11, 12, 31] at deeper regions of this
RBC. Despite containing CQ/amine as a photoinitiator sys-
tem, TBF also contains the initiators TPO and Ivocerin that
are sensitive to shorter wavelength violet light, resulting
in a wide absorption spectrum that matches the emission
spectrum of most multi-peak light-curing units. However,
because violet light has limited penetration through the
RBCs, TBF showed a reduced microhardness in the deepest
region compared to the top measurements that fully benefit
from optimal activation of all its photoinitiators [9, 10, 15,
21].

Accordingly, the fourth research hypothesis was rejected
because, for all the evaluated RBC, the microhardness was
significantly higher at the top of the increment than at bot-
tom, regardless of the extension of the exposure to the curing
light. Moreover, despite showing an increased KHN at the
bottom and a more favorable B/T ratio, when the exposure
time was extended, only FIZ at the T3 and FOB at the T2
exposure duration reached a B/T ratio statistically similar
to 80%. The microhardness of CQ-based materials (FIZ and
FOB) has been documented to be least affected by depth
[9], in comparison to TCE and TBF, and these results cor-
roborated with a previous study that reported a decreased
BFS and KHN at the deeper regions of light-curable bulk-fill
RBCs [37].

The results of this study confirm that there are reduced
BFS and microhardness at the bottom of the specimens,
which along with the small differences on the BFM among
exposure durations and measurement positions could influ-
ence the results of laboratory research, such as microtensile
bond strength tests [46]. This situation could be produced
by a reduction of the mechanical properties at the bottom of
the RBC increment, hence increasing the number of cohe-
sive failures on the RBC, instead of properly evaluating the
bond strength of the tooth-material interface [46, 47]. Clini-
cally, when polymerization does not occur adequately at the
deeper layers of a restoration, the material may lose strength
and show reduced hardness [9, 19, 38], wear resistance [17],
and bond strength [17], hence becoming susceptible to clini-
cal complications like dissolution [12, 17, 34], increased
cytotoxicity [17], discoloration [17], and susceptibility to
marginal defects [17]. Insufficient polymerization at depth
can be influenced by factors, such as the type of photoini-
tiator in the material [9, 18], the filler content, type, and
refraction index of the particles in the RBC [5, 36], and the
wavelength of the curing light [11] that affect the penetration
of light through the material.

Also, this study provided valuable information about the
DOC of the tested materials, confirming that even using
ideal laboratory conditions, conventional or incremental
and bulk-fill RBCs may not reach the manufacturer-indicated
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DOC [6, 9]. Considering that the ideal parameters of acces-
sibility, alignment, and distance of the LCU to the RBC in
this research are not achievable in a clinical scenario, the
clinician must be cautious and evaluate the need to perform
supplementary exposure cycles to achieve adequate polym-
erization. Also, some materials failed to reach an accept-
able B/T hardness ratio threshold, despite being evaluated
at a depth shallower than the manufacturer-indicated DOC.
Therefore, it may be recommendable to perform the light-
curing procedures on smaller increments than the manu-
facturer recommended. Extension of the exposure duration
past that recommended by the manufacturer ensures better
mechanical properties, because there is evidence indicat-
ing that the degree of conversion of a RBC may influence
mechanical properties, such as BFS and KHN [25, 31, 36,
38]. Special attention must be given to opaque or dark
shades of materials because the negative effects of insuf-
ficient light received by the deeper layer of material can be
enhanced. In that regard, this study confirms that increasing
the manufacturer-recommended exposure duration improves
the polymerization at depth of light-cured materials.

Conclusion

Within the methodological limitations of this in vitro study,
the following conclusions may be stated:

1. A significant increase on the BFS on the bottom region
of bulk-fill RBCs can be observed when the exposure to
the curing light is extended above the MRE. However,
increasing the exposure time does not affect the BFM of
the evaluated materials.

2. Despite the extension on the exposure duration, the
BEFS of conventional and bulk-fill RBCs is higher at the
regions closer to the curing light than at the deeper parts
of the material increment.

3. For conventional and bulk-fill RBCs, the KHN at bot-
tom of the increment increased significantly when the
exposure was extended beyond the MRE.

4. There are significant differences on the KHN between
the top 0.5-mm-thick disc and the bottom disc of the
evaluated RBCs, regardless of the extension of the expo-
sure duration by twice the MRE. Also, for most evalu-
ated conditions, the RBCs failed to reach an acceptable
B/T hardness ratio.
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