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Abstract

Objectives The aim of this study was to determine and corre-

late the degree of conversion (DC) with Vickers hardness

(VH) and translucency parameter (TP) with the depth of cure

(DoC) of five bulk-fill composites.

Materials and methods Six specimens per group, consisting

of Tetric EvoCeram Bulk Fill (BTEC Bulk,^ Ivoclar

Vivadent), SonicFill (Kerr), SDR Smart Dentin Replacement

(BSDR,^ Dentsply), Xenius base (BXenius,^ StickTech; com-

mercialized as EverX Posterior, GC), Filtek Bulk Fill flowable

(BFiltek Bulk,^ 3M ESPE), and Tetric EvoCeram (BTEC,^

control), were prepared for DC and VH: two 2-mm-thick

layers, each light-cured for 10 s; one 4-mm bulk-fill, light-

cured for 10 or 20 s; and one 6-mm bulk-fill, cured for 20 s.

DC was measured using a Fourier-transform infrared spec-

trometer, VH using a Vickers hardness tester. DoC and TP

were measured using an acetone-shaking test and a spectro-

photometer, respectively. Data were analyzed using ANOVA

and Pearson’s correlation (α = 0.05).

Results DC and VH ranged between 40–70 % and 30–

80 VHN, respectively. TEC Bulk, Xenius, and SonicFill,

bulk-filled as 4-mm-thick specimens, showed bottom-to-top

hardness ratios above 80 % after 20 s curing. A positive linear

correlation was found for bottomDC and VH. An average DC

ratio of 0.9 corresponded to a bottom-to-top VH ratio of 0.8.

Conclusions Sculptable bulk-fills require 20 s, whereas 10 s

curing time was sufficient for flowable bulk-fills using a high-

intensity LED unit.

Clinical relevance Clinicians should be aware that longer cur-

ing times may be required for sculptable than flowable bulk-

fill composites in order to achieve optimal curing

characteristics.

Keywords Bulk-fill . Composites . Translucency . Depth of

cure . Degree of conversion . Hardness

Introduction

Direct composite is today the material of choice to restore

small-to-medium sized occlusal and proximal cavities in

posterior teeth on the condition that the bonding and fill-

ing procedures can be adequately performed [1]. To fill

posterior cavities, an incremental filling or layering tech-

nique, generally involving the placement and curing of

composite in layers with a maximum thickness of 2 mm,

has been favored over a bulk-fill technique or the filling

of the entire cavity with a single composite portion [2].

The main advantages of the layering technique include the

more optimal cure throughout the depth of composite and

lower polymerization shrinkage with the associated re-

duced shrinkage stress [2]. On the other hand, layering

is more time-consuming and technique-sensitive than

bulk-fill placement with the additional risk of void entrap-

ment between layers as well as operative field contamina-

tion due to the prolonged working time. There is a con-

stant need to simplify the clinical procedure for direct

posterior composite restorations.

It is important to highlight that there are inconclusive lab-

oratory data and insufficient clinical evidence to support either
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placement technique for conventional composites [2, 3].

Computer simulations have even shown reduced shrinkage

effects related to the bulk-fill technique [3]. The layering tech-

nique has been reported to maintain hardness throughout the

material depth [4, 5] and remains the preferred placement

method for conventional and low-shrinking composites [6, 7].

Recent improvements in dental composite technology

led to the development of the so-called Bbulk-fill^ com-

posites, specifically designed for placement in single

layers of 4 to 5 mm. According to manufacturer’s data,

bulk-fill composites maintain optimal curing efficiency

and mechanical properties in layers exceeding 2 mm

ba s ed on s ev e r a l mechan i sms : ( 1 ) Bboo s t e r^

photoinitiators, benzoyl germanium derivatives, with a

higher photocuring activity resulting in increased poly-

merization rate and depth of cure [8]; (2) Bpolymerization

modulators,^ i.e., high molecular weight, urethane-based,

dimethacrylate monomers responsible for reduced shrink-

age stress [9]; (3) increased flowability for better adapta-

tion; and (4) increased translucency compared to conven-

tional composites [10] through the use of mixed oxide

fillers with matching refractive index to that of the resin

matrix, or glass fibers which also favor light penetration

through composite [11, 12].

Previous papers have reported on different curing and

mechanical properties of various bulk-fill composites

such as the degree of conversion (DC) and flexural

strength [13], shrinkage behavior, hardness, modulus of

elasticity and elastic-plastic indentation work [9], creep

deformation [14], cuspal deflection and microleakage

[15], marginal quality [16], and surface morphology

[17]. Viscoelastic properties of a flowable bulk-fill com-

posite (SDR, Dentsply, Konstanz, Germany) have been

used to develop a predictive mathematical model for

different flow conditions [18]. An experimental compos-

ite containing short glass fibers, recommended to restore

the restoration base in bulk, has been characterized in

terms of DC, water sorption and solubility, mechanical

properties [19], shrinkage stress and marginal adaptation

[20], depth of cure (DoC), and microhardness [21]. A

positive linear correlation was found between Vickers

hardness (VH) and the filler loading of bulk-fill com-

posites [22]. Commercial bulk-fill composites showed

inferior mechanical properties compared to the conven-

tional highly filled nano-hybrid composites and compa-

rable to flowable materials [23]. A downside of bulk-fill

composites was reported to be a significant decrease of

hardness after short-term storage in 75 % ethanol/water

[24].

The aim of this study was to determine the DC, VH,

and DoC of five bulk-fill composites and to relate these

data to translucency, curing time, and layer thickness. The

null hypotheses investigated were that (1) there were no

differences in the tested properties between the different

bulk-fill composites, (2) there were no differences in DC

and VH for each composite as a function of filling proce-

dure and curing time, and (3) there was no correlation

between DC and VH.

Materials and methods

Sample preparation

Details on the materials used in this study are presented in

Table 1. Six specimens for each of the four experimental

filling procedures, involving five bulk-fill composites and

the conventional composite, were prepared to measure DC

and VH as follows:

– The composite was applied in two 2-mm-thick layers or

layer-filled, with each layer individually light-cured for

10 s; this experimental mode has further been referred to

as B2 + 2 mm_2 × 10 s.^

– The composite was applied in one 4-mm layer or bulk-

filled and light-cured for 10 s (B4 mm_10 s^).

– The composite was applied in one 4-mm layer or bulk-

filled and light-cured for 20 s (B4 mm_20 s^).

– The composite was applied in one 6-mm layer or bulk-

filled and light-cured for 20 s (B6 mm_20 s^); this condi-

tion served as the extreme bulk-filling procedure, al-

though not recommended by any of the composite

manufacturers.

Standardized prefabricated molds made of polyethylene

plastic were used to prepare specimens 5 mm in diameter

and either 4 or 6 mm thick, as illustrated in Fig. 1. Each

mold was placed on a celluloid matrix strip on a glass

microscope slide, filled with composite following one of

the four filling procedures, after which another glass slide

was pressed on top of the composite to extrude excess

material. For the layer-filling procedure, the first layer

was applied, leaving a 2-mm space on top and separately

light-cured for 10 s.

The composite was light-cured through the slide for

either 10 or 20 s, using a polywave LED light-curing

unit (Bluephase 20i, Ivoclar Vivadent, Schaan,

Liechtenstein) in Bhigh^ mode. Spectral irradiance was

determined using a NIST-referenced USB4000

Spectrometer (MARC, Ocean Optics Inc., Dunedin FL,

USA) (Fig. 2).

All specimens were stored dry, in light-proof con-

tainers at 37 °C for 24 h. The same specimens were

used to measure DC and VH, enabling to correlate the

two properties.
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DC, VH, DoC, and TP measurements

DC was measured using a Fourier-transform infrared spec-

trometer (FTIR) equipped with a platinum ATR single reflec-

tion crystal (Vertex 70, Bruker Optik, Ettlingen, Germany).

Thirty-two scans were taken in the absorbance mode within

the 4500–400 cm−1 range at a resolution of 4 cm−1. Three

measurements each were made on the top and bottom surface

of each specimen. Uncured composite served as a reference.

DC was calculated using the following formula:

DC ¼ 1−
Rcured

Runcured

� �

� 100

where R is the ratio of intensities of the 1639 and 1609 cm−1

peaks, associated with the aliphatic and aromatic groups in the

spectra of tested composites, respectively.

VHwas measured using a Vickers hardness tester (FV-700,

Future-Tech, Kawasaki-ku, Japan) equipped with a computer-

controlled XY stage, which allowed automatic indentation at

pre-selected points on the surface. Five measurements were

made on the top and bottom surface of each specimen by

applying a 1-kg load for 10 s under ×10 magnification.

DoC was measured using the acetone-shaking test accord-

ing to the protocol previously described by Kleverlaan and de

Gee [25] as a modification of the ISO/DIS 4049 (2008)

standard [26]. Briefly, cylindrical samples were prepared in a

stainless steel mold, 8 mm in diameter and 10 mm deep, and

light-cured through a glass slide for 20 s using the Bluephase

20i (Ivoclar Vivadent) light-curing unit. Five minutes post-

curing, each specimen was removed from the mold, immersed

in 1 ml of acetone in an amalgam capsule, and shaken for 15 s

in a mixing device (RotoMix, 3M ESPE, Seefeld, Germany)

to facilitate dissolution of the uncured material. Following

shaking, DoCwas determined bymeasuring the residual spec-

imen thickness using a digital caliper (CD-15CPX, Mitutoyo,

Kanagawa, Japan) and dividing this value by two, in accor-

dance with the requirements of the ISO/DIS 4049 (2008) stan-

dard [26].

Translucency parameter (TP) was measured for 4-mm-

thick specimens using a dental spectrophotometer

(SpectroShade Micro, MHT Optic Research, Niederhasli,

Switzerland). Each specimen was analyzed against a black

and white background. Three measurements per specimen

per background were averaged prior to the calculation of the

TP for each composite, using the following equation:

TP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L1−L2ð Þ2 þ a1−a2ð Þ2 þ b1−b2ð Þ2
q

where L1 and L2 are the L values against the black and white

background, respectively; a1 and a2 are the a values against

Fig. 2 Spectral irradiance of the

high-intensity LED light-curing

unit Bluephase 20i. The measured

irradiance was around 1337 mW/

cm2. Two distinctive emission

peaks, in the 450–460 nm and

400–410 nm regions, correspond

to common photoinitiators in

dental materials camphorquinone

and Lucirin, respectively

Fig. 1 Schematic illustrating the

four filling procedures for

specimen preparation to measure

DC and VH

Clin Oral Invest



the black and white background, respectively; and b1 and b2

are the b values against the black and white background,

respectively.

Statistical analysis

Two linear mixed-effects models were constructed (nlme

package, R3.1.0, R Foundation for Statistical Computing,

Vienna, Austria) to assess DC and VH separately. DC and

VH were modeled by means of a full factorial design of

the six different composites, four filling techniques, and

two surfaces. Each composite block was considered as a

random effect. To assess the differences between the dif-

ferent filling techniques, specific contrasts were calculated

within each group (contrast package, R3.1.0, R

Foundation for Statistical Computing, Vienna, Austria).

Additionally, contrasts were calculated to assess the dif-

ference between top and bottom surface. To assess the

relation between VH and DC, a Pearson correlation anal-

ysis between the top-bottom ratios of DC and VH was

calculated. All tests were performed at a significance level

of α = 0.05.

Results

DC varied between 4.2 % (SD 2.3%) for the 6-mm bulk-filled

conventional composite TEC when measured at the specimen

bottom, and 69.0 % (SD 2.1 %) for the 6-mm bulk-filled

flowable bulk-fill composite SDRwhen measured at the spec-

imen top (Fig. 3). Overall, significantly, the highest DC

(p = 0.0012) was measured for the flowable bulk-fill compos-

ite SDR, irrespective of the filling procedure and top or bot-

tom measurement. Although lower than the DC of SDR, the

DC of the flowable bulk-fill composite Filtek Bulk was sim-

ilar at the specimen top and bottom, except for the extreme 6-

mm bulk-filled procedure (B6 mm_20 s^) when measured at

the specimen bottom (−7.7 % DC, p < 0.0001). For both the

so-called sonic-activated bulk-fill composite SonicFill and the

sculptable bulk-fill composite TEC Bulk, DC was significant-

ly lower at the bottom than at the top surface. In particular,

when SonicFill was employed following the 6-mm deep bulk-

filling procedure (B6 mm_20 s^), DC was significantly lower

at the bottom surface (−27.1%DC, p < 0.0001). Significantly,

the lowest DC was measured at both the top and bottom for

the fiber-reinforced composite Xenius and the conventional

composite TEC (p < 0.05).

The highest VH (p < 0.0001) was measured for the sonic-

activated bulk-fill composite SonicFill at the specimen top

surface (Fig. 4). This high VH was approached at the speci-

men bottomwhen SonicFill was applied following the layered

filling procedure (B2 + 2 mm_2 × 10 s^), and, though some-

what less, following the 4-mm bulk-filling and 20-s light-

curing procedure (B4 mm_20 s^). A light-curing time of 10 s

is clearly insufficient (−22.1 VHN, p < 0.0001) for the 4-mm

bulk-filling procedure (B4 mm_10 s^) and even much more

insufficient to reach a sufficient hardness was the extreme 6-

mm bulk-filling in combination with 20-s light-curing proce-

dure (B6 mm_20 s,^ −54.9 VHN, p < 0.0001). VH of TEC

Bulk and TEC exceeded 60 VHN at the specimen top surface,

though was significantly lower than the VH of SonicFill.

Again at the specimen bottom, the top VH of both the bulk-

fill and conventional composite TEC Bulk and TEC was best

approached following the layered filling procedure (B2 +

2 mm_2 × 10 s^), and, though somewhat less, following the

4-mm bulk-filling in combination with the 20-s light-curing

procedure (B4 mm_20 s^). Significantly lower VH was again

achieved for B4 mm_20 s^ and B6 mm_20 s^ (−8.8 and

−49.248 VHN respectively, p < 0.0001), following the latter

procedure TEC remained soft. The fiber-reinforced composite

Xenius performed in terms of VH somewhat in between that

of the other composites. Noteworthy is that a significantly

higher VH was reached at the specimen top surface for the

20-s 4- and 6-mm bulk-filling procedures (B4 mm_20 s^ and

B6 mm_20 s^). VH was somewhat less consistent, as at the

specimen bottom surface the highest VH was achieved for

B2 + 2 mm_10 s^ and B4 mm_20s.^ Both flowable bulk-fill

composites SDR and Filtek Bulk achieved the lowest VH; not

much difference in VH was recorded for both composites,

except for the extreme 6-mm bulk-filling procedure

(B6 mm_20 s^) that resulted in significantly lower VH at the

specimen bottom surface.

Bottom-to-top VH ratios approximated 1 (Fig. 5), indicat-

ing no difference in VH between the specimen top and bottom

surface and thus achieving its best VH, for the flowable bulk-

fill composites SDR and Filtek Bulk in case of all filling

procedures, except the extreme 6-mm bulk-filling procedure

(B6 mm_20 s^). The ratio exceeded at least 0.8, indicating that

at least 80 % of the top VH was reached at the specimen

bottom, for all composites when applied following the layered

(B2 + 2 mm_2 × 10 s^) and the 20-s 4-mm bulk-filling

(B4 mm_20 s^) procedure, except for the conventional com-

posite TEC. The lowest ratios, far below 0.8, were recorded

for the extreme 6-mm bulk-filling procedure (B6 mm_20 s^),

except for SDR and Filtek Bulk, whose bottom-to-top VH

ratios approached the 0.8 threshold.

Table 2 presents the Pearson correlation coefficient values

between DC and VH. When measured at the specimen top

surface, DC and VH correlated positively only for Xenius

(r2 = 0.724, p < 0.001). Conversely, DC and VH measured

at the specimen bottom surface correlated positively for all

composites tested.

Figure 6 presents the relation between the VH and DC

ratios. An average DC ratio of 0.9 was found to correspond

to a VH ratio of 0.8 between bottom and top surfaces

(p < 0.001). It was further calculated that TEC Bulk showed
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the lowest (0.7869) and Xenius the highest DC ratio (0.9478)

that corresponded to a VH ratio of 0.8. The highest DC ratio

corresponding to 0.8 VH ratio of all tested composites was

found for TEC control (0.9621). However, it should be

highlighted that this DC to VH ratio was calculated only for

the layered group (2 × 2 mm), since the bulk groups of TEC

control all showed a bottom-to-top VH ratio below 0.8.

The DoC threshold of 4 mm was reached for all compos-

ites, except for the sonic-activated SonicFill and the control

conventional composite TEC (Fig. 7). A DoC above 5 mm

was even achieved by the bulk-fill composites SDR, Xenius,

and Filtek Bulk, thereby being significantly higher than the

DoC of the remaining three composites (p < 0.05).

All composites significantly differed in terms of TP (Fig. 8)

(p < 0.05), except for the flowable bulk-fill composite SDR

and the bulk-fill composite TEC, of which their respective

TPs were not significantly different. The highest TP was re-

corded for the fiber-reinforced composite Xenius (mean 36.6,

SD 2.0), while the lowest TP was measured for the sonic-

activated composite SonicFill (mean 14.6, SD 0.3).

Fig. 3 Predictions and 95% confidence intervals for the DC of the tested

composites. The predictions used in the graph are extracted from the

linear mixed-effects model and are very close to the respective means.

These predictions can be considered an estimate of the mean fitted value

for the variable under consideration adjusted for all other variables in the

analysis. Groups of which the whiskers do not overlap are significantly

different (p < 0.05). Within each composite brand, groups below the

dotted line are significantly lower than their respective control (top sur-

face of the layered group) (p < 0.05)

Fig. 4 Predictions and 95 % confidence intervals for VH of the tested

composites. Groups of which the whiskers do not overlap are

significantly different (p < 0.05). Within each composite brand, groups

below the dotted line are significantly lower than their respective control

(top surface of the layered group) (p < 0.05)
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Discussion

In order to make the application of posterior composite clini-

cally less cumbersome, bulk-fill composites were introduced.

Such bulk-fill technology promotes the effective use of 4-mm

instead of the classical 2-mm composite increments generally

recommended for conventional composites. Bulk-filling was

made possible thanks to an improved depth of cure in combi-

nation with reduced polymerization shrinkage characteristics.

Today, two kinds of bulk-fill composites exist. BFlowable^

bulk-fill composites are applied to basically replace dentin in

one single layer of maximum 4mm; this Bbulk-fill base^ needs

to be over-layered by a conventional composite to restore the

tooth’s outer anatomy. We tested in this study the flowable

bulk-fill composites SDR and Filtek Bulk. A newer generation

of non-flowable Bfull-depth^ bulk-fill composites enables to

restore the whole cavity in one single increment, thereby being

Bsculptable^ to the natural tooth topography. We included in

this study the sculptable bulk-fill composite TEC Bulk. Most

bulk-fill composites are, per manufacturer’s instructions, lim-

ited to be applied in a maximum 4-mm layer thickness.

According to the manufacturer’s instructions, the sonic-

activated bulk-fill composite SonicFill we tested can be ap-

plied up to a 5-mm layer thickness in a single increment and

does not require an additional high-viscosity composite on top.

Sonic activation lowers the viscosity enabling void-less and

easy cavity-wall adaptation; after application, the composite

consistency returns to a sculptable state. We also included the

experimental fiber-reinforced composite Xenius (later com-

mercialized as EverX Posterior by GC), which is to be used

as a 4- to 5-mm bulk-fill dentin replacement in conjunction

with a conventional composite as enamel replacement on top.

The short fibers are claimed to prevent and stop crack propa-

gation through the filling; this fiber-reinforced composite is

particularly recommended for large-sized cavities and so to

extend the indication area of direct composites to restore also

severely weakened teeth in a more economically affordable

manner, such as teeth with extremely deep cavities, endodontic

cavities, large amalgam cavities, and cavities with missing

cusps. As control, the conventional so-called Buniversal

nano-hybrid^ composite TEC, instructed to be applied in max-

imum 2-mm-thick increments, was finally tested as well.

Overall, significant differences in the tested properties were

found between different bulk-fill composites as well as for

each composite as a function of filling procedure and curing

time, by which both the first and second hypotheses were

rejected. The third null hypothesis was also rejected as corre-

lation was established between DC and VH.

The flowable bulk-fill composites SDR scored highest and

most consistent for DC, this even when applied following the

extreme 6-mm bulk-filling (B6-mm_20 s^) procedure and

when DC was measured at the specimen bottom surface.

This was confirmed by the consistent VH data, with only a

Fig. 5 Graph presenting the

bottom-to-top VH ratio of the

composites tested following the

four filling procedures

Table 2 Pearson correlation coefficient (r) between DC and VH for the

tested composites

Composite Top Bottom

r coefficient p value r coefficient p value

Filtek Bulk 0.430 0.059 0.814* <0.001

SDR −0.002 0.994 0.630* 0.003

SonicFill −0.454 0.045 0.930* <0.001

TEC Bulk 0.198 0.404 0.572* 0.008

Xenius 0.724* <0.001 0.692* 0.001

TEC (control) 0.157 0.509 0.952* <0.001

*Significant correlation between DC and VH (p < 0.05)
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slightly reduced VH for B6-mm_20 s.^ Besides the latter fill-

ing procedure, the VH bottom-to-top ratio was 1 or closely

approached it; an almost 0.8 VH bottom-to-top ratio was even

recorded for B6-mm_20 s.^ DoC exceeded 5 mm, being thus

safely above the manufacturer’s recommended maximum 4-

mm single increment. Besides the relatively high translucency

with a TP above 20 allowing light to penetrate sufficiently

deep, the superior curing efficiency should most likely be

attributed to its efficient polymerization-initiation system.

The generally lower VH, as compared to that of the Bfull-

depth^ bulk-fill (SonicFill, TEC Bulk) and the control con-

ventional composite (TEC), must be ascribed to its lower me-

chanical properties and to a large degree to its lower filler

loading. This superb curing efficiency is combined with fa-

vorable polymerization shrinkage characteristics, as SDR was

found to preserve the adhesive interface integrity and to

achieve the highest bond strength at the cavity-bottom dentin

of high C-factor class-I cavities, this in contrast to a conven-

tional flowable and a conventional paste-like composite [27].

Most likely, a higher flow with shrinkage stress relief prior to

reaching the gel point accounts for the more favorable poly-

merization shrinkage characteristics [28, 29].

DC of SDR measured in our study was higher than that of

the North American version Surefil SDR in the study of Czasch

and Ilie [13]. Their specimens were tested 5 min versus 24 h

post-curing in our study, potentially explaining the difference

in DC measured. Although previous studies reported a post-

curing increase in conversion of about 2–3 % for conventional

composites [30, 31], another study reported greater variability

in DC for both bulk-fill composites following dry storage [32].

Relatively low hardness values have been reported for Surefil

SDR in previous studies [13, 33], even lower than our findings

for SDR, when a hardness of about 35 VHN was measured.

The second flowable bulk-fill composite we tested, Filtek

Bulk, performed similar to SDR for VH, VH bottom-to-top

ratio, and DoC; it slightly underperformed SDR for DC, while

it appeared more translucent. Self-evidently, because of the

lower VH measured and thus their mechanical properties,

the flowable composites SDR and Filtek Bulk must be over-

capped with a conventional composite, as recommended by

their respective manufacturers.

DC of the sculptable bulk-fill composite TEC Bulk was

lower than that of the flowable bulk-fill composite SDR and

about the same as DC of Filtek Bulk, when measured at the

Fig. 7 Bar graph presenting the

DoC of the composites tested

(mean and standard deviation).

Different capital letters indicate

statistically significant difference

(p < 0.05)

Fig. 6 Graph presenting the overall relation between the VH and DC ratios
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specimen top surface. DC then dropped significantly from

about 55 % to about 40 % (or below) for the four different

filling procedures. A similar, but less pronounced, trend was

recorded in terms of VH, with a VH bottom-to-top ratio

reaching 0.8 or slightly above only for B2 + 2 mm_2 × 10 s^

and B4 mm_20 s.^ A reduced curing efficiency with a VH

bottom-to-top ratio of about 0.7 was recorded when TEC

Bulk was bulk-filled in a 4-mm layer but only light-cured

for 10 s. Although not recommended by the manufacturer,

the VH bottom-to-top ratio reached only about 0.47 for the

6-mm bulk-fill procedure. A 10-s curing time is recommended

by the manufacturer when using the light-curing device

Bluephase 20i in Bhigh^ mode, as done in this study. Hence,

based on our data, an extended curing time of 20 s should be

recommended. This is confirmed by the DoC measured for

TEC Bulk, being just below 5 mm when the composite was

light-cured for 20 s, while TP was not significantly different

from that of SDR. As compared to its conventional Bsister^

composite TEC, DC was higher at the specimen top surface,

but not at the specimen bottom surface, except for the extreme

6-mm bulk-filling protocol; for B6 mm_20 s,^ a reasonable

DC approaching 40 % was recorded, versus only about 5 %

for the conventional nano-hybrid composite. TEC and TEC

Bulk share the same underlying manufacturer’s philosophy

regarding filler type and size, the presence of prepolymers,

and similar resin matrix. TEC and TEC Bulk contain the same

Ba-Al-glass fillers of a mean size of 0.4 and 0.7 μm,

prepolymerized and milled mixture of monomer, ytterbium

fluoride, and glass fillers well as 160-nm-sized mixed oxide

fillers. Nevertheless, greater filler and lower prepolymer con-

tent, according to technical information of the manufacturer,

and increased curing efficiency based on the new Bbooster^

photoinitiator likely resulted in the generally greater VH of

TEC Bulk than TEC control. The new germanium-based

photoinitiator has shown a more intense absorption in the

visible light spectrum, albeit at lower wavelengths than

camphorquinone with a potential for faster and deeper

polymerization. Other reported properties of this

photoinitiator are good solubility in methacrylate monomers,

low water solubility, low toxicity, and lower yellowing effect

than camphorquinone [8]. Superior hardness of TEC Bulk

compared to TEC is corroborated by previous Knoop micro-

hardness measurements 24 h post-irradiation [34]. All the cur-

ing characteristics measured in this study, among which also

the significantly lowest DoC of all composites was investigat-

ed, confirm that the conventional TEC composite should be

applied in layers.

A special bulk-fill composite is the sonic-activated com-

posite SonicFill. DC revealed that SonicFill should be cured

sufficiently, at least 20 s for a 4-mm bulk layer and longer for

the (non-recommended) 6-mm bulk layer. These findings cor-

respond to the minimum curing times recommended by the

manufacturer (technical information of Kerr); a 20-s cure for

an up to 5-mm bulk layer is recommended for high-power

light-curing devices and programs, and even a 40-s curing

timewhen curing in a Bregular^mode. Additional curing from

buccal and lingual for class-I cavities and also after matrix

removal for class-II cavities is safely recommended following

the manufacturer’s instructions. The highest VH values of all

composites investigated were recorded for SonicFill, at least

when measured at the specimen top surface. As the DC of

SonicFill at the specimen top surface significantly

underscored that of the flowable bulk-fill composite SDR,

the significantly highest VH of SonicFill must, to a great ex-

tent, be attributed to the high filler loading and thus superior

mechanical properties. Increased VH was previously reported

for bulk-fill composites with higher filler content [10]. The

lower curing efficiency, requiring longer curing times, also

appears from the VH bottom-to-top ratios. Only a layered

filling procedure (B2 + 2 mm_2 × 10 s^) reached a bottom-

to-top ratio above 0.9. Of all tested bulk-fill composites (thus

except for the conventional control composite), the lowest

bottom-to-top ratio (only 0.2) was measured for the 6-mm

bulk-fill procedure, being only 1 mm above the recommended

Fig. 8 Bar graph presenting TP

of the composites tested (mean

and standard deviation). Different

capital letters indicate statistically

significant difference (p < 0.05)
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maximum curing depth. Since also the second lowest DoC,

being below 4 mm for a 20-s curing time, was measured for

SonicFill (only the conventional composite scored worse),

higher light-power programs and/or longer curing times are

indeed recommended, as mentioned above as well as

instructed by the manufacturer. It is not clear if the sonic acti-

vation on itself, perhaps generating internal heat, may posi-

tively influence curing efficiency. Finally, the significantly

lowest translucency in terms of TP was recorded for

SonicFill, which is in agreement with the results of Bucuta

and Ilie [10]. This self-evidently leads to reduced light pene-

tration through the bulk and thus contributes to the need for

more powerful and longer curing regimes. This was in partic-

ular corroborated by the decrease in DC for the 6-mm versus

4-mm bulk layers, which was greater for SonicFill than for

any other bulk-fill composite (thus except for the conventional

composite control) (Fig. 2).

DC was quite consistent for the fiber-reinforced bulk-fill

base composite Xenius, this for the four different filling pro-

cedures and when measured at the specimen top and bottom

surface. More varying VH data were however measured, in-

dicating that a longer 20-s curing time is definitely needed

with increased bulk-fill depth, as also appeared from the VH

bottom-to-top ratios. Nevertheless, DoC was highest of all

composites tested, not significantly different from that of the

flowable bulk-fill composites SDR and Filtek Bulk. Most

striking was the translucency of Xenius, reaching by far the

highest TP of all composites tested. This must most likely be

associated with the glass fibers with an average length of 1.3–

2 mm [12]. Previously, the presence of these fibers in exper-

imental fiber-reinforced composite materials has been associ-

ated with improved flexural strength and load-bearing capac-

ity [19], and reduced shrinkage stress and microleakage [20].

Differences were observed between the present results for

DC and VH of bulk-fill composites and those reported for the

same materials tested in a previous study [23]. These differ-

ences may be due to the different specimen geometry and

curing conditions between the two studies, i.e., we used 4-

mm-thick specimens cured once for 10 or 20 s, whereas

Leprince et al. used 2 × 2 × 25 mm specimens cured by four

40-s overlapping irradiations [23].

Regarding test methodology, DoC was determined

using the acetone-shaking test [25] as a modification of

the hand-scrapping test recommended by the ISO/DIS

4049 (2008) standard [26]. Unpolymerized resin was re-

moved by dissolution in acetone, as an organic solvent,

through standardized mixing, thereby eliminating the non-

standardized hand scrapping with a spatula. The flowable

bulk-fill composite SDR revealed a similar DoC and the

sculptable bulk-fill composite TEC Bulk a larger DoC

than that measured in the study by Flury et al. [33].

Specimen preparation and curing were similar, but Flury

et al. [33] used the hand-scrapping method with a plastic

spatula to remove the uncured material. DoC of all tested

bulk-fill composites was higher in our study, even by up

to 1 mm, compared to the study of Garoushi et al. [35],

who also used the hand-scrapping method. The non-

standardized hand-scrapping technique may account for

the large variation in DoC measured in different studies,

suggesting the need to introduce a more controllable

method such as the acetone-shaking test employed in

our study. Moreover, using the acetone-shaking test,

DoC of SonicFill remained below 4 mm. This result was

not in close agreement with the DC and VH measure-

ments, which showed about 50 % conversion at the spec-

imen bottom surface and a bottom-to-top ratio of 0.8 for

the 4-mm bulk layer and when cured for 20 s. The reason

for this discrepancy could be that DoC is determined by

dividing the remaining sample thickness by 2 as required

by the ISO/DIS 4049 (2008) standard, which in this case

may have led to an underestimation of DoC.

With a safety margin of 1 mm, the manufacturer’s in-

structions of most bulk-fill composites limiting the single-

layer increment to a thickness of 4 mm seem justified.

The translucency of the flowable bulk-fill composites

SDR and Filtek Bulk, although significantly lower than

that of Xenius, appeared sufficient for light to reach the

specimen bottom in order to properly cure at the 4-mm

depth and for SDR also at the 6-mm depth. The initial

flowable nature of these composites may have contributed

to this finding, as the non-flowable bulk-fill composite

TEC Bulk, possessing a similar translucency as SDR, re-

vealed a significantly lower DC and VH at the specimen

bottom surface. Furthermore, imino groups (-NH-) in

UDMA have been considered responsible for continued

polymerization through chain-transfer reactions and in-

creased mobility of radical sites [36], which, combined

with the low viscosity of Filtek Bulk and SDR, may have

contributed to monomer conversion in these two mate-

rials. DoC and TP of the sonic-activated bulk-fill compos-

ite Sonicfill however appears less favorable by being in

the range of TP and DoC recorded for the control conven-

tional composite TEC.

Longer curing time (20 s versus 10 s) improved mono-

mer conversion to a much lower extent than surface hard-

ness, the latter being significantly higher upon 20-s curing

for the non-flowable bulk-fill composites Xenius, TEC

Bulk, and SonicFill. Improved surface hardness has been

associated with higher monomer to polymer conversion

for conventional composites [37, 38]. A recent study re-

ported increased microhardness of bulk-fill composites

following 24 h of dry storage but a significant decrease

of this property following the same period of storage in

75 % ethanol/water solution [24]. The current experiments

were taken after 24 h storage to allow polymer post-cure

effects which lead to increased double bond conversion as
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shown previously [32]. Dry storage is especially impor-

tant prior to DC measurements using FTIR or micro-

Raman spectroscopy because any liquid storage medium

could facilitate monomer elution resulting in artificially

high DC values. This experimental setup allowed accurate

assessment of initial polymer properties while any long-

term evaluation of clinically relevant material perfor-

mance would require water storage for longer intervals.

The relation between DC and VH showed that an average

0.9 DC ratio between bottom and top surface corresponded to

a 0.8 VH ratio of the tested composites. This suggests that a

decrease in microhardness of the bulk-fill composites is not

followed by the same decrease in the double bond conversion

(Fig. 6). Furthermore, the Pearson correlation showed a posi-

tive linear correlation between DC and VH values only for the

bottom surfaces of all tested composites. Looking at the top

surfaces, DC linearly correlated with VH only for the fiber-

reinforced bulk-fill base composite Xenius (Table 2). These

findings indicate that additional cross-linking tests of bulk-fill

composites are required to elucidate the relation between

hardness and physical rearrangement of the polymeric units

and/or additional conversion of pendant double bonds across

the bulk polymer.

Conclusions

The Bflowable^ and Bsculptable,^ the Bbase^ and Bfull-depth,^

the Bsonic-activated,^ and the Bfiber-reinforced^ bulk-fill com-

posites differ for DC, VH, DoC, and TP following the four

different filling procedures, this depending on curing time

and bulk-fill depth. For flowable bulk-fill composites, 10 s

light-curing with a high-intensity LED light-curing unit ap-

pears sufficient, while non-flowable or sculptable bulk-fill

composites are best cured for at least 20 s. DC and VH posi-

tively correlated at the deeper portions of the bulk-fill compos-

ites. Significantly lower VH and bottom-to-top VH ratios be-

low 80 % suggest that no bulk-fill composite is recommended

for a 6-mm bulk-fill placement.
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