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Abstract

Objectives To assess the behavior of dual-cure and conventional bulk-fill composite materials on real-time linear shrinkage,
shrinkage stress, and degree of conversion.

Materials and methods Two dual-cure bulk-fill materials (Cention, Ivoclar Vivadent (with ion-releasing properties) and
Fill-Up!, Coltene) and two conventional bulk-fill composites (Tetric PowerFill, Ivoclar Vivadent; SDR flow +, Dentsply
Sirona) were compared to conventional reference materials (Ceram.x Spectra ST (HV), Dentsply Sirona; X-flow; Dentsply
Sirona). Light curing was performed for 20 s, or specimens were left to self-cure only. Linear shrinkage, shrinkage stress,
and degree of conversion were measured in real time for 4 h (n =8 per group), and kinetic parameters were determined for
shrinkage stress and degree of conversion. Data were statistically analyzed by ANOVA followed by post hoc tests (a=0.05).
Pearson’s analysis was used for correlating linear shrinkage and shrinkage force.

Results Significantly higher linear shrinkage and shrinkage stress were found for the low-viscosity materials compared to
the high-viscosity materials. No significant difference in degree of conversion was revealed between the polymerization
modes of the dual-cure bulk-fill composite Fill-Up!, but the time to achieve maximum polymerization rate was significantly
longer for the self-cure mode. Significant differences in degree of conversion were however found between the polymeriza-
tion modes of the ion-releasing bulk-fill material Cention, which also exhibited the significantly slowest polymerization rate
of all materials when chemically cured.

Conclusions While some of the parameters tested were found to be consistent across all materials studied, heterogeneity
increased for others.

Clinical relevance With the introduction of new classes of composite materials, predicting the effects of individual parameters
on final clinically relevant properties becomes more difficult.

Keywords Bulk-fill composites - Dual-curing - Polymerization shrinkage behavior - Degree of conversion

Introduction

In recent years, modern conservative dentistry has been
revolutionized by several innovative developments aiming
at the simplification of the restoration process and improv-
Phoebe Burrer and Matej Par contributed equally to this work. ing the interaction of the restoration material with the
adjacent dental hard tissues. The use of modern bulk-fill
composite materials designed for layering up to 4-5 mm
or more has rendered the restoration process more time-
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application techniques [3]. Moreover, the restoration pro-
cess can be further simplified by using composite materi-
als with dual-curing features, allowing both a self-cure as
well as light-cure polymerization [6-9]. Another recent
innovative development is the introduction of “smart”
composites, describing resin-based, ion-releasing restora-
tive materials with antibacterial properties also promoting
remineralization at the bonded interface [10]. Those com-
mercially available or experimental materials incorporated
with various amounts of inorganic fillers such as bioactive
glass particles have the promising ability to interact with
the surrounding tooth structure, in contrast to conventional
restorative materials [7, 11-15].

Thus, in combination with dual-curing and bulk-filling
abilities, promising materials have been developed. The
recently launched dual-cure restorative material Cention,
Cention N, or Cention Forte (Ivoclar Vivadent, Schaan,
Liechtenstein; name and approval depending on geographic
region) with alkaline fillers can be applied in a single layer
and used in self-cure or light-cure polymerization mode and
is specifically aimed for economical upcoming countries. It
releases hydroxide ions compensating for a pH value that
has been lowered due to bacterial colonization, while the
remineralization process is further supported by release
of fluoride, phosphate, and calcium ions [16-21]. Another
recent material that has been launched to the dental market is
the dual-cure bulk-fill material Fill-Up! (Coltene/Whaledent
AG, Altstitten, Switzerland) containing antibacterial zinc
oxide particles [22, 23]. Fill-Up! is a microhybrid, two-com-
ponent composite that can be applied in any layer thickness,
while it is promoted to produce minimal shrinkage stress and
unlimited curing depth. Both light-curing mode and self-
curing mode are provided [22].

To date, the question of how different polymerization
modes of dual-curing bulk-fill materials affect mechanical
and chemical parameters cannot be answered unambiguously
based on the literature available. These parameters can be
assessed among others by measuring degree of conversion
and polymerization shrinkage of the composite materials.
The latter creates stresses at the tooth-restoration interface
during curing, and if the shrinkage forces exceed the bond
strength between the tooth and restoration material, local-
ized debonding might occur [24]. Therefore, the aim of the
present study was to assess the influence of polymerization
mode on shrinkage stress formation, polymerization shrink-
age, and polymerization kinetics of two dual-curing bulk-fill
materials compared to conventional bulk-fill and non-bulk-
fill resin composites. The tested null hypotheses were that
(1) there is no difference in linear polymerization shrinkage,
shrinkage stress development, and polymerization kinetics
between the dual-cure bulk-fill, conventional bulk-fill, and
the reference composites; and (ii) that there is no difference
in the aforementioned properties between the self-cure and

@ Springer

light-cure polymerization mode of the dual-cure bulk-fill
composite materials.

Materials and methods
Composite materials

The manufacturers’ information, classification, and compo-
sition of the six commercial composite materials used in
the present study are depicted in Table 1. Four of the tested
materials were bulk-fill composites (Fill-Up!, Coltene; Cen-
tion, Ivoclar Vivadent; Tetric PowerFill, Ivoclar Vivadent;
and SDR flow +, Dentsply Sirona), of which Fill-Up and
Cention can be additionally regarded as dual-curing com-
posites, with Cention also revealing ion-releasing proper-
ties. Two conventional resin composites, one sculptable
(Ceram.x Spectra ST (HV), Dentsply Sirona) and one flowa-
ble (X-flow, Dentsply Sirona) were used as references. When
applied, light curing was performed for 20 s using an LED
light-curing unit (Bluephase PowerCure, Ivoclar Vivadent,
Schaan, Liechtenstein) in high-intensity mode. The output
irradiance of 1340 mW/cm? was verified at regular inter-
vals with a calibrated FieldMax II-TO power meter and PM?2
thermopile sensor (Coherent, Santa Clara, CA, USA).

Linear polymerization shrinkage

Linear polymerization shrinkage of all materials was meas-
ured with a custom-built linometer adapted from de Gee
et al. [25] and already described in detail in the literature
[3, 8, 26-29]. In short, a thin aluminum plate (12X 12 mm;
thickness: 0.25 mm) with an attached perpendicular dia-
phragm was loosely placed in a solid metal frame of the
linometer. The lowest part of the vertical diaphragm pro-
truded into a recess of the light barrier of the linometer with
an infrared measuring sensor. Standardized amounts of all
materials were prepared by filling the sculptable materials
into a cylindrical Teflon mold (42 mm?®) and then carefully
transferring on the platelet, while the flowable materials
were directly weighed on the aluminum platelet with the
corresponding reference weight of 0.083 +0.005 g with a
precision balance (Sartorius Analytic; Sartorius, Gottingen,
Germany) to obtain the standardized volume of 42 mm?. In
the linometer, the applied material was then pressed to a
thickness of 1.5 mm by a glass plate (Menzel-Gliser; Ther-
moFisher Scientific, Waltham, MA, USA; 25x 42X 1 mm).
To enhance adhesion, each glass plate was previously sand-
blasted with 50-um aluminum oxide powder, thoroughly
rinsed and silanized (Monobond Plus, Ivoclar Vivadent).
Light polymerization was performed, if applied according
to the study protocol, through the glass plate for 20 s under
direct contact of the light guide tip. Material specimens
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intended for self-polymerization were prepared for data
recording within 30 s after dispensing from the syringe
(Fill-Up!) or capsule (Cention). The vertical movement of
the diaphragm triggered by the polymerization shrinkage
of the tested materials was registered by the infrared sensor
in a temperature-controlled setting of 25 + 1 °C, simulating
intra-oral temperature after placement of rubber dam [30].
Measurements were recorded at a data sampling frequency
of 1 Hz and an accuracy of 0.1 um during 4 h from the start
of polymerization. During the 4-h measurements, data were
transferred in real time to an attached computer (Macintosh
Iifx; Apple Computer, Cupertino, CA, USA) by means of
an analog-to-digital converter and custom-made software.
Eight replicate measurements were performed for each
experimental group (n=8) and mean values were calculated.
Additionally, one measurement per material and polymeriza-
tion mode was performed for 24 h to ensure that no further
increase in linear shrinkage had occurred after 4 h.

Polymerization shrinkage stress

Real-time measurements of polymerization shrinkage stress
were performed using a custom-made stress analyzer also
previously described in detail [3, 8, 2628, 31]. Briefly, a
metal cylinder was screwed to a semi-rigid load cell (PM
11-K; Mettler, Greifensee, Switzerland; instrument compli-
ance: 0.4 um/N). As described for linear shrinkage meas-
urements, a standardized amount of material (42 mm? or
0.083 +0.005 g) was placed on the cylinder and pressed
by a glass plate (Menzel-Glidser; ThermoFisher Scientific,
Waltham, MA, USA; 20X 26 X 1 mm) to a thickness of
1.5 mm, resulting in a base surface area of 28 mm? and a
ratio of bonded-to-unbonded surface (C-factor) of 2.0. Both
metal cylinder and glass plate were sandblasted (50 um
Al,05) and silanized (Monobond Plus; Ivoclar Vivadent)
and checked under a stereomicroscope at 40 X magnifica-
tion (M3Z; Leica/Wild, Heerbrugg, Switzerland) to ensure
that no remnants of aluminum oxide powder were left on
the surfaces. Light polymerization was again performed
through the glass plate under direct contact for 20 s and the
resulting shrinkage forces were recorded by means of the
load cell at a sampling frequency of 1 Hz in a controlled
chamber temperature of 25+ 1 °C. Specimens designated
for self-polymerization were prepared within 30 s after
dispensing and the data was recorded for 4 h. Recorded
data were transferred in real time to the attached computer
(Macintosh Ilfx; Apple Computer) via the analog-to-dig-
ital converter and custom-made software. Eight replicate
measurements were performed for each experimental group
(n=28) and shrinkage stress (MPa) was calculated by divid-
ing the obtained shrinkage force data by the bonded sur-
face area (N/mm?). One measurement per material and
polymerization mode was additionally performed for 24 h

to ensure that no further increase in shrinkage stress had
occurred after 4 h. Shrinkage stress curves were then plot-
ted as a function of time and the first derivatives of the-
ses curves were calculated to obtain shrinkage stress rate
so that the kinetic parameter maximum stress rate (R,,,,)
and time to achieve maximum shrinkage stress rate (fg )
could be determined.

Real-time degree of conversion and polymerization
kinetics

Degree of conversion (DC) (n=8) was measured in real
time using Fourier-transform infrared (FTIR) spectrom-
eter (Nicolet iS50, Thermo Fisher, Madison, WI, USA).
DC was assessed at the bottom surfaces of the 1.5-mm-
thick specimens (42 mm?®) during 4 h, corresponding to
measurements of linear shrinkage and shrinkage stress of
the present study. A thickness of 1.5 mm was also chosen
for DC measurements of bulk-fill materials to guarantee
standardization. The specimens were covered with poly-
ethylene terephthalate foils and light-cured for 20 s or left
in dark for self-curing.

FTIR spectra were recorded in real time (2 spectra per
second), using 4 scans and a spectral resolution of 8 cm™!.
Spectra of the uncured dual-cure materials were obtained
by starting the FTIR measurements immediately after dis-
pensing the mixed material on the ATR crystal and succes-
sively recording 4 spectra at a rate of 2 spectra/s, resulting
in a total measurement time of 2 s. An average spectrum
was calculated from these spectra and used to represent the
uncured state of the composite material, since no measurable
change in the intensity of the spectral band at 1638 cm™!
was observed. DC calculation was performed by compar-
ing the peak heights of the aliphatic C=C spectral bands
at 1638 cm™', and the reference (internal standard) bands
between the polymerized and unpolymerized specimens
according to Eq. (1) [26]:

[Abs (1638cm™") / Abs (reference)]

DC (%) =|1- l cured
[Abs (1638cm™") / Abs (reference)],pcured

x 100 (1)

The spectral band at 1608 cm™! (aromatic C---C) was
used as a reference band for Tetric PowerFill, SDR flow +,
and Ceram.x Spectra ST (HV), while the spectral band at
1454 cm™! (C-H stretching) was used for Fill-Up!, Cen-
tion, and X-flow. From the plots of DC as a function of
time, first derivatives were calculated to assess the real-time
reaction rate. By plotting the reaction rate as a function of
time, maximum reaction rate (Rpcp,,) and time to reach
maximum reaction rate (fpcp,,) Were determined. The DC
values measured at the end of the 4-h period (DC,y) were
additionally evaluated.

@ Springer
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Statistical analysis

After testing for normality and homogeneity of variances
using Shapiro Wilk’s and Levene’s test, data were sta-
tistically analyzed between materials and curing modes
using one-way analysis of variance (ANOVA) followed
by pairwise HSD post hoc tests corrected for multiple
comparisons according to Tukey to detect differences in
the outcome variables linear shrinkage, shrinkage stress,
and degree of conversion. Shrinkage stress and degree
of conversion kinetics data were analyzed using Welch
ANOVA, followed by Games-Howell post hoc tests
across all combinations of material and curing mode.
Pearson’s correlation analysis was used to examine the
relationship between linear shrinkage and shrinkage

force. All statistical analyses were performed using SPSS
version 27 (IBM Corp. Armonk, NY, USA). The overall
level of significance was set to @ =0.05.

Results

Figures 1, 2, and 3 illustrate the real-time development of linear
shrinkage, shrinkage stress, and degree of conversion, respec-
tively. The nominal values of linear shrinkage, shrinkage stress,
and DC registered at the end of the 4-h observation period, and the
calculated values of maximum shrinkage stress rate (R,,,), time
to achieve the maximum shrinkage stress rate (g,,,,), the maxi-
mum polymerization rate (Rpc ), and the time to achieve the
maximum polymerization rate (g pc max) ar€ presented in Table 2.
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Fig.3 Time-dependent mean — Cention LC — = Cention SC
. —— Fill-Up! LC — - Fill-Up! SC
degree of conversion curves of  Tetric PowerFill — SDR flows
all tested materials and polym- ——  Ceram.x Spectra ST (HV) —_— Xflow

erization modes. SC: self-cured; 100 1

LC: light-cured %0 |

Degree of conversion (%)

Table2 Mean values (+standard deviation) of the parameters linear
shrinkage, shrinkage stress, maximum shrinkage stress rate (R,
time to achieve maximum stress rate (fg.,.), degree of conversion,
maximum polymerization rate (Rpc ,y)> and time to achieve maxi-

T T T T T 1

1,5 2 2,5 3 3,5 4
Time (h)

mum polymerization rate (fg pc may)- Within each column, same capi-
tal letters indicate no significant difference at a significance level of
0.05. SC: self-cured; LC: light-cured

Material Linear shrinkage Shrinkage stress R, ,, (MPa/s) Rmax (8) Degree of con-  Rpc ax (%/5) R pemax (8)
(%) (MPa) version (%)
Fill-Up! (SC) 2.99(0.18) B 0.81(0.11) B 0.0029 (0.001) 110.13(3.94)B 64.70 (1.17) B 0.30 (0.05) D  258.24 (47.08) B
D
Fill-Up! (LC) 2.86 (0.18) B 0.80 (0.04) B 0.0323 (0.005)  8.54(1.56)C 65.78 (1.90) B 0.39(0.05)D 26.64 (5.61) C
C
Cention (SC) 1.37 (0.06) DE  0.32 (0.03) E 0.0003 (0.000)  433.63 (58.90) 61.38(2.23)C  0.15(0.02)E  642.00 (102.09)
E A A
Cention (LC) 1.52 (0.06) D 0.44 (0.06) D 0.0263 (0.005) 2.61 (1.12) EF  68.08 (1.67)B  5.70(1.82) B 3.04 (0.58) E
C
Tetric PowerFill 1.51 (0.06) D 0.35(0.05)E 0.0383 (0.010)  1.55(0.96) F 66.14 (1.62) B 13.70 (1.00) A 2.34 (0.17)F
O BC
SDR 2.40 (0.09) C 0.56 (0.02) C 0.0421 (0.004) 3.61 (0.81) DE  75.18 2.51) A 12.60 (1.00) A 2.60 (0.35) F
flow +(LC) B
Ceram.x Spectra 1.28 (0.08) E 0.39 (0.03) DE  0.0265 (0.003) 3.68 (1.66) DEF 67.20 (1.48)B  7.97 (0.57)B  3.95(0.40) E
ST (HV) (LC) C
X-flow (LC) 4.12 (0.16) A 1.09 (0.06) A 0.0725 (0.009)  4.81(1.19)D 59.90(1.40)C 4.01(037)C 6.73(0.54)D

A

The greatest changes in all materials in linear shrink-
age (Fig. 1) occurred within about the first half hour of
polymerization. At the end of the 4-h measurement period,
only very small changes in shrinkage stress were observed
(asymptotic behavior). Among all materials under investiga-
tion, significantly higher linear shrinkage was found for the
low-viscosity materials (Fill-Up!, SDR flow +, and X-flow)
compared to the high-viscosity materials.

As well as for linear shrinkage, for shrinkage stress
(Fig. 2), the greatest changes of all materials under investiga-
tion were observed within the first half hour of polymeriza-
tion, again reaching asymptotic behavior. The significantly

highest shrinkage stress was observed for X-flow, which also
reached the highest maximum stress rate (R,,,,). For Cen-
tion, self-curing led to significantly lower shrinkage stress
values compared to light-curing (p <0.001). Self-curing of
both Cention and Fill-Up! resulted in significantly lower
maximum shrinkage stress rates, but significantly higher
times to achieve maximum shrinkage stress rates than light-
curing. Additionally, the self-cure polymerization mode of
Cention showed the significantly lowest maximum shrink-
age stress reaction rate of all materials, while it needed the
significantly longest time (more than 7 min) to achieve maxi-
mum shrinkage stress rate (p <0.001).

@ Springer
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The significantly highest DC of all tested materials
(Fig. 3) was attained by SDR flow +, amounting to more
than 75%. The lowest DC values were reached by X-flow
and the self-cure polymerization mode of Cention, while
the latter was also significantly lower than its corresponding
light-cure polymerization mode. Regarding polymerization
kinetics, Cention SC showed the significantly slowest maxi-
mum reaction rate of all tested materials and the significantly
longest time to achieve maximum polymerization rate of
more than 10 min. Fill-Up! required significantly longer time
to reach maximum reaction rate (p <0.001) when self-cured
than when light-cured. Both conventional bulk-fill materials
Tetric PowerFill and SDR flow +revealed the significantly
highest polymerization rate, while showing lowest times to
reach their maximum polymerization rate.

In Fig. 4, shrinkage stress is plotted as a function of linear
shrinkage. A statistically significant correlation was identi-
fied with R=0.96.

Discussion

The combination of the innovative composite features of
bulk-filling, dual-curing, and ion-release is of great inter-
est to clinical users, as these materials do not only offer a
simplification in handling while exerting a positive effect on
the interface between restoration and tooth, but also promise
appropriate chemical and physical material properties [1, 4,
19, 32-34]. To enable comparison of the results of the tested
bulk-fill composite materials to conventional composites
and to maintain a consistent C-factor, a specimen thickness
of 1.5 mm was chosen for all measurements. A long-term
observation period of 4 h was chosen for all materials, after
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Fig.4 Pearson’s correlation plot of linear shrinkage and shrinkage
stress (mean values +SD). SC: self-cured; LC: light-cured
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24-h measurements had previously been performed to ensure
that no further significant increase was observed beyond 4 h.

Results of the present study showed significant differ-
ences in all tested parameters between the different flow-
able dual-cure and conventional bulk-fill materials compared
to the conventional flowable composite, which leads to the
rejection of the first null hypothesis. Overall, results showed
that flowable composite materials had a higher linear shrink-
age and exhibited higher shrinkage stress than their sculpt-
able counterparts, which is in accordance with other studies
[31, 35]. Additionally, within the low-viscosity materials,
bulk-fill composites showed significantly lower shrinkage
forces than the conventional flowable, an observation also
made previously [36]. The composition of the composite
material has a significant impact on the resulting shrinkage
stress [37] and might explain the differences in the shrinkage
stress development between the different bulk-fill compos-
ites. Hereby, in both polymerization modes, the dual-cure
bulk-fill material Fill-Up! showed second highest shrink-
age stress values of all materials. Fill-Up! consists of two
components that are mixed together during extrusion, a pro-
cess which is enabled by the lower material viscosity at the
cost of higher volumetric shrinkage. Mostly, low-viscosity
bulk-fill composites are less filled and have comparatively
large particles, which reflects on their shrinkage proper-
ties, as could be observed in the present study. However,
it must be pointed out that the flowable bulk-fill material
SDR flow + generated the significantly lowest polymeriza-
tion shrinkage stress of all flowable materials. This might be
attributed on the one hand to the larger size of the SDR resin
monomers compared to conventional resin systems with a
molecular weight of 849 g/mol for SDR resin compared to
513 g/mol for Bis-GMA [38] and on the other hand to the
contained proprietary modified UDMA that can delay the
development of shrinkage stresses [39].

A direct correlation between the extent of contraction
forces generated and the rate and degree of conversion
has been shown by several studies, with a high degree of
conversion required for the performance of the material in
terms of mechanical properties [7, 26, 35, 40]. In general, an
increased degree of conversion of bulk-fill resin composites
compared to conventional composites might be attributed
to their higher translucency facilitating light transmittance,
reduced filler load, or larger filler particles reducing light
scattering and reflection [41-44]. Our results however only
reflect these observations regarding the low-viscosity mate-
rials, indicating that additionally other important factors
affected the degree of conversion, such as the initial vis-
cosity, which is dictated by the lower filler content of the
low-viscosity materials, and the flexibility of the monomer
structure [45]. In the present study, the significantly highest
DC of all tested materials was found for the flowable bulk-
fill composite SDR flow +, which might be attributed to



Clinical Oral Investigations (2023) 27:3169-3180

3177

its modified UDMA that retards polymerization and delays
immobilization of the resin, allowing it to reach higher con-
version values. Interestingly, all other bulk-fill materials
(except Cention SC) and Ceram.x Spectra ST (HV) achieved
similar DC values to each other, regardless of their viscosity
and filler content. DC values of all materials ranged between
60 and 75%, which agrees with other studies [46, 47]. More-
over, DC results for the bulk-fill composite Tetric PowerFill
and the conventional resin composite Ceram.x Spectra ST
(HV) of the present study were even higher compared to
previous studies [13, 26, 48], which might be mainly attrib-
uted to the different study parameters, such as light cur-
ing times and intensities. When comparing the maximum
polymerization rate for the composite specially designed
for high-intensity light-curing (Tetric PowerFill) to current
literature [48], also comparably higher values were attained
in the present study. For interpreting both DC and shrink-
age results, the photo-initiator system of the tested materi-
als additionally plays a significant role. Both Cention and
Tetric Power Fill contain an additional Germanium-based
initiator Ivocerin, which exhibits higher light reactivity than
camphorquinone. Due to the improved light transmission
of these bulk-fill materials, the reactivity for light-activated
polymerization can be increased [42, 49]. This consideration
is also supported by the results of the present study, showing
for the Ivocerin-containing materials a good polymerization
behavior comparable to other studies [14, 50, 51].

Furthermore, results of the present study revealed signifi-
cant differences between the self-cure and light-cure polym-
erization mode of the dual-cure bulk-fill material Cention.
Thus, the second null hypothesis had to be rejected. In gen-
eral, the process of composite self-curing is activated by
chemical initiators with a slow initiation rate [47], leading
to less shrinkage stress for self-cured than for light-cured
composite materials. In the present study, Cention SC
exhibited the significantly lowest DC among all dual-cure
bulk-fill groups including its light-cured counterpart, and
showed the significantly lowest shrinkage stress and low-
est linear shrinkage. These findings are consistent with a
previous study that concluded that Cention should not be
used in self-cure polymerization mode due to its inferior
chemical and mechanical properties [52]. For the dual-cured
bulk-fill composite Fill-Up!, however, no significant differ-
ences between polymerization modes in neither tested static
parameter (linear shrinkage, shrinkage stress, or DC) were
found, which contrasts with another study that recommends
light-curing for both dual-cure bulk-fill materials Cention
and Fill-Up to maintain adequate mechanical properties in
terms of wear [7].

The polymerization and shrinkage kinetics such as rate
and time to achieve maximum rate are important param-
eters for the chemical and mechanical, and thus clinical, out-
comes of a resin composite material [24] and were therefore

additionally calculated in the present study. When compar-
ing the kinetic parameters of self-cure materials, it is notice-
able that the time to achieve maximum polymerization rate
is more than doubled for Cention SC and almost quadru-
pled for shrinkage stress compared to the self-cure mode of
Fill-Up!. As both materials were chemically polymerized,
more similar values would have been expected; however,
differences might be explained by their different viscosities
created by different photo-initiators and in case of Cention
alkaline filler systems [10, 53]. It has been shown by sev-
eral studies that for self-curing materials, a slower polym-
erization rate can delay the gel point, allowing more resin to
flow from the unbonded surface, and can extend the viscous
phase, which results in lower shrinkage stress values [47,
54, 55]. This concurs with the results of the present study,
which found a tenfold slower shrinkage stress rate for Cen-
tion SC compared to Fill-Up! SC. However, the observation
that both Cention SC and Fill-Up! SC required significantly
more time to achieve the maximum shrinkage stress and
degree of conversion rate than their corresponding light-
cured counterparts was expected.

Pearson’s correlation analysis considering all experimen-
tal groups (light-cure and self-cure) showed a strong linear
correlation between linear shrinkage and shrinkage stress.
Such a correlation is commonly observed when semi-rigid
measuring devices are used [26]. The custom-made stress
analyzer employed in the present study belongs to that group
of devices, due to its inherent compliance and no external
feedback system that would compensate for the displacement
[8, 31]. As the amount of linear shrinkage was dominantly
dictated by the percentage of resin matrix in the material, the
most highly filled composites (Ceram.x Spectra ST (HV),
Tetric PowerFill, and Cention) were grouped at the low end
of the linear shrinkage and shrinkage stress values, whereas
the lower-viscosity materials with lower filler load (SDR
flow +, Fill-Up!, and X-flow) were shifted along the cor-
relation line towards higher values of linear shrinkage and
shrinkage stress. These results indicate that in a semi-rigid
system, flowable composites tend to create higher shrinkage
stresses than sculptable composites, despite the latter having
higher elastic modulus.

In contrast to the results of the light-cured composites,
which were within the commonly expected range for con-
temporary restorative composites, some parameters of the
self-cured dual-cure bulk-fill composites demonstrated
highly deviating values. This was especially pronounced for
the kinetic parameters (R,,.1» fRmax» BDC.max>» @04 IR pe max)»
which differed for an order of magnitude (Fill-Up!) or
two orders of magnitude (Cention) from the values meas-
ured for the other materials. Unlike these parameters, the
“static” parameters measured at the end of the observation
period (linear shrinkage, shrinkage stress, and DC) were in
a comparatively narrower range (less than half an order of
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magnitude), regardless of the material type and mode of
polymerization. These considerations imply that the self-
cured bulk-fill composites underwent a considerably differ-
ent setting process which may reflect on their polymer net-
work structure. As the polymer network produced by slower
polymerization may be more linear with a lower crosslinking
density, the effect of self-cure polymerization of the new
dual-curing bulk-fill composites on mechanical properties
should be further investigated.

The long-term measurements and resulting polymeriza-
tion kinetics of 4 h of the present study represent one of the
innovative aspects of this study, as many studies on DC or
shrinkage behavior only consider the first few minutes of
polymerization [28, 36, 47, 54, 56]. However, it must gener-
ally be mentioned as possible limitation of the present study
that the viscosity of the materials under investigation was
not measured and therefore classifications are based on the
information given by the manufacturers. Since only selected
materials could be investigated, a general transferability of
the results of the present study to other materials is not pos-
sible. Furthermore, it would have been more clinically rel-
evant to test the investigated bulk-fill composite materials in
their full material thickness. However, a general specimen
thickness of 1.5 mm has been chosen in the current work
for standardization purposes for all tested parameters and
materials including the dual-cure composite materials.

Conclusions

It can be concluded that the tested parameters of the compos-
ites with their different polymerization modes proved to be
highly material dependent, and the higher heterogeneity in
material behavior compared to what is commonly observed
in light-curing-only restorative materials aggravates the pre-
dictability of their effects on clinically relevant parameters.
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