Clinical Oral Investigations (2022) 26:1491-1504
https://doi.org/10.1007/500784-021-04122-0

ORIGINAL ARTICLE q

Check for
updates

Influence of artificial aging: mechanical and physicochemical
properties of dental composites under static and dynamic
compression

D. C. Gornig' - R. Maletz? - P. Ottl® - M. Warkentin?

Received: 3 November 2020 / Accepted: 1 August 2021/ Published online: 28 August 2021
© The Author(s) 2021, corrected publication 2022

Abstract

Objective The aim of the study was to evaluate the influence of filler content, degradation media and time on the mechanical
properties of different dental composites after in vitro aging.

Materials and Methods Specimens (1 mm?) of three commercially available composites (GrandioSO®, Arabesk Top®,
Arabesk Flow®) with respect to their filler content were stored in artificial aging media: artificial saliva, ethanol (60%),
lactic acid (pH 5) and citric acid (pH 5). Parameters (Vickers microhardness, compressive strength, elastic modulus, water
sorption and solubility) were determined in their initial state (control group, n=3 for microhardness, n=>5 for the other
parameters) and after 14, 30, 90 and 180 days (n=3 for microhardness, n=>35 for the other parameters for each composite
group, time point and media). Specimens were also characterized with dynamic-mechanical-thermal analysis (compression
tests, F=+7 N; f=0.5 Hz, 1 Hz and 3.3 Hz; r=0-170 °C).

Results Incorporation of fillers with more than 80 w% leads to significantly better mechanical properties under static and
dynamic compression tests and a better water sorption behavior, even after chemical degradation. The influence of degrada-
tion media and time is of subordinate importance for chemical degradation.

Conclusion Although the investigated composites have a similar matrix, they showed different degradation behavior. Since
dentine and enamel occur only in small layer thickness, a test specimen geometry with very small dimensions is recommended
for direct comparison. Moreover, the use of compression tests to determine the mechanical parameters for the development
of structure-compatible and functionally adapted composites makes sense as an additional standard.

Clinical relevance

Preferential use of highly filled composites for occlusal fillings is recommended.

Keywords Artificial aging - Dental composites - Static and dynamic compression tests - Mechanical and physicochemical
properties

Introduction

Dental composites (DC) are used as a standard filling mate-

rial, mostly due to their advantageous functional and esthetic
characteristics. In accordance, the adhesive bonding of DC
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allows a cavity design without additional expansion of
preparations, which would be essential for filling therapies
using amalgam. In light of minimal-invasive dentistry, the
absence of macro-retentions leads to purely defect oriented
removal of caries and the greatest possible preservation of
natural teeth [1]. In a study with 22,391 restorations, 9805
fillings of different materials had to be removed. Reasons
for replacing composite fillings were first at all secondary
caries (47%), followed by fractures of the restoration (24%).
In comparison, 57% of amalgam restorations were replaced
due to secondary caries and 25% due to restoration fractures
[2]. By virtue of their location in the oral cavity, DC are
subjected to high requirements. Adequate clinical, mechani-
cal, chemical and physical material properties, biocompat-
ibility and a simple application are essential. DC have to
resist different mechanical forces and they are exposed to
moisture, various temperatures and fluctuating pH values.
This leads to aging, which changes the mechanical proper-
ties over time. Temperature influences aging processes via
increasing reaction rate, which accelerates chemical deg-
radation. Thereby, DC-polymers are chemically divided.
At the same time, diffusion of oxygen and water (vapor)
increases, which additionally enables degradation reactions.
In addition, chemical degradation (oxidation or solvolysis)
of polymers occurs. Covalent ester bonds of the DC-polymer
matrix are broken by absorbed water molecules [3]. These
can diffuse into DC-polymers and accumulate in less densely
packed areas due to hydrogen bonds [4]. If DC contain
hydrophilic components and emulsifiers, they have a higher
water sorption than without [5]. Water molecules which are
already contained in DC also influence further penetration
of water. In turn, absorbed water can cause reactions with
pigments, fillers and plasticizers due to the soaking process.
Therefore, frequent drying and soaking influence the aging
process of the specific DC-material. Also, physiologically
occurring reagents, e.g. acids, bases or enzymes can catalyze
hydrolysis [6, 7] and lead to aging. Gopferich postulated that
changes in pH by degradation products lead to a reinforc-
ing feedback effect [8]. Accordingly, degradation process
of DC can be considered to be multifactorial and complex,
though the clinical relevance is high as it was shown that
the second most common factor for replacement for dental
restorations with DC was a respective fracture of the fill-
ing material [2]. In order to avoid degradation damage and
to develop new, degradation-resistant materials, knowledge
of factors influencing degradation is necessary. Mechanical
failure of DC has already been examined in many different
ways. Only a few studies considered chemical degradation
[9, 10]. Subsequent, dynamic-mechanical tests are miss-
ing in these studies. DC are heterogeneous polymers which
show viscoelastic behavior. Dynamic-mechanical-thermal
analysis (DMTA) shows both properties of DC and aging
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of polymer matrix very well. The combination of static and
dynamic analyses makes studies like this work essential and
differentiates it from the existing literature. In comparison to
other degradation studies, the selected study design was an
in vitro long-term investigation, which combined and com-
pared important influencing factors and allows a compari-
son to human tooth. Moreover, water sorption and solubility
have been investigated in numerous studies [11] without a
comparison with mechanical properties. Numerous authors
tried to convert the complex process into in vitro models,
but there is currently no published literature for composites
under compression after artificial aging. A standardized test
procedure is absent. However, special techniques have been
developed over the past 20 years to mimic the in vivo situ-
ation. A large number of test equipment were developed.
This includes methods based on articulators and freely rotat-
able friction wheels as well as devices for reproducing the
load patterns of a chewing cycle. In contrast to this work,
various authors used chewing simulators to imitate clinically
relevant conditions [15, 16]. Nevertheless, these simulators
cannot completely imitate the intraoral situation and up to
date they are mostly used without different degradation
media. Further studies in this area would be desirable. As
the prevalence of lesions due to dietary habits, such as exten-
sive consumption of acidic fruit juices and sports drinks, is
increasing [17], it is useful to investigate different media.
Similar attempts can be found in the literature. Simplified
models of the matrix-filler complex [9], the composite-tooth
connection [18] or pure composites [19] were examined.
Distilled water, saline, ethanol, heptanes, artificial saliva,
acetic acid, propane, lactic acid and citric acid were used as
degradation media [20-22]. In accordance, the aim of this
study was to evaluate the influence of filler content, different
storage media and incubation time on mechanical properties
and physicochemical characteristics of DC under static and
dynamic compression tests after in vitro aging.

Materials and methods
Composites

Three commercially available composites were selected
with respect to their filler content. One low-filled (< 70
w%; composite C, Arabesk Flow: batch code 1,131,254;
VOCO GmbH, Cuxhaven, Germany, shade A3), one
medium-filled (71-79 w%; composite B, ArabeskTop:
batch code 1,218,277, VOCO GmbH, shade A3) and one
highly filled (> 80 w%; composite A, GrandioSO: batch
code 1,212,204; VOCO GmbH, shade A3) composite were
chosen (Table 1 and Fig. 1).
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Table 1 Composites chosen by filler content

Composite Batch code Resin matrix

product name

Filler content

(W%)

Filler particles Filler size

Composite A (GrandioSO)

Composite B (Arabesk Top)

Composite C (Arabesk Flow) 1,131,254 BisGMA, TEGDMA, UDMA  Highly dispersed silicon dioxide

1,212,204 BisGMA, TEGDMA, BisEMA Silanized silicon dioxide nanofill-

1,218,277 BisGMA, TEGDMA, UDMA  Highly dispersed silicon dioxide

20-40 nm 89
ers

@1 um

@ 0.05 um 77
@ 0.7 um

No manu- 64
facturer
information

@ 0.7 um

Glass ceramic fillers

Barium-/strontium borosilicate

Barium-/strontium borosilicate

GrandioSO (89 w% ) - Homogeneous
distribution of nano and micro fillers in
the resin matrix

Arabesk Top (77 w%) - White arrows
= agglomeration of filler particles

Arabesk Flow (64 w%) - White arrows
= agglomeration of filler nanoparticles

Fig. 1 Ultrathin Sect. (90 nm); transmission electron microscopy (TEM) of tested composites

Specimen preparation

A small specimen geometry of 1 mm? was manufactured
for obtaining a comparison between the in vitro results and
human teeth. With these samples (Fig. 2), compression tests
instead of 3-point-bending were used which is usually rec-
ommended by the DIN EN ISO standard [23].

First of all, samples were prepared according to the manu-
facturer’s guidelines (Iength: 25 mm, width: 1 mm, height:
1 mm). The composites were placed in a custom-made PTFE
mold (polytetrafluoroethylene) and light-cured according to
the manufacturer’s recommendation. After curing, the speci-
mens were removed from the mold and supernatants were
gradually removed using SiC grinding paper (Microcut SIL-
ICON CARBIDE GRINDING PAPER WET OR DRY; Bue-
hler, IL, USA). The surface that was affected by the curing
light first was marked as top side. After that procedure, the
specimens were stored under exclusion of light for 1 week
to ensure post-polymerization. In the next step, specimens
were packed airtight in Parafilm (Parafilm M; Karl Hecht
GmbH & Co KG, Sondheim, Deutschland) and embedded
in epoxy resin (EpoThin 2, Epoxy System; Buehler). The

curr |mag O| HFW ) — 500 pm ——
10.00 kV|0.23 nA| 120 x [2.49 mm|[13.9 mm |40 ° 585 008

Fig.2 Exemplary SEM-image of specimen (composite A/specimen
number 585)
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Parafilm avoids a bonding between composite and epoxy
resin as well as a resin infiltration into the sample. After
the samples had hardened (24 h at room temperature), they
were sawn into cubes (1 mm?) using a diamond wire saw
(Histo-Saw DDM-P216; Medim, Wilmington, USA) with
a diamond wire thickness of 200 pm and a diamond size
of 40 pm. In the following step, all specimen cubes were
randomized. For this purpose, all cubes of each composite
were mixed, placed in an Eppendorf reaction vessel (0.5 ml)
and numbered. In order to avoid measurement errors due to
water sorption, e.g. by air or water cooling of the diamond
wire saw, specimens were dried in a desiccator for 3 days
before storage in the various media (Fig. 3).

Artificial aging

Finally, all samples were incubated in the appropriate stor-
age media at 37 °C (Incubator 1000; Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany) with continuous
agitation (130 rpm) (Unimax 1010; Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany). In order to rule
out potential bacterial growth during degradation, the stor-
age media of each sample was refreshed completely every
4 weeks.

Artificial saliva represents the simplest physiological
influence on composites in form of hydrolysis. The used
chemicals are based on the New Recipe Formula Germany
(NRF 7.5). Lactic acid is an example of metabolic products
of plaque bacteria such as Lactobacilli spp. and Streptococ-
cus mutans, which break down glucose to lactate by fer-
mentation for their own energy generation. The 80% lactic

Fig.3 Test procedure

acid (CAS 79-33-4; Carl Roth, Karlsruhe, Deutschland)
was pipetted into 100 ml of artificial saliva and set a pH of
5 using a portable pH meter (FE20—FiveEasy pH; Met-
tler Toledo, Giessen, Germany). Citric acid had been cho-
sen as an example of many acids ingested through food.
19.213 g citric acid (CAS 77-92-9; Carl Roth, Karlsruhe,
Deutschland) was added to 100 ml distilled water for prepa-
ration of 1 M citric acid. With help of a pH meter (FE20—
FiveEasy pH; Mettler Toledo) pH of 5 was adjusted by
dilution with artificial saliva. Ethanol (CAS 64-17-5; VWR
International GmbH, Darmstadt, Deutschland) was also used
as storage medium. The US Food and Drug Administration
(FDA) defined ethanol as a liquid that simulates fatty foods
and alcoholic beverages. Moreover, it has led to degradation
of composites in several studies [24, 25]. The “softening”
by ethanol is described in the literature [26, 27]. Sixty mil-
liliters of ethanol (100%) and 40 ml of distilled water were
mixed up for 100 ml of solution.

Test methods

Vickers microhardness (MHV) was determined in the ini-
tial state (control group, n =3 for each composite group)
and after 14, 30, 90 and 180 days (n=3 for each composite
group, time point and media). It was measured computer
controlled with a Fischerscope HM 2000 (HELMUT FIS-
CHER GMBH, Sindelfingen-Maichingen, Germany). A
series of indentations (four measuring points on each speci-
men) were set by using a distance of approximately 300 pm
between the measuring points and the border of the speci-
men. Martens hardness (HM) was determined electronically

composites A -C

v

preparation of specimens

v

desiccator for 3 days

v

v

state without storage

storage for 14, 30, 90 and 180 days

v v v v

ethanol (60%)

lactic acid (pH 5) citric acid (pH 5)

v

artificial saliva

Vickers microhardness

storage modulus

damping factor (tan §)
glass transition temperature

compressive strength
elastic modulus

v

water sorption and solubility
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using an equilateral Vickers diamond pyramid by continu-
ously measuring and recording force and depth of the pen-
etration (Fig. 4). A maximum load of 1 N was applied with
an indentation rate of 0.2 N s~! and a holding time of 5 s at
maximum load. Afterwards, MHV was directly calculated
by the computer software.

Compressive strength is defined as o,,,,, where samples
fractured. According to the DIN standard [28], compressive
strength and elastic modulus were measured for the initial
state (n=>5 for each composite group) and after degrada-
tion (n=>5 for each composite group, time point and media).
Specimens were examined with a universal testing machine
(BZ2.5/TN1S; Zwick GmbH & Co. KG, Ulm, Germany)
under free uniaxial compression load (load cell 2500 N,
crosshead speed 1 mm min~') and a preload of 10 N. Force
and deformation were recorded electronically using the
software TestXpert II (Zwick GmbH & Co. KG, Ulm, Ger-
many). Data were converted in the mechanical parameters
Young’s modulus E-~ (GPa) and compressive strength o,
(MPa).

DMTA was used to record the viscoelastic properties of
the sample [29]. Therefore, a sinusoidal load was applied
to the specimen and this periodic mechanical stress results
in a corresponding signal in form of tension or deformation
[30]. Specimens were characterized for the initial state (n=5
for each composite group) and after degradation (n=35 for
each composite group, time point and media). With DMTA
storage modulus E’, damping factor tan 6 and glass transi-
tion temperature 7g were determined at three frequencies
(0.5 Hz, 1 Hz and 3.3 Hz) in a temperature range from O to
170 °C (heating rate 1 K min~"). The data of the compres-
sion tests were evaluated using software Proteus Analysis
(Netzsch Geritebau GmbH, Selb, Germany).

The mass of the specimens was determined in the initial
state (m1; n =3 for each composite), after storage in storage
media (m2; n=3 for each composite group, time point and

Fig.4 Penetration impression
after measurement

media) and after subsequent drying in the desiccator (m3;
n =13 for each composite group, time point and media). With
respect to specimen geometry and the resulting low weight,
a high-resolution analytical balance with a readability of
0.01 mg and a linearity of < +0.1 mg (Sartorius ME 235S-
OCE; Sartorius Weighing Technology GmbH, Géttingen,
Germany) was used for precise mass determination. Calcula-
tion for water sorption (Wsp, formula 1) and solubility (Wsl,
formula 2) was carried out according to DIN EN ISO 4049
[23] using the following formulas:

m2 —m3
Wsp = ———
sp v (D
ml —m3
Wsl = ——
sl= = @)
Statistics

For statistical data analysis, the experimentally determined
data were evaluated using the software program IBM
SPSS Statistics 21 (IBM Software Group, Chicago, USA).
Kruskal-Wallis test was used as a non-parametric test for
independent samples. The median and interquartile range
(IQR) of the experimental results were calculated and com-
pared. The influence of filler content, degradation media and
time on the various parameters was examined. The signifi-
cance level was rated with p <0.05 as significant. Graphics
with box-and-whisker plots with 25/75% percentile were
created. In addition, a bivariate Spearman rank correlation
analysis (p < 0.05) was used to investigate a linear relation-
ship between the characteristic value and the filler content
of the composite, with the Spearman-Rho correlation coef-
ficient (r,) describing the strength of the linear relationship.

1F
_|h

specimen
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Results

Composite characteristics in initial state—control
group

In order to be able to identify and analyze degradation
processes, the initial state of the composites before storage
in various media was characterized at first hand.

MHYV: The highly filled composite A showed the highest
values (median 75.1 MHV (IQR=16.3 MHYV)). Com-
posite B had a median of 42.8 MHV (IQR=4.8 MHV).
The low-filled composite C had a similar median with
43.4 MHV (IOR=6.0 MHV). MHYV of composite A dif-
fered significantly (p <0.05) from composites B and
C. In contrast, the median values of composites B and
C showed similar values (p >0.05). MHV correlated
significantly with a rising filler content (r;=0.738;
p <0.05).

Omax: 10 the initial state, the highly filled compos-
ite A reached a median of 408.5 MPa with an IQR of
68.3 MPa. Composite B had a median of 327.9 MPa
(IQR=46.5 MPa). The low-filled composite C showed
a median of 332.7 MPa (/IQR =28.6 MPa). In compari-
son, the median of composite A was 19.7% higher than
composite B and 18.6% higher than composite C, but
did not differ significantly (p >0.05). o,,,, showed no
correlation to filler content (r,=0.435; p=0.105).

E.: The highly filled composite A had the highest
values between 5.44 and 6.91 GPa with a median of
6.35 GPa (IQR=0.41 GPa) and differed significantly
(»<0.01) from the composites B and C. Composite B
had a median of 2.21 GPa (/QR=0.31 GPa). Its val-
ues did not differ significantly (p > 0.05) from those
of composite C, which showed a median of 1.96 GPa
(IOR=0.33 GPa) in the initial state. E correlated sig-
nificantly with rising filler content (r;=0.850; p <0.01).
DMTA: At the initial state, £~ and tan 6 were meas-
ured at the temperatures at 5 °C, 37 °C, 55 °C and
85 °C and the Tg were determined. E~ of the highly
filled composite A reached median values between 4.1
and 4.8 GPa (n=60). The medium-filled composite B
had an E” with median values between 4.4 and 10.1
GPa. The median values of the low-filled composite
C were between 2.8 and 3.5 GPa. E” of all composites
decreased with rising temperature and with increasing
frequency (Fig. 5). Exemplarily, the highly filled com-
posite A showed the lowest decrease from 5 to 85 °C for
E’. The medium-filled composite B and the low-filled
composite C behaved analogously. Comparing the three
different composite groups, they differed significantly
(» <0.05). The highly filled composite A had a 25.7%
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Fig.5 Exemplary representation of frequency-dependent temperature
profile of storage modulus E” (MPa) and damping factor fan 6 for the
composites A, B and C in the initial state

higher E“than the low-filled composite C at a frequency
of 1 Hz and a temperature of 37 °C. E~ of the composite
C was higher than composite A at all measured frequen-
cies and temperatures. The medium-filled composite B
had a storage modulus that was approximately twice
higher than E” of the highly filled composite A. The
damping factor fan § as the quotient of E”" and E” was
considered in a second analysis. Tan § was accordingly
contrary to E”. Under thermal treatment, the composites
showed an increasing fan 6 leading to a loss in damp-
ing. Initially, it was for the highly filled composite A at
0.026 at a frequency of 1 Hz and changed with higher
temperature to 0.090. Damping factor of the medium-
filled composite B showed values in the range between
0.031 and 0.222. The low-filled composite C had values
in the range between 0.018 and 0.177.

Tg was calculated by the maximum of tan 6. This
maximum was determined for each of the composites
depending on frequency. At the initial state, median
value of Tg of the highly filled composite A was 126.0 °C
(IOR=2.1 °C) at a frequency of 0.5 Hz, for composite B
at 99.6 °C (IQR=5.0 °C) and for composite C at 121.8 °C
(IQR=4.0 °C). In comparison, composites A and B and
composites B and C differed significantly (p <0.01). In
dependence of rising frequencies, a shift of Tg to higher
temperatures occurred. At a frequency of 1 Hz, Tg of the
highly filled composite increased by 0.4%, the medium-filled
by 3.7% and the low-filled by 4.4%. With a further increase
to a frequency of 3.3 Hz, Tg also increased.

Effects of chemical degradation on composite
characteristics

To analyze the effects of degradation media (artificial saliva,
lactic acid, citric acid and ethanol) and time, specimens were
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stored in the various media and static, dynamic and phys- citric acid had a greater influence on E than artificial
icochemical parameters were measured after 14, 30, 90 and saliva in all composites without statistical significance
180 days. (p>0.05). Exemplarily, E of composite A decreased

Table 2 Results of static parameters in comparison: MHV (MHV), o,

MHV: MHV of all composites was reduced over a period
of 180 days. For artificial saliva, decrease was not signifi-
cant (p > 0.05). Lactic acid and citric acid provided simi-
lar results (Table 2). Storing the specimens of composite
C in ethanol, MHV decreased without any statistical sig-
nificance (p >0.05). Storage in ethanol showed different
data. Ethanol reduced MHYV of all composites, but in dif-
ferent ways. Highest loss was observed for the low-filled
composite from 43.4 MHV (IQR=6.0 MHV) to 29.1
MHYV (IQR=2.3 MHV) after 180 days (p <0.05) which
means a reduction by 33%. In contrast, MHV remained
highest for the highly filled composite A (62.4 MHV;
IQR=7.1 MHV) which means a reduction by only 17%.
Omax: All composites showed no significant decrease for
artificial saliva (p > 0.05). Exemplarily, median value of
the highly filled composite A decreased from 408.5 MPa
(IQR=68.3 MPa) to 334.8 MPa (/QR=131.3 MPa).
In comparison, composite B showed a median of
238.6 MPa (IQR="78.9 MPa) in the same aging medium
after 180 days. Lactic acid and citric acid showed simi-
lar results. Ethanol reduced o,,,, of the different com-
posites the most, but only o,,,, of composite C showed
a significant (p <0.05) decrease from 332.7 MPa
(IQR=28.6 MPa) to 275.3 MPa (IQR=12.3 MPa) .

E: Artificial saliva showed no influence to all composites
(p>0.05). Composite A showed the highest measured
values, followed by composites B and C. Lactic acid and

max

by 12.4% due to artificial saliva, by 19.0% due to lactic
acid and by 30.5% due to citric acid. However reduction
was not significant (p >0.05). Ethanol reduced E of the
three composites the most, whereby only the low-filled
composite C showed a significant decrease (p <0.05). The
highly filled composite A repeatedly showed the highest
E . with a median value of 4.49 GPa (IQR =1.46 GPa)
after 180 days due to ethanol storage.

DMTA: E”tended to decrease in the range from 5 to 85 °C
(Table 3). The highly filled composite A showed nearly
no changes for E”for artificial saliva (f=1 Hz, t=37 °C).
In comparison, the medium-filled composite B had a
decrease by approximately 50%. The values of £~ of com-
posite B stored in artificial saliva increased by 55.8% after
180 days. Composite B stored in lactic acid and citric acid
showed similar results. E' of composite B stored in etha-
nol showed the highest decrease by 74.5% after 180 days
(f=1Hz, t=37° C). With regard to the filler content, all
composites behaved similarly to the initial state. Figure 6
shows exemplarily the frequency dependency of E~ of the
composites A, B and C after 180 days.

Tan 6 was also considered in relation to the initial state.
Damping factor showed discontinuous values similar to
storage modulus curves. Overall, the composites showed
a tan 6 <0.2 over time under the influence of the media.

Tg can be evaluated as a direct indicator for polymer
aging processes. It dropped sharply for specimens stored

(MPa), E (GPa). Values given as median (IQR). *p <0.05

Storage medium MHV MHV Onax Ormax E.- E.
(MHV) (MHV) (MPa) (MPa) (GPa) (GPa)
initial state after 180 days initial state after 180 days initial state after 180 days
Composite A Control 75.1 (16.3) 408.5 (68.3) 6.36 (0.41)
Artificial saliva 92.4 (4.9) 334.8 (131.3) 5.57 (1.84)
Lactid acid 100.2 (8.8) 308.7 (162.4) 5.15 (2.90)
Citric acid 93.3 (30.8) 265.7 (45.1) 4.42 (1.34)
Ethanol 62.4 (7.1) 301.8 (104.3) 4.49 (1.46)
Composite B Control 42.8 (4.8) 327.9 (46.5) 2.21 (0.31)
Artificial saliva 45.3 (6.9) 238.6 (78.9) 2.11 (0.24)
Lactid acid 44.1 (7.0) 248.9 (50.4) 1.85 (0.78)
Citric acid 39.6 (7.0) 291.9 (14.1) 1.86 (0.10)
Ethanol 394 (6.1) 142.9 (39.7) 1.78 (0.41)
Composite C Control 43.4 (6.0) 332.7 (28.6) 1.96 (0.33)
Artificial saliva 33929 345.7 (60.5) 1.95 (0.02)
Lactid acid 29.3 (3.6) 356.4 (66.1) 1.61 (0.28)
Citric acid 32.5(2.8) 283.6 (59.9) 1.64 (0.20)
Ethanol* 29.1 (2.3)* 275.3 (12.3)* 1.59 (0.10)*
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Table 3 Results of dynamic compression tests in comparison: £~ (GPa). Values given as median (IQR)

Composite A

Composite B Composite C

Storage medium Temperature Initial state After 180 days Initial state After 180 days Initial state After 180 days
O
Control 5 45(0.3) 8.1(2.8) 3.3(0.8)
37 42 (0.4) 8.6 (2.8) 3.1(0.2)
55 4.1(0.5) 7.9 (1.2) 3.2 (0.6)
85 4.40.7) 4.9 (0.6) 3.0 (0.4)
Artificial saliva 5 4.6 (4.0) 43(0.3) 43(0.3)
37 43(3.8) 3.8 (1.5) 3.8 (1.5)
55 42 4.2) 3.4 (0.2) 3.4(0.2)
85 4.0 (3.9) 1.6 (0.2) 1.6 (0.2)
Lactid acid 5 7.2 (1.9) 43(1.3) 4.40.7)
37 5.5 (1.4) 3.9 (0.4) 4.0 (0.6)
55 53 (1.7) 3.2 (0.7) 3.3(0.8)
85 43(1.8) 1.6 (0.2) 2.3 (0.4)
Citric acid 5 8.1(6.4) 52(2.8) 3.3(0.8)
37 5.6 (4.8) 3.8(1.2) 290.4)
55 6.7 (6.2) 3.4(0.7) 2.3(0.5)
85 6.2 (3.2) 1.5(0.2) 1.5(0.2)
Ethanol 5 6.9 (0.5) 4.6(2.3) 4.1 (0.9)
37 48 (1.1) 2.2(0.7) 2.2(0.3)
55 4.7 (0.9) 1.7(0.3) 1.6 (0.2)
85 4.2 (0.4) 1.2 (0.1) 1.1 (0.1)
154 composite A had the highest glass transition temperature
O composite A o after 180 days.
= . Mo In order to determine the influence of time, all media were
& B . ° summarized for one point in time. Glass transition tempera-
E 0 ° H 8 ture dropped after 14, 30, 90 and 180 days. Even at higher
E % ; frequencies, the glass transition temperature decreased com-
§ 3 pared to its initial value.
£
> o H . . .
g Water sorption and solubility: For composite A, no sta-
@ tistically significant difference was found between water
sorption after 14 and 180 days for all media (p > 0.05)
o i i . (Table 4). In contrast, the test specimens of the compos-
0.5Hz 1Kz 3.3Hz ites B and C stored in lactic acid and ethanol showed a
frequency

Fig.6 Frequency dependency of storage modulus: E” (GPa) of the
composites A, B and C after 180 days (in order to determine the
influence of time, data of different media were summarized)

in ethanol over time and decreased without any statistical
significance (p>0.05) by 17.1% after 180 days. Tg of sam-
ples stored in citric acid also decreased without any statis-
tical significance (p > 0.05) by 8.3%. Similar results were
obtained for the composites stored in artificial saliva (6.1%)
and lactic acid (5.4%). When these data were considered
differently according to the filler content, the highly filled
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statistically significant (p <0.05) change in water sorp-
tion comparing the results at the start (14 days) with the
results at the end of the tests (180 days). With increasing
filler content, water sorption decreased. (r,= —0.506;
p <0.01). Solubility did not correlate significantly with
filler content (r,=0.177; p=0.388). For the composite
A, no statistically significant decrease was found for all
media. The test specimens of composites B and C stored
in lactic acid and ethanol differ significantly (p > 0.05)
(Table 4). Ethanol caused the highest solubility after
180 days.



Clinical Oral Investigations (2022) 26:1491-1504 1499
Tablg 4 Resqlts of Storage medium  Water sorption Water sorption Solubility Solubility
physicochemical parameters (ug mm™>) (ug mm™) (ug mm™2) (ug mm™?)

in comparison: water sorption
and solubility. Values given as

after 14 days after 180 days after 14 days  after 180 days

median (IQR) *p <0.05 Artificial saliva
Lactid acid
Citric acid
Ethanol
Artificial saliva
Lactid acid*
Citric acid
Ethanol*
Artificial saliva
Lactid acid*
Citric acid
Ethanol*

Composite A

Composite B

Composite C

165 (16.5) 44.8 (22.0) 204 (123)  35.8(21.9)
18.7 (17.1) 37.6 (11.1) 9.3 (13.0) 41.1(19.0)
28.6 (28.5) 27.5 (15.9) 19.1 (20.4) 19.4 (7.4)
18.6 (5.9) 41.6 (44.4) 299(13.4)  62.9(87.0)
27.4 (21.6) 48.7 (58.9) 17.8 (4.3) 25.3 (12.0)
13.0 (7.9) 68.6 (31.6)* 8.1(8.0) 39.2 (4.1)*
31.9 (10.4) 72.9 (22.9) 163 (8.2) 40.5 (32.0)
18.0 (7.0) 118.0 (12.0)* 24.0(13.5)  55.1 (20.5)*
35.7 (20.4) 71.8 (12.0) 8.8 (8.9) 26.9 (19.8)
28.9 (14.0) 61.2 (12.2)* 9.4 (4.8) 38.5 (18.3)*
29.7 (14.4) 45.9 (19.5) 9.9 (9.4) 38.0 (14.0)
28.5 (8.4) 82.9 (21.9)% 9.0 (9.0) 44.9 (51.7)%

Discussion

Aim of the present in vitro study was to determine factors
influencing the degradation of DC by simulating a natural
oral environment. For this purpose, three commercially
available DC (GrandioSo ®, Arabesk Top®, Arabesk
Flow®) with different filler contents were subjected to
chemical degradation media to examine their mechanical
and physicochemical properties before and after treatment.
Every composite was selected with respect to their filler
content as a representative example for classification into
highly (>80% by weight), medium- (71-79% by weight) and
low-filled (< 70% by weight) composites. The filler content
is one of the many possible ways in which composites can
be classified. Another type of classification is the subdivi-
sion according to consistency into packable materials as
well as flowables. Nevertheless, the mechanical properties
of packable composites are extremely different depending
on the filler content. There are many in vivo studies that
proved the use and longevity of composites in the poste-
rior region through clinical evaluation without mechanical
tests after wearing. The conclusion of a meta-analysis of
Opdam et al. [31] including 12 clinical studies showed that
posterior resin composite restorations show a good survival
with annual failure rates of 1.8% at 5 years and 2.4% after
10 years of service. Rocha Gomes Torres et al. [32] evalu-
ated clinical performance of class II restorations made with
composite with high filler content and different consistency
in a 2-year study. No significant differences were observed
between GrandioSO® conventional and GrandioSO Heavy
Flow®. In 2015, an in vitro long-term study by Alshali et al.
[33] including GrandioSO® also showed that water sorption
and solubility of resin-composites are highly affected by the
filler loading. Disc shaped samples (n=35) were randomly
immersed into distilled water and artificial saliva for 1-year

period and weighed at different time intervals. MacAulay
et al. [34] tested in vivo degradation of bisGMA and ure-
thane-modified bisGMA-based resin composite materials.
They proved that composites did not release any detectable
amount of bisGMA breakdown products. In contrary, Dedy
Kusuma Yulianto et al. [35] showed in an in vivo study that
a high ester-linkage composite (Beautifill II®, highly filled
composite with 83w%) harvested oral biofilm that more
frequently possesses S. mutans and was subject to stronger
intraoral degradation regardless of oral hygiene regime
applied when compared to a low ester-linkage composite.
Therefore, volunteers were equipped with a palatal appliance
containing cavities with discs of two different composites.
For the present study, a very small cuboid specimen geom-
etry was used for static and dynamic compression tests to
better transfer the results to the in vivo situation where the
dental hard tissue differs in their mechanical behavior in a
small scale with regard to the tooth area and ultrastructure.

Methodological considerations

Specimen geometry is the reason why it is crucial to com-
pare studies, because it varies enormously in existing publi-
cations. Discs [12] and sticks [13] with different diameters
and dimensions were used. In addition, the test modes vary,
too. In accordance to DIN EN ISO [23], a bar-shaped geom-
etry is recommend which allows only the measurement of
bending properties. In posterior regions, compression loads
dominate, but they are neglected until now. Therefore, for
the present study, cuboid samples were chosen, which were
commonly used in testing of enamel and dentine [14, 36].
Thus, a standardized test procedure is missing. Since dentine
and enamel occurred only in small layer thickness, a test
specimen geometry with very small dimensions is recom-
mended for direct comparison. Previous tests showed that
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dentine and enamel do not overlap with this size. For this
purpose, healthy, extracted teeth were sawn into cubes of
different sizes and examined microscopically to determine
whether enamel, dentine or a mixture of both was present.
Specimen geometry of present study was chosen, to enable
a comparison of results with dentin and enamel, which also
have different mechanical properties.

Zaytsev et al. [37] postulated that the mechanical prop-
erties of dentine depend on the geometry of specimen. The
experiments for dentine have shown that it is a practically
undeformed brittle substance under bending when consider-
able tensile stress is applied to the sample. In contrast under
compression (when the level of tensile stress in a sample is
considerably lower), dentine shows various types of defor-
mation behavior, which depends on the diagonal compres-
sion surface and the height of cuboid sample (d/h ratio) [36].
The result is a lower E under compression than under bend-
ing. In a direct comparison, Warkentin and Sabbagh et al.
[14, 38] also confirmed these results for composites. Dentin
samples can exhibit considerable elasticity as well as plas-
ticity under high compression (up to 800 MPa). The experi-
ments of Zaytsev et al. [36] showed a strong dependence
on the d/h ratio. He named his type of deformation behav-
ior “shape effect”. Dentin samples with a low aspect ratio
behave as an almost brittle solid, whereas the samples with
a high aspect ratio show high elasticity and plasticity [36].

Due to the sample size, the different time points and
various media, a number of 807 test specimens were exam-
ined. Specimens of three commercially available compos-
ites were stored in four media and measured in their initial
state and after 14, 30, 90 and 180 days. Vickers microhard-
ness (n =3 for each parameter, composite group, time point
and media) was determined of 153 specimens. For 255
specimens, the determination of the compressive strength
and the elastic modulus were carried out by quasi-static
pressure tests (n =35 for each parameter, composite group,
time point and media). A total of 255 specimens were char-
acterized with compression tests with dynamic-mechan-
ical-thermal analysis. To determine the physicochemical
parameters, the water sorption and the solubility of 144
specimens were determined (n =3 for each parameter,
composite group, time point and media). In any case, it
has to be mentioned that the choice of only three com-
posites limits conclusions of the study and further studies
would be desirable. The development of structure compat-
ible and functionally adapted composites requires further
research and maybe new filling concepts. Accordingly, the
use of compression tests to determine values for developing
structure compatible and functionally adapted composites,
especially for posterior regions where compression load
dominates, makes sense as an additional standard and was
used in this study. In addition to the used cuboid samples,
a different surface-to-volume ratio resulted therefrom.
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Accordingly, in literature, deviations in terms of the val-
ues were found and the results were difficult to compare.
Moreover, DIN EN ISO 4049 [23] recommends a water
immersion and gravimetric observation after 7 days with a
resulting solubility of less than 7.5 ug mm™~>. In this experi-
mental setup, the first sampling date started after 14 days.
Hence, solubility was higher than the limit even after
14 days. It is quite possible that artificial saliva, and lac-
tic and citric acid will reach standard values after 7 days.
Therefore, further investigations are needed. On the other
hand, solubility is influenced by surface area and speci-
men volume. Measurements in accordance with the DIN
standard [23] used test specimens in form of discs with a
diameter of 15 mm and a height of 1 mm. In comparison,
the surface-area-to-volume-ratio of the cubes used in this
study was 2.6 times higher than the ratio of the discs of the
DIN standard. Therefore, the quantitatively higher results
are probably caused by the deviating ratio. Additionally,
the ISO 4049 standard defines the conditions for perform-
ing tests of composites to allow reproducibility [39]. Nev-
ertheless, the alternative use of a light-curing device in
this study enables very uniform curing and, in contrast to
a polymerization lamp, prevents overlaps in the exposed
areas, so that better reproducibility is given.

Influence of filler content on composite
characteristics

Filler content had a great impact on the static mechanical
parameters MHV and E. In contrast to o,,,,, these param-
eters correlated (p <0.05) with the filler content even after
180 days of storage. As other studies have shown [40, 41],
MHYV increased with rising filler content in the initial state.
Composite A showed significantly higher MHV than the
other composites. These may be due to the incorporated
silanized fillers. In conclusion of specimens stored in
ethanol, the highly filled composite A also had the high-
est median values after 180 days of storage and should
therefore preferentially be used for occlusal fillings. MHV
of enamel (270 to 420 HV) or dentine (10 to 90 HV) [14,
42] is significantly higher than MHYV of the tested compos-
ites. Accordingly, an enhanced wear of the composites is
expected in vivo by additional chemical degradation (see
below). Thus, a uniform abrasion behavior of tooth sub-
stance and filling material would be desirable which may
only be reached by new filler-matrix-concepts or graded
materials [43].

Omax Das also a great relevance of DC performance
in vivo, because compression is particularly important in
the posterior region, in which composites are increasingly
being used today. In this study, it could be shown that o,
increased with an increasing filler content. This correlation
is confirmed by the literature [44].
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Another important aspect of this study was the determi-
nation of E.. According to the literature, most medium- to
highly filled composites have an E with maximum values of
15 GPa and thus, low-filled composites showed lower results
[44]. These results could not be confirmed in the present
study. For the highly filled composite A, the highest median
value was found with 6.36 GPa (IQR=0.41 GPa). These
deviations result primarily from selected specimen geom-
etry and the used test modes. Regardless of the experimental
setup and procedure, all studies showed that E increases
with filler content, which can be confirmed by the present
work [14, 44]. As for all the static parameters mentioned, the
test specimen geometry is decisive for the results. Therefore,
a comparison with the current literature is problematic.

Similar results were shown for dynamic parameters.
After 180 days, the highly filled composite A had the high-
est £’ independent from media and frequencies used. The
lowest E' had the low-filled composite C. Exemplarily, the
composite A showed median values between 4.3 and 5.6
GPa after 180 days in the different media (f=1 Hz, r=37°
C), while composite C reached median values between 2.2
and 4.0 GPa. There is currently no published literature
on compression tests using DMTA on dental composites.
Anyway, bending tests were used and degradation time
was 30 and 90 days, respectively. In these studies [45, 46],
test specimens were stored in dry air, distilled water, arti-
ficial saliva, heptanes and ethanol (75%). Medium-filled
and highly filled composites were assessed at a frequency
of 1 Hz. In case of anisotropic composites, values depend
on the measurement mode. Accordingly, shear, tensile and
compression measurements are preferable to the bending
measurements [5]. In relation to the filler content, com-
parable composites achieved higher values in the three-
point bending test than in our own test series. The higher
energy consumption and storage under dynamic load using
this measuring method can also be explained by the dif-
ferent points of application of the same force compared
to the compression test, which results in a higher E' and
a higher damping factor in the three-point bending test.
In accordance with the literature [14, 47, 48], the own
results show that, if temperature increased, E' decreased
and fan d increased. It was demonstrated that percentaged
decrease in E' is influenced by the filler content. Overall,
the highly filled composite A had a much lower decrease
in E’' than the other two composites in the same tempera-
ture ranges. A filler-dependent reduction in E' was also
detected for the three frequencies examined. The medium-
filled composite B shows a special feature. It looked like a
highly filled composite in the initial state and had a higher
E' than composite A. Morphological studies in our own
working group indicated that the incorporated fillers form
agglomerates and show properties of a highly filled mate-
rial. Molecular side chains are restricted in their mobility

at low temperatures. As temperature rises, molecular chain
mobility increases [29] and polymer volume increases. If
temperature continues to rise, the polymer begins to sof-
ten up to thermal decomposition and the result is a sink-
ing E'. The incorporation of fillers leads to a shift in this
sequence to higher temperatures. The own results show
that incorporation of fillers with more than 80 w% leads to
significantly better mechanical properties under dynamic
compression.

Tg was examined on one hand to characterize the influ-
ence of the filler-matrix-concept in relation to rising filler
content and on the other hand to characterize the polymer
aging process by the shift of 7g. Therefore, Tg corresponds
to the maximum loss factor. It decreased after 180 days for
all test specimens (p > 0.05). In addition, Tan 6 was below
0.2 at the end of the test series for all composites, which
indicates a predominantly elastic behavior and, thus, a very
good functionality. However, one must take into account that
DMTA represents a mechanical Tg influenced by filler and
matrix. In contrast, a chemical Tg (tested with differential
scanning calorimetry-DSC) would only reflect properties of
the polymer itself. Thus, the matrix corresponding Tg will be
lower (around 50 °C) and shifts due to aging may be more
pronounced.

With regard to the physicochemical parameters, water
sorption changes for composite A were not statistically sig-
nificant (for all media) comparing the beginning and day
180 (p>0.05). In contrast, the test specimens of composites
B and C stored in lactic acid and ethanol showed a statisti-
cally significant (p <0.05) change in water sorption com-
paring the results at the start (14 days) with the results at
the end of the tests (180 days). It was found a significant
correlation with filler content (r,= —0.506; p <0.01). After
14 days, all assessed composites had a water sorption of less
than 40 ug mm™ according to DIN EN ISO 4049 [23] after
7 days. Solubility was not significantly correlated with filler
content (r,=0.177; p=0.388).

Despite the existence of a similar matrix, the assessed
composites did not show identical degradation behavior.
Composite A has a higher filler content than the other two
composites. As a result, it shows better mechanical proper-
ties in the initial state and after degradation. This difference
in the extent of degradation can be explained by the fact
that a higher filler content leads to a reduced diffusion and
limits the total extent of effective degradation media [49].
Schwartz and Séderholm postulated in 2004 [50] that the use
of more voluminous filler particles in dental composites also
resulted in an increased reduction in mechanical properties
over time due to the increased space between molecules. In
case of the highly filled composite A, this effect can be pre-
vented by embedding large micro-fillers and smaller nano-
fillers, which is confirmed by the present study. In addition
to filler content, the filler type is also important.
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Influence of degradation media and time
on composite characteristics

In contrast to filler content, results show that the influence
of degradation media and time play an underpart role for
degradation. Only a few statistically significant results were
available for static parameters. Due to storage in various
media, only MHV, 6, and ECof the low-filled composite C
were reduced significantly by ethanol (p < 0.05). Numerous
studies have shown that artificial aging leads to a reduction
in mechanical properties of DC [12, 51, 52]. The connect-
ing element (silanization) between the inorganic and organic
phases is weakened by hydrolytic chain splitting [9]. The
effect of acids on microhardness is controversially discussed
in literature. There are studies that show a decrease in MHV
due to lactic acid [53], citric acid [54] or acidic foods [55].
Other studies that show an increase in microhardness [25] or
no change with lactic acid [10] or citric acid [53]. This study
also showed discontinuous values in test periods for artificial
saliva, lactic acid and citric acid. In addition, this study con-
firmed that ethanol leads to a reduction in MHV [27]. Con-
sidering the influence of media, similar results can be found
in the literature for o,,,, [56] and E- [56]. As shown for static
parameters, ethanol also caused the most significant reduc-
tion in the dynamic parameters, which results in a decreas-
ing E' (p > 0.05) and is confirmed by Vouvoudi et al. [19,
45] and Sideridou et al. [46]. The highly filled composite
A provided the highest E’ for all media after 14, 30, 90 and
180 days. Tg tended to decrease for all media (p >0.05). In
comparison to initial state, 7g of specimens stored in ethanol
dropped the most after 180 days (p > 0.05). Physicochemi-
cal parameters showed that test specimens of composites
B and C stored in lactic acid and ethanol decrease signifi-
cantly (p <0.05). Changes in water sorption present nei-
ther a continuous reduction nor a continuous increase over
time. Ethanol caused the highest solubility after 180 days.
The literature describes that ethanol has a more aggressive
potential and causes higher water sorption and solubility
than water or artificial saliva [57]. It should be emphasized
again that comparison with other studies is difficult as speci-
men geometry, the selected media, the composition of media
and the examination periods used in this study differ from
the experimental setups in the literature.

Conclusion

Although composites have similar matrix, they did not show
identical degradation behavior. Incorporation of fillers with
more than 80 w% leads to significantly better mechanical
properties under static and dynamic compression tests and
a better water sorption behavior even after chemical deg-
radation. A preferential use of highly filled composites for
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occlusal fillings is recommended and of clinical relevance
for the longevity of the composite restorations. Here, very
elastic materials with a low E~ would give way due to defor-
mation and might even damage the surrounding dental hard
tissue. Indeed, the use of low-filled composites as fissure
sealing to prevent cavities should be reconsidered. A com-
bination of composites with different filler content for direct
restorations appears to be useful. In addition, the use of com-
pression tests in order to determine material characteristics
(especially in small scale) would be helpful for developing
compatible and functionally adapted composites and should
be considered to be established as an additional standard.
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