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Article history: Objective. To investigate the surface micro-hardness (VHN) and fracture toughness (Kic) of
Received 6 April 2019 resin-composites, with and without incorporated short fibers, after solvent storage.
Received in revised form Methods. Three resin-composites incorporating fibers, additional to particle reinforcement,
16 May 2019 were examined: everX™, NovoPro Fill™ and NovoPro Flow™. Four composites were used
Accepted 16 May 2019 as controls, with only particle reinforcement: Filtek bulk Fill™, Filtek bulk one™, Filtek

XTE™, and Filtek Flow XTE™. For hardness measurement, materials were cured in 2mm
thick molds for 20 s by a LED source of average irradiance 1.2 W/cm?. Specimens (n = 6/group)

Keywords: were stored dry for 1h and then in either water or 75% ethanol/water for 1h, 1 day and 30
Resin composites days at 37 +1°C. Vickers hardness was measured under a load of 300 g for 15s. For fracture
Fiber reinforcement toughness (Kic) measurements, single-edge-notched specimens (n = 6/group) were prepared:
Water storage (32 x 6 x 3mm) for 3-point bending and stored for 1 and 7 days in water at 37 °C. Fractured
Ethanol/water surfaces of fiber-reinforced composite were examined by scanning electron microscopy
Fracture toughness (SEM). VHN data were analyzed using three-way ANOVA, one-way ANOVA and the Tukey
Surface hardness post hoc test (p <0.05). Kic data were analyzed by two-way ANOVA and one-way ANOVA

and the Tukey post hoc test (p <0.05). An independent t-test was used to detect differences
(«=0.05) in K¢ between stored groups for each material.
Results. VHN decreased for all composites with storage time in both solvents, but more
appreciably in 75% ethanol/water (an average of 20%). Kic ranged from 2.14 (everX Posterior)
to 0.96 NovoPro Flow) MPa. m®°. The longer storage period (7 days) had no significant effect
on this property relative to 1 day storage.
Significance. Reinforcement with short fibers, and possibly matrix compositional differences,
significantly enhanced the fracture toughness of EVX. However, for nano-fiber containing
composites, there were no evident beneficial effects upon either their fracture toughness or
hardness compared to a range of control composites. Water storage for 7 days of all these
resin-composites produced no significant change in their K¢ values, relative to 1 day storage.
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1. Introduction

Improved physical properties of resin-composites, along with
their positive aesthetics, mean that they are now the most
frequently used direct materials for restoring both poste-
rior and anterior teeth. Following the Minamata convention,
the agreed phase down of amalgam is expected to increase
the use of resin-composites in posterior restorations [1]. Fur-
thermore, resin-composites are able to strengthen the tooth
structure rather than weakening it when compared to den-
tal amalgam [2]. While there have been advances in dental
composites in recent times, there still remain numerous
challenges to achieve the optimal composite formulation.
Resin-composites should withstand harsh environments, that
differ between patients, as regards occlusal habits, mastica-
tory forces, abrasive foods, temperature changes, bacteria, and
salivary enzymes. The lifespan of resin-composite restora-
tion depends highly on these factors [3-5]. It is not only the
intraoral environment that impacts the longevity; the nature
of the resin-composite network itself also has an effect. The
crosslink density, porosity, and hydrophilicity of the network,
along with the matrix/filler quality and nature of the filler
system are all substantial factors [6,7].

Intra-oral degradation is one of the major causes of failure
in directrestorations. It may affect a variety of resin-composite
properties, including wear resistance, microhardness, dimen-
sional stability, colour stability, and fracture resistance [8-10].
Water sorption, temperature, and length of exposure to
aqueous media all may have an impact on properties of resin-
composites [10]. They can be further degraded by certain
chemicals introduced into the oral environment by food and
drink and from the by-products of acidogenic bacteria beneath
the restoration margins [11].

Acceleration of degradation processes has been demon-
strated in studies where materials are aged by immersion in
solvents that simulate the oral environment [12]. This suggests
that solvent sorption and resulting degradation may decrease
the longevity and performance of resin-composite restora-
tions [13]. Simulation of resin-composite degradation in the
oral environment may be attempted through the use of food-
simulating solvents. These may deteriorate the mechanical
properties of a restoration and affect its longevity [4,10,14].
If a solvent and a substance share a similar polarity, they will
have a tendency towards mutually solubility or at least soften-
ing[15,16]. For this reason, solvents with solubility parameters
between 1.5 and 4.8 x 10.4 (J/m3) may be used for the oral envi-
ronmental simulation on dental composites [15,17].

A promising type of resin-composite include fibers as rein-
forcement. They are aesthetic materials that incorporate glass
fibers and can be used in several dental clinical applications,
but predominantly in restorative dentistry [18]. They can offer
enhanced mechanical properties that can be very close to
those of the natural tissues [19]. The current study aimed
to assess how two solvents affected surface hardness, and
how water influenced the fracture toughness, of seven resin-
composites with and without incorporated short fibers.

The null hypotheses were as follows:

e No difference would be observed in VHN between materials;

o Nodifference would be observed in VHN values after storage
in solvents.

e No difference would be observed in Kjc between materials;

e No difference in K¢ between materials at 1 and 7 days of
water storage at 37 °C.

2. Materials and methods

The resin-composite materials investigated are presented
in Table 1. These are two main groups: (i) fiber containing
composites and (ii) Composites reinforced exclusively with
particulate fillers. Both groups were chosen to represent com-
posites used for different clinical applications with varying
percentages of resin and filler.

2.1. Fiber length measurement

Inorganic components were extracted from NovaPro Univer-
sal composite. 0.5 g of composite paste was placed in a glass
container and 20 ml of tetrahydrofuran (THF 99.9% purity, Lot:
12643750, Fisher Scientific) was added, A spatula was used
to stir the THF into the composite paste for two min. The
resulting mixture was then separated equally into two tubes
before being centrifuged at 4500-rpm (Heraeus, UK) for 20 min
at23°C. The supernatant (separated THF), was extracted using
a Pasteur-pipette. The inorganic component was transferred to
plastic tubes before being put into an EZ-2 Elite solvent evap-
orator (Genevac Ltd., SP Scientific Company, UK) for 3h to dry
at 60°C. For SEM analysis, a specimen was vacuum sputter
coated for two min with 60/40 Au/Pd alloy to form a 10nm
layer thickness (Q150T ES, Quorum technologies, UK). A SEM
(Quanta 650 FEG, FEI company, USA) was used to obtain the
images of the nano hydroxyapatite fibers. The images were
processed to establish the final fiber lengths, using Image-J
software [20]. A total of 50 fibers were included in the calcula-
tion.

2.2. Surface hardness

Twelve disc-shaped specimens in Teflon molds (8 x 2mm)
were prepared according to the instructions provided by
their manufacturers for each of the seven resin-composites
(Table 1). Each Teflon mold was placed over a clear Mylar strip
with glass slides (1mm in thickness) on each side and then
squeezed together. A LED curing unit with measured average
tip irradiance of 1200 mW/cm? (Elipar S10, 3M Espe, Seefeld,
Germany) was applied directly to the specimen for 20 s. Irradi-
ance was verified through the use of a calibrated radiometer
every time the light curing unit was used (MARC™ Resin Cal-
ibrator, Blue-light Analytics Inc, Halifax, NS, Canada). Each
specimen was subsequently taken from its mold and finished
gently on both sides once preparation was complete. For each
group a new batch of polishing discs (coarse, medium, fine);
were used to remove any excess at the sides of the specimens
(OptiDisc; Kerr Hawe SA, Bioggio, Switzerland) using a hand
piece (15,000 rpm). Specimens of each material were assigned
to one of two groups (n=6) of solvents: distilled water, or 75%
ethanol/water.
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Table 1 - Composition of Materials investigated according to manufacturer’s information.

i Manufacturer Lot number Type and shade Allerioad Filler type Resin matrix
Code Name Vol% Wit%
NPU NovaPro Nanova Inc, 30001 Nano-fibre reinforced, — 77 Barium borosilicate Bis-EMA,
Universal Missouri, USA nano-hybrid glass, hydrophobic TEGDMA, UDMA
amorphous silica,
hydroxyapatite
fibers.
Conventional
A2 shade
NPF NovaPro Flow Nanova Inc, 2001 Nano-fibre reinforced, ---- 60 Barium borosilicate Bis-EMA,

Missouri, USA nano-hybrid

glass, hydrophobic
amorphous silica,

TEGDMA, UDMA

hydroxyapatite
fibers.
Flowable
A2 shade
EVX ever X Posterior GC Corporation, 1701101 Fibre reinforced BulkFill 53.6 74.2 E-glass short fibers, Bis-GMA,

Tokyo, Japan

Universal shade

XTE Filtek Supreme 3M ESPE, St.Paul N836906
XTE USA

Nano-hybrid

Conventional

A2 shade
XTF Filtek Supreme 3M ESPE, St.Paul N522058 Nano-hybrid

XTE Flowable USA

Flowable
A2 shade
FBF Filtek Bulk fill 3M ESPE, St.Paul N838840 Nano-hybrid
USA
Bulk fill
A2 shade
FBO Filtek One Bulk 3M ESPE, St.Paul N859232 Nano-hybrid
fill USA
Bulk fill
A2 shade

barium borosilicate TEGDMA, PMMA
glass particulate

63.3 78.5 Zirconia filler Bis-GMA,
Bis-EMA, UDMA,
PEGDMA
Silica fillers/zirconia
and silica clusters
46 65 Zirconia filler Bis-GMA,
BisEMA, TEGDMA
Silica fillers/Zirconia
and silica clusters
58.4 76.5 ytterbium DDDMA, UDMA,
tytterbium trioride =AUDMA
and zircon silica
58.4 76.5 Ytterbium DDDMA, UDMA,

tytterbium trioride =AUDMA

and zircon silica

Bis-GMA: bisphenol-A-diglycidyl dimethacrylate; Bis-EMA: bisphenol-A-polyethylene-glycol-diether dimethacrylate; TEGDMA: triethylene gly-
col dimethacrylate; PMMA: polymethyl methacrylate; UDMA: urethane dimethacrylate, DDDMA (1, 12-dodecanediol dimethacrylate), AUDM:

aromatic urethane dimethacrylate.

The specimens were measured 1h after irradiation using a
Vickers Micro-hardness Instrument (FM-700, Kawasaki, Kana-
gawa, Japan), and then again after being solvent stored in
the dark at 37 +1°C for one and 30 days. Vickers hardness
(VHN) was determined using aload of 300 gat 23+ 1°Cfor 15s.
At each time interval three indentations were made on each
specimen equal distances apart, and 1 mm adjacent indenta-
tions and specimen margins (Fig. 1).

2.3. Fracture toughness

For each of the materials, a polytetrafluoroethylene (PTFE)-
lined brass mold was used to produce 12 single edge notched
(SEN) specimens. The mold conformed to British Standard
54,479:1978 [21]. The specimens were photo-polymerised for
a total of 120s, by a LED curing unit (as mentioned above).

Six overlapping areas of irradiation were utilized along the
length of the specimens. Small volumes of composite excess
at the edges of the specimen were removed using 320-grit
metallographic papers before being stored in small bottles of
distilled water and placed in an incubator at 37°C. Using a
stereomicroscope (EMZ-5; Meiji Techno Co. Ltd. Japan), at 1.5x
magnification, the crack length was measured for each spec-
imen to an accuracy of 0.1mm. The specimen dimensions
were measured using an electronic digital caliper (Power-
fix, OWIM GmbH & Co., KG, Germany) with an accuracy of
0.01mm. The width and height were measured at the cen-
ter of the sample and at two different points. The fracture
toughness (Kic), were measured by flexural loading with a
Universal Testing Machine (Zwick/Roell-2020, 2.5 kN load cell)
at 23+ 1°C. Each beam specimen was subjected to a central
load, in a three-point bending mode, at a crosshead speed of
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Fig. 1 - The ca.1 mm distance between Vickers indentations
with 9 indentations per specimen.

Specimen

Fig. 2 - Specimen on the measurement jig of the Zwick
UTM instrument (Plunger head measurements 7 mm length
and 1.2mm in width).

1.0mm/s, until each specimen’s fracture point was reached
(Fig. 2).

From the load values at fracture, fracture toughness was
calculated through the following formula [22]:

PL
W} Y (1)

Kic = [
Fracture toughness equation.

P=load at fracture, B =thickness of the specimen

L =distance between the supports, Y = calibration function
for given geometry

W =width of the specimen, a=notch length

Y = [2.9(a/w)Y? — 4.6(a/w)*? +21.8(a/w)>/% — 37.6(a/w)’/?

+38.7(a/w)*?]

Table 2 - Measured fiber lengths.

Fibre length

8-50 pm 50-103 pm
Fibre lengths grouped by 24.3 71.6
average length (um).
Fibre lengths grouped by 64% 36%
percentage values (%).
2.4. Scanning electron microscopy (SEM) of fractured

specimens

Specimens were vacuum sputter coated for 2 min with 60/40
Au/Pd alloy to produce a 10 nm layer thickness (Q150T ES, Quo-
rum technologies, UK). Then the fracture microstructure was
observed for the fiber reinforced composites (EVX and NPU)
using a Quanta 650 FEG-SEM (FEI company, USA).

3. Statistical analysis

3.1. Micro-hardness

Data for all groups were collected and analyzed statistically
using SPSS 22.0 (IBM SPSS Statistics, SPSS Inc., New York, USA).
Three-way ANOVA, one-way ANOVA, and Tukey post hoc test
(¢=0.05) was performed to identify the interaction between
the materials, solvent, and time (independent) and the hard-
ness (dependent). Levene’s test of homogeneity was used to
analyse all data for equal variances, following the assumption
of equal variance.

To investigate the relationships between hardness and
filler loading Quadratic regression analysis was performed.

3.2 Fracture toughness

Data for all groups were collected and analysed statistically
using SPSS 22.0 (IBM SPSS Statistics, SPSS Inc., New York,
USA). Two-way ANOVA, one-way AVOVA and Tukey post-hoc
tests («=0.05) was performed to identify differences in K¢
(dependent variable) between different materials and time
(independent variables). An independent t-test was utilized
for each material and time point (1 d vs 7 d).

4. Results
4.1. Fiber length measurements

The measured length of the nano hydroxyapatite fibers
in NovaPro Universal composite varied between 8 pm and
103 pm (average 41 pnm). 64% of them ranged between 8-50 pm
(with average length in this group being 24.3 um), whereas 36%
were between 50-103 pm (with average of 71.6 um). Results are
presented in Table 2.
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Table 3 - Vickers hardness VHN (standard deviation) of resin-composites after 1h dry, and 1d, 30 d storage in two

solvents at 37 °C.

Materials Distilled water 75% ethanol/water
Dry 1D 30D Change% Dry 1D 30D Change%
NPU 55.3 (1.4)21 58.5 (1.7)>! 55.6 (1.5)*! +0.5% 56.8 (1.1)1 53.2 (1.8)1 49.6 (1.7)b1 —12.6%
NPF 33.9 (1.5)22 36.1 (1.6)>2 32.8 (1.2)*2 -3.2% 34.0 (2.5)*? 27.5 (2.1)P2 24.7 (1.7)P2 —-27.3%
EVX 54.5 (2.0)21 54.4 (1.1)>3 47.7 (1.6)>3 —12.4% 54.4 (2.1)21 41.1 (2.3)>3 38.7 (1.2)°3 —28.8%
XTE 67.8 (1.6)23 69.1 (2.2)24 62.5 (1.8)>4 ~7.8% 68.1 (1.3)33 57.8 (2.2)>* 52.7 (0.9)%* —22.6%
XTEF 36.2 (1.6)*2 37.3 (1.5)*° 33.1 (1.3)>° —5.8% 36.1 (1.3)22 32.4 (2.1)P5 29.5 (1.8)P5 —18.2%
FBO 47.4 (1.5)° 50.8 (1.3)>6 47.8 (1.9)22 +0.8% 46.9 (1.9)>* 44.2 (2.1)P6 39.4 (1.1)%3 -16.9%
FBF 483 (0.9)*° 52.4 (1.2)b36 48.1 (1.5)*3 —0.4% 47.6 (1.8)24 43.4 (2.3)b6 38.5 (1.9)°3 —~19.1%
For each solvent the same superscript letters indicates no significant difference (p>0.05).
NB each solvent is treated statistically independent.
At each time interval same number superscripts indicates no significant difference (p>.
A: Water B: 75 % Ethanol 25% Water
80 - 80 -
1hd
E 1d i C—J 1hdry
— . - 14 =
. 30d
60 60 -
T i T
P M xI T
z z
T 0 L 40
20 4 20 A
0 8 Ll L 0 - . s

T T T T T

NPF XTEF FBO FBF EVX NPU XTE

Material

Fig. 3 - Vickers hardness (VHN) of resin-composites after 3
time intervals stored in water, 1h dry, 1d and 30 d at 37°C
showing minimal reduction.

4.2. Micro-hardness

VHN data are presented for each of the composites in Table 3;
Figs. 3 and 4 give a graphical representation. At baseline (1h
dry storage), VHN ranged between 33.9 and 67.8, reducing to
between 24.7 and 52.7 after ethanol/water ageing. The highest
VHN, both prior to and after storage, was seen in XTE, fol-
lowed by NPU, and finally NPF, which had the lowest VHN.
In specimens stored in 75% ethanol/water, VHN was signif-
icantly influenced by the ageing period (decrease in VHN),
where baseline readings (1h) were considerably higher than
VHN measured over subsequent time periods (p <0.05). VHN
reduction ranged between 12.6% for NPU, to 28.8% for EVX.
Conversely, specimens stored in water exhibited increased
surface hardness after 24h storage, with the exception of
EVX for which no changes were observed. Nevertheless,
following 30 days storage these values were significantly
lower compared to 1 day measurements (p<0.05), with the
exception of NPU for which no significant changes were
observed.

T T T T T T T

NPF XTEF FBO FBF EVX NPU XTE

Material

Fig. 4 - Vickers hardness (VHN) of resin-composites after 3
time intervals stored in 75% ethanol/water at 37 °C., 1h dry,
1 day and 30 days, showing significant reduction.

There was a positive quadratic relationships between
micro-hardness and, filler loading, 0, with r> = 0.97 for baseline
data (Lh dry storage), r?=0.95 for water storage and r?=0.95
for ethanol/water storage (Fig. 5).

4.3. Fracture toughness

Kic values for the composites are presented in Table 4 and
shown graphically in Fig. 6. Ki¢c ranged from 0.96 to 2.14 M.Pa
m®> There were statistically significant differences between
resin-composites (p <0.05). EVX showed the highest Kj¢, while
NPF showed the lowest (after both 1 and 7 days storage).
Although mean Kj¢ increased numerically with storage time,
except for EVX, there was no statistical significant change
over time for the materials studied. However, there were sta-
tistically significant differences in Kjc between the materials
(p<0.05)
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Fig. 5 - Quadratic regression analysis of micro-hardness
(VHN) and filler loading wt%.

Table 4 - Fracture toughness (standard deviation) of
resin-composites measured.

Fracture toughness Kic (M.Pa. m%°)

Materials
1D 7D

NPU 1.23 (0.14)2 1.27 (0.15)24
NPE 0.96 (0.09)° 0.98 (0.13)°
EVX 2.14 (0.16)° 2.10 (0.18)®
XTE 1.37 (0.23) 1.39 (0.17)?
XTEF 0.97 (0.08)° 1.02 (0.08)°
FBF 1.46 (0.17)? 1.58 (0.30)2¢
FBO 1.45 (0.09)? 1.47 (0.12)

The same superscript small letters indicate a homogeneous subset
(columns) (p>0.05).

(]

14
. 7

M pa m’$

05 4

00

NPF XTEF NPU XIE FBO FBF BX

Materials

Fig. 6 — Fracture toughness (standard deviation) of
composites after 1 and 7 days storage in water at 37 °C.
The same superscript small letters indicate a homogeneous
subset (columns) (p > 0.05).

/i
7

ag @| det sot‘ WD | HFW
75 x SED | 3.0 [11.2 mm|1.99 mm

Fig. 7 - Image obtained in back scattered electron mode
(x75) at a fracture site in the fiber reinforced
resin-composite (everX ™) with protruding E-glass fibers.

4.4, SEM examination

Arepresentative SEM micrograph of EVXis presented ata mag-
nification of 75x (Fig. 7). Protruding fiber ends are apparent at
the point of fracture of the single-edge-notched-beam speci-
men. In Fig. 8, showing NPU at a magnification of 3000x, an
extracted hydroxyapatite fiber bundle is seen. These hydrox-
yapatite fibers had a mean length of 41 pm, within the range
shown in Table 2. The combination of particulate fillers and
fibers are visible in the SEM-micrographs of the NPU composite
surface.

5. Discussion
5.1. Micro-hardness

The first part of this study reported the effect two different sol-
vents (water, 75% ethanol/water), on Vickers hardness of resin
composites. Significant effects on hardness were observed
according to materials, storage medium, and time (p <0.05).
Therefore, the first and second null hypotheses were rejected.

Several resin-composite factors can affect hardness includ-
ing filler size, shape and fraction in the inorganic phase.
Hardness generally increases with filler content [23,24]. This
is physically understandable since, as the volume-fraction
of filler increases, the point is reached where particles are
mutually in contact within the matrix. Beyond this point
stress is transferred across the material predominantly via
(hard) particle-particle interactions. This results in non-linear
dependence of modulus, hardness and related properties with
filler content, as seen in Fig. 5. Hardness is also influenced by
the specific composition and structure of the organic matrix
[25]. However, the physical and mechanical properties of a
resin-composite can be weakened through chemical soften-
ing. The chemical composition of a resin-composite and the
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Fig. 8 - A: Image (x3000) of extracted hydroxyapatite fiber
bundles from fiber reinforced resin-composite
(Novopro-fill™). B: Image obtained in back scattered
electron mode (x4000) at fracture site from fiber-reinforced
resin-composite (Novopro-fill™),

media to which it is exposed can therefore have a considerable
effect on its properties [4].

This study reported the effect of food-simulating sol-
vents on Vickers micro-hardness of resin-composites (distilled
water, 75% ethanol/water). The top surface of the specimen
was selected to measure the surface hardness. The irradiance
generally reduces through the bulk of composite, owing to
light being scattered by filler particles and resin matrix [26].
Thus, the top surface provides an optimum measurement due
to the photo-irradiation tip of the light cure unit focusing
directly on the surface.

Water sorption usually increases with resin content
and monomer hydrophilicity [27]. The effect of diffusion-
controlled water sorption first causes a softening of the matrix

at the surface, with time needed for water to penetrate
through the material bulk [28,29]. This effect is enhanced for
certain monomers, but has also been shown to be enhanced
in composites with less filler concentration [30].

The surface hardness of all the restorative materials after
1 day of storage in distilled water increased relative to the
baseline hardness. This is most probably due to additional
monomer post-curing via cross-linking reactions in the resin
phase over time. However, storage for 30 days in distilled water
decreased surface hardness of the restorative materials. This
will be due to water acting as a plasticizing molecule within
the composite matrix, causing a softening of the polymer resin
component by swelling the network and reducing the forces
between polymeric chains [31]. However, in 75% ethanol/water
storage, a significant reduction was seen in VHN between
1 and 24h and continuing over 30 days. This finding is in
agreement with previous studies that reported a significant
reduction in hardness after 1 day storage in ethanol [15]. The
ethanol/water solution may degrade the resin and matrix/filler
interface, as it easily diffuses and swells the resin matrix
relieving tensile stress near the matrix/filler interface, which
increases diffusion and leaching [32,33]. Decreases in surface
hardness and wear resistance after storing resin-composites
in ethanol have been ascribed to chemical softening influ-
ences [34].

EVX s a glass fiber reinforced resin-composite. VHN of EVX
after 30 days reduced by 9% in water and by 29% in 70:30
ethanol: water. This VHN reduction is most probably due to
hydrolytic disruption between the matrix and the glass fibers.
Glass fiber reinforced composites absorb more water than
conventional composites, which may also be related to the
hydrophilicity of the polymer network [4,35,36].

In this study, a positive correlation between VHN and
filler loading was confirmed. This is in agreement with sev-
eral studies concerned with filler loading [24,37,38]. NPF and
XTEF materials had the lowest VHN — evidently due to their
low filler loading. Some nano-hybrid resin based materials
have shown good mechanical properties [39]. The three nano-
hybrid composites used in this experiment (XTE, FBF and
FBO) showed a VHN reduction circa 20% after 30 days of
ethanol/water storage. NPU is a hydroxyapatite fiber rein-
forced resin-composite, which had the least reduction (12%) in
VHN among all the investigated materials after storage in 75%
ethanol/water. This might be due to the high filler load with
a hydrophobic resin matrix compared to the other materials.
The main resin constituents of NPU are Bis-EMA and UDMA,
which have demonstrated better degradation resistance dur-
ing chemical aging [40].

5.2. Fracture toughness

For a long time, secondary caries has been reported as the
most common reason for posterior resin-composite failure [3].
However, other studies have demonstrated that the most com-
mon reason for replacement of posterior restoration after five
years is bulk fracture of the composite filling [41]. Restoration
fracture has also been indicated as the main cause of failure in
composite fillings used in larger cavities for periods of 11 years
or longer [42,43]. A meta-analysis carried out on posterior
resin-composite restorations found that a minimum of 5% of
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restorations will fail from material fracture within a ten-year
observation period [44]. The measurement of fracture tough-
ness is, therefore, a worthwhile and often-used technique to
characterize a material’s resistance to fracture [45]. K¢ varied
significantly within the total set of materials (p <0.05). Accord-
ing to the method of application of these resin composite, they
can be categorised into one of three bands: conventional com-
posites (NPU and XTE), with K¢ being 1.23 and 1.37 M.Pam®> ;
bulk fill composites (EVX, FBO and FBF), with the highest value
being 2.14M.Pa m®> for EVX; and lastly, flowable composites
(NPF and XTF), with K;c 0.96 and 0.97 M.Pa m®>, respectively.
Therefore, the third null hypothesis was rejected. However,
there were no statistically significant differences in fracture
toughness from 1 to 7 days water storage. Therefore, the fourth
null hypothesis was accepted.

The Single-Edged-Notch (SEN) beam method [46,47] was
chosen to determine fracture toughness in the current
research. Such specimens are particularly sensitive to the
depth and width of the notch [46] which makes it difficult to
make direct comparisons between studies. Within this study,
however, genuine differences in fracture behavior of resin-
composites could be established as specimen preparation and
measurement conditions were constant.

Storage in water, even in the short term, can lead to deteri-
oration in mechanical properties regardless of material type.
One possible exception to this was the Work of Fracture [16].
Hydrolysis of bonds between filler and matrix is a potential
mechanism for degradation by water [48-50]. A toughening
effect can also occur due to the aqueous plasticization of the
resin matrix [16], that may enable the specimens to be more
compliant before fracturing. However, swelling and deterio-
ration of the cross-linked matrix within the composite, the
leaching of components, and filler-matrix interface hydroly-
sis will ultimately result in a decline in mechanical properties
[16,51]

While prior research has identified a positive association
between Kjc and filler load [16,52,53], other studies of dental
composites have seen an increase in the K¢ with filler load up
to 55 vol%, followed by a decline of K¢ with filler loads exceed-
ing 55 vol% [23,54]. The volume-fraction in the present study
is not reported for some of the materials, and therefore the
effect cannot be established. The shape, size, and distribution
of filler particles are also relevant for mechanical properties
[55].

In the present research, an improved resistance to crack
propagation was seen in EVX, evidently due to this mate-
rial’s fiber and matrix-related properties. EVX contains fibers
which are longer than the critical fiber length [56-58] which
are more effective in transferring stress from the matrix. EVX
has a semi-interpenetrated network (SIPN) matrix type, in
which the existence of thermoplastic PMMA chains reduces
the stiffness of the Bis-GMA monomer. These specific features
may improve the flexural properties of the composite mate-
rial and enhance its resistance to fracture development. These
results are in agreement with extant literature on the topic
[57-59]. The fiber length distribution of NPU fiber-reinforced
composite was determined as between 8 and 103 um, with two
thirds of these fibers up to 50 um and one third up to 100 pm.
This contrast with the length of the EVX fibers (1000-2000 pm)
may explain why EVX exhibited superior fracture toughness

to NPU. This is consistent with a recent study of NPU showing
that its mechanical properties were not significantly different
from particulate filled composites [60]. Furthermore, bundling
of the hydroxyapatite nanofibers starts to occur when the
hydroxyapatite nanofiber mass fraction reaches 10 wt% [61].
At a hydroxyapatite nanofiber mass fraction of 20 wt%, the
number of nanofiber bundles increased enough to create weak
points in the dental resin matrix, resulting in decreased flex-
ural strengths. Nanofiber bundling was also apparent in the
SEM images of NPU (Fig. 8A and B).

High Kjc has been seen for both FBO and FBF, which are
bulk-filled nano-composites. This could be due to reduced
flaw-density, reduced flaw-size or an increase in monomer
conversion [62]. Kic can also be increased in nano-composites
through enhanced bonding at the filler-matrix interface and
through high strength filler and an increased surface area
to volume ratio [63]. Increasing the fracture resistance and
strength of the matrix will also increase the resin-composite
fracture toughness.

6. Conclusion

Within the limitations of this study it was concluded that:

o A glass-fiber reinforced resin composite (EVX) showed the
highest K¢ while NPF, XTEF (flowable composites) had the
lowest Kic.

e Reduction in surface hardness of EVX glass fiber reinforced
composite in food simulating solvent (75% ethanol 25%
water) supports the manufacturers’ recommendations to
cap this material with a conventional resin composite.

o The composite composition and the particular solvent envi-
ronment both affect degradation of material properties.
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