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Influence of Short Fiber-
Reinforced Gomposites
on Fracture Resistance
of Single-Structure
Restorations

ABSTRACT

Objective: The aim was to determine the load-bearing capacity of anterior crowns
prepared using two types of single-structure short fibre-reinforced composites (SFRCS).
Furthermore, fracture toughness (FT), flexural strength (FS) and flexural modulus (FM)
of tested composites were measured. Methods: Seven groups of composite crowns
were designed for an upper central incisor (n=8/group). Two groups were CAD/CAM
fabricated made of Cerasmart 270 and experimental single-structure SFRC blocks. Two
groups were 3D-printed made of GC Temp PRINT and Pro3dure GR-17 composites. Two
groups were made of conventional light-cured composites (Essentia and Gradia Plus).
The last group was a single-structure SFRC made of commercial flowable SFRC (everX
Flow). Crown restorations were loaded until fracture. Failure-modes were then visually
examined. FT, FS and FM were determined for each tested composite (n=8). The data
were analysed using analysis of variance (p=0.05) followed by Tukey’s post-hoc test. Re-
sults: ANOVA revealed that crowns made of experimental SFRC blocks had significantly
higher load-bearing capacities (1650 =230 N) (p<0.05) among all the groups tested. Ex-
perimental SFRC blocks exhibited the highest FT (2.9 MPa m"2) and FS (245.8 MPa) val-
ues (p<0.05) among tested composites. Conclusion: CAD/CAM fabricated restorations
made of experimental SFRC blocks demonstrated encouraging performance related to
their fracture-behaviour.

oooooooooooooooooooooooooooooooooooooooooooooooooo

INTRODUCTION

The practice of metal-free dentistry is growing due to changing medical
and aesthetic preferences. Medically, concerns have been reported about
adverse effects initiated by metal alloys."” Aesthetically, increased attention
on a pleasing aesthetic appearance increases the desire for metal-free
restorations, even in the molar teeth.? All-ceramic crown restorations
have been developed to improve aesthetic appearance, which is often
better without the underlying metal. However, all-ceramic restorations
have some disadvantages. They are brittle and expensive, require more
tooth reduction, require a complicated bonding procedure, and might
cause abrasive wear of antagonist dentition.>* A preferable alterative
to all-ceramic crown restorations is achieved with indirect composite
restorations. Different from ceramics, composites are relatively cheap,
easy to construct, and promote less wear of the opposing dentition.*®
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Many studies have been focused on the clinical performance
of composite crown restorations made by either the manual
build-up technique or computer-aided design computer-aided
manufacturing (CAD/CAM) technique.”® The major cause for
failure in all studies was a catastrophic fracture, implying that
the toughness of composite crown restorations is a critical
property for achieving a good clinical result. The brittleness
of composites is caused by a low resistance to crack extension
and in most cases these materials fail due to unstable crack
propagation.’®!

Load-bearing capacity and deformation of restorative com-
posites have usually been assessed by measuring the ba-
sic material parameters of fracture toughness and flexural
strength and modulus.' Fracture toughness is a mechanical
characteristic that explains the resistance of brittle materials
to the crack growth under functional load. Hence, it describes
destruction tolerance of the material and can be seen as a
measure of fatigue resistance.’® Many authors in the literature
have stated that materials which have high fracture toughness
has the ability to better resist crack propagation and thus, the
property of fracture toughness has become an important cri-
teria in a dental composite’s durability.”'3

Research has been conducted to find ways of improving the
toughness and durability of final large composite restorations.
Until this time, composites reinforced with short randomly
oriented glass fibres (SFRCs) are interesting materials because
of their improved fracture toughness and ability to arrest
crack propagation.''4'> Earlier, the application of SFRC for
single-structure restorations has been discussed,’"” and
the multi-directional fibre orientation of SFRC exhibited an
isotropic reinforcing effect. In other words, the strength of
the SFRC is not related to the direction of the fracture force.
Nevertheless, SFRC has not been well analysed in view of
its application as a restorative material for single-structure
restorations.

Thus, it was hypothesised that single-structure SFRC restora-
tions, i.e. either made of experimental SFRC CAD/CAM block
or manually built-up commercial SFRC, would have sufficient
strength for anterior single-structure restorations. Thus, the
purpose of the present study was to determine the static
load-bearing capacity of anterior single-structure SFRC resto-
rations under in vitro loading conditions. The comparison was
defined using recently available major restorative composite
materials, including flowable (direct/indirect) particulate filler
composites (PFCs), CAD/CAM composite block and 3D-printed
composites. Furthermore, it was hypothesized that, fracture
behaviour of single-structure restorations can be influenced
by fracture toughness values of composite materials.

MATERIALS AND METHODS

The materials used in this study are listed in Table 1.

Table 1. The composite materials used in the study

Material (type) Manufacturer Composition

UDMA,
dimethacrylate,
inorganic fillers (71
wt%), Prepolymerized
fillers (6 wt%)

Gradia Plus (Lab) GC Corp,

Bis-MEPP, UDMA,
DMA, Silica (20
nm), barium glass
(300 nm) 71 wt%

CERASMART 270

(CAD/CAM) GC Corp,

UDMA, BisEMA,
BisGMA, TEGDMA,
Bis-MEPP,
Prepolymerized
silica and barium
glass 81 wt%

Essentia Universal

(Chair-side) L Lt

UDMA,
dimethacrylate,
inorganic silica
fillers < 25 wt%

TEMP PRINT

medium (3D) GC Corp,

Bismethacrylate

GR-17 temporary and dimethacrylate

Pro3dure Medical,

(3D) monomers, silicon
dioxide < 50wt%
UDMA, TEGDMA,
SFRC Block Experimental Short glass fiber (200-
(CAD/CAM) P 300 pm & @7 pm),
Barium glass 77 wt%
Bis-EMA, TEGDMA,
everX Flow UDMA, Short glass
o GC Corp, fiber (200-300 pm

& @7 pm), Barium
glass 70 wt%

Bis-GMA, bisphenol-A-glycidyl dimethacrylate; TEGDMA, triethylene
glycol dimethacrylate; UDMA, urethane dimethacrylate; Bis-

MEPP, Bis (p-methacryloxy (ethoxy)1-2 phenyl)-propane; Bis-EMA,
Ethoxylated bisphenol-A-dimethacrylate; wt%, weight percentage;
vol%, volume percentage.

CROWN FABRICATION

An experimental abutment (model) for a crown restoration
of the maxillary central incisor was cut from Cobalt Chro-
mium blank (Sintermetall, Zirkonzahn GmbH) using a CAD/
CAM device (5-TEC, Zirkonzahn GmbH). Next, the abutment
was sintered in a furnace (Zirkonofen 700/UV, Zirkonzahn
GmbH) according to the product instructions. After that, the
metal abutment was embedded in a plastic tube with acrylic
resin except for 2 mm of the cervical area (Figure 1). A photo-
impression was taken of the abutment using another dental
CAD/CAM device (CEREC, Sirona Dental Systems Inc). A single-
structure crown restoration was designed, and a flat surface
was created at the incisor edge in order to adapt the loading
cell during the fracture test.

serereseeseeseaeeeeeeeeeeeeeo fracture Resistance of Single-Structure Restorations...
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Figure 1: A photograph showing test specimen and the static
load test setup.

A total of 56 single-structure composite crown restorations
were allocated to seven groups (n=8/group) according to the
fabrication methods. Two groups were CAD/CAM fabricat-
ed (CEREC) made of Cerasmart 270 and experimental SFRC
blocks. Two groups were 3D-printed made of GC Temp PRINT
and Pro3dure GR-17 composites by using a digital light pro-
cessing printer (Asiga Max UV, Asiga). Last three groups were
manually made by build-up of conventional PFC (Essentia and
Gradia Plus) and commercial SFRC (everX Flow) composites.
For these groups, a transparent template matrix (Memosil
2, Heraeus Kulzer GmbH) of an ideally contoured crown was
used to aid standardized crown restorations. The composite
pastes were packed into the space created between the index
and the abutment, followed by light curing from all directions
using a hand-light curing unit (Elipar TM S10, 3M ESPE) for
40 s per increment (wavelength of the light was between 430
and 480 nm and light intensity was 1600 mW/cm?). The light
source was placed in close contact (1-2 mm) with the compos-
ite surface. Gradia Plus restorations were further polymerised
in a light-curing oven (Targis Power, Ivoclar Vivadent) accord-
ing to the manufacturers’ instructions.

Before cementation, the inner surface of all CAD/CAM fab-
ricated and 3D-printed restorations was acid etched by hy-
droflouric acid (Pulpdent Corp) for 60 s followed by washing,
air-drying and application of primer (G-Multi Primer, GC). The
restorations were then cemented to the sandblasted metal
abutment using a metal primer (Metal Primer Z, GC) and lut-
ing cement (G-CEM linkForce, GC). Luting cement was not
used with manually made restorations and the crowns were
tightly fixed solely by resin. Prior to testing, all crown restora-
tions were polished and stored dry for 48 h at 37°C.

FRACTURE LOAD TEST

A static load was applied to the crown restorations with a
universal testing machine (Lloyd model LRX, Lloyd Instru-
ments Ltd) at a speed of 1 mm/min. The acrylic block contain-
ing the metal abutment and restoration was tightly fixed to
the inclined metal base to provide a 45-degree angle between

EJPRD
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the palatal surface of the incisal edge and the loading tip (Fig-
ure 1). In order to load onto the flat incisor surface under the
same conditions for all tested crown restorations, sheets of
aluminium foils were placed above the flat surface. The load-
ing event was registered until restoration fracture (final drop
in the load-deflection curve) and the fracture pattern for each
specimen was visually analysed by two investigators.

MECHANICAL TESTS

Single-edge-notched-beam specimens (2.5 x 5 x 25 mm?3)
according to adapted ISO 20795-2 standard methods were
prepared to determine the fracture toughness (FT). An accu-
rately designed slot was fabricated centrally in the specimen
extending until its mid-height, which enabled the crack length
(x) to be half of specimen'’s height. The specimens from each
group (n=8) were stored dry at 37 °C for 48 h before testing.
The specimens were tested in three-point bending mode, in
a universal material testing machine (Lloyd Instruments) at a
crosshead speed of 1 mm/min and data were recorded using
PC software (Nexygen Lloyd Instruments). The contact point
(compression side) of the loading tip to the specimen was at
the middle and parallel to the crack present on the tension
side (lower part).

The fracture toughness (FT) was calculated using the
equation:

Kmax = [PB%L- W3/z] @)

where:

f is a geometrical function dependent on x:

F(x)=3x %2 [1, 99— x(1-x)(2,15-3,93x +2,7x2y[2(1 +2x)(1 —x]3”2}

Here P is the maximum load in kilonewtons (kN), L is the
span length (2 cm), B is the specimen thickness in centimeters
(cm), W is the specimen width (depth) in cm, x is a geometrical
function dependent on a/W and a is the crack length in cm.

Three-point bending test specimens (2 x 2 x 25 mm?) were
made from each tested composite. Bar-shaped specimens
from each material (n=8) were stored dry at 37 °C for 48 h be-
fore testing. The three-point bending test was conducted ac-
cording to the ISO 4049 (test span: 20 mm, cross-head speed:
1 mm/min, indenter: 2 mm diameter). All specimens were
loaded in a universal testing machine and the load-deflection
curves were recorded with PC-computer software. Flexural
strength (o) and flexural modulus (E) were calculated from
the following formula:

0= 3F,1/(2bh?)
E= SB /(4bh?)

Where Fm is the applied load (N) at the highest point of the
load-deflection curve, I is the span length (20 mm), b is the
width of the test specimens and h is the thickness of the test

Copyright ©2020 by Dennis Barber Ltd. All rights reserved.
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specimens. S is the stiffness (N/m) S=F/d and d is the deflec-
tion corresponding to load F at a point in the straight-line por-
tion of the trace.

For CAD/CAM materials, bar-shaped specimens to measure
the fracture toughness (1.8 x 3.6 x 18 mm?®) and flexural proper-
ties (1.2 x4 x 14 mm?3) according to ISO 6872:2008 were verified
for the three-point bending test. The bar-shaped specimens
were prepared using a low-speed diamond saw (Struers). All
specimens were wet ground and polished by #4000-grit silicon
carbide papers at 300 rpm under water cooling using an auto-
matic grinding machine (Rotopol-1; Struers). After polishing, all
specimens were stored and tested as mentioned earlier.

MICROSCOPIC ANALYSIS

Scanning electron microscopy (SEM, LEO) provided the char-
acterisation of the microstructure of the investigated materi-
als. Polished specimens (n=2) from each material were stored
in a desiccator for one day. Then, they were coated with a gold
layer using a sputter coater in a vacuum evaporator (BAL-TEC
SCD 050 Sputter Coater) before the SEM examination. SEM
observations were carried out at an operating voltage of 8 kV
and working distance of 13 mm.

STATISTICAL ANALYSIS

The data were analyzed using SPSS version 23 (SPSS, IBM
Corp.) using analysis of variance (ANOVA) at the p<0.05 sig-
nificance level followed by a Tukey HSD post hoc test to de-
termine the differences between the groups. Pearson’s cor-
relation coefficient was calculated to examine the relationship
between the investigated mechanical properties of the mate-
rials and the fracture load of the crown restorations.

RESULTS

The mean (+ SD) fracture load values of the crown restora-
tions are given in Figure 2. ANOVA revealed that crown restora-
tions made of experimental SFRC blocks had significantly high-
er load-bearing capacities (1650 +230 N) (p<0.05) among all
the groups tested. No statistically significant differences were
found in the load-bearing capacities between crowns made by
3D-printing technology and those manually made of plain PFCs
(Figure 2). ANOVA showed that crowns made of flowable SFRC
(everX Flow) had a statistically significantly higher load-bearing
capacity (1310 £397 N) than restorations made of conventional
PFCs (p<0.05). No statistically significant differences (p>0.05)
were found between restorations made of SFRC (everX Flow)
and those made of CAD/CAM composite block (Cerasmart 270).

Fracture toughness, flexural strength and flexural modulus
mean values for tested composite materials with standard
deviations (SD) are summarised in Figures 3-5. Experimen-
tal SFRC blocks exhibited the highest FS (245.8 MPa) values
(p<0.05) and FT (2.9 MPa m'?) which was not significantly dif-
ferent (p>0.05) from everX Flow (2.8 MPa m'?2).

Experimental SFRC blocks presented also the highest FM
(14.7 GPa) which was not significantly different (p>0.05) from
PFC (Essentia, 12.9 GPa). Visual inspection revealed splitting
fracture pattern for all crown restorations.

The regression analysis (Figure 6) demonstrated a relatively
linear relationship between fracture toughness values and
load-bearing capacity (R? =0.7437, p<0.05) and not for flexural
strength (R? =0.4653) and flexural modulus (R? =0.2699) values.

SEM analysis presented the microstructure of each tested ma-
terial with different fibres and particulate filler size and shape
in the polymer matrix (Figure 7). This proposed an explanation
for the varying performance between the tested materials.

DISCUSSION

In the present study, the experimental SFRC CAD/CAM block
and commercial flowable SFRC (everX Flow) consisted of the
same quantity of discontinuous short glass fibres with a diam-
eter of 6 ym and length in range of 200-300 pm.?° The SFRC
has earlier been reported to reveal high load-bearing capac-
ity and fracture toughness.''>9 Thus, we hypothesised that
SFRC could withstand the forces required for anterior crown
restorations made either of manually veneered SFRC or ex-
perimental SFRC CAD/CAM blocks.

The results of the loading test support our hypothesis be-
cause SFRC restorations presented a significant improvement
in load-bearing capacity and fracture toughness when com-
pared with other composite materials (Figure 2). The reinforc-
ing effect of the glass fibre is based on the stress transfer from
the polymer matrix to the glass fibre, along with the behav-
jour of the crack stopper within individual pieces of glass fi-
bre. Consequently, single-structure SFRC restorations showed
higher fracture behaviour than other particulate-reinforced
composites that have recently become available (CAD/CAM,
3D-printed and manually veneered groups). Our results are
in line with that of Nagata et al., and Garoushi et al., who pre-
sented a high fracture resistance of anterior composite resto-
rations containing short discontinuous glass fibres.”2°

Interestingly, the fracture load of the experimental SFRC
CAD/CAM restorations was significantly higher than that of the
commercial veneered SFRC (everX Flow), although the glass
fibre content was similar (Table 1). This could be attributed
to the difference in particulate filler inclusion, which result-
ed in improved mechanical properties of experimental SFRC
CAD/CAM composite (Figure 7). Another possible reason, ex-
perimental SFRC CAD/CAM blocks were well polymerised with
photo-curing and heat-curing, while the veneered SFRC was
polymerised using hand photo-curing without heat-curing.
Consequently, the experimental SFRC CAD/CAM blocks had
better mechanical properties than the veneered SFRC in the
present study.

serereseeseeseaeeeeeeeeeeeeeo fracture Resistance of Single-Structure Restorations...
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Load (N)

TEMP PRINT GR-17 Essentia U Gradia Plus Cerasmart 270 everX Flow SFRC Block

Figure 2: Mean values of load-bearing capacity (N) and standard deviation (SD) of tested restorations. The
same letters inside the bars represent non-statistically significant differences (p>0.05) among the materials.

3,5 —

3,0 —

2,5 —

2,0 —

MPa m1/2

1,5 =

1,0 5

0,5 —

0,0 -
TEMP PRINT GR-17 EssentiaU Gradia Plus Cerasmart 270 everX Flow SFRC Block

Figure 3: Bar graph illustrating means of fracture toughness (KIC) and standard deviations (SD) of
investigated composites. The same letters inside the bars represent non-statistically significant differences
(p>0.05) among the materials.
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300 —

250 —

TEMP PRINT GR-17 EssentiaU Gradia Plus Cerasmart 270 everX Flow SFRC Block

Figure 4: Bar graph illustrating means flexural strength (MPa) and standard deviations (SD) of
investigated composites. The same letters inside the bars represent non-statistically significant
differences (p>0.05) among the materials.

18 —

16

GPa

TEMP PRINT GR-17 EssentialU Gradia Plus Cerasmart 270 everX Flow SFRC Block

Figure 5: Bar graph illustrating means flexural modulus (GPa) and standard deviations (SD) of
investigated composites. The same letters inside the bars represent non-statistically significant
differences (p>0.05) among the materials.
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Equation y=a+b*x
Plot FT
3,5 - | weight No Weighting
Intercept -0,00633 + 0,17679
| | slope 0,0017 + 1,57445E-4 u
Residual Sum of Squares 7,17225 - |
Pearson's r 0,86243 | |
3,0  |R-square(cOD) 0,74379
Adj. R-Square 0,73739
||
2,5 — u
= q
L
2,0 -
1,5 —
1,0 —
0!5 L] I L I ) l L] I L I L] I L I L l 1
400 600 800 1000 1200 1400 1600 1800 2000
Load

Figure 6: Linear regression between measured fracture toughness (MPa m'?) of the materials and the load-bearing

capacities (N) of tested specimens.

Although 3D-printed composites have low particulate filler
content and thus intended for interim clinical use, no dif-
ferences were found in the load-bearing capacities between
crowns made by 3D-printing technology and those manually
made of plain PFCs (Figure 2). Previous studies with compos-
ites have shown that critical strain energy release rate can be
improved with the inclusion of a certain filler-volume fraction,
but further than the critical filler content, the energy release
rate reduces.?"?? Therefore, there may exist a most favourable
filler-volume fraction and filler particle size that could create
an optimal critical stress-intensity factor and this might justify
why there was no significant difference for most of the tested
mechanical properties among 3D-printed composites (with
low filler content) and those high filled PFCs (Figure 7).

Visible light with adequate intensity and wavelength and for
a sufficient curing time are critical for adequate polymerisa-
tion of photo-polymerised composites.?®

Generally, our results are in agreement with previous in vitro
studies, which showed that additional post-curing resulted in
increased mechanical properties of composite materials by
improving the degree of monomer conversion.'** Though,
certain differences could also be justified as a result of

EJPRD
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differences in polymer matrices and the filler content of the
materials we used.

In the present study, the experimental SFRC blocks exhibited
a significantly higher fracture toughness (2.9 MPa m'?) and
high flexural strength and modulus values than other tested
composites (Figure 3). And this is in accordance with previous
studies, which showed superior fracture toughness of flow-
able SFRC than PFC composites.'>1925

For restorative material evaluation, a number of mechani-
cal properties could be considered. The mechanical tests used
in this study followed the well-established and widely recog-
nised test method described in the ISO standard.?® Fracture
toughness and flexural properties were selected as they de-
scribe the responses of materials to loading and crack propa-
gation. The geometrical parameters of the 3-point bending
test specimens for restorative composites (ISO 4049:2009)
and ceramics (ISO 6872:2008) are not identical. Owing to the
size limitation of the CAD/CAM block, the geometrical param-
eters for ceramics were chosen for CAD/CAM groups. The
flexural properties achieved from the two standard tests were
reported not identical, but provided similar findings.?”2°

Copyright ©2020 by Dennis Barber Ltd. All rights reserved.
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Figure 7: SEM photomicrographs of polished surface (4000 grit) of investigated materials (scale bar= 2 pm). (A) TEMP PRINT;
(B) GR-17; (C) Essentia U; (D) Gradia Plus; (E) Cerasmart 270; (F) everX Flow; (G) SFRC Block.
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In line with previous studies,> a positive relationship be-
tween fracture toughness values and load-bearing capacity
results was noticed in this study (Figure 6). As explained pre-
viously, fracture toughness describes damage tolerance and
can be designed as a measure of crack resistance of the mate-
rial, which predicts fatigue performance. As modern compos-
ite materials are brittle, they have a lack of toughness, not
strength.'

According to visual fracture pattern analysis of the of the
crown restorations, only typical splitting failure was found
among the materials used. In the present study, the fracture
loads were equally applied to the incisor edge area, which is
considered to be the most vital area of the maxillary central in-
cisor from a mechanical perspective.'” The cracks in all crown
restorations initiated at a similar point, near the flat surface
of the incisor edge area. This result may indicate that the alu-
minium foils that were placed between the restorations and
the load cell (Figure 1) offered constant loading condition.

The use of crowns prepared and tested on a metal model
could be considered limitation of this study. A metal (cobalt
chromium) model was used because it aids standardisation of
the crown abutment and the crown shape, allowing the effect
of the material type to be the only variable factor. Sakoguchi
et al., studied the influence of model (abutment) materials on
the fracture behaviour of composite crowns for premolars.>°
They showed that load-bearing values of composite crowns
mounted on metal model were significantly lower than those
mounted on resin models, despite the composite crown ma-
terial used. According to them, the load-bearing capacity of
crowns fabricated with brittle materials was affected by two
factors: bonding strength to model and matching of flexural
modulus between crown and model materials.

An oblique load (45° to the long axis of the tooth) was ap-
plied to the tested restorations, which seems to be the worst-
case scenario in relation to the load-bearing capacity of ante-
rior crowns.3' Another limitation of this investigation is that
static load to failure testing was used to determine maximal
load-bearing capacity instead of applying dynamic loading
cycles. Teeth and dental restorations are usually subjected
to low and cyclic forces instead of being impactive in nature.
However, owing to the linear relationship between static and
fatigue loading, the static test setup also gives valuable infor-
mation regarding the fracture behaviour and load-bearing
capacity.® Although the load-bearing value is typically much
higher than functional biting loads, it is still a valid method for
comparing different restorative materials.>®* Given the stated
limitations, the proposed methodology should require future
testing with cyclic loading. It should be taken into account that
commercial micrometer scale SFRC (everX Flow) is instructed
to be used as bulk base or core foundation and should not be
used as final restoration. Although, microfibers filler loading

EJPRD
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were not worsening the wear neither the gloss of the flowable
SFRC.34*> Therefore, surface and aesthetic properties such as
wear, gloss and color stability of the experimental SFRC CAD/
CAM blocks should also be evaluated in the future.

CONCLUSION

Within the limitation of this study, single-structure CAD/CAM
fabricated restorations made of experimental SFRC blocks dis-
played promising performance related to fracture-behaviour.
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*  G-Multi Primer, GC, Tokyo, Japan
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*  Rotopol-1; Struers, Copenhagen, Denmark
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