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1 | INTRODUCTION

Dental composite resins, in combination with innovative computer-aided
design/computer-aided manufacturing (CAD/CAM) and adhesive
technologies, have been widely used as an alternative restorative
material in contemporary, minimally invasive prosthodontics.>? The
main advantages of composite resins over glass-ceramics include
the low abrasiveness with respect to antagonist teeth,® a better
absorption of the functional stresses,* and favorable handling prop-
erties, including intra-oral repairability.! In addition, adequate
mechanical properties for ultra-thin bonded composite resin restora-
tions have been reported in vitro.” Clinical trials have further con-
firmed the promising performance of such composite restorations,?
suggesting their potential for use as a material that can address the
biomimetic principles of tissue preservation.®

In the past decade, indirect composite resin restorations were
fabricated with a CAD/CAM workflow using subtractive methods
such as milling.” In this procedure, a lot of material is discarded com-
pared to the amount needed for the final restoration. In addition, the
milling process is time-consuming, while its accuracy depends on the
geometry of the milling bur. In light of these concerns, three-
dimensional (3D) printing as an additive-manufacturing method for
dental composite restorations was recently proposed.® This approach
offers a reduced consumption of material, while multiple and complex
restoration geometries can be produced simultaneously, reducing
both the manufacturing time and the costs.”"1°

To achieve adequate 3D-printing outcomes, a more flowable pre-
polymerized composite resin that has a reduced amount of inorganic
filler is needed. However, the absence or a decreased amount of inor-
ganic filler lowers the mechanical properties of 3D-printed resin or
composite resin, narrowing their clinical indications to long-term
interim restorations.’* Recently, novel 3D-printed composite resins
with ceramic fillers have been marketed as materials for single-tooth
definitive restorations. Nevertheless, before these materials can be
clinically recommended, more independent preclinical and clinical data
about their long-term mechanical behavior’ are needed.

Current in vitro studies on 3D-printed resins and composite
resins are mainly limited to static tests evaluating the intrinsic
material properties such as the material strength,'*72° resilience,'”

17,20 12,15,21,22

fracture toughness, microhardness, wear,?® surface

19.22.24 3nd the modulus of elasticity.12'15'18'22 However,

roughness,
these tests do not relate to clinically relevant failure mechanisms such
as fatigue, which involves the growth of subcritical defects during cyclic
loading in a humid environment.?° Further, although 3D printing could
introduce subcritical defects that can serve as potential fracture origins,
only a few studies have conducted a fractographic analysis subsequent

14,16,18 20,26-28

to the strength testing, and none after the fatigue testing.

Therefore, the nature of the flaw population and the fracture patterns

in 3D-printed composite resins should be comprehensively investigated
using detailed fractography complementing the fatigue testing.

Fatigue strength has been shown to closely correlate with the
clinical outcomes of composite resin restorations, offering a rough
prediction of their clinical performance.?® Since there is no data
confirming the clinical indications of novel 3D-printed composite
resins proposed for definitive restorations, it would be sensible to
compare their mechanical properties, particularly their fatigue behav-
ior, with those of clinically approved milled composite resins.

A variety of composite resins with different microstructures,
often determining their specific clinical applications, have been intro-
duced and investigated. For example, nanohybrid composite (NHC)
resins, with a larger content of filler particles, have been extensively
investigated, showing promising mechanical properties, especially a
high fatigue flexural strength.2?2! In addition, polymer-infiltrated
ceramic network (PICN) materials are gaining interest from clinicians
because of their unique microstructure, which provides a favorable
elastic modulus and flexural load energy, making them an alternative
in high-occlusal-load scenarios.®? Both PICN and NHC materials have
shown promising clinical results in various indications such as inlays,>*

235 and ultra-thin occlusal veneers, 3¢

onlays,®* crowns, making them
an ideal reference for relating fatigue behavior to novel 3D-printed
composite resins and estimating their clinical performance.

Therefore, the present study aimed to evaluate the initial and fatigue
biaxial flexural strength of a novel 3D-printed composite resin intended
for definitive restorations and relate it to clinically validated milled NHC
and PICN composite resins. Furthermore, the relative strength degrada-
tion was assessed to compare the fatigue susceptibility of the tested
materials, and fractography was used to assess the fracture pattern and
fracture origins of the materials. The following research hypotheses were
investigated: (1) there were differences in the mechanical properties
(initial and fatigue biaxial flexural strengths) among the evaluated resin
composites; (2) there were differences in the fracture patterns of the

evaluated composite resins, influenced by the manufacturing method.

2 | MATERIALS AND METHODS

21 | Specimen preparation

Disc-shaped specimens with a diameter of 15 mm and a height of
1.5 mm were designed using computer-aided design (CAD) software
(FreeCAD 0.20, FPA). The specimen's geometry was prepared in accor-
dance with the previously established experimental settings®” based on
the international standard ISO 687238 The specimens were divided
into three groups (n = 50) according to the material used (Table 1):
milled from a nanohybrid composite resin (group NHC) (Grandio,

VOCO, Cuxhaven, Germany), milled from a polymer-infiltrated ceramic
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TABLE 1  Study materials.

Group Material Lot. number Commercial name Composition

3D 3D-printed composite resin 600317 VarseoSmile Crown plus 30-50 wt% inorganic fillers (particle size 0.7 um)
silanized dental glass, methyl benzoylfor-mate,
diphenyl (2,4,6-trimethylbenzoyl) phosphine
oxide

PICN Polymer-infiltrated ceramic 56560 Vita Enamic UDMA, TEGDMA (14 wt%) feldspar ceramic

network network (86 wt%)
NHC Nanohybrid composite resin 1711521 Voco Grandio 86 wt% inorganic fillers, UDMA, DMA (14 wt%)

Abbreviations: DMA, dimethyl methacrylate; TEGDMA, triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate.

network (group PICN) (Enamic, Vita Zahnfabrik, Bad Sackingen,
Germany), and printed from composite resin (group 3D) (VarseoSmile
Crown Plus, Bego, Bremen, Germany). The specimens in the NHC and
PICN groups were milled in a 5-axis computer numerical control (CNC)
milling machine (K5, vhf camfacture, Ammerbuch, Germany) under dry
conditions with a diamond tool.

The specimens in the 3D-printed group were produced by digital
light processing (DLP) in a 3D printer (Varseo XS, Bego, Bremen,
Germany). The discs were positioned vertically on the build platform
at a distance of 2 mm above the platform using nesting software
(CAMcreator; Bego, Bremen, Germany). The discs were printed with a
printing-layer thickness of 50 um. After removing them from the build
platform, the specimens were ultrasonically cleaned in 99% isopropanol,
first for 3 min of rough cleaning, followed by 2 min of final cleaning, and
then dried in an oil-free airflow. After removing the support structures,
glass bead blasting (Perlablast micro, Bego, Bremen, Germany) under a
pressure of 1.5 bar was performed to remove a white layer of unattached
filler particles. The specimens were polymerized in a curing device
(Otoflash, Bego, Bremen, Germany) for 2 x 1500 flashes. None of the
specimens were polished before testing.

The dimensions of each specimen were measured with a digital cali-
per having an accuracy of 0.01 mm. The disc diameter was measured at
two points by rotating the specimen by 90°. The thickness was assessed
at three separate points, each positioned 120° apart along a 5-mm-
diameter circumference originating from the center of the disc. The final
milled specimens exhibited a mean thickness of 1.49 + 0.02 mm, while
the 3D group exhibited a thickness of 1.48 + 0.03 mm. The specimens
were not polished since the flaws introduced during the milling and
printing procedure and their effect on the critical defect distribution
were the study's main interest. The specimens were stored in distilled
water at 37°C for 14 days before the mechanical testing.

2.2 | Initial biaxial flexural strength

The initial biaxial flexural strength (o;,) was measured using the
piston-on-three-balls method (P3B) according to the international
standard 1SO 687228 Thirty disc specimens per group were posi-
tioned on three steel balls of 1 mm diameter, 120° apart on an
11-mm-diameter circumference. The load was applied at the center of

the specimen through a flat piston in a hydraulic testing machine

(Instron 8871, Instron, Norwood, USA). After fracture, the fragments
were carefully collected and assembled. The initial biaxial flexural

strength (0;,) was calculated using the following equations®®:

—0.2387P(X —Y)

Oin = i (1)
cam@ PG
Y=(1+1)|1+1n (%)2 +(17y)(%>2 3)

where P is the failure load (in N); h is the specimen height at fracture
origin; v is the Poison's ratio (v=0.30); r4 is the circle radius of the
steel balls (5.5mm); r, is the radius of the loaded area (1.0 mm); r3 is
the specimen radius. A Poisson's ratio of 0.3 was used for all three

materials.374°

2.3 | Biaxial flexural fatigue strength

The biaxial flexural fatigue strength (o) or the residual fracture strength
was measured using the piston-on three-balls (P3B) method with the
same experimental set-up as for measuring the initial biaxial flexural
strength. Following the established testing protocol,®>*142 20 specimens
per group were cyclically loaded in the same hydraulic testing machine
(Instron 8871, Instron, Norwood, USA). The tests were conducted for
10° cycles at a frequency of 10 Hz in distilled water at 37°C, using the
staircase approach.**** The maximum stress for the first specimen was
empirically set to 50% of the measured initial strength (o;,) and was
increased or decreased by an increment of 5% of the initial strength (o)
for each successive specimen.*” If the previous specimen failed, the max-

imum applied stress was decreased and vice-versa.

24 | Fractography

Representative specimens from statically and cyclically loaded groups
were investigated under a scanning electron microscope (SEM)
(JSM-7600F, Jeol, Tokyo, Japan) to identify the fracture pattern,
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location, and size of the critical defects causing failure. Before the SEM
investigation, selected fracture surfaces were carbon coated using a
carbon filament on a Sputter Coater (SCD 050, Bal-tec, Balzers,
Liechtenstein). The representative specimen was determined from the

0ir, and oy; values closest to the mean value for each group.

2.5 | Statistical analysis

The sample size of 30 specimens for the Weibull analysis was set
according to 1SO 6872.38 The biaxial flexural strength data obtained
with the P3B test were analyzed using Weibull statistics according to
the European standard EN 843-5.% The Weibull modulus (m) and the
characteristic strength (o) were derived from a double logarithmic plot
using a maximum likelihood estimation to fit the data. The characteristic
strength (op) is the stress at a failure probability of ~63.2%, while the
Weibull modulus (m) is the slope of the regression and is a measure of
the underlying distribution of critical defects at the surface or in the
volume of the material, reflecting the material's reliability. The charac-
teristic strength (og), Weibull modulus (m), and their confidence inter-
vals were corrected using specific weighting factors taking into account
the number of tested specimens (n = 30) according to EN 843-5.4¢
The biaxial flexural fatigue strength (o¢) and its standard deviation

were calculated using Equations (4) and (5)*344:

aﬁ:Xo+d<§:ir:iiO.5> (4)
sD— 1624 | ZMEEM (S 6 0 (5)

(=)

A biaxial flexural fatigue strength analysis is based on the least fre-
quent event, where only failures or non-failures are used in the calcula-
tion. In Equation (4), the minus sign is used when the calculation is based
on the non-failures. The lowest stress level is denoted as i = O, the next
as i = 1, etc. n; is the number of failed or non-failed specimens at a given
stress level. Since the data are concentrated around the mean stress
value, 20 specimens per group are sufficient for this method.*® The dif-
ferences in the fatigue susceptibility among different materials were
assumed by comparing relative strength degradations ((0i, — 0g)/Gin). 3%

The statistical analysis was performed using statistical software
(IBM SPSS Statistics, v27.0, IBM, New York, USA). Shapiro-Wilk and

Group oin, (MPa) o¢ (MPa) Oin, — 0 (MPa)
3D 83.5 + 18.5° 37.4+238° 46.2
PICN 140.3 + 12.9° 73.5+9.9° 66.8
NHC 237.3 + 31.6° 141.3 + 3.8° 96.0

Strength degradation (%)
55.2

Levene tests were performed to assess the assumptions of the nor-
mality of the data and the homogeneity of variances. A 1-way analysis
of variance with the Welch statistic and Games-Howell post hoc test
were carried out to assess the differences in the initial biaxial flexural
strength (o;,) and the biaxial flexural fatigue strength (os) among the
groups (a = 0.05). The characteristic strength (go) and Weibull modu-
lus (m) among the groups were compared by observing the overlap of

the corresponding 95% confidence intervals.

3 | RESULTS

3.1 | Initial biaxial flexural strength

Means and standard deviations of the initial biaxial flexural
strength (o), the biaxial flexural fatigue strength (o), the strength
degradation (oi, - 05), and the relative strength degradation (in %) are
presented in Table 2. The Weibull distribution parameters for the
specimens tested in P3B are summarized in Table 3.

Statistically significant differences in the initial biaxial flexural
strength (o;,) among the groups were found (p < 0.001), where
the NHC group had the highest (237.3 MPa), and the 3D group the
lowest, mean value (83.5 MPa). The probability of failure versus
the failure stress of the different specimens in a Weibull diagram is
presented in Figure 1. Accordingly, the NHC group exhibited the
highest (oo = 250.0 MPa), whereas the 3D group had the lowest
characteristic strength (og = 90.9 MPa). Furthermore, 95% confi-
dence intervals for the characteristic strengths did not overlap for
all the groups, indicating relevant differences among the groups
(Table 3). The Weibull moduli for the NHC and PICN groups were
comparable, with their 95% confidence intervals not overlapping
with the 3D group, indicating a significantly lower Weibull modulus

for the 3D group.

3.2 | Biaxial flexural fatigue strength

The staircase method provided significantly different biaxial flexural
fatigue strength (o¢) values calculated for the experimental groups
(p < 0.001), where the NHC group exhibited the highest (141.3 MPa)
and the 3D group the lowest (37.4 MPa) values (Table 2). Figure 2
shows the data points of the staircase fatigue test for all the experi-
mental groups. The 3D group exhibited a significantly higher strength

TABLE 2 Means + standard
deviations of initial biaxial flexural

strength (o;,) and biaxial flexural fatigue
48.6 strength (ofg), strength degradation
40.5 (oin — O5), and relative strength

degradation.

Note: The same lower-case letters denote no statistical differences among groups (p > 0.05).
Abbreviations: NHC, nanohybrid composite resin; PICN, polymer-infiltrated ceramic network; 3D, 3D-

printed composite resin.
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TABLE 3 Results of Weibull analysis. —=—3D —— PICN —— NHC
160
Group 0o (MPa) m A A Ny
_ _ 140 A P S
3D 90.9 (86.4-95.5) 4.7 (3.3-6.0) w A
PICN 145.7 (138.5-153.1) 13.0 (9.1-16.7) 120 4 //
NHC 250.0 (241.2-260.8) 8.6 (6.0-11.1) -

Note: Characteristic strength (oo) and Weibull modulus (m) with the 95%
confidence intervals (in parentheses).

Abbreviations: NHC, nanohybrid composite resin; PICN, polymer-
infiltrated ceramic network; 3D, 3D-printed composite resin.
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FIGURE 1 Probability of failure (P) versus failure stress (o) for

experimental groups. NHC, nanohybrid composite resin; PICN,
polymer-infiltrated ceramic network; 3D, 3D-printed composite resin.

degradation of 55.2%, while the NHC group exhibited the lowest
strength degradation of 40.5% (Table 2).

3.3 | Fractography

Fractographic analysis was performed following an Academy of
Dental Materials guidance document.*” Common fractographic
features, such as compression curls, hackle lines, and fracture origin,
were observed. The compression curls are opposite to the surface
that is subjected to the tensile stress. Hackle lines indicate the origin
and direction of the crack propagation. The fracture origin is repre-
sented by flaws, impurities, or nonhomogeneous areas, from which
the fracture starts to propagate.*”

SEM micrographs of the representative specimens for each group
are presented in Figure 3. For the statically loaded specimens, typical
fracture patterns of a brittle failure, such as hackle lines and evident
fracture origin, were observed (Figure 3A,C,E). The cyclically loaded
specimens exhibited a smoother and more even appearance
(Figure 3B,D), except for the cyclically loaded specimen in the 3D

100

Flexural fatigue strength, o [MPa]
g
E /
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FIGURE 2 Biaxial flexural fatigue strength (o¢) for all three

groups according to the staircase method. Dashed lines represent
calculated o for each group. NHC, nanohybrid composite resin;
PICN, polymer-infiltrated ceramic network; 3D, 3D-printed composite
resin.

group, which failed after a smaller number of cycles (1542 cycles)
(Figure 3F). In the majority of cases, the fractures originated from
near-surface flaws, such as microcracks, pits, inclusions or nonhomo-
geneous areas.

In the cyclically loaded NHC specimen, crack propagation
within the matrix and along the particle/matrix interface was
observed (Figure 4A). In the cyclically loaded specimen in the 3D
group, the crack propagated mainly through the polymer matrix
(Figure 4B). At the fracture origin, nonhomogeneous areas where
filler particles were not embedded in the polymer matrix, were
observed. (Figure 4B). A surface inspection of the nonfractured,
cyclically loaded specimens in the 3D group showed surface irregu-
larities and microcracks (Figure 5A). Nonhomogeneous areas were
also observed at the surface (Figure 5B).

4 | DISCUSSION

Based on the findings of this in vitro study, lower initial and fatigue
biaxial flexural strengths were observed for the investigated 3D-printed
composite resin. In addition, the fatigue susceptibility differed among
the tested materials, with the highest strength degradation exhibited by
the 3D-printed composite resin. Therefore, the first research hypothe-
sis was accepted. Furthermore, differences in the fracture patterns
among the differently manufactured composite resins were observed,
where the fracture origin of the 3D-printed composite resin was associ-
ated with the flaws introduced during the 3D-printing procedure,
accepting the second research hypothesis.

The experimental geometry for the biaxial strength testing was

prepared following the established methodology,” based on the
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FIGURE 3 Scanning electron micrographs at low magnification (original magnification x20) (figure inset) and higher magnification (original
magnification x200) of representative fractured specimens for each group that failed during static loading and cyclic loading. (A) NHC group
statically loaded and (B) cyclically loaded specimens; (C) PICN group statically loaded and (D) cyclically loaded; (E) 3D group statically loaded and
(F) cyclically loaded specimens. Black arrows indicate the fracture origin from which the crack started to propagate, white lines indicate hackles
giving the direction of crack propagation, and dotted white lines indicate compressive curls that show the compression side of the specimen.
NHC, nanohybrid composite resin; PICN, polymer-infiltrated ceramic network; 3D, 3D-printed composite resin.

international standard 1SO 6872.% The disc thickness was slightly
higher to ensure minimal deflection of the elastic specimens, which is
the primary condition for obtaining valid strength-evaluation data.*®
Unlike the 3-point flexural test, the biaxial flexural tests induce a smal-
ler stress zone at the center of the specimens. This approach lowers

the stresses in the defective volume and removes the influence of

cracks at the specimens' edges, thus improving the reliability of the
data.*®*’ In addition, an established storage protocol for testing
composite resin®*! that includes 14 days of water immersion was
employed to ensure adequate water sorption and facilitate the mini-
mum hydrolytic degradation of the specimens, relating to the humid

conditions of the oral environment.*?
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FIGURE 4 Scanning electron
micrographs of crack propagation
in representative cyclically loaded
specimens. (A) Low-magnification
(original magnification x200) of
the NHC specimen (upper
micrograph). High-magnification
(original magnification x5000) of
crack propagation through
matrix/particle interface (left- and
right-side micrographs; white
arrow); (B) low-magnification
(original magnification x250) of
the 3D specimen (upper
micrograph). High-magnification
(original magnification x2000) of
crack propagation through matrix
interface (left side micrograph;
white arrow); high-magnification
(original magnification x5000) of
nonhomogeneous area (right side
micrograph) with densely packed
filler particles not embedded in
the resin matrix (black arrow). (B)
NHC, nanohybrid composite
resin; 3D, 3D-printed
composite resin.

The initial biaxial flexural strength and material reliability,
assessed by the Weibull analysis, varied significantly among the
groups.’® Different flaw populations among the tested groups proba-
bly resulted from the different manufacturing technologies and the
microstructurally different materials. First, the investigated 3D-printed
composite resin consists of a significantly smaller amount of inorganic
filler (30-50 wt%), which has been shown to correlate linearly with
the flexural strength,>? explaining the inferior initial strength of the
3D group compared to the other two groups with larger amounts of
filler (86 wt%) (Table 2). In addition, the lower reliability for the
3D-printed composite resin was indicated by a significantly lower

Weibull modulus (m) (Figure 1). A typical brittle fracture pattern of the

statically loaded specimens was observed with the SEM (Figure 3),

probably a consequence of exceeding the elastic limit of the tested
materials.

The initial biaxial flexural strengths calculated in our study are con-

sistent with previous studies, wherein comparable!?1>2252

14,15,24

or slightly
lower flexural strength values were reported for the 3D-printed
resins and composite resins. In contrast, some studies reported higher
strength values than those in the present study.1%13141” Among these,
two studies evaluated 3D-printed composite resins with an amount of

1118 \while others

filler similar to the 3D-printed material tested here,
either studied 3D-printed resins containing no filler'® or did not report

on the material's microstructure.*®'” Such varying results could be
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FIGURE 5 Scanning electron micrographs of nonfractured, cyclically loaded 3D-printed composite resin specimen. (A) Surface exhibiting
small flaws (white arrow) and microcracks (black arrow) (original magnification x250); (B) nonhomogeneous area in the surface (white arrow)

(original magnification x3000).

attributed to the differences in the experimental set-ups for measuring
the flexural strength, the types of 3D-printing materials tested, and
the printing strategies employed. In addition, the more extended
water storage in our study, which promotes hydrolysis, could poten-
tially have led to the lower strengths of the investigated 3D-printed
composite resin.

Material processing played an important role in the inclusion of
surface flaws observed in the investigated 3D-printed composite resin
(Figure 5), which is in line with previous fractographic analyses.'#14:18
It has been shown that a larger amount of filler might impair the
resin's flow during the building platform's movements of the printer,
increasing the risk of incorporating air voids and impairing the
mechanical properties.'® In contrast to these findings, no voids were
observed in the investigated 3D-printed composite resin under the
SEM. However, areas of nonhomogenous microstructure were identi-
fied as the fracture origins (Figures 4B and 5B), which probably arose
from the inconsistent mixing of the composite resin's constituents. As
such, the mixing procedure for the constituents of the investigated
3D-printed composite resin should be optimized to provide a more
homogeneous distribution of the individual components, thus, ensur-
ing optimal mechanical properties.?*>2

The specimens in our study were printed vertically onto the plat-
form, with the resulting layers perpendicular to the applied force
since each printed layer acts as an impediment to fracture.'® The
layer thickness of 50 um was adopted according to the manufac-
turer's instructions, whereas increasing the thickness to 100 um
could improve the mechanical properties by reducing the risk of
printing errors and the inclusion of voids.?®>* However, a trade-off
for the better mechanical properties resulting from the described
printing strategy might be a reduced precision and restoration fit,
thereby impeding clinical use.

A phenomenological approach to calculating the fatigue
strength and comparing the fatigue susceptibility, reflected in the
relative strength degradation after a predefined cyclic loading, was
used in our study. The NHC group exhibited the highest biaxial
flexural fatigue strength, followed by the PICN group (Table 2,
Figure 2). The lowest fatigue susceptibility exhibited by the NHC

group is in contrast to previous findings that smaller filler-size com-
posite resins possess lower stress-intensity thresholds and lower
fatigue strengths.>>> Conversely, the resin matrix and its adhesion
to filler particles represent a component more prone to slow crack
propagation during fatigue.>”>® Therefore, an almost 15% higher
relative strength degradation in the 3D group probably resulted
from a significantly larger amount of resin phase (Table 2, Figure 2),
prone to creep deformation, water sorption, and hydrolysis.>”

The cyclically loaded specimens exhibited two types of fractures.
In the NHC and PICN specimens (Figure 3B,D), a smoother fracture
surface might have resulted from subcritical crack growth, plastic

5960 while the brittle fracture pat-

deformation, or viscoelastic creep,
tern in the 3D specimens (Figure 3F) might have corresponded to the
smaller number of cycles until failure. Furthermore, the observed
crack propagation in the matrix for the representative cyclically loaded
3D specimen under the SEM (Figure 4B) accords with the fatigue test-
ing, confirming that the large matrix volume contributes to inferior
fatigue strength.?3°% In addition, the small surface cracks observed in
the nonfractured, cyclically loaded 3D-printed composite resin speci-
men (Figure 5A) might have been introduced by the repeated contact
stress during cyclic loading. These surface or subsurface microcracks
can lead to fatigue wear or can gradually propagate, eventually result-
ing in failure, additionally explaining the lower biaxial flexural fatigue
strength of the 3D-printed composite resin.>¢¢?

Only a few studies investigated the fatigue behavior of 3D-
printed composite resins, all employing cyclic loading before static
testing.2%26728 |n addition, none of these studies carried out a frac-
tographic analysis to determine the fracture origins and patterns
necessary to understand the shortcomings of an investigated mate-
rial and its manufacture. Furthermore, only one study evaluated the
flexural fatigue strength and susceptibility with a 3-point bending
test, reporting a relatively small decrease in the flexural strength of
approximately 3%-7% of the initial strength.?° However, no com-
parison of the tested 3D-printed materials to the well-established
milled composite resins was made. In addition, the almost insignifi-
cant strength degradation in this study can be related to cyclically

loading the specimen with a loading force that was insufficient to
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achieve the crack-propagation threshold, not creating any damage
accumulation.?>? Therefore, a different methodology was used in
our study, which is more effective in achieving the stress intensity
necessary for crack propagation since the cyclic loads for each
tested material were individually determined from the measured
initial strength.?’

Other studies evaluated the fatigue behavior of the 3D-printed
composite resin using more complex experimental geometry speci-
mens, which is difficult to directly compare with our results. Never-
theless, similarities with our study, in terms of the inferior fatigue
behavior of the investigated 3D-printed composite resin, can be
seen in studies where lower survival rates,?® fracture loads,?” and
higher strength degradations2® of the 3-unit FDPs fabricated from
3D-printed composite resins compared to the milled composite
resins were reported. These similar findings could be explained by
the bending moment over the biaxially loaded disc specimen, tested
in our study, and the length of the 3-unit FDP, generating high ten-
sile stresses in both experimental geometries.2®%® In contrast, for
3D-printed composite resin crowns?® and inlays,” a more encourag-
ing performance was reported after the cyclic loading, however, still
exhibiting lower fracture loads than the milled material.?® This can
be attributed to the different experimental geometry, where the
crown or inlay is uniformly supported and bonded to the abutment
tooth, offering a more favorable stress distribution.®* However,
since the initial fracture loads were not measured, no information
about the strength degradation and the actual fatigue susceptibility
of the 3D-printed composite resin could be derived.?®

A rough estimation of the clinical behavior of the 3D-printed
composite resin can be drawn from the present in vitro results.?? A
comparison of the distribution of the critical flaws, and especially
the biaxial flexural fatigue strength, with the clinically validated
composite resins in the groups NHC and PICN, indicate that the
investigated 3D-printed composite resin might perform clinically
less well and less reliably. Therefore, the clinical indications of the
investigated 3D-printed composite resin, although proposed for
definitive restorations, should be limited to long-term provisional
restorations. The exception would be intracoronal restorations,
such as inlays or small onlays, where flowable composite resins
with similar mechanical properties were previously shown to be
clinically acceptable.®®

This study presents a more fundamental approach to investigating
the fatigue behavior of a novel 3D-printed composite resin comple-
mented by a detailed fractographic analysis, thereby deepening
our knowledge of the fatigue-fracture patterns and possible fracture
origins.3**! Such studies are essential to improve the material micro-
structure and manufacturing processes, yet they are currently absent.
The main limitation of our study was that the staircase approach,
although providing accurate estimations of the mean biaxial flexural
fatigue strength, gives only a limited insight into the extended lifetime
of the specimen.?® In addition, despite testing a novel 3D-printed
composite resin for definitive restorations, comparing it with at least
one or more 3D-printed composite resins currently available on the

market, would provide valuable information.

5 | CONCLUSIONS

Within the limitations of the present study, the following conclusions

can be drawn:

1. The investigated 3D-printed composite resin exhibited a lower ini-
tial biaxial flexural strength and reliability compared to the tested
milled composite resins.

2. The investigated 3D-printed composite resin exhibited a lower
biaxial flexural fatigue strength compared to the tested milled
composite resins, with a 9%-15% higher relative strength
degradation.

3. For the investigated 3D-printed composite resin, areas of nonho-

mogeneous microstructure served as potential fracture origins.
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