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Abstract
Purpose: To explore fracture strength and failure behaviour of minimally invasive CAD-CAM composite resin overlay restorations.
Methods: Eighty bi- and tri-layer cylindrical overlay model including the restoration bonded over bovine tooth dentin (Groups D) and enamel-dentin (Groups 
E) were assembled (diameter 9 mm). Restorations were milled from CAD-CAM composite resin blocks (Brilliant Crios, Coltène/Whaledent AG) in different 
thicknesses (0.5mm, 1mm, 1.5mm, 2mm) and equally distributed in four Groups D and four Groups E (n=10). All specimens were submitted to an Hertzian
load-to-failure contact test with spherical indenter. Critical loads were recorded in Newton and data were analysed using Kruskal–Wallis test for multiple and
Mann-Whitney test for 2-samples comparisons (p < 0.05). Fragments were examined using SEM. The stress distribution for specimens with restorations of 0.5
mm and 2 mm was also investigated with FEA.
Results: For all specimens, the mean static loads in Newton increased with an increase in restoration thickness. On contrary, restorations with the same
thickness displayed higher resistance values when bonded over enamel than dentin, except for the 2-mm thick restorations. A damage competition was detected 
between cone/median cracks originating at the loading contact area of the restorations and radial cracks beginning at their inner surface, with the former
prevailing in restorations bonded on enamel and the latter being dominant for restorations bonded on dentin.
Conclusions: For bonded ultra-thin resin composite restorations (0.5 mm to 1.5 mm) enamel as bonding substrate assures higher critical loads to fracture than
dentin. This influence gradually decreases as restoration thickened.
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1. Introduction

Minimally invasive dentistry attempts to conserve sound tissues in
order to respect the biomechanical integrity of the tooth [1]. As adhesive 
procedures ensure good retention of the restoration without the need for 
an aggressive dental tissue preparation for retentive elements, the amount 
of tooth structure removal is often minimal and mainly determined by 
the extension of the pathology. Thus, in the case of small tooth cavities, 
restorations can be very thin with evident concerns about the minimum 
thickness requirements of modern restorative materials, above all in the 
posterior region where stresses are higher. Manufacturer’s universal 
recommendations for the minimal thickness of an overlay posterior 
restoration ranges from 1.0 to 2.0 mm, for both ceramic and resin 
composite materials. These thickness recommendations could significantly 
exceed clinical needs, leading to a larger tissue removal than required. 
As an example, patients affected by chemical erosion and/or mechanical 
attrition decrease progressively their vertical dimension of occlusion 
(VDO). An early re-establishment of the original VDO is crucial to protect

the remaining dental structure and to recover function and aesthetics [2]. 
In this case, the use of bonded ultra-thin overlays (less than 1 mm) - also 
referred as “table-top” restorations - would be ideal to avoid invasive 
preparation and further tissue loss. Recently, some authors have explored 
the limits of modern restorative materials and in particular the in vitro 
relationship between their thickness and their critical load [3–5] as well 
as their residual strength after fatigue [6–9]. Values obtained in these 
studies for the minimum restoration’s thickness required to withstand the 
normal masticatory forces are different and they depend on the type of test 
and material tested. For CAD-CAM lithium disilicate reinforced ceramic 
overlays, a wide range of values between 0.5 and 1.2 mm is recommended 
as minimum thickness [3,7,9–12] whereas for CAD-CAM composite resin 
counterparts the inferior limit of resistance lies between 0.3 and 0.6 mm 
[4,5,13].
    A clear influence of the bonding substrate over the resistance of a 
ceramic restoration used in minimal thickness has been extensively 
demonstrated for ceramic layered structures [14–18]. In particular, if the 
Young’s modulus of elasticity of the bonding substrate (Es) is much lower 
than the one of brittle coating (Ec), the latter will act under load in the same 
way as a glass plate placed over a flexible support, causing the appearance 
of tensile stresses at the inner surface of the ceramic plate. These stresses 
can initiate inner radial cracks in the glass undersurface, which normally 
spread upwards perpendicularly. These flexural radial cracks are especially 
dangerous and considered a main source of premature failure in ceramic 
dental crowns [19,20]. Critical loads needed for radial cracking increase as 
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the ratio Ec /Es reduces. Thus, core materials with high Es ( glass ceramic, 
alumina, nickel-chromium alloy or higher) used to support thin aesthetic 
ceramics in crowns will improve the resistance of the coating rather than 
flexible substrates such as dentine or composite resins [14]. In contrast, in 
the case of thicker ceramic coatings over a compliant substrate, the damage 
starts at the ceramic surface as a cone crack (highly brittle materials) or 
below the plastic deformation area as a median crack (more deformable 
materials) and extends downwards. [19,21]. These cracks need higher 
critical loads to initiate and, therefore, they are considered less hazardous 
than radial cracks. In minimally invasive adhesive dentistry the bonding 
substrates that can be generally found below a bonded indirect restoration 
are composite resin (cavity build-up), enamel and dentine [22]. The 
approximate values of their E are 2.6−19.18 GPa [23], 80−100 GPa and 
16−20 GPa, respectively [3,24,25]. This high elastic mismatch between 
enamel and dentine or composite resin suggests that the preservation of 
enamel as a bonding substrate in minimally invasive ceramic restorations 
would lead to a better supported restorative material. Guess P. et al. [7] 
found that whenever the preparation for a ceramic occlusal veneer exposed 
predominantly dentine, the risk of fracture of the thin restoration was 
higher than for those bonded on enamel. Nevertheless, Sasse M. et al. [9] 
obtained dissimilar results and a more favourable effect of dentine and 
composite resins as substrates for thin lithium-disilicate reinforced ceramic 
overlays.
    Adhesion to the substrate is also contemplated within the factors 
influencing the fracture strength of a thin ceramic restoration. Resin 
bonding leads to high resistance of the ceramic coating [4,26–29].
    Also, the adhesive interface has an important role during crack 
propagation between dissimilar elastic materials. It may deflect the fracture 
and impede the penetration of the crack into the substrate, saving tooth 
tissues [30]. This is often the case when the strength of that interface is 
lower than the one of the substrate (weak bonding) [31].
    Recently, several CAD-CAM composite resin materials have been 
introduced on the market to fabricate posterior definitive restorations. A 
lack of literature exists on the mechanical performances of these materials 
when used in minimal restorative thickness [4,5,32]. Therefore, the aim of 
this study was to investigate the fracture resistance and the behaviour after 
fracture of a novel CAD-CAM composite resin material tested in different 
thicknesses and bonded to different tooth substrates, namely enamel-
dentine and dentine. A simplified bi- and tri-layer overlay model including 
the restoration bonded over bovine tooth tissues was used for Hertzian 
contact testing. The null hypotheses tested were that both (a) the thickness 
of the material and (b) the tissue bonding substrate – enamel or dentine – 
have no impact on the load-bearing capacity and the mode of fracture of 
occlusal veneer restorations made out of CAD-CAM composite resin.

2. Materials and Methods

    Cylindrical specimens with a diameter of 9 mm were created. The 
superficial layer simulated the restoration while the inner one simulated the 
tooth tissues (Fig. 1).

2.1. CAD-CAM resin discs fabrication

    For the upper restoration layer, CAD-CAM composite resin blocks 
(Brilliant Crios, Coltène/Whaledent AG, Alstätten, Switzerland) with 
the  dimension of 14x14x18 mm were sectioned perpendicularly to their 
longitudinal axis using a low-speed saw (IsoMet 11-1180 Low Speed Saw, 
Buehler Ltd, Illinois, IL, USA) to produce 80 slabs with a thickness of 
0.5±0.05 mm (n=20), 1±0.05 mm (n=20), 1.5±0.05 mm (n=20) and 2±0.05 
mm (n=20). Squared slabs were then reduced to discs with a diameter of 9 
mm with a water-cooled drilling trephine. 

2.2. Tissue cylinders fabrication

    For the inner tissue layer, 80 bovine central lower incisors (n=80) stored 
in 0.1% thymol solution at 37 ºC, without presence of carious lesions and 
visible fracture lines, were buccal−lingually sectioned at the centre of the 
crown with a water-cooled drilling trephine resulting in 80 tissue cylinders 

(diameter 9 mm) containing, in sections, buccal enamel and dentine, the 
pulp chamber and palatal enamel and dentine (Fig. 2). Only enamel and 
dentine from the buccal part were conserved. These cylinders were first 
randomly distributed in two groups: enamel-dentine (E) and dentine (D). 
In the E group (n=40), specimens were reduced with diamond burs and 
then polished under cooling water using 500 grit silicon carbide paper 
to get a 3 mm-thick cylinder (±0.1 mm) of enamel and dentine with a 
flattened surface. The enamel thickness at the side of the tissue cylinder 
was established at 0.5±0.05 mm. In the D group (n=40), the enamel was 
erased with diamond burs and the superficial dentine was then flattened and 
polished with a 500-grit silicon paper, resulting in 3 mm-thick cylinders of 
dentine. When the thickness of the dentine was less than 3 mm in a section 
because of the former pulp chamber, a composite resin (Clearfil Majesty 
Posterior, Kuraray, Japan) with a similar modulus of elasticity of the 
dentine (Table 1) was bonded to the lower part of the dentine cylinder to fill 
this lack of tissues. The bonding surface with the CAD-CAM restoration 
was always in dentine.
The tissue cylinders of both the enamel-dentine (E) and the dentine (D) 
groups were randomly divided into four subgroups (n= 10) each, and 
associated with 0.5, 1, 1.5 and 2 mm-thick CAD-CAM resin disks (Table 
2).

2.3. Luting procedures

    Resin discs were submitted to an airborne-particle procedure (Kavo 
EWL, Type 5423, Biberach, Germany) at the inner surface with 27 
μm aluminium-oxide powder at 1.5 bar pressure for 5 s at a 5 mm 
distance followed by an ultra-sonic cleaning bath (Biosonic UC100, 
Coltène/Whaledent AG, Alstätten, Switzerland) in distilled water for 5 
min, following manufacturer’s instructions. After drying with oil-free 
compressed air, a universal adhesive system was applied (One Coat 7 
Universal, Coltène/Whaledent AG, Alstätten, Switzerland) over the treated 
surface. Discs were subsequently placed into a box (Vivapad, Ivoclar-
Vivadent, Schaan, Liechtenstein) to avoid premature polymerization 
by ambient light. Then, for tissue cylinders of the E groups, etching 
of superficial enamel was performed with orthophosphoric acid 35% 
(Etchant Gel S, Coltène/Whaledent AG, Alstätten, Switzerland) for 30 
s [33] followed by water rinsing and drying with oil-free compressed 
air. Subsequently, the same universal adhesive system used for CAD-
CAM resin discs (One Coat 7 Universal) was applied over etched 
enamel (E groups) and dentine (D groups) following the manufacturer’s 
recommendations. Adhesively treated tissue cylinders were also put under 
ambient light protection. A resin cement (DuoCem, Coltène/Whaledent 
AG, Alstätten, Switzerland) was applied between CAD-CAM resin 
and tissue cylinders and the latter were seated with a uniform pressure. 
To standardize the cement thickness during the luting procedure, two 
provisional composite resin wings working as support platforms were 
fabricated on the lateral opposite surfaces of both the resin discs and the 
tissue cylinders, to allow the placement of 100 μm- thick metal strips 
between these wings during cementation. Before curing, resin discs were 
seated with a 5 kg metal weight for 30 s. Excesses of cement were removed 
with a brush and the light-polymerization was performed with a LED lamp 
of 1200 mW/cm2 (Elipar S10, 3M ESPE, St Paul, MN, USA), ) from the 
occlusal, lingual and buccal sides, 60 s per side. A water-cooled drilling 

Fig. 1. Schematic representation of the specimen set-up.
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trephine was finally used to remove the composite resin wings and reshape 
the cylinders.

2.4. Fracture strength test

    Specimens were subjected to a load-to-fracture quasi-static test 
(Dyna-Mess, Stolberg, Germany). A stainless-steel ball-shaped 
indenter (diameter 5 mm) was used to apply axial compression force 
in the middle of the occlusal surface of the specimens. The crosshead 
speed was 1.0 mm/min and a compression force was applied until the 
specimen fractured. A 40 μm-thick foil was inserted between the contact 
surface of the samples (Bausch Articulating Paper, Nashua, USA) 
and the loading ball to reduce peak stresses at the contact point.  The 
ultimate load-to-failure was recorded in Newtons (N) and the means and 
standard deviations for each subgroup were calculated.

2.5. Fractography

    After fracture, all the specimens were visually examined using a 
stereomicroscope (SZX9, Olympus Optical Co., Tokyo, Japan). On the 
agreement of two examiners, types of failure were classified as: Failure 
type 1, when the crack broke the restoration without damaging the
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Fig. 2. Specimen preparation: A) Drilling of the tooth disc in a bovine incisor 
with a trephine bur. B) Final cylindrical specimen with the restoration bonded to 
tissues.

Brand name 
(manufacturer) Chemical composition Young modulus (GPa) Poisson’s ratio

Brilliant Crios (Coltène/Whaledent AG)
Cross-linked resin matrix of methacrylates

 reinforced by 71 wt% of barium glass (<1μm) 
and amorphous silica particles (<20nm)

10.3 a 0.24 c

One Coat 7 Universal Adhesive
 (Coltène/Whaledent AG)

10-MDP, methacrylated, polyacrylic acid, 
other methacrylates, photoinitiators, ethanol,

 water
n. a n. a

DuoCem (Coltène/Whaledent AG)
Bis-EMA, Bis-GMA, TEGDMA, reinforced by

71%wt of barium glass silanized, amorphous
silicic acid hydrophobed, inorganic filler

6.7 a   0.3 b

Clearfil Majesty Posterior (Kuraray)

Light-cure, nano-superfilled, radiopaque
restorative posterior composite resin 

composed of nano and micro inorganic filler,
silanated glass ceramic filler (average: 1.5 
μm), surface treated alumina micro filler

(average: 20 nm) Bis-GMA, TEGDMA, dl-
camphorquinone, accelerators, pigments

22 a 0.22 d

Dentine 18.6 c 0.31c

Enamel 84.1 c 0.3 c

MDP, phosphate monomer dimethacrylate; Bis-GMA, bis-phenol A diglycidylmethacrylathe; TEGDMA, triethylenglycol dimethacrylate; Bis-EMA, ethoxylated bisphenol-A 
dimethacrylate; wt, weight; n.a, not available 
     a)   �From the manufacturers. 
     b)   �Li LL, Wang ZY, Bai ZC, Mao Y, Gao B, Xin HT, Zhou B, Zhang Y, Liu B. Three-dimensional finite element analysis of weakened roots restored with different cements 

in combination with titanium alloy posts. Chin Med J (Engl). 2006 Feb 20;119(4):305-11 
     c)   �Daher R, Feilzer AJ, Krejci I. Novel non-invasive reinforcement of MOD cavities on endodontically treated teeth. J Dent. 2016 Nov;54:77-85. 
     d)   �Papadogiannis D, Tolidis K, Lakes R, Papadogiannis Y. Viscoelastic properties of low-shrinking composite resins compared to packable composite resins. Dent Mater J. 

2011;30(3):350-7. Epub 2011 May 20.

Table 1. Materials used in this study.

Groups Substrate layer Restoration 
material

Restoration 
thickness (mm) Sample size

0.5E
(E)

Enamel + Dentin
Brilliant Crios

0.5 n=10
1E 1 n=10

1.5E 1.5 n=10
2E 2 n=10

0.5D
(D)

Dentin
Brilliant Crios

0.5 n=10
1D 1 n=10

1.5D 1.5 n=10
 2D 2 n=10

Table 2. Study design.
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subjacent tissues and provoked partial/total restoration debonding; 
Failure type 2, when the fracture involved both restoration and the 
subjacent tissues. 
    A selection was made in order to establish which fragments were suitable 
for fractographic analysis. Characteristic features such as compression 
curl, hackle and arrest lines were identified using the stereomicroscope. 
Different magnifications (ranging from 6.3x to 50x) were used depending 
on the size of the characteristic marks detected. Angled illumination was 
used to better view the fracture surface. All recognizable features were 
photographed and documented. Scanning electron microscopy (SEM) 
(Digital SEM XL20, Philips, Amsterdam, The Netherlands) was then used 
for more detailed analysis of the fractured surfaces. In order to remove all 
of the impurities, all of the fragments were cleaned in an ultrasonic 10% 
sodium hypochlorite bath for 3 min, rinsed with water, dried and then fixed 
on the support for the microscope. The specimens were gold-coated prior 
to the analysis with the SEM. Magnifications up to 2000x were used to 
obtain a higher definition of identified crack features in selected areas of 
interest. Accelerating voltage was set to 20.0 kV. The overall direction of 
crack propagation and failure origin(s) were systematically mapped for all 
specimens. 

2.6. Finite element analysis

    Four three-dimensional (3D) models were created with FEMAP 
(FEMAP 11.1, Siemens PLM software, Plano, Texas, USA) based on the 
specifications of the laboratory part of the study. Two models represented 
the 0.5 mm and 2 mm restorative material thickness bonded on enamel 
(groups 0.5E and 2E) and two models represented the 0.5 mm and 2 mm 
restorative material thickness bonded on dentine (groups 0.5D and 2D). 
The thickness of the luting cement and the enamel were set to 0.1 mm 
and 0.5 mm, respectively. The thickness of the dental substrate was set to 
3 mm and the diameter of all the different parts was set to 9 mm as in the 
in vitro part of the study. A stainless-steel ball with a diameter of 5 mm 
was modelled, and an axial load corresponding to the mean loading force 
measured in the in vitro part was applied to the restorative material (Table 
3). Contact regions were defined between the discs, and a bonded connector 
was allocated to each region except for the contact between the loading 
sphere and the specimens where a surface contact with a coefficient of 
friction of 0.25 was assigned. All materials were intended to be isotropic, 
homogeneous and linear elastic. The properties such as Young’s modulus 
and Poisson’s ratio were taken from the literature and assigned to each part 
(Table 1). The models were meshed with quadratic tetrahedral elements 
and three mesh refinement stages were necessary until stable stress values 
were reached, without excessively extending the computing time. Element 
size ranged between 0.1 mm and 0.5 mm and the average number of 
elements was 220,000 elements per model.  Constraints in the x-, y- and z- 
directions were applied to the base of the dental substrate, and all degrees 
of freedom of that surface were blocked. A static analysis was performed, 
and the results were then compared in Nastran (NX Nastran, Siemens PLM 
software, Plano, Texas, USA). Maximum principal stress (MPS) values and 
distribution were studied from different views and sections.

2.7. Statistical analysis

    Numerical data are expressed as mean ± standard deviation (SD). 
Analysis was performed using statistical software (Minitab version 17, 
Minitab, USA). One-way analysis of variance (ANOVA) was rejected 
because a normal distribution from each sample population was obtained 
(Anderson−Darling normality test) without homogeneity in the variances 
(Bartlett’s and Levene’s test). Thus, non-parametric statistics were used 
and consequently Kruskal–Wallis test for multiple and Mann-Whitney test 
for 2-sample comparisons were carried out. Statistical significance was 
accepted at p <0.05.

3. Results

    The mean loads-to-fracture in Newtons (N) registered are showed in 
Table 3. In relation to the different bonding substrates, both Enamel and 

Dentine groups showed an increase in mean load-to-failure values with an 
increase in restoration thickness. Conversely, restorations with the same 
thickness displayed higher resistance values when bonded over enamel 
than dentine except for the 2 mm-thick restorations. This difference 
decreased as the restoration became thicker (Fig 3). 
    The majority of the specimens of Groups E displayed multiple cracks, 
which broke the restoration and the tissues into multiple pieces (Failure 
type 2, 87.5%). In the majority of the cases, restoration remained bonded 
to enamel after fracture. In contrast, in Groups D the proportion between 
Failure type 1 and 2 was more balanced, respectively 40% and 60%. In 
almost all these fractures there was a large debonding of the restoration to 
dentine substrate (Table 4). Type 1 fractures were more current in thinner 
restorations (0.5 mm).
   Fractographic analysis revealed a damage competition between cone/
median cracks originating close to the loading contact area of the 
restorations and radial cracks beginning at their inner surface, with cone/
median cracking prevailing in restorations bonded on enamel (E groups) 
(Fig. 4) and radial cracks being dominant for restorations bonded on 
dentine (D groups) (Figs. 5 and 6). A correlation between the thickness 
of the restorative material and the type of fracture was also detected, with 
radial cracking more present in thinner restorations.
    The results of the FEA for the 0.5D, 0.5E, 2D and 2E specimens 
are presented in Table 5 and Fig. 7. In modelled samples with thinner 
restorations, maximum principal stresses (MPSs) were more concentrated 
at the top/bottom of the restoration and at the bonding interface when the 
restoration was bonded to dentine (0.5D), whereas higher tension was 
observed at the top of the restoration and into the enamel in the enamel 
substrate equivalent sample (0.5E). In modelled thicker specimen 2D, 
the MPS pattern was similar to the respective thinner specimen 0.5D, but 
with higher values, above all at the restoration top and into the cement. In 
modelled specimen 2E, the MPS pattern was similar to specimen 0.5E but 
more exacerbated into the enamel.

4. Discussion

    In the present study, the fracture strength and behaviour after fracture of 
a novel CAD-CAM resin composite material tested at different thicknesses 
and bonded to different dental substrates was investigated. Within 
the limitations of this study, results showed a linear relation between 
restoration thickness and its load-bearing capacity regardless of the 
substrate, while the bonding substrate showed an impact limited to fracture 
resistance of thin restorations. Thus, in terms of resistance to a quasi-static 
load, the null hypothesis a) was rejected and the b) was partially rejected 
(except for 2 mm-thick restorations). When considering the fracture 
behaviour of restorations, null hypothesis a) and b) were rejected.
    A Hertzian load-to-failure contact test with a spherical contact 
indenter over a flat-layer structure was used. This test allows simple and 
standardized experimentation [4,12,34]. On the contrary, testing with a 
small radii indenter (5 mm), such as the one used, can generate intense 
point loads, which are more likely to create surface damage rarely detected 
in clinics [35]. 
    Specimens were built as bi- and tri-layer structures in which circular flat 
restorations at different thicknesses were bonded on cylinders of bovine 
dentine (Group D) or dentine and enamel (Group E) (Fig. 1). The diameter 
of the restorative discs and therefore of the whole assembly was set at 9 
mm, similar to the average dimensions of a molar [36].  The restorative 
discs were milled from a novel industrially polymerized CAD-CAM 
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Restoration thickness (mm)
0.5 1 1.5 2 

Groups E 2175,5 (246,9)d,e

CV: 11.35%
2561,5 (202,2) c

CV: 7.89%
2899,1 (474,8) b

CV: 16.38%
3413,2 (537,9) a

CV: 15.76%

Groups D 1326,2 (191,7) f

CV: 14.46%
2016,2 (205,9) e

CV: 10.21%
2412,0 (321,6) c,d

CV:13.33%
3325,4 (447,6) a,b

CV:13.46%

Table 3. Means (SD) and coefficient of variation (CV) of the fracture strength 
(N) for the different groups. Groups marked with the same letter presented no 
significant difference.
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Fig. 3. Means of critical load values and percentage of difference between these 
values for specimens of Groups E and D with the same restoration thickness.

Groups E Groups D
Restoration
Thickness 

0.5 mm 1 mm 1.5mm 2 mm 0.5 mm 1 mm 1.5 mm 2 mm

Failure 
type 1

3 1 1 0 7 3 4 3

Failure 
type 2

7 9 9 10 3 7 6 7

Table 4. Macroscopic types of restoration failure after the strength test (n=10). 
Type 1 failure: the crack broke the restoration without damaging the subjacent 
tissues and provoked partial/total restoration debonding; Type 2 failure: the 
fracture involved both restoration and the subjacent tissues.

Fig. 4. Specimen from Group 1.5E. A typical fracture of a restoration bonded to 
enamel. Failure type 2 (a) A stereomicroscope image from the top of the fractured 
specimen. The red mark indicates the impact area. The white indexes indicate 
visible median cracks while the black one the cone cracking. The fracture passed 
through the entire specimen (Mode 2) but a large portion of the restoration is 
still in place. (b) SEM front view of the fractured surface. White tip designates 
the loading contact and the main origin of the fracture. (c) The impact area from 
the top. White and black indexes indicate median and cone cracks respectively. 
(d) and (e) White arrows indicate the direction of crack propagation (dcp). Both 
in the left and in the right front of the fracture, the crack starts at the surface of 
the restoration and at the loading contact area and propagates downwards to the 
restoration's boundaries.

Fig. 5. Specimen from Group 0.5D. A typical fracture of an ultra-thin restoration 
bonded to dentin. Failure type 1. (a) Picture from the stereomicroscope of the 
fractured surface from the top. The restoration fractured in multiple pieces 
which debonded at the cement/dentin interface leaving practically the whole 
dentin surface intact. The red surface indicates the main loading contact. Letter 
X indicates the investigated segment. (b) A SEM view of the fracture. The white 
tip indicates the impact area. Both the left and the right part of the fracture 
surface are marked by radial cracking. (c) A SEM large view of the impact area. 
(d) and (e) White arrows indicate the direction of crack propagation (dcp). The 
radial cracks start at the bottom of the plastic deformation area (cement/dentin 
interface) underneath the loading contact and ran to the restoration top surface 
and boundaries.

Restoration 
(top)

Restoration 
(bottom)

Cement Enamel
 (top) 

Dentin 
(top)

Model 0.5E 57 MPa 12 MPa 8 MPa 118 MPa ..
Model 0.5D 40 MPa 33 MPa 27 MPa .. 27 MPa
Model 2E 38 MPa 7 MPa 8 MPa 149 MPa ..
Model 2D 106 MPa 56 MPa 90 MPa .. 69 MPa

Table 5. Table showing highest Maximum Principal Stress values (MPa) observed at main stress concentration zones.



composite resin material (Brilliant Crios, Coltène/Whaledent AG). Being 
polymerized under controlled high-pressure/high-temperature conditions, 
the composite resin produced is highly homogeneous and, therefore, its 
mechanical properties are higher than the chair-side photopolymerized resin 
equivalents  [37]. Bovine enamel and dentine have been widely validated as 
human substitutes in laboratory research for their adhesive and mechanical 
properties [38]. The use of these tissues in the form of a cylindrical base 
in the present flat-layer model offers a better standardization of specimens 
than testing on extracted human teeth. The thickness of the tissue base was 
3 mm and maintained constant for all specimens to avoid any impact of the 
base dimensions over the resistance to fracture of the bonded restoration. 
The association of this flat-layer model with a simple Hertzian monotonic 
testing gave a high degree of standardization to the study. This statement 
is supported by the low coefficient of variation (CV) of fracture strength 
testing values in all groups (Table 3).
    Results of the quasi-static fracture strength test displayed increased 
values of the critical load of the tested restorations with the increase of 
their thickness, when they were bonded to either enamel or to dentine (Table 
3 and Fig. 3). Specimens with 0.5 mm-thick restorations bonded on enamel 

had a 36.26 % less resistance to fracture compared to specimens with 2 
mm-thick restorations (0.5E vs 2E), whereas in specimens with dentine 
substrate this difference increased up to 60.11% (0.5D vs 2D). 
    This difference progressively decreased for 1.5 mm- and for 1 mm-thick 
restorations. This means that there was a clear linear positive relationship 
between fracture strength and restoration thickness for both the substrates, 
and this relationship was more evident for restorations bonded to dentine. 
These results are not in agreement with a previous study conducted in 
similar testing conditions by Chen et al.  [4] where the authors found no 
differences in terms of load-bearing capacity between flat CAD-CAM resin 
nano-ceramic restorations (LAVA Ultimate, 3M, St. Paul, MN, USA) of 0.5 
mm and 2 mm, bonded over resin dentine analogous cylinders. However, 
in that study, the modulation of the thickness of the resin cylinder base 
according to the variation in thickness of the bonded restoration to keep the 
final dimensions of the specimen unvaried, could have produced this non-
linear correlation between restoration thickness and its critical load. With 
regard to the differences in strength values between bonding substrates for 
the same restoration thickness, specimens with restorations of 0.5, 1 and 1.5 
mm bonded to dentine (namely 0.5D, 1D and 1.5D) presented a significant 
lower resistance to fracture of 39.04%, 21,28% and 16.80% less than 0.5E, 
1E and 1.5E, respectively (Fig. 3). Nevertheless, this difference was not 
statistically significant within specimens with 2 mm-thick restorations 
– mean fracture strength value of 2D was just 2.57% less than that of 
2E − which suggests that the influence of the substrate is evident in thin 
restorations and gradually decreases as the restoration thickens. 
    A fractographic analysis was carried out on all fragments to investigate 
the events that took place during the specimens' fractures. A combined 
stereo and scanning electron microscopy technique was used. While 
stereomicroscope revealed a better 3D vision of the fractured surface, SEM 
images efficiently provided the information on characteristic fractographic 
markers, such as hackle lines, arrest lines and wake hackle, which are 
indicators of the crack propagation direction [39,40].
    Cone and median cracks were more frequent when restoration was 
bonded to enamel, no matter how thick the restoration was (Fig. 4). The 
main median crack originated at the loading contact area and progressed 
downwards through the restoration and then into tissues (Failure type 
2), breaking the specimen into two halves (or in a portion) with sporadic 
restoration debonding. A zone of plastic permanent deformation was 
present beneath the main loading contact, where the median crack initiated. 
Tensile stress concentration below this zone leads to rapid microcrack 
coalescence generating the main crack [41]. In some specimens of Group 
0.5E, the main crack originated at the inner surface of the restoration as an 
upgoing radial crack, as an exception. In all specimens of groups E, several 
secondary median and cone cracks were also visible over the restoration 
surface.
    In contrast, radial crack was the prevailing damage mode in ultra-thin 
restorations bonded to dentine (Groups 0.5D). Very few secondary cone 
and median cracks were visible over the restoration surface. In fact, the 
bending under stress of the coating over the thick compliant substrate 
(dentine) initiated radial cracks, which spread upwards and outwards 
from the cement−dentine interface below the plastic deformation area, 
provoking restoration fracture. Some of these radial cracks propagated 
perpendicularly to the loading direction into the cement−dentine bonding 
interface, initiating the debonding of a large portion of the restoration. 
The spreading of these radial cracks upwards avoided the crack extension 
into the dentine layer (Failure type 1, 70%) (Fig. 5). The above-mentioned 
damage competition between cone/median and radial cracks, which 
differentiated the mode of fracture of ultra-thin restorations bonded to 
enamel (Group 0.5E) or dentine (Group 0.5D) substrates, respectively, 
could explain their high discrepancy in terms of fracture strength as in 
brittle materials lower critical loads are needed to trigger radial cracks [19].
    The gradual increase in the thickness of the restorative coating 
attenuated progressively the difference in terms of fracture strength and 
fracture behaviour between specimens of groups E and D (Fig. 3). In 
fact, specimens of Group 2D broke into multiple pieces and the mode of 
fracture was mainly the Failure type 2. Radial cracks were dominant in 
these specimens but downcoming median cracks starting from the zone of 
impact (plastic deformation) were often detected on the fractured surfaces,
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Fig. 6. Specimen from Group 2D. A typical fracture of a thicker restoration 
bonded to dentin. Failure type 2 (a) Spectrophotometric image from the top of the 
specimen. The fracture provoked the almost entire debonding of the restoration. 
The letter X indicates the analysed fragment. White and black indexes denote 
median and cone cracks respectively. (b) and (c) SEM images of the right and 
left sides of the fractured surface. White arrows indicate the direction of crack 
propagation. The competition between cone and median cracks (direction 
downwards) and radial cracks (direction upwards) is evident. (d) higher 
magnification of the area below the loading impact.

Fig. 7. Image showing lateral cuts with Maximum Principal Stress values (MPa) 
inside the models. The mean fracture load obtained in the fracture strength test 
was applied to the FEA models.
R: restoration; C: cement; E: enamel; D: dentin.



contrary to what was described before for thinner specimens of Group 
0.5D and similar to broken specimens of groups E (Fig. 6). This similarity 
in fracture behaviour between thicker specimens of groups E and D could 
elucidate their similar fracture strength mean values. On the other hand, the 
rate of debonding of fractured fragments of Group 2D was still higher than 
for fragments of Group 2E. 
    Difference in E-modulus between enamel and dentine and changes in 
thickness of the restorations could explain the aforementioned dynamics 
of fracture. In fact, in the modelled specimen with ultra-thin restoration 
bonded to enamel 0.5E, FEA showed that MPSs are concentrated above 
all at the restoration’s top surface and into the enamel, with practically no 
stresses into the cement layer, as stiff enamel absorbs stresses and avoids 
bending. This stress pattern enlightens the predominance in vitro in these 
specimens of downcoming median/cone cracks beginning at the occlusal 
contact area, which broke the restorations and the subjacent tissues without 
almost any debonding. On the other hand, in the modelled specimen of 
ultra-thin restoration bonded to dentine 0.5D, stress concentration under 
load is equally distributed within restoration top/bottom, the cement layer 
and dentine, due to the increased elasticity of the dentine substrate. This 
stress pattern clarifies the prevalence in vitro in these specimens of radial 
cracks coming from the restoration/dentine interface and the high rate of 
restoration debonding. In the thicker modelled specimen 2E, distribution 
of MPS is similar to the respective thinner specimen 0.5E, which could 
explain the similarity in terms of fracture behaviour in vitro between 
specimens of these two groups. In modelled specimen 2D, the rigidity of 
the specimen increases due to the increase in thickness of the restoration. 
The MPS pattern of 2D is similar to 0.5D but with an increase in tension 
above all at the top of the restoration and into the cement. This pattern 
could explain the simultaneous presence in fractured specimens of this 
Group of radial, cone and median cracks.
    Clinically, results of this study suggest that enamel, as a bonding 
substrate, assures higher critical loads to fracture than dentine to bonded 
thin resin composite restorations. Conservation of enamel and, therefore, 
early diagnostic and therapy are crucial when treating eroded/worn 
posterior teeth with CAD-CAM resin composite overlays. At the same 
time, beyond a specific threshold of thickness – 2 mm in the present study 
− resin restorations become rigid enough to not be affected by the bonding 
substrate, similarly to fracture mechanics of veneered feldspathic ceramics. 
As a matter of fact, mean fracture strength value of 2-mm thick restorations 
bonded to dentin was just 2.57% less than 2-mm thick restorations bonded 
to enamel. All tested specimens met the minimal resistance requirements – 
more than 1000 N [42] – to counteract monotonic accidental biting forces. 
Although high load-to-fracture values obtained with this in vitro set-up, 
namely quasi-static/uniaxial extreme loading over one central occlusal 
contact, should not be used to predict clinical mechanical limits of different 
restorations, as in the clinical setting, restorations are known to fail more 
frequently in fatigue conditions under cyclic/multiaxial physiological 
loadings with multiple contact areas. Both high failure loads and the 
extreme surface contact damages obtained with the Hertzian indentation 
used in this study are rarely detected in clinics. Also, while the applied 
simplified bi- and tri-layer overlay model on the one hand guarantees high 
standard levels, on the other it is unable to mimic the complex geometry of 
a dental crown.
    The bond strength of the adhesive interface between restorations and the 
tissue substrate − enamel or dentine − is known to have an influence over 
restorations’ critical loads [43,44]. It is important to note that in this study 
this issue was not explored. A universal adhesive system was applied (One 
Coat 7 Universal, Coltène/Whaledent AG) to both enamel and dentine, 
with a previous orthophosphoric acid etching of enamel. The immediate 
bond strength of ‘universal’ self-etching adhesive systems to enamel and 
dentine has been previously shown as being similar [45]. Nevertheless, 
in this study the debonding of restorations after fracture was always more 
extensive in ‘dentine’ specimens than in ‘enamel’ ones, no matter the 
thickness of the restorations. As the crack chooses constantly the easier 
path during its run, it is reasonable to suppose that in this in vitro set-up the 
adhesive interface to dentine was weaker compared to the enamel interface. 
A preliminary immediate bond strength test on these specimens would 
have been necessary to validate this hypothesis and correlate bonding 

effectiveness to fracture strength values and fracture behaviour. 

5. Conclusion

    Within the limits of this in vitro study it was concluded that:
         �The tooth substrate has an impact on critical loads of thin CAD-

CAM composite resin restorations. Within a thickness range of 
the composite resin restoration of 0.5 mm to 1.5 mm, enamel as a 
bonding substrate assures higher restoration fracture strength than 
dentine. This impact gradually diminishes as the restoration becomes 
thicker. 

         �Both the bonding tooth substrate and the thickness of the restoration 
have an influence on the fracture behaviour of veneered composite 
resin restorations. The majority of the restorations bonded to 
enamel displayed multiple cracks, which broke the restoration and 
the subjacent tissues into multiple pieces. In most of the cases the 
restoration remained bonded to enamel after fracture. Contrariwise, 
in specimens with restoration bonded to dentine, the proportion 
between cracks that penetrated and cracks that did not penetrate 
tissues was more balanced. In almost all these fractures there was a 
large debonding of the restoration to dentine substrate. 

         �With regard to the correlation between the thickness of the restorative 
material and the type of fracture, radial cracking and cracks that did 
not penetrated tissues (Failure type 1) were more frequent in 0.5-mm 
ultra-thin restorations.

    Further in vitro studies and clinical trials are needed to confirm these 
results. In particular results obtained for the specific CAD-CAM composite 
resin tested in this study should not be safely generalised to all CAD-CAM 
composite resin materials present today on the market which may vary in 
properties and, in future, these outcomes should be also compared with 
CAD-CAM ceramic materials.
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