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ABSTRACT 

The purpose of this study was to evaluate the mechanical properties of laser printed monolithic and 

laminated nano ceramic resins (NCR) for dental prosthetic applications. Three different types of discs 

were produced by laser printing: monolithic NCR discs and laminated NCR discs with 100 µm 

(laminate_100) and 500 µm (laminate_500) resin interlayers (n=10). To assess the adhesion strength of 

the photosensitive resin used as interlayer to the NCR, cylindrical specimens were produced. The biaxial 

flexural strength and shear bond strength of the specimens was measured using a universal testing 

machine. Data statistically analysed by one-way ANOVA followed by Tukey HSD test (α=0.05). The 

microstructure and fracture surfaces were analysed by SEM/EDS. Results were rationalized with finite 

element analysis (FEA). Laminate_100 specimens showed significantly higher flexural strength (~50%) 

than monolithic and Laminate_500 specimens (p<0.05). A good adhesion between the resin used as 

interlayer and the NCR was registered. FEA revealed a more favorable stress distribution in laminates 

with lower interlayer thickness. Modern CAD/CAM systems can be used in the direct manufacturing of 

correctly designed laminated structures displaying enhanced strength and damage tolerance relative to 

conventional monolithic ones, thereby positively impacting their clinical performance. 

 

 

Keywords: nano-ceramic resin; laminated structures, flexural strength; laser printing; direct 

manufacturing;  
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1. Introduction 

The developments seen over the past two decades in the Computer Aided Design coupled to Computer 

Aided Manufacturing (CAD/CAM) technologies applied to the fabrication of dental restorations has 

brought us to the era of digital dentistry [1,2]. The Cerec System (Sirona) was the first CAD/CAM system 

in dentistry, more than 25 years ago, with high success rates of the ceramic restorations produced. It is 

currently available in its fourth generation. Nowadays, it is possible to fabricate dental restorations from a 

wide range of materials to a high level of dimensional accuracy [3,4]. The most commonly used materials 

include zirconia, glass-ceramic and resin composites that are usually used in the form of blocks from 

where the restorations are milled [5,6]. The resin composite blocks for permanent restorations such as 

Lava Ultimate (3M ESPE) and Vita Enamic (Vita Zahnfabrik) have been recently developed as materials 

for CAD/CAM production and have the advantages over ceramic materials of requiring lower processing 

times and being easily adjusted, milled and repaired [7–10]. The advantages over traditional resin 

composites polymerized in situ are their greater filler volume fractions that impart better mechanical 

properties as well as their enhanced dimensional accuracy due to the absence of an in-situ occurrence of 

curing shrinkage [11,12]. Despite both being resin composite materials, Lava Ultimate and Vita Enamic 

have different microstructures.  The first consist of discrete dispersed and inorganic filler particles (silica 

and zirconia) embedded in a polymer matrix, and the latter is a polymer-infiltrated-ceramic-network 

material (PICN), which consists in a feldspathic porcelain interpenetrating phase (86 wt.%) infiltrated by 

a acrylate-polymer (14 wt.%) [13,14]. Wear tests have shown that the volume loss on antagonist enamel 

produced by resin composites were lower than that produced by zirconia and glass-ceramics [8,15–17].   

Despite the term CAD/CAM in the dental restorative field is often associated to the milling technology it 

is much broader and includes subtractive and additive manufacturing technologies. The composite resin 

Temporis (DWS, Italy) is a photosensitive nano-resin ceramic commercialized by DWS for direct 

manufacturing of long-term temporary crowns and bridges. The restorations are fabricated in the 

DigitalWax® machines from a 3D CAD file controlled by a specific software that controls a laser source 

of ultraviolet radiation that solidify in a layerwise fashion the photosensitive resin. The DigitalWax® 
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stereolithography machines are characterized by a transparent resin tank which allows the laser beam to 

pass through it, and a laser scanning unit placed directly under the tank.  

The adhesively laminated ceramics have been shown to improve the mechanical properties of brittle 

ceramics in applications such as thermal barrier coatings [18,19], automotive windscreens [20–22] and 

lately in dental feldspathic ceramics [23]. It has been demonstrated elsewhere that the lamination of glass 

substrates produces a reduction of the structure stiffness whilst maintaining or increasing the flexural 

strength [21,24–26]. The toughening mechanism of ceramic laminated by a polymer adhesive interface 

has been described as the capacity of the laminating adhesive (interlayer) to absorb energy elastically and 

to allow shear transfer, i.e. deflection of the stresses away from the point of application. When a crack is 

formed and propagates through the adhesive interlayer, the strain of the adhesive helps to arrest the crack 

propagation. The literature involving laminated dental ceramics is scarce. Costa et al. (2008) [23] 

hypothesized whether the adhesive lamination of ceramic materials could offer mechanical advantages 

over monolithic structures and improve clinical outcomes. They found that ceramic lamination increased 

the damage tolerance of the structures and that cracks growth near the interlayer could be limited or 

arrested.   

Besides producing and testing monolithic nano ceramic resin by laser printing, the versatility of the 

DigitalWax® stereolitography system, which allows a quick change of material and therefore the 

fabrication of multimaterial parts, has lead us to the possibility of producing and testing laminate nano 

ceramic resins with a photosensitive resin used as elastic interlayer between the monolithic nano ceramic 

resin structures. The influence of an elastic interlayer on the mechanical properties of the laminated 

material, as well as the adhesion of the resin to the nano ceramic resin, has been assessed. The results 

were rationalized with Finite Element Analysis.  
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2.  MATERIALS AND METHODS 

 

2.1. Materials 

 

The materials used in this study were a nano ceramic resin  (Irix, DWS, Italy) and a photosensitive resin 

(DC600, DWS, Italy). The mechanical and physical properties of the materials used in this study as well 

as other resin composites for CAD/CAM manufacturing are presented in Table 1.  

 

Table 1 – Mechanical properties of resin based materials 

 

Flexural  

Strength 

[MPa] 

Young’s 

modulus 

(GPa) 

Fracture 

toughness 

[MPa .m1/2] 

Hardness 

[HV/GPa]  

Density 

[g/cm3] 

TEMPORIS 

(DWS, Italy)  
93 2.7 --- --- --- 

LavaTM  

Ultimate 3M* 
204±19 

12.77±0.9

9 
2.02±0.15 102 [8] --- 

Vita Enamic* 150-160 30 1.5 157 [8] 2.1 

Dentin --- 
16-20 

[27,28] 

2.2-3.1 

[29,30] 

0.6-0.92 

[29,31] 

1.96-2.4 

[32] 

Enamel ---- 
48-105.5 

[33,34] 

0.6-1.5 

[34,35] 

3-5.3 

[28,36] 
3.02 [36] 

* According to manufacturer 

 

2.2. Manufacturing of the discs and cylinders for testing 

Three types of disc geometries were fabricated for this study (Figure 1): monolithic nano ceramic resin 

(NCR) discs with 14 mm of diameter and 2.5 mm of height (n=10); NCR discs with 14 mm of diameter, 
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2.5 mm of height and with a resin interlayer of 500 µm of thickness, hereafter referred as laminate_500;  

and NCR discs with 14 mm of diameter, 2.1 mm of height and with a resin interlayer of 100 µm of 

thickness, hereafter referred as laminate_100. The discs were fabricated from a 3D CAD file in a laser 

printer machine (DWS, Italy) according to the schematic presented in Figure 2. All models underwent an 

additional exposure to a specific UV light source in a UV curing unit (S2 model, Digital Wax, Italy) for 

consolidation and stabilization of their structure.  

 

 

 

Figure 1 - Building design of nano ceramic resin (NCR) monolithic and laminated discs manufactured by 

laser printing. 

 

 

Figure 2 – Schematic of the stereolitography process used to fabricate the nano ceramic resin discs. The 
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model with the desired geometry is first created in CAD software. The STL file is then uploaded to the 

CAM software linked to the stereolitography machine and the building process starts.  

In order to assess the shear strength of the base materials this study, ten cylinders of each material with 8 

mm diameter and 8 mm height were printed. For reaching the success of a laminated material it is 

important to have a good adhesion between the layered materials. Therefore, in order to assess bond 

strength between the two materials [37–39], ten cylinders with 8 mm diameter and 4 mm of each material, 

making a total height of 8 mm were printed. The nano ceramic resin part was the first to be printed and 

the photosensitive resin was afterwards printed on its topside once the 4 mm height had been reached.  

 

2.3. Determination of Biaxial Flexural Strength 

 

 

The biaxial flexural strength tests of monolayered and trilayered discs were determined in a piston on 

three balls test setup at room temperature (21 ±1°C) using an universal testing machine (Instron 8874, 

MA, USA) with a load cell of 25kN, and at a loading rate of 1mm/min. The discs were positioned in the 

sample holder on top of the three supporting balls and the upper surface of the discs were centrally loaded 

with a 1.6 mm diameter pin mounted in the crosshead of the testing machine. The load at fracture and the 

number of fracture fragments were recorded for each specimen.  

The biaxial strength was calculated using the Hsueh et al.’s formulae, which is derived from ISO 6872 

standard formulae, and showed good accuracy in determining the stress distribution in our multilayered 

discs [40]. The stress moment in a multilayer disc is described by:   

 

�� = ������∗
�
���
�
���
���
�∗         (3) 

where Ei and νi are the Young's modulus and the Poisson ratio of the ith layer, M is the biaxial bending 

moment per unit length, z* is the position of the neutral plane, D* is the flexural rigidity and vave is the 

average Poisson's ratio. Ei and νi are calculated by Eq. (2), and the others variables are given by: 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

�∗ = ∑ ����������������
��
�� �!�

∑ ����
�����

 �!�
           (4) 

"∗ = ∑ ��#�
��$�� %ℎ���

' + ℎ���) + #��
* − �ℎ��� +

#�
'� �∗,-�.�      (5) 

/012 = �
� ∑ /�)�-�.�           (6) 

3 = �4
56 7�1 + 9012
 �1 + 2 ln

0
=� + �1 − 9012
 %�1 −

=�
'0��

0�
>�,?     (7) 

 

The disc with radius R is supported on three balls that are evenly spread on a circle with a radius a and 

loaded by a piston at the center with a radius c. 

For n=1 (one layer only), Hsueh et al. formula is reduced to the ISO 6872 monolayered disc formula. 

Therefore, the formula can be used to calculate the stress moment for both monolayered and multilayered 

discs. 

 

2.4.  Analysis of the microstructure and fracture surfaces 

 

The microstructure of the nano ceramic resin was analyzed by field emission guns electron microscopy 

(FEG-SEM; NOVA 200 Nano SEM, FEI Company). For that, samples were embedded in self-curing 

resin, wet-ground using grit SiC sand-papers down to 4000 Mesh and polished with diamond paste (1 

m). Afterwards they were gold coated. The fracture surfaces were gold sputtered and examined by SEM 

(TM3030, Hitachi, Japan) at operating voltages ranging between 5 and 10kV.  

 

2.5. Statistical analysis 

 

The results were analyzed using one-way ANOVA followed by Tukey HSD multiple comparison test. 

The Shapiro-Wilk test was first applied to test the assumption of normality. P values lower than 0.05 were 

considered statistically significant. 
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2.6. Finite element method 

Finite element method (FEM) was used to simulate the stress distribution in the biaxial flexural test. A 

two dimensional axisymmetric model was used to simplify the calculations. The simulations were carried 

out with the commercial software Comsol Multiphysics. A constant force was applied at the superior edge 

of the piston, which then transfers the force to the disc. The supporting ring was fully constrained, and the 

piston movement was restricted to move only in the vertical axis. All layers were considered to remain 

bonded during the simulation. A fine mesh with free triangular elements, with maximum size of 0.05 mm, 

was used. The elements were refined near the region where the stress was the highest, i.e. in the region 

near the z-axis, in a way that each layer had 20 elements at its edge, except layers smaller than 0.1 mm, 

which had 10 elements. A mesh refinement study was performed to ensure the accuracy of the simulated 

results. Using extremely fine mesh was necessary to avoid singularities in the model. In this study, the 

friction between the disc, the supports and the piston was ignored. 

 

3. RESULTS 

Figure 3 shows the microstructure of the nano ceramic resin at high magnification where white phases, 

corresponding to inorganic particles, can be detected within a polymeric matrix appearing as the dark 

phase. The EDS presented in Figure 3 identified the inorganic phase as being SiO2 and Al2O3 particles.  
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Figure 3 – Micrograph and EDS analysis of the resin nano ceramic material showing dispersed SiO2 

and Al2O3 nanoparticles embedded in a polymeric matrix. Residual porosity can be detected.  

Figure 4A shows a plot of the biaxial flexural strength of the monolithic nano ceramic resin and laminate 

materials with 100 µm and 500 µm resin interlayers. The statistical analysis revealed significant 

differences between the flexural strength of the different discs  (p<0.05). The laminated_100 discs 

(128.9±13.6 MPa) showed significantly higher flexural strength than the monolithic (86.1±13.9MPa) and 

the laminated_500 discs (78.3±3.8MPa) (p<0.05). The flexural strength of the laminated_500 discs 

decreased significantly relative to the monolithic discs (p<0.05). Figure 4B shows the deflection at 

fracture exhibited by the different specimens. The statistical analysis revealed no significant difference 

between the groups (p>0.05). The stiffness results are shown in Figure 4C. The statistical analysis did not 

reveal significant differences between the groups (p>0.05) 

 
A 

 

B 

 
C 

Figure 4 – Fracture strength (A), ultimate deflection (B) and stiffness (C) of the different specimens: 

monolhitic nano ceramic resin; laminated nano ceramic resin with 100 µm resin interlayer; laminated 

nano ceramic resin with 500 µm resin interlayer. The asterisk (*) indicates significant differences between 
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the groups. 

The shear strength of the nano ceramic resin and of the photosensitive resin used as interlayer in laminate 

materials, as well as the shear bond strength between both materials are presented in Figure 5. The shear 

strength of the photosensitive resin was significantly lower than that of the nano ceramic resin  (by ~4 

times). The shear bond strength between both materials was in the range of the photosensitive resin 

cohesive strength values, revealing an excellent adhesion between the two materials.  

 

Figure 5 – Plot of the shear strength of nano ceramic resin and the photosensitive resin, and the shear 

bond strength of the two materials.  

 The fracture surface of a nano ceramic resin specimen veneered by photosensitive resin after the 

shear bond strength test is presented in Figure 6. It can be seen in that remnants of the photosensitive 

resin remained at the fracture surface after testing, confirming the good adhesion exhibited by the two 

materials at the shear bond strength test. 
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Figure 6 – Fracture surface of the nano ceramic resin veneered by photosentitive resin after shear 

bond strength test showing remnants of the photosensitive resin at the fracture surface. 

 

 

Figure 7 shows the fracture surface of the specimens of the different groups and it can be seen that, in 

all specimens, failure started from the bottom part of the discs, which corresponds to the tensile 

surface in the flexural test. The fracture surfaces revealed typical fracture patterns of ceramic 

materials, namely the presence of hackle lines (HL) and compression curl (CC). The compression curl 

is a feature often seen is specimens subjected to flexural tests, as the stress gradient formed makes the 

crack to slow down and to change direction, thus creating a curve. The fracture origin is at the 

opposite direction to the compression curl [41]. 

The microstructural hackles are pronounced lines that form without a specific cause, usually due to 

variations in material’s microstructure. Ceramics tend to develop such lines when either a mirror 

region or other characteristic marks are absent, and it occurs when the strength is low or in the 

presence of high porosity. It might arise as the only mark on the fracture surface indicating the 

orientation of the crack propagation [41]. 

The fracture micrographs of the laminated specimens did not show delamination signs occurring at the 

different layers after the bending tests, thus evidencing a good adhesion between the interlayer and the 

outer NRC layers. The fracture surfaces also reveled the absence of detectable porosity within the 

discs.  
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Figure 7 – SEM micrographs of fracture surfaces of specimens from the different groups: A) monolithic nano ceramic 

resin; B) laminated nano ceramic resin with 100 µm resin interlayer; C) laminated nano ceramic resin  with 500 µm resin 

interlayer. The presence of typical brittle marks such as compression curl  (CC) e hackle lines  (HL) can be observed. 

The arrows indicate the critical defect.   

 

Figure 8A shows a comparison of the stress distribution within the different discs subjected to a 

biaxial flexural test when a fixed load of 200N is applied in the center of the disc. Figure 8B plots the 

stress distribution along the thickness in the center of the discs, where the maximum stresses were 

registered. It can be seen that the maximum tensile stresses occur at the bottom part of the discs for 

monolithic and laminated_100 discs. The laminated_500 discs exhibit the maximum tensile stresses at 
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the interface between the upper NRC disc and the resin interlayer. Additionally, laminated_100 and 

laminated_500 present a considerable stress mismatch at the interface between the NRC upper disc 

and the resin interlayer. The analysis of the maximum tensile stresses at the bottom side of the disc 

show that monolithic discs present the lowest values and the laminated_100 discs the highest.   

 

A 

 

B 

Figure 8 – Maximum principle stresses in monolithic and laminated discs under a biaxial flexural test 

with a centrally applied load of 200 N. A) Stress distribution map; B) Stress profile measure at the 

center of the discs. 

 

4. DISCUSSION 

This study has been conducted with the main purpose of assessing the feasibility of direct printing 

monolithic and laminated nano ceramic resins for temporary dental restorations as well as their 

mechanical behavior.  
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The flexural strength of the monolithic discs was found to be similar to that reported by the 

manufacturer (Table 1) and is in the range of values reported in literature for composite resins [42]. These 

values are, however, lower than the strength values reported for composite resins used in the form of 

blocks for dental CAD/CAM systems such as the Lava Ultimate and also lower than Vita Enamic, which 

belongs to the class of interpenetrating phase composites (IPCs) [43–45] (Table 1). Unlike the 

conventional composite resins, as is the case of the nano resin composite used in this study, which 

consists of discrete dispersed and isolated inorganic filler particles with different sizes, shapes and filling 

degree embedded in a polymeric matrix [46], the IPCs consists of two continuous interpenetrating 

networks [44], one ceramic (feldspar) and the other a polymer (methacrylates) in the case of Enamic 

composite [5,6,13]. The additional resistance of the IPCs is attributed to the reinforcing phase that 

distributes stresses effectively in all directions and also to the distribution of such enhanced resistance by 

several breackdown phenomena [43]. Hence, the polymer phase provides resistance to crack propagation 

by bridging cracks introduced to the brittle material.  

The laminate specimens showed divergent behaviors, with the laminate_100 presenting significantly 

higher  flexural strength relative to monolithic specimens and the laminate_500 decreasing significantly 

the same flexural strength relative to monolithic specimens, although in the latter case the resistance 

values were close. These results can be rationalized with the finite element analysis presented in Figure 8 

where the stress distribution across the discs’ thickness for a fixed load of 200N is plotted. The FE 

analysis revealed a continuous and monotonic stress distribution across the thickness of the monolithic 

discs with the higher tensile stresses occurring at the bottom surface, as already expected. On the other 

hand, stresses distribution in laminated discs showed a very different profile. High tensile stresses were 

also developed at the interlayer region, with a high stress mismatch being created at the interface between 

the top nano ceramic resin disc and the resin interlayer. It must be highlighted that, conversely to what 

was seen for laminate_100 specimens, the maximum tensile stresses in laminate_500 specimens were 

present at the interlayer region rather than at the bottom side of the disc, which indicates this site as a 

critic point where cracks may form and propagate.  

Concerning stresses in laminate_100 discs, despite a stress mismatch is also created at the interlayer’s 

region, the highest tensile stress values were also seen at the bottom surface, similarly to the monolithic 

discs. The significantly higher flexural strength displayed by the laminate_100 shows that this design 
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configuration allowed to achieve the desired toughening mechanics typical of ceramic laminated by a 

polymer adhesive interface based on the ability of the laminating adhesive (interlayer) to absorb energy 

elastically and to allow shear transfer. This phenomenon is well seen in the fracture surfaces of laminate 

specimens (Figure 7) where the crack formed at the tensile stresses propagates freely until it reaches the 

adhesive interlayer. Here the strain of the adhesive helps to arrest the crack propagation, decreasing the 

propagation speed and dissipating energy. The deviation in the crack direction caused by the resin 

interlayer and visible in the fracture micrographs reinforces the evidences of toughening effect seen in 

laminated discs (Figure 7).  Costa et al. [23] demonstrated that cracks formed after indentations made in 

the ceramic, adjacent to the resin interlayer, tend to propagate parallel to the interlayer and no longer in a 

radial direction towards the surface, thus exhibiting a toughening mechanism resulting from the crack 

arrest in the resin interlayer.    

The interlayer’s thickness, in the range of values used in this study, played a significant role in 

the flexural strengths of the laminate discs. The interlayer’s elastic modulus and thickness have been 

shown to influence the laminate glass materials (LG) [25]. For example, Hidallana-Gamage et al. (2015) 

demonstrated that there is a critic value for the interlayer’s thickness and elastic modulus, above of which 

there is an improved stress distribution on both glass and interlayer, and minimization of the damage of 

the interlayer. Therefore, laminates with higher interlayer thickness and stiffness tend to exhibit higher 

load carrying capacity than those with smaller E and thickness.  In our study, however, different tendency 

was found for the type of materials used. The laminates with thicker interlayer (laminate_500) exhibited 

significantly lower flexural strength than those with thinner interlayers (laminate_100). The explanation 

for the divergent results might be related to the different materials employed in both studies and by the 

different interlayers thickness range, which was 100 µm – 500 µm in our study and 760 µm -2280 µm in 

Hidallana-Gamage et al. study [25].  

The resin used as interlayer in the laminate discs had a very low elastic modulus (~172 MPa), which can 

explain the high tensile stresses originated at the interlayer region of the laminate discs. Hence, the 

application of a stiffer interlayer is believed to result in enhanced strength of the laminate discs. Similar 

findings have been reported for ceramic restorations where the stiffness of the substrate including the 

luting cement have been shown to play an important role in the fracture resistance [47–49]. It has been 

demonstrated that the failure triggered by the development of tensile stresses is highly sensitive to the 
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ratios of elastic moduli between the restorative material, luting agent and substrate [47,50,51]. It has been 

therefore suggested that the improvement of clinical performance would be achieved by increasing the 

resin cement modulus and assuring a good bonding [49].  

One important factor in laminate ceramics is achieving a good adhesion between the ceramic 

discs and the resin interlayer. It has been reported that well-luted specimens display usually higher 

fracture resistance [52–55]. This would lead to bridging effects on the interfacial surface defects, thus 

restricting and resisting against the propagation of cracks from the internal surface of the bonded resin 

[47,53,56] and leading to a higher fracture resistance.  

The ultimate deflection (maximum deflection at failure) did not differ significantly within the different 

groups. This behavior is in accordance with Hidallana-Gamage et al. [25] findings, which have shown 

that maximum deflection  did not vary with the interlayers thickness when slow deformation rates were 

used. Additionally, the stiffness of laminates did not show to significantly differ from the monolithic 

specimens, which contrast to typical behavior of laminated ceramics [23–25].  Differences in the base 

materials and in the processing technique used in this study might be in the origin of such behavior.  

Finally, considering the results reported above, it can be seen that the laminated nano ceramic resin with 

100 µm resin interlayer displayed significantly enhanced strength relative to the monolithic material 

(~50%), without compromising the ultimate deflection and the original stiffness.  

 

5. Conclusions 

This study assessed the feasibility of production and the mechanical properties of laminate nano ceramic 

resin obtained by CAD/CAM laser process. Within the limitations of the present study, the following 

conclusions can be drawn: 

1. Laminate nano ceramic resin (NCR) specimens were successfully produced using a CAD/CAM laser 

assisted process; 

2. A good adhesion between the resin and the NCR discs was registered, evidenced by the high shear 

bond strength results; 

3. The laminate specimens with 100 µm thickness interlayers displayed significantly higher flexural 

strength (~50%) than those exhibited by the monothitic specimens (p<0.05). 
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4. Direct manufactured laminated materials arise as a promising alternative to conventional monolithic 

ones in the production of dental structures with enhanced strength and damage tolerance.   
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