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PURPOSE. The study objective was to evaluate the influence of the type of 
resin cement on the flexural strength and load to fracture of two chairside CAD-
CAM materials after aging. MATERIALS AND METHODS. A polymer-infiltrated 
ceramic network (PICN) and a nanoceramic resin (RNC) were used to produce 
the specimens. Two types of dual-cure resin cements, a self-adhesive and a 
universal, were investigated. Bilayer specimens were produced (n = 10) and aged 
for 6 months in a humid environment before the biaxial flexural strength test (σf). 
Bonded specimens were subjected to a mechanical aging protocol (50 N, 2 Hz, 
37°C water, 500,000 cycles) before the compressive load test (Lf). σf and Lf data 
were analyzed using two-way ANOVA and Tukey tests (α = .05). Chi-square test 
was used to analyze the relationship between failure mode and experimental 
group (α = .05). RESULTS. The type of resin cement and the interaction between 
factors had no effect on the σf and Lf of the specimens, while the type of 
restorative material was significant. RNC had higher σf and Lf than PICN. There 
was a significant association among the type of cracks identified for specimens 
tested in Lf and the restorative material. CONCLUSION. The type of resin cement 
had no effect on the flexural strength and load to fracture of the two investigated 
CAD-CAM chairside materials after aging. [J Adv Prosthodont 2023;15:136-44]
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INTRODUCTION

Ceramics are widely used in prosthetic dentistry due to their great optical and 
mechanical properties, which allows the fabrication of restorations with good 
aesthetics, high color stability, excellent biocompatibility, low thermal con-
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ductivity and good resistance to fracture.1,2 Neverthe-
less, the high elastic modulus and hardness, as well 
as the brittle behavior of ceramics, can compromise 
the longevity of the prosthetic rehabilitation.2,3

The search for more resilient and less stiff restor-
ative materials combined with the consolidation 
of the computer-aided design and computer-aided 
manufacturing (CAD-CAM) technology in dentistry 
has led to the development of hybrid materials and 
high-performance polymers.2-5 The first hybrid ma-
terial introduced in dentistry was a polymer-infiltrat-
ed ceramic-network (PICN), which is composed of a 
dominant ceramic network infiltrated with a polymer 
matrix. The ceramic network has leucite as the major 
phase and zirconia as the minor phase.3-7 The ceram-
ic network provides resistance to deformation and 
wear, but it is brittle and susceptible to fracture; the 
polymer matrix is capable of plastic deformation, re-
sulting in a more resilient material.5 PICN have physi-
cal and mechanical properties similar to enamel and 
dentin.3,5,8,9 This material has good flexural strength 
and fatigue resistance,10-16 being indicated for crowns, 
veneers, inlays and onlays, and for patients with para-
functional habits.4

The industrial production of CAD-CAM blocks also 
allowed the development of high-performance poly-
mers. It is possible to fabricate composite materials 
with greater chemical stability and better physical 
and mechanical properties with greater incorpora-
tion of inorganic fillers and control of the degree of 
conversion of the polymer matrix.9,14,15,17 For exam-
ple, the nanoceramic resin (RNC) has 80 wt% of inor-
ganic filler, being a mixture of zirconia particles (4 to 
11 nm) and silica (20 nm). The remaining 20 wt% is 
composed of an organic matrix of highly cross-linked 
polymers containing predominantly urethane di-
methacrylate (UDMA).7 RNC has similar resilience to 
human dentin, good flexural strength, and good resis-
tance to wear and staining.6,8,9,12-15,18 This material is 
indicated for inlays, onlays and veneers.18 

The introduction of these CAD-CAM restorative ma-
terials with different microstructure and composi-
tion raised doubts regarding which type of surface 
treatment, adhesive and cement can guarantee the 
longevity of the treatment.4,18-23 Although most stud-
ies reported good bond strength results,19,20,22,23 it is 

important to characterize how the different bond-
ing approaches affect the fracture resistance of these 
CAD-CAM restorative materials, especially after being 
subjected to conditions that simulate the oral envi-
ronment. Additionally, the low stiffness of the RNC 
could result in restoration deflection and failures at 
the margins or debonding, which are failure modes 
reported clinically.9,17,21,24 Therefore, tooth and im-
plant-supported single crowns were removed from 
the RNC indications.17

Different types of resin cements are available to ce-
ment the restorations, being an important variable 
of the adhesive protocol.25 Self-adhesive (SA) resin 
cements do not require acid-etching with phosphor-
ic acid as they have acidic monomers in their com-
position, which promotes bonding by modifying the 
smear layer.26 More recently, a combination of uni-
versal (U) resin cements and adhesives, that can be 
used in either self-etch, selective-etch or total-etch 
approach, were developed and represent a more ver-
satile option to the dentist.27 Nevertheless, the com-
position of the different restorative materials, cemen-
tation substrates, adhesives and cements, as well 
as the degradation effects of the oral environment, 
can significantly affect the clinical performance of 
the restorations, especially at the cementation in-
terface.1,18-21,26,27 Moreover, the thickness and elastic 
modulus of the resin cement layer influence the me-
chanical behavior of multilayer structures.28 

Therefore, the objective of this study was to evalu-
ate the effect of the type of resin cement, self-adhe-
sive (SA) and universal (U), on the flexural strength 
and load to fracture of two chairside restorative CAD-
CAM materials, PICN and RNC, after aging. The study 
hypotheses are: (1) the type of resin cement affect the 
biaxial flexural strength of bilayer specimens (restor-
ative material + cement) after aging in a humid envi-
ronment for 6 months; (2) the type of resin cement 
influences the fracture load of bonded specimens 
(substrate + cement + restorative material) after me-
chanical aging.

MATERIALS AND METHODS

Two types of chairside CAD-CAM restorative materials 
were investigated, a polymer-infiltrated ceramic net-
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work (PICN, Vita Enamic; Vita Zahnfabrik, Bad Sack-
ingen, Germany) and a nanoceramic resin (RNC, Lava 
Ultimate; 3M Oral Care, St. Paul, MN, USA), and two 
types of dual-cure resin cements were used, a self-ad-
hesive resin cement (SA, RelyX U200; 3M Oral Care, 
St. Paul, MN, USA) and an universal resin cement (U - 
RelyX Ultimate; 3M Oral Care, St. Paul, MN, USA). The 
mechanical behavior of the specimens was evaluated 
using a biaxial flexural strength test (σf) after aging in 
a humid environment (specimens were immersed in 
distilled water for 6 months), and a compressive load 
test (Lf) after mechanical aging (specimens were aged 
using a pneumatic mechanical cycling machine). For 
σf, bilayer specimens composed by the restorative 
material (1.0 mm) and the resin cement (- 0.05 mm) 
were produced. For Lf, the restorative material (1.0 
mm) was cemented with resin cement (- 0.05 mm) to 
a dentin analog substrate (3.0 mm).

For the biaxial flexural strength test, disc shaped 
specimens of the two restorative materials were pro-
duced with 12 mm in diameter and 1 mm in thick-
ness. First, CAD-CAM blocks were ground using a 
mechanical lathe (CA51H, FERDIMAT; São José dos 
Campos, Brazil) into 12 mm diameter cylinders, under 
water irrigation. Then, cylinders were cut into slices 
using a cutting machine (Miniton; Struers, Copenha-
gen, Denmark) with a diamond disc, under water irri-
gation. Specimens were ground and polished with sil-
icon carbide papers (#300, #400, #600, #1200 grits) to 
produce 1 mm thick discs. 

The surface treatment of the restorative materials 
are described in Table 1 and followed the manufac-
turer’s recommendations, being acid-etch with 5% 
hydrofluoric acid for PICN and air-abrasion with 50 
µm alumina particles for RNC. All specimens were 
cleaned with distilled water and alcohol. 

Subsequently, specimens of each restorative ma-
terial were divided according to the type of resin ce-
ment used (SA and U) (n = 10). The cementation pro-
tocol followed the manufacturer’s recommendations 
for each cement (Table 1). For SA resin cement, a si-
lane agent (Prosil; FGM, Joinville, SC, Brazil) was ap-
plied to the specimen surface and left to evaporate 
for 60 sec. For U resin cement, the specimen received 
a layer of a universal adhesive (Single Bond Universal; 
3M Oral Care, St. Paul, MN, USA), which was applied 
with a microbrush for 20 sec, and light cured (Ra-
dii-cal; SDI, Sao Paulo, Brazil) for 20 sec. 

The resin cement was applied to the specimen 
treated surface. A polyester strip was placed over the 
cement layer and the bilayer structure was inserted 
into a cementation device, in which a 750 g load was 
applied to guarantee a uniform cement layer. The 
excess of resin cement was removed using a micro-
brush. The cement was light cured (Radii-cal; SDI, Sao 
Paulo, Brazil) for 40 sec at each side of the multilayer 
specimen.

Specimens were stored for six months in distilled 
water at 37°C before the biaxial flexural strength test. 
Specimens were tested with the cement layer in ten-
sion using a piston-on-three-ball  device (Biopdi, Sao 
Carlos, Brazil) (cement facing down the three spheres) 
in a universal testing machine (DL 2000, EMIC, Sao 
Jose dos Pinhais, Brazil), at 1 mm/min cross-head 
speed in 37°C distilled water. After the test, the frac-
ture surface of specimens were analyzed using a ste-
reomicroscope (STEMI 2000-C, ZEISS, Oberkochen, 
Germany) to measure the thickness of the restorative 
material and cement layer. The mean thickness of the 
cement layer was 55 µm (± 37 µm). The σf (MPa) of 
the multilayer specimen was calculated according to 
the bilayer equations below:29

Table 1. Surface treatment protocols
Restorative Material Step 1 Resin Cement Step 2

PICN Acid-etch with 5% hydrofluoric acid 
for 60 sec

SA (self-adhesive) Silane agent for 60 sec

U (universal) Universal adhesive for 20 sec + 
light curing for 20 sec

RNC Air-abrasion with 50 μm Al2O3 
particles at 2 bar pressure (30 psi)

SA (self-adhesive) Silane agent for 60 sec

U (universal) Universal adhesive for 20 sec + 
light curing for 20 sec

PICN, polymer-infiltrated ceramic network; RNC, nanoceramic resin.
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where, z*, D* and ν are:

where: a is the radius of the specimen support cir-
cle (5 mm), c is the piston radius (0.775 mm), D is the 
specimen diameter (- 12 mm), R is specimen radius (- 
6 mm), t1 is the thickness of the cement layer (- 0.05 
mm), t2 is the thickness of the restorative material (- 
1.0 mm), E1 is the elastic modulus of the resin cement, 
E2 is the elastic modulus of the restorative material, P 
is the fracture load (N), ν1 is the Poisson’s ration of the 
resin cement, and ν2 is the Poisson’s ratio of the re-
storative material.

In the equation, E = 12.7 GPa and ν = 0.47 for RNC;7 
E = 37.4 GPa and ν = 0.26 for PICN;7 E = 7.7 GPa for res-
in cement U; E = 6.6 GPa for resin cement SA; v = 0.5 
for the two resin cements (information provided by 
the manufacturer).7 

The fracture surface of the specimens was analyzed 
following the principles of fractography to identify 
the fracture origin, using a stereomicroscope. Two 
specimens of each experimental group were select-
ed for a detailed analysis of the fracture surface using 
a scanning electron microscope (SEM-Model Vega 3; 
TESCAN, Brno, Czechoslovakia). For the SEM analy-
sis, the specimens were cleaned in an ultrasonic bath 

with 90% alcohol and gold-sputtered.
For the compressive load test, plate-shaped spec-

imens of PICN and RNC were produced by cutting 
CAD-CAM blocks using a cutting machine (Miniton; 
Struers, Copenhagen, Denmark) and a diamond disc, 
under water irrigation. Specimens were ground and 
polished with silicon carbide papers (#300, #400, 
#600, #1200 grit size) to produce plates of 1 mm thick-
ness (10 × 12 mm).

Discs of a dentin analog substrate (glass fiber-rein-
forced epoxy resin, NEMA G10; International Paper, 
Hampton, SC, USA) with 2 mm thickness were ob-
tained by cutting the rods of G10 material and griding 
with #400 grit silicon carbide paper. Prior to cemen-
tation, the surface of G10 was etched with 10% hy-
drofluoric acid (Condac porcelain; FGM, Joinville, SC, 
Brazil) for 60 sec, washed with water, and air-dried 
and a silane agent was applied for 60 sec (Prosil; FGM, 
Joinville, SC, Brazil). G10 is a fiber-reinforced epoxy 
resin with elastic and adhesive properties similar to 
dentin.11,18,30,31 Acid etching is recommended to pro-
duce micro retentions for adhesive bonding.31

The restorative materials were further divided ac-
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cording to the type of resin cement (SA and U) (n = 
10). Cementation of the restorative materials to the 
dentin analog substrate followed the same protocol 
described for the σf specimens reported previously 
(Table 1).11,18,30 Cemented specimens were stored in 
distilled water at 37°C for 48 hr.

Before the compressive load test, specimens were 
subjected to an aging protocol using a pneumatic 
mechanical cycling machine (Biocycle mechanical 
cycler; BioPDI, São Paulo, Brazil). A 50 N load was ap-
plied to the restorative material surface by a flat me-
tallic piston (3 mm diameter contact area stainless 
steel piston) with a frequency of 2 Hz, in 37°C distilled 
water, for 500,000 cycles. A flat piston was used to 
guarantee a uniform contact area and pressure during 
aging.11,30,32

The compressive load test (Lf) was performed us-
ing a universal testing machine (Instrom 23-10, series 
2310P-0008; Instron, São José dos Pinhais, PR, Bra-
zil) in 37°C distilled water. A compressive load was 
applied to the center of the cemented specimen by 
the flat metallic piston (3 mm diameter contact area) 
with a cross-head speed of 0.5 mm/min. An amplified 
microphone was connected to the universal testing 
machine and to a computer. Load application was 
acoustically monitored by using a software (Audaci-
ty Sound Editor; Free Software Foundation, Boston, 
MA, USA). The test was interrupted at the sound of the 
first crack, shown in the software as a sharp sound 
wave, and the load was recorded (Lf in N).11,18,32,33 

Specimens were analyzed using transillumination 
with blue light after the mechanical aging protocol 
and after the compressive load test in order to iden-
tify cracks and fractures. Cracks were classified as: 
radial, when initiating from the intaglio surface of 

the restorative material; cone, which are ring-shaped 
cracks initiating from the surface of the restorative 
material in contact with the loading piston; and com-
bined, when both radial and cone cracks are identi-
fied.11,18,30,33

Fracture load and flexural strength data passed the 
Shapiro-Wilk Normality test and the similar variance 
test (P  > .05). Two-way ANOVA (factor 1: restorative 
material, factor 2: resin cement) and Tukey tests were 
used to analyze σf and Lf data (α = .05). Chi-square test 
was used to analyze the relationship between the 
type of crack identified for specimens tested in com-
pressive load and the experimental group (α = .05). 

RESULTS

For biaxial flexural strength, the factor of restorative 
material was statistically significant (P  < .001; β = 
0.99). Yet, the factor of resin cement type (P = .463; β 
= 0.05) and the interaction between factors (P = .058; 
β = 0.36) were not statistically significant. RNC had 
higher σf than PICN (Table 2). Fractographic analysis 
of the bilayer specimens indicated that the fracture 
origin was located on the surface of the cement layer 
and propagated throughout the restorative material 
for all experimental groups. Representative images 
of the fracture surface of RNC and PICN bilayer speci-
mens that failed in flexure are shown in Figure 1.

The factor of resin cement type (P = .250; β = 0.08) 
and the interaction between factors (P = .057; β = 0.36) 
were not statistically significant for fracture load of 
bonded specimens. The factor of restorative materi-
al was statistically significant (P < .001; β = 1.00). RNC 
showed higher Lf than PICN, as shown in Table 2.

No specimen failed or debonded from the substrate 

Table 2. Mean (standard deviation) values of biaxial flexural strength (σf - MPa) and fracture load (Lf - N) for the experimen-
tal groups

Restorative Material
Resin Cement

σf - MPa Lf - N
U SA U SA

PICN 98 (7)b 111 (9)b 1578 (730)b 2159 (423)b

RNC 129 (12)a 123 (25)a 3905 (614)a 3758 (536)a

Means followed by similar letters in the same column are statistically similar (P ≥ .05).
PICN, polymer-infiltrated ceramic network; RNC, nanoceramic resin; SA, self-adhesive; U, universal.
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during mechanical aging. The failure mode for spec-
imens tested in compressive load was cracking, as 
shown in Figure 2. Fractures of the restorative materi-
als were not observed. A significant relationship was 
found between the type of crack and the experimental 
group (P = .003). RNC specimens had a higher frequen-

Fig. 1. Representative SEM images of the fracture surface 
of bilayer specimens tested for biaxial flexural strength: (A) 
RNC combined with U resin cement; (B) PICN combined 
with SA resin cement; (C) closer view of the fracture origin 
of the specimen shown in image a (RNC+U); (D) closer 
view of the fracture origin of the specimen shown in im-
age b (PICN+SA). Compression curl (CC) and hackle lines 
(HL) indicate the direction of crack propagation from the 
bottom to the top of the specimen fracture surface. White 
arrows point to the origin of the fracture on the surface of 
the cement layer. 
SEM, scanning electron microscope; PICN, polymer-in-
filtrated ceramic network; RNC, nanoceramic resin; SA, 
self-adhesive; U, universal.

A

B

C D

RNC + U

PICN + SA

RNC PICN

U SA
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HL HL

HL
HL

CC

Fig. 2. Images of the fracture surface of specimens tested 
in compression, using transillumination: (A) black arrows 
point to a radial crack located in the specimen intaglio 
surface, at the cementation interface with the dentin 
analog; (B) black arrows point to a cone crack located in 
the specimen surface in contact with the loading piston.

A B

cy of cone cracks (90%), while PICN specimens had a 
higher frequency of combined (50%) and radial (25%) 
cracks, regardless of the type of resin cement used.

DISCUSSION

A wide variety of restorative CAD-CAM materials are 
avaliable to rehabilitate patients. Among these mate-
rials are PICN and RNC, which have mechanical prop-
erties that are suitable for clinical use, being less stiff 
and more resilient than ceramics.4,7,17 Several cemen-
tation strategies are avaliable, with different surface 
treatments, adhesives and resin cements,18-22,26,27 and 
it is important to understand how they may affect the 
structure’s resistance to fracture. Therefore, the pres-
ent study focused on the mechanical characterization 
of chairside CAD-CAM materials combined with dif-
ferent resin cements and subjected to conditions that 
simulate the oral environment, aiming to support the 
cementation protocols used in the clinic.

The type of resin cement had no effect on the biax-
ial flexural strength of bilayer specimens after aging 
in a humid environment for 6 months, rejecting the 
first hypothesis of the study. The resin cements eval-
uated have similar inorganic filler content (- 43%), 
which lead to similar mechanical properties as well. 
The manufacturer (3M Oral Care) reported flexural 
strength values of 98 MPa for the universal resin ce-
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ment and 99 MPa for the self-adhesive. In addition, an 
in vitro study found compressive strength of 293 MPa 
for the universal and 283 MPa for the self-adhesive.25 
Moreover, although self-adhesive resin cements are 
more hydrophilic,26 when specimens were analyzed 
using microscopy, after 6 months of water storage, it 
was not possible to identify characteristics of cement 
degradation (i.e. heterogeneous areas that indicate 
loss of material).

When the two CAD-CAM materials were compared, 
RNC showed superior flexural strength than PICN, re-
gardless of the type of resin cement used. PICN has a 
greater ceramic content, which provides greater re-
sistance to deformation and wear, while increasing 
the material brittleness.5-7,9,12,14 On the contrary, RNC 
has a greater polymer content, which absorbs the ap-
plied loads and increases the material resistance to 
fracture.6-8,12,14,17 Previous studies found higher flex-
ural strength values for RNC when compared to PICN, 
corroborating with our results.8,9,14,16 Fractography of 
bilayer specimens showed similar failure pattern for 
all experimental groups, with crack initiating at the 
surface of the resin cement layer subjected to tensile 
stresses during the biaxial flexure test and propagat-
ing through the restorative material.

The second study hypothesis was rejected as the 
type of resin cement had no influence on the fracture 
load of bonded specimens subjected to mechanical 
aging. The resin cement elastic modulus (E) could 
affect the stress distribution of bonded specimens 
(substrate + resin cement + restorative material).11,28 
Nevertheless, in the present study, due to the small 
thickness (- 55 µm) of the cement layer, differences 
in the elastic properties of the two resin cements (EU 
= 7.7 GPa; ESA = 6.6 GPa) did not significantly affect 
the mechanical behavior of the multilayer structure. 
Moreover, the absence of debonding during mechan-
ical aging suggest good adhesion between restorative 
material, cement and substrate, as reported in previ-
ous studies.11,18

For the fracture load test, RNC also showed higher 
values than PICN. The superior mechanical behavior 
of RNC bonded specimens can be attributed to the 
greater flexural strength of the restorative materi-
al and the similarity among the elastic properties of 
RNC, resin cement, and dentin analog substrate.11,18,28 

A small mismatch between the E values of different 
materials in a multilayer structure results in a more 
uniform stress distribution across the layers when the 
structure is tested in compression.28 

Moreover, a study that evaluated the mechanical 
behavior of PICN and an indirect composite resin 
bonded with a universal resin cement to a dentin an-
alog concluded that the structure could be reinforced 
if the substrate has a higher elastic modulus than the 
restorative material.11 The elastic modulus of the den-
tin analog substrate (E = 13.1 GPa) is slightly superior 
to that of the RNC (E = 12.7 GPa),7,31 which results in 
the suppression of tensile stresses at the restorative 
material intaglio surface. Higher stress concentration 
is located at the surface of the restorative material 
in contact with the loading piston, leading to cone 
cracks, which were responsible for 90% of RNC fail-
ures.11,18,33

On the contrary, if the restorative material has a 
greater elastic modulus that the substrate, such as 
PICN material (E = 37.4 GPa),7 high tensile stresses are 
located at the intaglio surface due to the substrate 
flexure under compressive loading, generating ra-
dial cracks.11,30,33 Nevertheless, studies have shown 
that radial and cone cracks are competing failure 
modes.11,18,28,30,32,33 Factors including the load lev-
el used in the mechanical test;30,32,33 thickness of the 
substrate, cement and restorative material;28,33 type 
of material, size and shape of the loading piston;30,32,33 
and, type of supporting substrate11,28,33 can affect the 
stress distribution and failure mode of bonded struc-
tures as well. Moreover, mechanical aging can also 
contribute to accumulate damage at the contact sur-
face, resulting in combined failure modes.11,30,32,33

Multilayer structures were evaluated, aiming to 
simulate the configuration of a single crown bonded 
with resin cement to the dental substrate;11,18,30,31,33 
however, the use of a simplified structure, which does 
not correspond to the complex geometry of a pros-
thesis, is a study limitation. The compressive load 
test of bonded specimens was planned as to create 
the same crack system reported for clinical failures 
of prosthetic restorations.33 Clinical extrapolations 
should also consider that a total etch protocol was 
used for both resin cements, as the literature recom-
mends acid-etching the dentin analog substrate.31 
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The surface treatments prior to bonding followed the 
manufacturer recommendations for each restorative 
material, being etched with hydrofluoric acid for PICN 
and air-abraded with particles for RNC.23 Neverthe-
less, the oral environment was simulated by mechan-
ical aging the bonded structures in water at 37°C with 
50 N load and 2 Hz frequency.11-13,30 

CONCLUSION

The type of resin cement had no effect on the flexural 
strength and load to fracture of cemented CAD-CAM 
restorative materials after aging. The nanoceramic 
resin had greater mechanical behavior than PICN.
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