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The influence of roughness on the
resistance to impact of different
CAD/CAM dental ceramics

Luis Felipe Guilardi @7, Arie Werner 192, Niek de Jager 22, Gabriel
Kalil Rocha Pereira @', Cornelis Johannes Kleverlaan ©2, Marilia
Pivetta Rippe®’, Luiz Felipe Valandro 1,

This study aimed to investigate the effect of surface roughness (polished vs.
CAD/CAM milling simulation) on impact strength of five dental ceramics for
manufacturing CAD/CAM monolithic restorations. Specimens of five ceramics
(FC- feldspathic glass-ceramic; PICN- polymer-infiltrated ceramic-network;
ZLS- zirconia-reinforced lithium silicate glass-ceramic; LD- lithium disilicate
glass-ceramic; YZ- yttria-stabilized tetragonal zirconia polycrystal ceramic) to
be tested under impact (15x10x2mm?; n= 15) were divided into two groups,
according to surface treatment: polishing (pol) and grinding (gri) as CAD/CAM
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milling simulation. Impact strength was tested using the Dynstat method.
Roughness, topographic, fractographic and finite element analyses were
performed. The impact strength data were analyzed by Weibull, and Pearson
correlation was used to correlate roughness and impact strength data. The
CAD/CAM milling simulation led to significantly (p<0.05) greater roughness
(Ra and Rz) and statistically reduced the impact strength for PICN (po/PICN=
4.59 to griPICN= 1.09; +76% decrease), for LD (po/LD= 17.69 to griLD= 10.09;
+43% decrease) and for YZ (polYZ= 74.99 to griYZ= 20.67; +72% decrease)
ceramics; and also promoted a more irreqular topography with scratches and
grooves. Fractographic and FEA analyses depicted the origin of failure at the
higher stress concentration side during the impact test, where the pendulum
impacted. The CAD/CAM milling simulation significantly decreased the impact
strength of the evaluated ceramic materials.
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Introduction

The use of ceramic materials for manufacturing fixed dental prostheses (FDPs) is intensely common
nowadays in dental practice. The major processing technique that has been explored is through
Computer-Aided Design and Computer-Aided Manufacturing (CAD/CAM) systems as they enable
increased process reliability, high cost-effectiveness and a substantial reduction in working time (1).

The ceramic materials are mainly classified according to their composition (i.e. silica-based ceramics,
oxide ceramics, resin-matrix ceramics) and manufacturing method (i.e. layering, pressing and CAD/CAM
milling) (2). Ideally, we seek to use a material that provides adequate aesthetics, combined with high
mechanical properties. Preferably, this material must withstand high loads and must resist crack
propagation as much as possible (3). It is very clear that the ceramic microstructure directly influences
the mechanical properties of the material, and the higher the crystalline phase content, the better the
material's mechanical properties tend to be (4). However, even the most resistant dental ceramic material
(e.g., yttria-stabilized tetragonal zirconia polycrystal) is prone to crack propagation, because ceramics
are brittle by nature (5). New materials have sought to increase the energy absorption capacity generated
at the crack tip, and thus delaying the crack propagation. One example is the polymer-infiltrated ceramic
network (Vita ENAMIC®; VITA Zahnfabrik), also referred as a hybrid ceramic, that have a polymeric matrix
or network structure combining organic (polymer network - 25% by volume) and inorganic (feldspathic
ceramic network - 75% by volume) components (2).

Although ceramic restorations produced by machining ceramic blocks can optimize and improve
the structural reliability of the material itself, the effect of the machining process on the long-term
stability of these restorations must be considered. This is because CAD/CAM systems use abrasive
machining processes that have a high potential to generate damage to the material’s surface and
subsurface, which may reduce the integrity of the final restoration (6-8). If these damages are more
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severe than the pre-existing defects in the material, they assume an important role in the material
resistance (6). According to Fraga et al. (7) and Romanyk et al. (8), specimens machined in CAD/CAM
show evidence of damage inserted by machining in the form of lateral and radial cracks, chips, subsurface
damage and residual stresses. Cracks are usually located on the periphery or exactly at the material's
failure origin site (8). These damages introduced during subtractive machining limit the strength of the
material and are not eliminated during crystallization (e.g., silicate and lithium disilicate-based glass
ceramics), sintering (e.g., zirconia) or annealing/crack blunting (e.g., pre-crystallized lithium silicate -
Celtra® Duo). In addition, the internal surface remains untouched (as milled), while the external surface
of a restoration can be finished, polished and/or glazed to reduce or remove such damages (9).

In addition to the presence of intermittent cyclic loading during mastication in the oral
environment, overload can occur for an intermittent period (i.e. parafunctional habit like bruxism and
clenching) or abruptly (i.e. traumatic accident) and be immediately transferred to the dental structures.
The involuntary parafunctional habit, the chewing of hard foods and the shock suffered in accidents can
generate excessive and extreme stress to the dental structures, often causing cracks and fracture of the
dental element/restorationf/implant (10-12). In such scenarios, the fracture mechanism may be
completely different from that considered in literature through static and fatigue tests (13,14). To the
best of the authors' knowledge, the impact strength data of current CAD/CAM chairside dental ceramics
are not reported in the dental literature, as well as the effect of the ceramic
microstructure/characteristics and ceramic surface condition (polished vs. ground) on such mechanical
property.

Therefore, understanding the nature of milling damage is an essential prerequisite for evaluating
the reliability of brittle materials as structural components of an oral rehabilitation, especially during
overloading episodes (e.g., parafunctional habits, shock by accidents). The present study focuses on
different classes of ceramic materials supplied as CAD/CAM blocks and indicated for monolithic
restorations. The ceramic materials were selected, subjected to surface treatments (polishing or grinding
- to simulate the CAD/CAM milling effect) and tested under impact force. Finally, the surface topography
and the failure characteristics were analyzed. The following hypotheses were tested: 1) the grinding
would significantly reduce the impact strength of all materials; and 2) the type of ceramic material
would significantly influence the impact strength results.

Material and methods
The main features of the materials used in this study are presented in Box 1.

Box 1 - Materials used in the study.

. a Chemical content (wt%), Fracture Elastic
. . Commercial Name [ Manufacturer . toughness .
Ceramic Materials Lot number microstructure, and average (K in modulus (E) in
crystal size i GPa
MPa.m0-5
' .
Vitablocs Mark Il for Cerec® AE%3642/_0950}%;§%_2(;?1Z%/0
Feldspathic glass- and inLab®; shade A2C, size B K20.0 3'_0 6% Ca0 60_0 1%
ceramic I-14 [ VITA Zahnfabrik, Bad - Ti0’2 Aver-a o arti’clé sizé _ 1.01¢ E=+452
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Box 1 - Continuation

Fracture

Commercial Name [/ Manufacturer * Chemical content (wt%), toughness Elastic
Ceramic Materials microstructure, and average ghn modulus (E) in
Lot number ervstal size (Ki) in GPa
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lass-ceramic Zahnfabrik CeQz, 0-6% Pigments. 140 E=+70
9 71S Lot: 72790 Homogeneous, fine crystalline
' b structure.
Crystal size: +0.5 pm ?
f
; {
| W
IPS e.max CAD for Cerec® ( ) .
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Lithium disilicate  and inLab®; LT A2/ C 16 / Bl 58-80%Si0; 11-19% L0,
. ) L. 0-13% K0, 0-8% Zr0,, 0-
glass-ceramic Ivoclar Vivadent AG, _— 50/’ ALO ' 2.06°¢ E=495°
LD Schaan, Liechtenstein Sg Crvstal si.;e'2+13'5 e
Lot: W93126 ok Y M
=g
o
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.I\'
Vitria-stabilized o0 vg oo Twhite for ™ I 90.9-94.5% Zr0s, 4-6% Y505,
tetragonal zirconia inLab / VITA Zahnfabrik 1.5-2.5% Hf0,, 0-0.3% Al.0s, 454 E=1210°

polycrystal ceramic
YZ

Lot: 76030

0-0.3% Fe;0s.
Crystal size: £500 nm?

aAs disclosed by manufacturers; ®Belli et al. (4); “Lube et al. (46)

Preparation of specimens

Thirty rectangular plates were produced for each material based on the impact test configuration.
For the feldspathic glass-ceramic - FC (Vitablocs Mark II), polymer-infiltrated ceramic-network - PICN
(VITA Enamic), zirconia-reinforced lithium silicate ceramic - ZLS (VITA Suprinity), and lithium disilicate
glass-ceramic - LD (IPS e.max CAD) groups, the specimens were cut in a high precision machine with a
diamond saw (Isomet 1000, Buehler; Lake Bluff, IL, USA) under constant water cooling into their final
dimensions of 15.0 x 10.0 x 2.0 mm?. The yttria-stabilized tetragonal zirconia polycrystal - YZ (VITA YZ-
55/19T), the specimens were cut to a 20% larger (18.0 x 12.0 x 2.4 mm?) due to shrinkage after sintering.
The specimens were then polished (SiC papers #280-, #400- and #800-grit sizes) and divided into two
groups according to the surface treatments, polishing and grinding, which were performed before the
crystallization and sintering processes.

Surface treatment

Polishing and grinding (CAD/CAM milling simulation) protocols were standardized for all the
materials, as follows:

Polishing 'pol' - a grinding machine (ECOMET Grinder/Polisher, Buehler) was used to polish the
specimens with SiC papers (#1200 and #2500-grit sizes; Buehler) under constant water cooling.

Grinding (CAD/CAM milling simulation) ‘gri' - the specimen was ground over a #60-grit size SiC
paper (P60 - Black Stone Waterproof; BOSCH, Campinas, SP, Brazil), using light finger pressure for 30 s
in oscillatory movements under constant water cooling. This same protocol was used in previous studies
(13,15) to simulate the surface roughness left by the CAD/CAM milling process (9).

Next, the specimens were crystallized and sintered according to the manufacturers' instructions:
ZLS (840 °C for 8 min) and LD (840 °C for 7 min) specimens were crystallized in a porcelain furnace
(Programat P100, Ivoclar Vivadent); and YZ (1530 °C for 120 min) specimens were sintered (Cercon Heat,
Degudent GmbH, Hanau-Wolfgang, Germany). The specimens from FC and PICN materials do not require
an additional firing treatment.
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Roughness analysis

Six measurements (three on each axis - x and y) were performed on each specimen using a
profilometer (Mitutoyo SJ-400, Mitutoyo Corporation, Japan), following the I1SO 4287 (16) instructions
(cut-off wavelengths= 0.8 mm (n= 5); As= 2.5 um). The analysis was performed after the crystallization
and sintering processes and the parameters Ra (arithmetic mean of the absolute roughness values of the
peaks and valleys measured from a medium plane) and Rz (average distance between the five highest
peaks and five lowest valleys found in the standard) were recorded in pm.

Impact strength - Dynstat method (n= 15)

The impact strength consists in the dynamic breaking of the sample and reading the amount of
energy used to break it on the scale of the apparatus. A Dynstat apparatus (Zwick & Co., Eisingeu,
Germany) was used according to the ISO 13802 (17) by which an impact test can be performed, where
a flat pendulum is dropped to impact on the specimen that was fixed in a jig. The principle of the impact
strength test is schematically drawn in Figure 1. Corrected absorbed energy (E) was recorded, and the
impact strength of each specimen was calculated according to the following formula:

The impact strength (a.) was calculated in kilojoules per square meter (kJ/m?) using equation 1

Ec
Ay = 7= X 103 Eq. (1)

where E. is the corrected energy absorbed by breaking the test specimen [J], h is the height and b is the
width of the specimen [mm].

\ swinging
endulum
L - = P
test specimen|
b 9

Figure 1. Impact test assembly. A) Dynstat apparatus for determination of impact strength, and B)
principle of impact strength test: arc-length A is proportional to energy absorbed by breaking of
the specimen. Design adapted from de Wijn et al. (45) and Zwick/Roell Group for Dynstat test.

Topographic analysis

Surface topographic images were taken from all groups in polished and ground conditions to
determine their topographic pattern. Representative specimens (n= 2) were cleaned with isopropyl
alcohol for 10 minutes in an ultrasonic cleaner (1440 D, 50/60 Hz, Odontobras, Ribeirao Preto, SP, Brazil),
dried with air spray, gold sputtered and analyzed at 100x magnification by Scanning Electron
Microscope - SEM (XL 20, FEI Company, Eindhoven, The Netherlands).

Fractographic analysis

After the impact test, the specimens were evaluated in stereomicroscope (Olympus, Shinjuku, Tokyo,
Japan) at 100x magnification. Representative specimens were selected, ultrasonically cleaned (1440 D,
50/60 Hz, Odontobras) in isopropyl alcohol for 10 minutes, dried with air spray, gold sputtered, and
subjected to SEM analysis (XL 20, FEI Company) at 90x magnification.
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Finite Element Analysis - FEA

A simplified three-dimensional FEA model of the impact test set-up with the same dimensions
as the test set-up was created. The model consisted of the direct environment of the test sample of
the impact tester supports and the part of the hammer in contact with the test sample, and the test
sample itself. The surfaces in the interface between the impact tester and the test material were modeled
with contact surfaces with a friction coefficient of 0.45. The Finite Element modeling was carried out
using FEMAP software (FEMAP 11.1.2; Siemens PLM software, Plano, TX, USA), while the analysis was
done with NX Nastran software (NX Nastran; Siemens PLM Software, Plano, TX, USA). For the dimensions
of the specimen, see Figure 2. The model was composed of 30,952 parabolic tetrahedron solid elements.
The mechanical properties of the materials of the test samples used were based on previous studies (Box
1) and the support and the hammer were made of steel (E= 200 GPa; Poisson ratio= 0.3). The investigated
materials are supposed to have brittle behavior in the impact test, so the deformation is linear to the
load to failure. The kinetic energy of the pendulum in the impact tester is transferred into displacement
energy of the test sample at the point of contact with the pendulum. Therefore, the impact on the test
sample can be represented as a static force. A load of 100 N was applied on the hammer back surface.
The nodes at the bottom of the impact tester were fixed and the nodes at the bottom of the pendulum
were allowed to slide along the surface only.

hammer

<“—— 100N

specimen

height=15 mm 1333
Test specimen 4 width=10 mm

thickness= 2 mm 6,667

Figure 2. Representative image of FEA analysis showing the
maximum principal stress concentration at the surface when the
pendulum impacts the specimen (polished feldspathic ceramic)
during the impact test. This analysis was used to illustrate where it
concentrates the maximum principal stress in such test, which is few
applied in dental ceramic studies.

Statistical analysis

SPSS v.23.0 (SPSS IBM, Chicago, IL, USA) was used to execute statistical tests with o= 0.05.
Roughness data were analyzed with the parametric tests Two-way ANOVA and Tukey's HSD (Honestly
Significant Difference) post-hoc. A Pearson correlation analysis was run for all the ceramic materials to
identify linear correlations between the roughness (Ra) and the impact strength parameters. A Pearson
correlation is a number between -1 and +1 that indicates the extent to which two variables are linearly
related. The variables may be perfectly negatively (-1) or positively (+1) linearly related, or they don't
have any linear relation whatsoever (0). According to Cohen (18), a correlation intensity between 0.10
and 0.29 are considered a weak correlation, 0.30 to 0.49 as medium, and 0.50 to 1.00 is considered a
high correlation.

The impact test data were analyzed through Weibull analysis (19) using the SuperSMITH Weibull
4.0k-32 software (Wes Fulton, Torrance, CA, USA) in order to determine the characteristic strength (o, -
strength at a failure probability of approximately 63%) and the Weibull modulus (expresses the
mechanical reliability of the material) of the groups. The Weibull plot has the 95% confidence bounds
of the estimate for the Weibull shape parameter (Weibull modulus, m) on the Y-axis, and 95% confidence

58



bounds for the estimate of the characteristic strength (o) on the X-axis. If contour plots intersect,

Weibull parameters are not statistically different (20).

Results
The specimens subjected to CAD/CAM milling simulation had a rougher surface (Ra and R2)

compared to polished ones for all the materials (Table 1).

Table 1 - Impact test data: roughness (Ra and Rz); Pearson correlation coefficient (R) between Ra and impact strength; Weibull analysis
(Mean and 95% Confidence Interval - Cl); and the decrease of ‘oo’ from polished to CAD/CAM milling simulation condition.

* Roughness (um)

fWeibull Analysis

R |
Study Mean (standard deviation - SD) (p value) Mean (95% Confidence Interval - Cl) Oolt
Groups decrease
Ra Rz oot x Ra Characteristic strength Weibull modulus from plgr
Colt (kJ/mZ] [m)
polFC 0.14 (0.02) E 0.80 (0.08) 0.5 (0.42) 0.83(0.72-0.94) 410 (2.86 - 5.87) "B 13
-0. . +13%
griFC 1.12 (0.12) © 467 (0.43) ¢ 0.72 (0.62- 0.83) F 4.26 (3.61 - 5.02) 8 -
polPICN 0.06 (0.01) 0.59 (0.10) F 092 (000) 459 (4.09 - 5.16) 4.65 (3.00 - 7.20) A8 .
-0. ! + 0
griPICN 2.36(0.23) B 13.77 (1.32) 8 1.09 (0.98 - 1.23) 467 (3.15 - 6.92) A8
polZLS 0.04 (0.00) £ 0.52 (0.06) F 053 (000) 16.51 (12.18 - 22.38) &€ 1.80 (1.13 - 2.86) ¢ 70
-0. A + 0
griZLS 170 (1.11) € 10.71 (0.15) € 10.37 (8.50 - 12.65) ¢ 2.77 (1.73 - 442) B¢
pol.D 0.05 (0.01) 0.46 (0.08) F 061 (0.00) 17.69 (14.91 - 20.98) B 3.10 (2.05 - 4.68) ABC -
-0. ! + 0
griLD 1.58 (0.16) € 9.42 (0.88) P 10.09 (9.30 - 10.95) € 6.55 (4.43 - 9.67) A
polYZ 0.12 (0.01) E 1.04 (0.10) F 083 (0.00) 74.99 (63.29 - 88.85) A 3.20 (2.04 - 4.99) ABC 290/
-0. A + 0
griYZ 3.80 (0.50) A 21.05(2.32) A 20.67 (17.57 - 24.31) B 3.62 (2.98 - 4.40) B

Different uppercase letters in each column indicate statistically significant difference based on the * Two-Way ANOVA and Tukey's
HSD Post-hoc, and based on the f Confidence Intervals overlapping of the Weibull analysis.

For the impact strength data, FC showed the lowest values, followed by PICN, LD and ZLS presented
intermediary results, and YZ the highest results (Table 1). The characteristic strength of the impact test
results was statistically reduced after the CAD/CAM milling sim for PICN (76% of decrease), LD (43%)
and YZ (72%) ceramics (Table 1). The Weibull modulus did not differ within each type of ceramic (Table
1).

The Pearson Correlation analysis show a high and negative Pearson correlation coefficient for PICN,
ZLS, LD and YZ materials, and no correlation for FC (Table 1).

SEM topographic images clearly show a more irregular surface for the materials in the ground
condition, presenting scratches and grooves along the surface. In addition, differences between the
groups submitted to CAD/CAM milling simulation highlight their different behavior due to their distinct
physical and mechanical characteristics (Figure 3). In the Feldspathic Ceramic surface, it is possible to
observe inherent defects (bubbles and fissures) of the material, since these remained after high polishing
(Figure 3A).

The fractographic analysis of the impact test specimens (Figure 4) shows the failure origin located
at the principal stress concentration region in the impact strength test, according to the FEA analysis
showed in the Figure 2.

The FEA analysis showed that the maximum principal stress concentrates at the surface when the
pendulum impacts the specimen at the height of the support, for all the materials, as demonstrated by
the representative image in Figure 2.
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Figure 3. SEM images (100x of magnification) of the ceramics' surfaces on polished and ground conditions. On the FC
polished condition, the red circles point to the defects (e.g., fissures and bubbles) that remained after the polishing
protocol being applied.

ZLS

pol

gri

Py parsen 0 o P s 20
n g 50 oy 20

Figure 4. Fractographic images (90x of magnification) on SEM of the groups in the polished and ground conditions, showing the typical fractographic
characteristics after the impact strength test. The origin of failure corresponds to the region of maximum tensile stress in the impact strength test,
according to the FEA analysis in the Fig. 2.
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Discussion

The dental literature has shown that the optical and mechanical characteristics of ceramic materials
are related to their composition, microstructure, and surface state (4,13,21-24). Such a relationship was
also found in our study, where the different materials and surface conditions provided distinct results
from the impact test. Thus, the study's hypotheses had to be accepted by the authors.

The grinding process, used to simulate the CAD/CAM milling effect on the ceramic surface,
significantly increased the roughness of the materials, and consequently reduced their resistance to the
impact force (Table 1). In general, a rougher surface leads to a drop in the mechanical resistance of the
studied ceramics (13,25). Although the roughness created by CAD/CAM milling has an initial negative
effect on the nominal strength of the ceramic materials (7,9), we should consider that the ceramic
surfaces, inner and outer surfaces, will be treated (e.g., glazing, polishing, hydrofluoric acid etching, air-
abrasion) prior to its adhesive bonding to the substrate (26), which in turn will change its topographical
pattern (26,27). The inner ceramic surface is the most exposed to the milling-generated surface and
subsurface damages, since it does not receive any treatment (e.g., polishing or glazing) capable of
reducing the length of the critical surface defects (7,9,28,29). But if these defects are properly filled by
the bonding system, the strength and the structural reliability of the material may be restored (30-33).

The purpose of the impact test is to ascertain the behavior of specified test specimens under defined
impact loading conditions, and to assess the material's flexural strength based on the impact strength
results. The swinging pendulum (Fig. 1B) first measures the energy required to break a specimen and
then the strength is calculated. As demonstrated by Brostow and Lobland (34), the impact strength is
connected to the material brittleness, and as the machining process introduces defects on the ceramic
surface, its surface roughness increases, in turn jeopardizing its biaxial flexural strength (9). The
characteristic strength from the impact data was statistically significant reduced for PICN (76% of
decrease), LD (43%) and YZ (72%) ceramics after they were submitted to the CAD/CAM milling
simulation, and the Weibull modulus remained statistically equal between polishing and grinding
conditions, within each type of ceramic (Table 1). It is important to highlight that the polished YZ
material presented impact strength results much higher than the other materials. However, we must
consider that the YZ impact strength was reduced to the level of the polished ZLS and LD materials after
the CAD/CAM milling simulation (Table 1). In this sense, the clinicians may be concerned that for such
material the surface roughness should be more detrimental in terms of resistance to impact forces.

During the contact between the diamond drill and the ceramic surface, a concentration of localized
stress occurs, resulting in microfracture and loss of material, which varies according to the characteristics
of the ceramic material (6). The dynamics of the grinding that occurs in the ceramic generates effects
on the surface and subsurface of the material, creating medial and lateral cracks (8). The interaction
between the strength-limiting cracks and the created residual stress field can determine the final
strength of the ceramic material (6). The mechanical response of the studied materials is different due
to their different composition and characteristics. As stated by Bloyer et al. (35), the amount and
composition of the glass phase on the ceramic microstructure strongly influences its mechanical
properties. Based on the ceramics' crystalline content, the literature has shown that generally the greater
crystalline content, the greater the material capacity to resist the static and fatigue loading (4,21,23).
Both glass phase and crystalline content are responsible for the material toughening mechanisms, which
controls the crack growth in ceramics, and by that is directly related to the material strength (24).
According to Kruzic et al. (24), the microstructural differences between the ceramic materials make them
behave differently to the crack growth. PICN material for example has the crack bridging and the plastic
deformation zone around the crack tip acting as toughening mechanisms; the particle-reinforced glass-
ceramics (FC, LD and ZLS) have the crack deflection mechanism; and the polycrystalline ceramic (YZ) has
the toughening mechanism due to phase-transformation (24). Such notes are corroborated by the
findings of our study, in which the material with less glass phase, more crystalline content, and higher
toughness (YZ) presented better resistance to the impact test, and so on for the other materials studied
(ZLS and LD > PICN > FC) (Box 1 and 2).

The Pearson's linear correlation coefficient demonstrated a high negative linear correlation for the
materials, meaning that as the material's roughness increases, the resistance to impact force decreases.
The exception was the feldspathic ceramic, which showed no correlation between the roughness values
and the impact strength. Such difference may be due to the small variation in the roughness values
between the polished (po/FC) and ground (griFC) conditions (Tables 2). Also, the presence of intrinsic
flaws in this ceramic material (microstructural heterogeneities and pores; indicated by red circles in Fig.
3A), even after polishing, may have reduced the effect of superficial defects created by the CAD/CAM
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milling simulation protocol. The presence of internal defects may determine the strength of the material
(36,37). According to the fracture analysis performed by Quinn et al. (38) in a feldspathic ceramic, the
intrinsic flaws present in this material could be the nature of strength-limiting defects, and the polishing
would be unable to remove such defects. The Griffith's law (39) and the slow crack growth mechanism
(40) may help to explain this phenomenon, as the presence of critical defects can lead to damage
accumulation, jeopardizing the nominal strength of the material. Griffith stated that the strength of a
solid elastic body is governed by the presence of microscopic flaws (39). Since the stress field
concentrates more around critical flaws, the energy required to break the material at this site is reduced.

The topographic analysis, besides showing intrinsic flaws at the FC material, issue discussed above,
shows that the grinding process created a more irreqular surface (scratches, pits, and fissures) in all the
material (Fig. 3). One can easily observe the differences between the materials surfaces in their respective
ground - CAD/CAM milling simulation - groups, even they have been submitted to the same grinding
protocol. The fractographic analysis of the broken specimens shows that the failure origin is located at
the main region of stress concentration during testing (Fig. 4), being in accordance with the FEA analysis
(Fig. 2) and with the study of Thomaidis et al. (41), corresponding to the tensile tension side, in which
the pendulum strikes the specimen.

Once the CAD/CAM milling creates surface alterations to the ceramics' surface and subsurface (i.e.
residual stresses, lateral/median cracks, chippings, among others) (6,8,42-44), the authors consider that
the use of CAD/CAM-milled specimens would have been the best option for the study. This approach was
not possible due to a cost limit. Even not exactly mimicking the effects of CAD/CAM, the protocol used
allowed for a standardization of grinding on the different ceramic materials, making the study results
directly linked to the materials compositions. In addition, the use of cemented specimens would bring a
broader and more related response to the impact failure mechanism eventually suffered by the patient,
since bonding changes the stress distribution along the restorative set (33). Thus, further studies
evaluating the impact resistance of different dental ceramics using adhesively bonded CAD/CAM milled
specimens, would bring data closer to clinical findings. Also, the variables from different CAD/CAM
systems and brands (i.e. size of diamond particles on the burs, number of burs, rotation speed, coolant
liquid, age and number of milling procedures performed by the burs before milling a new block) may
have different impact on the ceramics (8,40-42) and they should be considered in future studies.

Within the limitations of this in vitro study, it can be concluded that the characteristics of the
ceramic materials determine their mechanical properties, and the higher the crystalline content, the
greater the impact strength. Also, the impact strength of PICN, LD and YZ ceramic materials was
statistically significant reduced after the CAD/CAM milling simulation, but the reliability of the materials
was not influenced by the surface treatment.

Acknowledgements

This work is part of the fulfillment for the requirements of the PhD degree (L.F.G.) in the Post-
Graduate Program in Oral Sciences, at the Faculty of Dentistry, Federal University of Santa Maria-RS,
Brazil. This study was financed in part by the Brazilian Federal Agency for Coordination of Improvement
of Higher Education Personnel - CAPES (Finance Code 001), and in part by the scholarship financial
support at ACTA (Academisch Centrum Tandheelkunde Amsterdam) (CAPES/NUFFIC program: NUFFIC -
Netherlands Organization for International Cooperation in Higher Education; Project # 056/14; Process
# 88881.145663/2017-01). The authors also give thanks to Dr. Catina Prochnow for technical support
during specimens manufacturing.

Declaration of competing interes
The authors declare there is no conflict of interest.

Founding Support
This research did not receive any specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.

Resumo

Este estudo teve como objetivo investigar o efeito da rugosidade da superficie (polido vs. simulacio
da usinagem em CAD/CAM) na resisténcia ao impacto de cinco ceramicas odontologicas indicadas na
fabricacdo de restauracdes monoliticas em CAD/CAM. Espécimes de cinco cerdmicas (FC- vitroceramica
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feldspatica; PICN- rede de ceramica infiltrada com polimero; ZLS- vitroceramica de silicato de litio
reforcada com zirconia; LD- vitrocerdmica de dissilicato de litio; YZ- cerdmica policristalina de zirconia
tetragonal estabilizada com itria), a serem testados sob impacto (15 x 10 x 2mm?; n= 15), foram divididos
em dois grupos, de acordo com o tratamento superficial: polimento (pol) e desgaste (gri), usado como
simulacdo da usinagem em CAD/CAM. A resisténcia ao impacto foi testada usando o método Dynstat.
Foram realizadas as andlises de rugosidade, topografia, fractografia e analise de elementos finitos. Os
dados de resisténcia ao impacto foram analisados pela analise de Weibull, e a correlacdo de Pearson foi
usada para correlacionar os dados de rugosidade e resisténcia ao impacto. A simulacdo da usinagem em
CAD/CAM levou a uma rugosidade (Ra e Rz) significativamente maior (p < 0,05) para todas as cerdmicas,
e reduziu estatisticamente a resisténcia ao impacto para as ceramicas PICN (po/PICN = 4,59 para griPICN
= 1,09; reducio de + 76%), LD (polLD = 17,69 para griLD = 10,09; + 43% de reducio) e YZ (polYZ = 74,99
para griYZ = 20,67; + 72% de redugéo); e também promoveu uma topografia mais irregular apresentando
riscos e sulcos acentuados. As analises de fractografia e de elementos finitos mostraram a origem da
falha no lado de maior concentracgdo de tensdo durante o teste de impacto, onde o péndulo impactou o
espécime. A simulacdo da usinagem em CAD/CAM reduziu significativamente a resisténcia ao impacto
dos materiais cerdmicos avaliados.
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