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Objectives. To assess the effect of machining on the flexural fatigue strength and on the
surface roughness of different computer-aided design, computer-aided manufacturing
(CAD/CAM) ceramics by comparing machined and polished after machining specimens.
Methods. Disc-shaped specimens of yttria-stabilized polycrystalline tetragonal zirconia (Y-
TZP), leucite-, and lithium disilicate-based glass ceramics were prepared by CAD/CAM
machining, and divided into two groups: machining (M) and machining followed by pol-
ishing (MP). The surface roughness was measured and the flexural fatigue strength was
evaluated by the step-test method (n=20). The initial load and the load increment for each
ceramic material were based on a monotonic test (n=>5). A maximum of 10,000 cycles was
applied in each load step, at 1.4 Hz. Weibull probability statistics was used for the analy-
sis of the flexural fatigue strength, and Mann-Whitney test («=5%) to compare roughness
between the M and MP conditions.

Results. Machining resulted in lower values of characteristic flexural fatigue strength
than machining followed by polishing. The greatest reduction in flexural fatigue strength
from MP to M was observed for Y-TZP (40%; M =536.48 MPa; MP =894.50 MPa), followed by
lithium disilicate (33%; M=187.71 MPa; MP=278.93 MPa) and leucite (29%; M=72.61MPa;
MP =102.55MPa). Significantly higher values of roughness (Ra) were observed for M com-
pared to MP (leucite: M=1.59um and MP=0.08 um; lithium disilicate: M=1.84 pm and
MP=0.13 pm; Y-TZP: M=1.79 pm and MP=0.18 pm).

Abbreviations: CAD/CAM, computer-aided design computer-aided manufacturing; FDPs, fixed dental prostheses; SCG, slow crack
growth; Y-TZP, yttria-stabilized polycrystalline tetragonal zirconia; Ra, average surface roughness (um); Rz, arithmetic mean peak-to-valley

height (um); \c, cut-off value.
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Significance. Machining negatively affected the flexural fatigue strength of CAD/CAM ceram-
ics, indicating that machining of partially or fully sintered ceramics is deleterious to fatigue

strength.

© 2017 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Recent improvements in the mechanical properties of dental
ceramic systems and the implementation of computer-aided
design, computer-aided manufacturing (CAD/CAM) technol-
ogy in restorative dentistry have widely contributed to the
increasein the use of all-ceramicrestorations as an alternative
for satisfying the high esthetic demand of patients [1].

A great variety of ceramic materials are available for
CAD/CAM, with each differing in microstructure, mechanical
behavior, and also machining mode [2,3]. Feldspar-, leucite-,
and lithium disilicate-based ceramics are commonly available
in a full sintered stage for hard machining [4]. These materi-
als contain high volumes of glassy phases and, consequently,
have a lower fracture toughness compared to that of polycrys-
talline ceramics [5,6]. In lithium disilicate glass ceramics, the
presence of lithium disilicate crystals promotes crack deflec-
tion, which improves its fracture strength [7]. Therefore, this
material is recommended not only for the manufacture of
veneers, inlays, onlays, and anterior and posterior crowns, as
with leucite glass ceramics [8], but also for implant superstruc-
tures of single-tooth restorations [9].

Yttria-stabilized polycrystalline tetragonal zirconia (Y-TZP)
can be milled either from pre-sintered blocks (soft machin-
ing) followed by sintering at high temperature, or from
fully-sintered blocks (hard machining) [10]. Soft machining
is the most used process to manufacture Y-TZP restorations,
since hard machining is more time consuming and requires
tougher cutting devices [10,11]. Y-TZP ceramics exhibit a trans-
formation toughening mechanism that acts to resist crack
propagation. It involves the transformation of metastable
tetragonal crystallites to the monoclinic phase at the crack tip,
which, accompanied by a volumetric expansion, induces com-
pressive stresses, hindering further crack propagation [12]. It
may be used as infrastructure for crowns and fixed dental
prostheses (FDPs) covered by glass-ceramic [3] or as mono-
lithic full-contour restorations [13,14], besides being indicated
for implant abutments [3].

Despite the promising clinical success rates, framework
fracture of all-ceramic restorations is still a technical prob-
lem [15-17], which may warrant additional costs to the patient
and to the dentist for the replacement of the restoration. In
a recent systematic review, with the inclusion of 67 clinical
studies, 5-year framework fracture rates of up to 18.4%, 5.5%,
and 1.7% were reported for single crowns made of feldspathic
ceramic, reinforced glass ceramic (including both leucite- and
lithium disilicate-based glass ceramics), and densely sintered
zirconia, respectively [16]. When multiple-unit fixed dental
prostheses were considered, these rates increased up to 15.3%
for reinforced glass ceramic and up to 3.2% for densely sin-
tered zirconia [17]. There seem to be a remarkable difference

between leucite- and lithium disilicate-reinforced ceramics in
terms of mechanical behavior, which is reflected in the sur-
vival rates of the restorations. For a mean period of 4.5 years,
the fracture rate of leucite-based single crowns was estimated
in 3.8%, with molars showing the highest fracture rate (6.7%)
[18]; while the fracture rate of lithium disilicate single crowns
was 1.22%, over a period of 3.5 years [15].

Due to the brittle nature of ceramics, their fracture strength
is strongly influenced by the presence of defects, which can
be considered particularly critical when located at the zones
of tensile stress concentration [19,20]. Fractographic analy-
sis of clinically failed all-ceramic restorations [19,21,22] and
finite element analysis [23,24] showed that the cementation
surface of all-ceramic crowns concentrates tensile stress, and
that defects on this surface may be the origin of fracture in
failed restorations [19,21,22]. Besides, the cervical margins of
all-ceramic restorations seem to have an important role in
the fracture initiation, as indicated by fractographic studies
[25,26]. Therefore, procedures that affect the intaglio surface
and the cervical margins of all-ceramic restorations must be
investigated regarding their impact on the ceramic strength.

Despite reducing processing defects, once the CAD/CAM
blocks are produced in a standard process, machining induces
a complex network of events in the ceramic, resulting in radial
and lateral cracks, chipping, subsurface damage, and residual
stresses [27-30]. Hard machining resulted in damage to the
ceramic surface, and reduced the biaxial flexural strength of a
leucite glass ceramic by approximately 27% [31]. Soft machin-
ing also resulted in surface damage and significantly reduced
the strength of zirconia, which may result in unexpected fail-
ures at stresses much lower than the ideal strength of the
material [32]. Kelly et al. [33] reported that the defects intro-
duced by the CEREC” (Sirona Dental Systems Gmbh, Germany)
CAD/CAM system appeared to be the origin of the failure in
ceramics subjected to a uniaxial bending test.

Itis important to consider that in the oral environment, all-
ceramic restorations are subject to many challenges, such as
cyclic loads, humidity, pH, and temperature variations. Con-
sequently, failure tends to occur due to fatigue [34]. Ceramics
are susceptible to a slow and stable crack growth (SCG) when
subjected to stresses below the critical value, especially in the
presence of water. This phenomenon can eventually lead to
strength degradation over time, decreasing the lifetime of den-
tal prostheses and appears to be most related to the ceramic
microstructure [35].

Therefore, considering the increasing use of CAD/CAM
technology in restorative dentistry, in which the machining
process introduces new features in the cementation surface of
ceramic restorations, and the susceptibility of ceramic materi-
als to fatigue, this study aimed to assess the effect of CAD/CAM
machining on the biaxial flexural fatigue strength and on
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the surface roughness of a leucite-based glass ceramic, a
lithium disilicate-based glass ceramic, and a yttria-stabilized
polycrystalline tetragonal zirconia (Y-TZP). The experimental
hypothesis was that, for all ceramics investigated, machining
would result in lower values of biaxial flexural fatigue strength
and in higher values of roughness when compared to polishing
after machining.

2. Materials and methods

Table 1 describes the materials used in this study with
manufacturers data for chemical composition and physical
properties [8,9,36].

2.1.  Machining of ceramic discs by CAD/CAM

Disc-shaped ceramic specimens were prepared by machining
in a CEREC inLab MC XL milling unit (Sirona Dental Systems
Gmbh, Germany), according to the methodology described by
Fraga et al. [31] (Fig. 1), using three different ceramic materi-
als: leucite-based glass ceramic (IPS Empress CAD, C14, Ivoclar
Vivadent AG, Liechtenstein) milled in a fully-sintered stage;
lithium disilicate-based glass ceramic (IPS e.max CAD, LT, C14,
Ivoclar Vivadent AG, Liechtenstein) milled in a pre-crystallized
stage (“blue stage”); and Y-TZP (Vita In-Ceram YZ, Vita Zahn-
fabrik, Germany) milled in a partially-sintered stage.

Two sets of diamond burs were used in the machining
of each type of ceramic material (Table 1). Fifty discs were
obtained from lithium disilicate and from Y-TZP blocks, and
the set of burs was changed after machining with 25th disc.
Forty discs were obtained from leucite-based glass ceramic
material, and the set of burs was changed after machining
with the 20th disc. Ten discs of lithium disilicate and Y-TZP
were used in a monotonic strength test. Less specimens of
leucite-glass ceramic were produced, since the monotonic
strength data were taken from Fraga et al. [31]. The machin-
ing order and the set of burs used were recorded for each
individual disc and the effect of these variables on the sur-
face roughness and on the flexural fatigue strength of each
material was evaluated afterwards.

Each block of leucite (12.0mm x 14.0mm x 18.0 mm)
and lithium  disilicate (12.4mm x 14.5mm x 18.0mm)
resulted in one disc, while each block of Y-TZP
(15.5mm x 19mm x 39mm) resulted in two discs. Imme-
diately after machining, the leucite and lithium disilicate
discs measured approximately 13.5mm in diameter and
1.4mm in thickness; the no-sintering Y-TZP discs measured
approximately 18 mm in diameter and 1.8 mm in thickness,
since the software (CEREC inLab 3D, version 4.0, Sirona
Dental Systems Gmbh, Germany) automatically compensated
the sintering shrinkage expected for Y-TZP (approximately
20-25%).

2.2.  Experimental groups

After machining, the discs of each ceramic material were
randomly divided into two groups, using the software Ran-
dom Allocator (www.random.org): (1) machining (M) and (2)
machining followed by polishing (MP). Therefore, the present

study consisted of six experimental groups, assigned accord-
ing to the material (leucite glass ceramic, lithium disilicate
glass ceramic and Y-TZP) and the treatment performed on the
bottom surface of the discs (machining — M, and machining
followed by polishing - MP).

In the MP groups, polishing was performed manually under
water-cooling on the bottom surface of the discs by a single
trained operator, using 400, 600, and 1200 grit silicon carbide
paper for leucite and lithium disilicate, and 1200 grit sili-
con carbide paper for Y-TZP. It was removed a thickness of
80 pm from the machined surface to eliminate the irregulari-
ties introduced by machining [29,31]. A micrometer (210 MAP,
Starrett, USA) was used to control the depth of removal.

The final thickness of all specimens was adjusted on the
upper surface of the discs, using 240, 400, 600, and 1200 grit
silicon carbide paper for leucite glass ceramic and lithium dis-
ilicate (grounded until 1.2 mm thickness), and 1200 grit silicon
carbide paper for Y-TZP (grounded until 1.5 mm thickness).

After these procedures, lithium disilicate specimens were
submitted to heat treatment in a Vita Vacumat 6000 MP
furnace (Vita Zahnfabrik, Germany) to promote full crystal-
lization and Y-TZP specimens were densely sintered in Vita
Zyrcomat furnace, following the protocols indicated by the
manufacturers. The final diameter of the discs was 13.5mm,
and the final thickness was 1.31+0.01mm for leucite glass
ceramic, 1.30 £ 0.01 mm for lithium disilicate, and 1.29+0.01
for Y-TZP discs.

2.3.  Measurement of the surface roughness

The roughness of the bottom surface of each disc was mea-
sured prior to the mechanical tests, using a contact stylus
profilometer (SJ-410, Mitutoyo, Japan).

The average surface roughness (Ra, pm) and the arithmetic
mean peak-to-valley height (Rz, pm) values were determined
using the average of three measurements, transversal to
the machining path. The sampling length was equivalent
to a value fivefold the cut-off value (\c), as defined accord-
ing to ISO 4287:1997 [37], using the Ra values recorded at
a first reading as a reference. Thereafter, the roughness of
the MP leucite glass ceramic specimens was evaluated using
2c=0.25mm (tabulated value for 0.02 <Ra < 0.1 mm), resulting
in a sampling length of 1.25 mm. The roughness of the other
groups was measured using Ac=0.8 mm (tabulated value for
0.1<Ra <2.0mm), resulting in a sampling length of 4mm. In
addition to the use of the correct cut-off value, a Gaussian fil-
ter was employed to differentiate between shape defects and
roughness profile.

2.4. Monotonic biaxial flexural strength

Prior to the fatigue test, the monotonic biaxial flexural
strength was determined for lithium disilicate and Y-TZP
specimens, in both conditions: machining (M) and machin-
ing followed by polishing (MP) (n=5). For the leucite groups
(M and MP), the data regarding the monotonic biaxial flexural
strength were taken from Fraga et al. [31].

The test was performed using a piston-on-three ball
assembly, according to the ISO 6872:2008 [38], in a univer-
sal testing machine (DL-1000 Emic, Brazil), without water.
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Table 1 - Ceramics used in the study with manufacturers data for chemical and physical characteristics.

Ceramic Brand name; Manufacturer Chemical composition® Vickers hardness® Fracture toughness® Machining
(GPa) (MPa/m) Set of bur Manufacturer
Leucite-based glass IPS Empress CAD; Si0, 60-65 wt% 6.2 fully sintered 1.3 Step bur 125 Sirona Dental
ceramic IvoclarVivadent Al,03 16-20 Wt% (left side of the Cerec Systems
K,0 10-14 wt% machine)
Na,0 3.5-6.5wt% Cylinder pointed bur
other oxides 12S(right side of the
0.5-7 wt% Cerec machine)
pigments 0.2-1wt%

Lithium IPS e.max CAD; Si0, 57-80 wt% 5.4 partially 2.0-2.5 Step bur 125 Sirona Dental
disilicate-based IvoclarVivadent Li;0 11-19wt% crystallized (left side of the Cerec Systems
glass ceramic K>0 0-13 wt% 5.8 fully crystallized machine)

P,05 0-11wt% Cylinder pointed bur
ZrO; 0-8 wt% 128

ZnO 0-8 wt% (right side of the
other and coloring Cerec machine)
oxides 0-12 wt%

Yttria-stabilized Vita In-Ceram 2000 Zr0O; 91-94 wt% 11.77 fully sintered 5.9 Step bur 20 Sirona Dental
polycrystalline YZ for inLab; Y,03 4-6 wt% (left side of the Cerec Systems
tetragonal zirconia Vita Zahnfabrik HfO, 2-4wt% machine)

(Y-TZP) Al;03<0.1wWt% Cylinder pointed bur
Si0; <0.1wt% 20

Na;0<0.1wt%

(right side of the
Cerec machine)

@ References for the materials ‘properties [8,9,36].

STVIYILVIW TVINIA
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Fig. 1 - CEREC inLab 3D" software interface (version 4.0) showing a disc-shaped specimen, inside the ceramic block, ready

for machining.

The bottom surface of the disc—referred to as the M or MP
surface—was positioned on the top of the three steel spheres
(2.5 mm in diameter, 120° apart, and forming a circle of 10 mm
diameter), with a load applied at a rate of 1mm/min, per-
pendicular to the center of the top surface of the disc, by a
circular cylinder steel piston with a 1.4 mm diameter flat tip.
The fracture strength, in MPa, was calculated using Egs. (1)-(3)
[38].

om = —0.2387P (X — Y) /b? 1)
X = (14v)In(B/C)* + [(1 - v) /2] (B/C)? @)
Y = (1+) [1+In(A/C)°] +(1-v)(a/C) 3)

where Pis the load at fracture (N), b is the disc thickness (mm),
A is the support ball radius (5 mm), B is the radius of the tip of
the piston (0.7 mm), and C is the specimen radius (6.75 mm).
A specific Poisson ratio (v) was used for each ceramic material
(0.20 for the leucite glass-ceramic; 0.21 for the lithium disil-
icate glass-ceramic; 0.26 for the Y-TZP), based on the mean
values obtained in the resonant ultrasound spectroscopy (RUS)
methodology described by Belli et al. [39].

2.5.  Flexural fatigue test

The biaxial flexural fatigue strength of the groups (n=20)
was evaluated via the step-test method in an adapted fatigue
tester (Fatigue Tester, ACTA, The Netherlands) using the same
piston-on-three ball configuration [38] in water.

The step-test consists in to subject the specimen to a pre-
scribed number of cycles at each of a sequence of increasing

stress levels, until the failure of the specimen. To start a step-
test, a stress level below to the expected material fatigue
strength is selected. The specimen is then tested at that stress
level until either failure occurs or the run-out at a previously
set number of cycles is achieved. If failure occurs, the stress
level and the number of cycles are recorded. If run-out occurs,
the stress level is increased by a preselected stress increment
and the same specimen is run again at the new stress level.
Again, if the specimen fails, the data are recorded; and if run-
out occurs, the stress level is again increased for a new run
using the same specimen. This procedure is continued until
the specimen does fail [40].

Cyclic load was applied at a frequency of 1.4 Hz. The max-
imum number of cycles at each load step was set in 10,000
cycles. If the specimen survived the 10,000 cycles, the stress
level was increased by a fixed load increment in the same
specimen. An individual loading protocol was established for
each type of ceramic based on the results of the monotonic
test. For leucite glass ceramic groups, the cycling started with
30N. If the specimen survived the 10,000 cycles, the load was
increased successively by a step of 10N until the failure of the
specimen. In lithium disilicate groups, an initial load of 60N
was applied in addition to successive steps of 20N until fail-
ure, while for Y-TZP specimens, an initial load of 300N was
applied, followed by successive steps of 50N.

The software was adjusted to register the load and the
number of cycles corresponded to the fracture of the speci-
men.

The maximum biaxial flexural fatigue load (Lg) supported
by each specimen was calculated according to the equation
described by Nicholas [41] (Eq. (4)):
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Nrail
Niife

LE:Lo-‘rAL( (4)

)

where L is the previous maximum biaxial flexural fatigue load
thatdid notresultin failure, AL is the load step increase, Ng;) is
the number of cycles to failure at the failure load step (Lo + AL),
and Njjf, is the defined cyclic fatigue life (10,000 cycles). The
linear interpolation concept embodied in Eq. (4) considers that
damage accumulation might be a linear function of cycles [41].
Egs. (1)-(3) were used to calculate the biaxial flexural fatigue
strength value, in MPa, correspondent to Lg for each specimen.

2.6.  Field emission scanning electron microscopy
analysis (FESEM)

To evaluate the effectiveness of the polishing protocol in
removing machining damage, one extra disc of each group
was analyzed in a field emission scanning electron microscope
(FESEM) (Inspect F50, FEI, USA). To assess the cross-sectional
surface of the machined discs (M groups) and of the machined
and polished discs (MP groups), the extra samples were
included in acrylic resin and cut, perpendicularly to the M
and MP surfaces, using a diamond saw at low speed (Isomet
1000, Buehler, Lake Buff, USA). After cutting, the samples were
detached from the acrylic resin and had their cross-sectional
surfaces polished (400, 600, 800, and 1200 grit silicon carbide
paper) and sputter-coated with gold-palladium for FESEM.

a) Step-load profile: Leucite =~ @M~ ®@MP
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140 Y
130 e e
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b) Step-load profile: Lithium Disilicate oM oMP
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340 L J
320 o [
300 ® o o0
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£ 200 o o o
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2.7. Statistical analysis

Weibull probability statistics [42,43] was used for the analy-
sis of the biaxial flexural fatigue strength, as indicated by the
characteristic flexural fatigue strength (oo), which is the flex-
ural fatigue strength occurring at a probability of failure of
63.2% for a particular test specimen, and Weibull modulus (m),
which represents the reliability of the fracture strength. The
basic form of the Weibull distribution is shown in Eq. (5) [44]:

Pf =1 —exp [~(0/00)" ®)
where P; is the probability of failure and o is the failure
stress. The biaxial flexural fatigue strength data were ranked
in ascending order and the probability of failure for each fail-
ure stress (P¢(o;)) was calculated by Eq. (6), where i is the rank
order (1, 2, 3...N) and N is the number of specimens per group
(n=20) [44].

Pgi=(i—0.5)/N (6)

A rank regression was performed on the biaxial flexural
fatigue strength data to estimate the Weibull parameters (oo
and m) [38]. The upper and lower limits of the 95% confi-
dence intervals for oo and m were calculated according to ENV
843-5:1996 [45]. Differences were considered significant when
confidence intervals failed to overlap.

The non-parametric Mann-Whitney test (¢ =0.05) was used
to compare the roughness values (Ra and Rz) between M and
MP groups for each ceramic material, since data presented
heterogeneity of variances (p <0.05 on the Levene test).

¢) Step-load profile: Y-TZP oM o MP

1100
1050
1000

900
850
800
750
700

600
550
500
450
400
350
300
9 10 11

Number of cycles (x10,000)

12

Fig. 2 - Step-load profile of leucite (a), lithium disilicate (b), and yttria-stabilized polycrystalline tetragonal zirconia (Y-TZP)
(c) groups. The blue circles represent the fractured specimens of the machining (M) groups; the red circles represent the
fractured specimens of the machining followed by polishing (MP) (control) groups. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Table 2 - Mean and standard deviation (MPa) for the values of the monotonic and of the flexural fatigue strength test;
Weibull analysis of the fatigue data (characteristic flexural fatigue strength - ¢¢; Weibull modulus - m; 95% confidence

intervals [CI]); and roughness values (Ra and Rz) for the ceramics investigated in both conditions: M — machining; MP
(control) - machining followed by polishing.

Ceramic Surface Monotonic Fatigue Weibull Roughness
condition  flexural flexural analysis of
strength strength the fatigue
(Mean (SD) (Mean (SD) data
(MPa)) (MPa))
Characteristic Weibull Ra Mean Rz Mean
fatigue strength modulus (SD) (»m)  (SD) (nm)
[95% CI] (MPa) [95% CI]
Leucite M 122.12 (14.11)* 69.50 (7.15)  72.61% [69.28-76.04] 11.714 [7.41-15.76] 1.594 (0.17)  9.83% (0.90)
MP 166.48 (25.81)° 96.02 (14.72)  102.55B [95.00-110.56] 7.18% [4.48-9.71]  0.088 (0.03)  0.51B (0.17)
Lithium disilicate M 269.52 (26.27) 180.71(15.61) 187.71A [180.30-195.30]  13.62A [8.63-18.34] 1.84% (0.18)  11.072 (1.00)
MP 479.39 (58.88) 267.10 (26.87) 278.93B [266.04-292.22]  11.61A [7.35-15.62] 0.13B (0.06)  0.73F (0.32)
Yttria-stabilized M 596.59 (57.18) 505.39 (75.88) 536.48% [500.94-573.89]  8.01A [5.07-10.78] 1.794 (0.16)  11.21A (1.07)
polycrystalline MP 954.71 (104.29) 843.42 (117.00) 894.50B [836.52-955.45]  8.194 [5.19-11.03] 0.18B (0.03)  1.71B (0.37)
tetragonal zirconia
(Y-TZP)

Different letters indicate statistically significant differences between M and MP conditions for each ceramic material (95% CI fail in overlapping

for o9 and m; p<0.05 in Mann-Whitney test for Ra and Rz).
2 Results taken from Fraga et al. [31].

Using the data of the M groups (n=20), the roughness and
the biaxial flexural fatigue strength values obtained for each
set of burs were compared with the Student’s t-tests (o =0.05).
Spearman correlation coefficients (rs) (« = 0.05) were calculated
to investigate the influence of the machining order in the
roughness surface and in the biaxial flexural fatigue strength
for each type of ceramic material, considering the set of burs
separately.

3. Results

The step-load profiles of all ceramic materials showed that the
MP groups failed under higher load ranges than the M groups,
as indicated in Fig. 2. Machining resulted in significantly
higher values of roughness and lower values of characteris-
tic flexural fatigue strength when compared to the machining
followed by polishing groups (Table 2). The greatest reduction
in the characteristic flexural fatigue strength from MP to M was
observed in Y-TZP (40%), followed by lithium disilicate (33%),
and leucite glass ceramic (29%). The Weibull modulus was sim-
ilar for the conditions M and MP in all ceramics investigated.

The FESEM images indicate that machining induced
defects in all ceramics investigated and that polishing was
effective in removing these defects (Fig. 3). This can be verified
by the reduction in the roughness (Ra values) after polishing:
94% for leucite, 92% for lithium disilicate and 89% for Y-TZP.

Student’s t-test showed differences in the roughness values
between the two sets of diamond burs used in the machining
of leucite glass ceramic and Y-TZP discs. The fatigue strength
of Y-TZP samples was also significantly influenced by the pair
of burs (Table 3).

The correlation between machining order and rough-
ness/flexural fatigue strength depended on the ceramic
material and on the set of burs (Table 3). For leucite and lithium
disilicate specimens, the Spearman coefficient indicated a sig-

nificantly high [46] correlation between machining order and
Ra just for one of the two sets of burs used. Again, regarding
machining order and flexural fatigue strength, a significantly
high [46] correlation was found in leucite and Y-TZP specimens
for just one of the sets of burs.

4, Discussion

In the present study, CAD/CAM machining (M groups) intro-
duced defects in the ceramic surface (Fig. 3), increasing
surface roughness and significantly reducing the character-
istic flexural fatigue strength of all ceramics investigated,
when compared to the groups where the surface defects were
removed by polishing (MP groups). Therefore, the experimen-
tal hypothesis was accepted.

Anunderstanding about the extent of CAD/CAM machining
effects on the mechanical behavior of ceramics with different
microstructures is very important since the fracture strength
of these materials is sensitive to the presence of defects
[20]. These defects can be considered especially critical when
located at the cementation surface of a ceramic crown due
to the concentration of tensile stress in this area, which may
predispose the all-ceramic restoration to clinical fractures [19].
The cervical margin of a crown may also be considered a crit-
ical zone [47,48|. As it usually presents a thinner structure,
which is difficult for bur access, defects may be introduced
by machining, contributing to initiate the failure, as indicated
in some fractographic studies of clinically failed all-ceramic
restorations [25,26,49].

Leucite- and lithium disilicate-based glass ceramics are
available for the hard machining process, which implies that
the restoration is milled from an industrial, densely sin-
tered block [1], and may require higher removal forces in
machining [50]. In the present study, machining reduced
the characteristic flexural fatigue strength of leucite glass
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al) Leucite — M — machined surface a2) Leucite — M — cross sectional a3) Leucite — MP — machined and a4) Leucite — MP — cross sectional
(250x) surface (1000x) polished surface (250x) surface (1000x)

b1) Lithium disilicate — M — machined b2) Lithium disilicate — M — cross b3) Lithium disilicate — MP — b4) Lithium disilicate — MP — cross
sectional surface (1000x) machined and polished surface (250x)

surface (250x) sectional surface (1000x)

cl) Y-TZP — M — machined surface ¢2) Y-TZP — M — cross sectional c¢3) Y-TZP — MP — machined and c4) Y-TZP — MP — cross sectional
(250x) surface (1000x) polished surface (250x) surface (1000x)

Fig. 3 - FESEM images of the machining (M) and machining followed by polishing (MP) surface for each ceramic material.
Note that M resulted in a rough surface, with the introduction of surface defects. Polishing appeared effective in removing
these defects.

ceramic and lithium disilicate by approximately 29% and 33%, crystals. In this stage, the ceramic is easy to machine [1]
respectively, when compared to the MP condition. Lithium dis- and exhibits moderate biaxial strength (130 MPa) [S1]. After
ilicate ceramics are machined in the “blue stage”, prior to full machining, the restorations are submitted to a heat treatment

crystallization, which contains lithium metasilicate (Li;SiOs) to ensure final crystallization into lithium disilicate, and to

Table 3 - Mean and standard deviation (SD) of roughness (Ra) and flexural fatigue strength for each set of burs used in
the machining of leucite, lithium disilicate, and yttria-stabilized polycrystalline tetragonal zirconia (Y-TZP) machining

(M) groups. Spearman correlation coefficient (rs) between machining order and Ra; and between machining order and
flexural fatigue strength.

Ceramic Bur Ra Fatigue strength
Mean (SD) - p-Value Is Mean (SD) - p-Value I
pm p-Value MPa p-Value
Leucite Set of Bur 1n=10 1.73 (0.86) 0.000 —0.880.001 69.91 (7.35) 0.241 0.74 0.013
Set of Bur 2n=10 1.45 (0.81) —0.210.556 73.88 (7.25) 0.44 0.200
Lithium disilicate Setof Bur 1n=9 1.78 (0.18) 0.450 0.32 0.406 179.36 (13.16) 0.114 —0.070.865
Set of Bur 2n=11 1.84 (0.18) 0.91 0.000 190.82 (16.88) —0.210.537
Y-TZP Setof Bur 1n=9 1.67 (0.10) 0.001 —0.630.067 554.25 (60.29) 0.002 0.73 0.025
Set of Bur 2n=11 1.90 (0.15) —0.470.142 459.31 (58.52) 0.50 0.117

*p <0.05 indicates significant difference.
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improve its flexural strength (360 MPa)[51]. This heat treat-
mentis likely to reduce the extent of the residual stresses from
machining and ensure the development of a microstructure
composed of interlocked lithium disilicate crystals [4]. How-
ever, the damage introduced by machining was still present
after the heat treatment, as seen in the FESEM images (Fig. 3),
negatively affecting the characteristic fatigue strength of the
material.

Y-TZP restorations are commonly milled from partially sin-
tered blocks, in a process called soft machining, and then
sintered at high temperature. The restoration is milled at a
larger size to compensate for the volume shrinkage that will
occur during sintering (approximately 20-25%) [10]. In the
present study, the greatest difference between the MP and M
groups was evident for the Y-TZP ceramic, milled in a par-
tially sintered stage, where machining reduced the material’s
characteristic flexural fatigue strength by 40%.

Therefore, an important finding of this study was that,
despite the partially sintered blocks being softer and easier
to mill, soft machining may also introduce damage to the
ceramic surface, negatively affecting the material’s flexural
fatigue strength just as much as hard machining. Apart from
this, the heat treatment performed on the Y-TZP ceramic to
complete sintering appeared unable to eliminate the machin-
ing defects, which was consistent with the results of Kelly and
Rungruanganunt [52], which found severe machining damage
in zirconia implant abutments, manufactured by soft milling.

To assess the effects of machining on the fatigue behavior
of ceramics with different microstructures, one group of each
material (MP group) was submitted to a polishing procedure
after machining, which removed 80 pm from the machined
surface to ensure for the removal of machining defects. Few
studies have investigated the extent of the damage introduced
by CAD/CAM machining on the ceramic surface. The reported
values ranged from 9 pm to 15 um for glass ceramic [33], and
from 40 pm to 60 um for feldspathic ceramics [29]. Therefore,
we believe that the polishing protocol adopted in the present
study, which removed a thickness of 80 pm from the machined
surface, was effective in removing the defects introduced by
machining, as evident in the FESEM images and in the rough-
ness analysis (Fig. 3, Table 2).

The literature reported Ra values, after machining in a
CERECinLab unit, of 1.37 um [31] and 1.47 um [53] for a leucite-
based glass ceramic, and of 1.53 um and 1.20 um for Y-TZP
samples machined by different sets of burs [54]. Roughness
after machining may be influenced by the material’s hard-
ness and by the grit size of the tool [55]. The pattern of
peaks and valleys introduced by machining with diamond
burs was reported to be deeper for soft materials (a resin
nanoceramic composite) than for hard materials (fine particle
feldspar ceramic; resin-infiltrated ceramic), suggesting that
special care should be taken in the selection of the diamond
grit size to optimize the roughness of a milled surface [55].

Grinding with fine diamond discs (18 pm grit size) induced
smaller chip damage and lower strength deterioration than
grinding with medium diamond discs (75 pm and 54 pm grit
size) in feldspathic and leucite glass ceramic [56]. Considering
this, improvements in the machining systems, with the use
of burs with smaller diamond grit size, should be investigated

in future studies as an alternative for reducing the damage
introduced by CAD/CAM machining.

Weibull modulus, a shape parameter that describes the
relative spread of strength values in an asymmetrical dis-
tribution [44], did not differ significantly between M and MP
conditions for each ceramic (Table 2). Therefore, machining
did not affect the reliability of the ceramic materials, despite
having introduced more critical defects, reducing the tensile
strength at which fracture occurs.

The step-test method can be considered a versatile fatigue
test. It consists of a time-varying load test, in which the spec-
imens are subjected to successively higher stress levels in a
predetermined number of cycles [57]. This methodology has
been employed to investigate the fatigue resistance of restora-
tive treatments, where the data are submitted to survival
analysis, such as Kaplan Meier [58-60]. According to Collins
[40], when the step-test data is acquired, they may be plotted
on a probability plot, from which the mean fatigue strength
and the standard deviation may be determined for the defined
cyclic fatigue life (number of cycles in an individual load step).
Considering that the strength data of brittle materials typi-
cally fit in the Weibull distribution [44], in the present study,
the step-test data were analyzed via Weibull statistics, and the
values of the characteristic fatigue strength and the Weibull
modulus were calculated for a life time of 10,000 cycles. The
disadvantages of this method lies in the unknown effects of
latent damage that may be incurred while stepping up through
the series of stress levels to reach the failure stress levels [40].
More recently, step-test have also been used to obtain reliabil-
ity information about a restorative treatment in a shorter time
[61,62]. In these studies, three stress profiles (mild, moder-
ate, and aggressive) are usually employed to distribute failure
across different step loads and to allow better statistic predic-
tions [63].

The comparison of the mean strength values obtained
in the monotonic and in the fatigue test (Table 2) showed
that fatigue test resulted in lower values of flexural strength.
The reduction in the material strength tended to be higher
for glass ceramic groups (around 33%-44%) than for Y-TZP
groups (around 15%). Despite showing the lowest strength
degradation when compared to the monotonic results, Y-TZP
ceramic was the most affected by machining. A previous study
[64] indicated a strength degradation (difference between
monotonic and fatigue strength) of approximately 42.7% for
Y-TZP, 53.4% for a CAD/CAM lithium disilicate, and 45.5% for
a CAD/CAM feldspathic ceramic. The microstructure signif-
icantly influenced the slow crack propagation of the dental
ceramics [6,65]. Polycrystalline ceramics presented a low sus-
ceptibility to slow crack propagation and low degradation over
time, while porcelains showed the lowest values for resistance
against crack propagation, resulting in high strength degrada-
tion over time [6]. These findings support the trends evident
in the present study.

Significant differences were found for roughness and
fatigue strength between the two sets of burs used in the
machining of Y-TZP specimens, while for leucite specimens,
the difference between the sets of burs was just evident for
the roughness (Table 3). Differences in the Ra values and
in the biaxial flexural strength were reported in a study
that employed six pairs of burs for machining of feldspathic
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ceramic discs in a CEREC inLab MC XL unit [66]. Different sets
of burs also influenced the roughness of Y-TZP specimens, but
did not affect the reliability of the Y-TZP restorations [54]. The
correlation between machining order and roughness/flexural
fatigue strength was also dependent on the set of burs used in
the machining. Therefore, considering that the set of burs may
influence the roughness and the strength of the ceramic, spe-
cial care should be taken in future studies involving CAD/CAM
machining to randomly distribute, among the experimental
groups, specimens milled by different sets of burs, avoid-
ing any possible confounding results related to the diamond
milling tools.

For leucite and Y-TZP materials, the Spearman correlation
coefficients indicated that, for a maximum of 20 machined
specimens, a possible deterioration of the machining burs may
have no deleterious effects on the ceramic fatigue strength,
since there was a positive correlation between machining
order and fatigue strength. The correlation between machin-
ing order and roughness was significant and negative for
leucite, which revealed a trend toward decreasing roughness
with increasing machining order. Conversely, for lithium dis-
ilicate, a positive correlation was found. Nevertheless, the
increased roughness with the machining order did not impact
the fatigue strength, since no significant correlation was found
with the fatigue strength for this material.

One of the limitations of the present study was that the
effect of the cementation procedures on the flexural fatigue
strength of machined ceramic specimens, such as hydrofluo-
ric acid etching and airborne sandblasting, was not evaluated.
Furthermore, the effect of machining on luted ceramic spec-
imens should be investigated in future studies, since resin
cements could interact with the ceramic surface, resulting in
a hybrid layer that would further affect the ceramic strength
[67].

Finally, it is important to highlight that the polishing pro-
tocol adopted in the present study had just a methodological
purpose of eliminating the machining defects. This protocol
should not be extrapolated to clinical practice, since the pol-
ishing of the intaglio surface of an all-ceramic restoration,
with a reduction of 80 um in thickness, would increase cement
thickness and result in fit problems. Therefore, this study
highlights the need for improving machining systems, and
for developing milling protocols that induce less damage to
the ceramic surface. Other machining variables, such as the
diamond grit size and the feed rate should be investigated to
understand their effect on the machined surface.

5. Conclusions

CAD/CAM machining negatively affected the flexural fatigue
strength of ceramics with different microstructures and
resulted in higher values of roughness. The greatest reduc-
tion in the fatigue strength due to machining was observed
in Y-TZP (40%), followed by lithium disilicate (33%), and
leucite glass ceramic (29%), suggesting that either machining
of partially sintered ceramics or machining of fully sintered
ceramics may be deleterious to their flexural fatigue strength.
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