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ARTICLE INFO ABSTRACT

Keywords: Objectives: The effects of different surface treatments on cyclic fatigue strengths of computer-aided design and
Dental implant computer-aided manufacturing (CAD/CAM) zirconia implants and its mechanisms were evaluated.

Zirconia Material and methods: One-piece cylindrical screw-type zirconia (Y-TZP) implants with diameters of 4.1-mm
E::;/u ZAM were fabricated using CAD/CAM technique; they were divided into four groups according to the type of surface

treatment: (i) sintering (control group, CTRL), (ii) sandblasting (SB), (iii) sandblasting and etching with an
experimental hot etching solution (SB-ST), and (iv) sandblasting and etching with hydrofluoric acid (SB-HF). The
surface morphology and roughness of the implants were evaluated. Tetragonal to monoclinic transformation was
measured on the surface by micro Raman spectroscopy. Static and fatigue tests were carried out at room tem-
perature following the ISO 14801:2014 Standard. The cyclic fatigue strength of each group was determined
using the staircase method. Specimens that survived the fatigue test were statically loaded to measure the re-
sidual fracture strength.

Results: Among the four groups, SB-HF exhibited the highest surface roughness. Compared with the CTRL group,
the surface monoclinic content was higher after all three types of surface treatments, amongst which, SB-HF had
the highest content (39.14%), significantly more than the other three groups (P < 0.01). The cyclic fatigue
strengths of CTRL, SB, SB-ST, and SB-HF implants were 530N, 662.5N, 705N, and 555N, respectively. The
fracture strength after fatigue loading was higher than that before fatigue loading with no significant difference
(P >0.05).

Conclusions: SB and SB-ST remarkably enhanced the fatigue resistance of zirconia implants, while SB-HF did not.
One-piece 4.1-mm diameter CAD/CAM zirconia implants have sufficient durability for application in dental
implants.

Surface treatment

1. Introduction

In the recent years, yttria-stabilized tetragonal zirconia polycrystal
(Y-TZP), a high-strength zirconia ceramic, has become an attractive
new material for dental implants. Zirconia has tooth-like color and the
ability to transmit light, improving the overall esthetic outcome (Oliva
et al., 2010). Moreover, it has a high chemical resistance, high flexural
strength (900-1200 MPa), a favorable fracture toughness (Kic,
7-10 MPa m'/?), and a suitable Young's modulus (210 GPa) (Ozkurt and
Kazazoglu, 2011). Another advantage is the less affinity for dental
plaque, minimizing the risk of inflammatory changes in the surrounding

soft tissues (Scarano et al., 2010; Tete et al., 2009).

Both the implant body and the perimucosal portion can be in-
dividually designed to fit the local anatomical conditions and digitally
machined. One-piece implants have the advantage of no implant/
abutment movement or gap causing the leakage of harmful bacteria, as
observed with conventional implant/abutment connections (Assenza
et al., 2012). Because of the abovementioned advantages, Y-TZP im-
plants have the potential to be an effective alternative of titanium im-
plants in certain clinical situations (Andreiotelli et al., 2009; Oliva
et al.,, 2010) as well as an appropriate material for computer-aided
design and computer-aided manufacturing (CAD/CAM).

Abbreviations: CTRL, control group; SB, sandblasting group; SB-ST, sandblasting and acid etching group; SB-HF, sandblasting and 40% hydrofluoric acid etching group
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Previous clinical studies have reported promising survival rates of
98%, 96.5%, and 95% at 1, 3, and 5 years, respectively, after the pla-
cement of zirconia implants with rough surface topographies in par-
tially edentulous patients (Brull et al., 2014; Oliva et al., 2010, 2007).
However, one study also reported a low survival rate of 77.3% after a
mean follow-up period of 5.94 years. Furthermore, 18 implants failed
because of fracture, mostly occurring in narrow implants with 3.25 mm
in diameter (15/18) (Roehling et al., 2015).

The fracture of a dental implant is always a severe complication,
leading to a high level of patient discomfort and many clinical problems
such as the difficulty in removing the fractured implant and significant
bone loss (Gahlert et al., 2012). Implant fractures in clinical use were
caused by fatigue under physiological loads, and those failures were
aggravated by the resorption of bone around the implants (Gahlert
et al., 2012; Morgan et al., 1993). Static loading may have very slight
clinical relevance as mechanical failures are more probably related to
the application of repeated loads rather than an acute overload (Lee
et al., 2009). As an important part of the mechanical properties of
zirconia implants, fatigue is considered to be one of the key factors
affecting the long-term clinical effect of the implants and their re-
storation (Rita Depprich, 2012).

Pure zirconium dioxide has three crystallographic forms that are
stable at different temperature ranges under atmospheric pressure: the
monoclinic phase, which is stable up to 1170 °C, where it transforms to
the tetragonal phase, which in turn is stable up to 2370 °C, and the
cubic phase, which exists up to its melting point of 2680 °C (Denry and
Kelly, 2008). However, the tetragonal phase is in fact “metastable” at
room temperature and may transform into the monoclinic phase, which
can be triggered by mechanical stress, thermal aging, chemical aging,
and intermittent forces during mastication in the oral environment
(Guazzato et al., 2004; Pittayachawan et al., 2009)

Previous studies have demonstrated that surface modifications en-
hanced the integration of zirconia implants and resulted in a better
osseointegration compared to the unmodified surface (Gahlert et al.,
2007; Sennerby et al., 2005). Surface modifications such as sand-
blasting and acid etching trigger tetragonal-to-monoclinic (t — m)
phase transformation (Karakoca and Yilmaz, 2009). This transforma-
tion is associated with 3-4% phase volume expansion and induces
compressive stresses that shield the crack tip from the applied stress
(Porter and Heuer, 1977). This unique characteristic is known as
transformation toughening and may explain the increased fracture
strength and fracture toughness of Y-TZP ceramics compared to other
dental ceramics (Piconi and Maccauro, 1999).

On the other hand, the surface flaws introduced by sandblasting and
acid etching act as stress concentrators and may become potential sites
for crack initiation and propagation, causing strength degradation
(Wang et al., 2008). The macroscopic and microscopic failure analysis
in a clinical research showed that the presence of microcracks on a
surface due to the manufacturing process, including machining and
surface treatments, may be one of the primary reasons for zirconia
implant fracture (Gahlert et al., 2012).

However, studies focused on the fatigue of zirconia implants after
different surface treatments and the related mechanism are rare and are
urgently required prior to consideration for routine clinical applica-
tions. Therefore, the aim of this study was to evaluate the effects of four
different surface treatments on the cyclic fatigue strength and phase
transformation of CAD/CAM Y-TZP implants.

2. Material and methods
2.1. Fabrication of zirconia implants

One-piece cylindrical screw-type zirconia implants were designed
using the three-dimensional (3D) CAD software (Catia V5R19, Dassault

System, France; Geomagic Studio 12.0, Geomagic, USA) and fabricated
using the following procedure. To reduce processing time and wear of
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Fig. 1. CAD/CAM one-piece Y-TZP implants with diameters of 4.1 mm.

the cutting instruments during the milling process, partially sintered Y-
TZP blocks instead of fully sintered ones were used in this study. First,
partially sintered zirconia milling blocks (Y-TZP, Wieland, Germany)
were cut using a diamond wheel in a cutting machine (Zenotec Mini,
Wieland, Germany) based on the CAM technology (Wieland CAM 2.2,
Germany), followed by final sintering in a sintering furnace (Zeno Fire
P1, Wieland, Germany). All the implants had an intraosseous length of
12 mm, diameters of 4.1 mm, and spiral threads with a 1.2-mm pitch
and 0.25-mm depth (Fig. 1).

2.2. Surface treatment of implants

CAD/CAM one-piece zirconia implants with diameters of 4.1 mm
were divided into four groups according to different surface treatments
as follows:

(1) Sintering group (CTRL), implants with a sintered surface.

(2) Sandblasting group (SB), implants with a sandblasted surface.
Sandblasting was performed using 110-um Al,O3 particles from a
distance of 10-20 mm and at an angle of 90°. The air pressure used
for the blasting was set at 0.45MPa (Ovaljet HiBlaster, SHOFU,
Japan).

(3) Sandblasting and experimental hot etching group (SB-ST),
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including implants with a sandblasted and acid-etched surface
etched with an experimental hot etching solution. The experimental
hot etching solution (100 mL) was composed of 80 mL methanol,
20 mL 37% hydrochloric acid (HCI), and 0.2 g ferric chloride. This
solution was heated to 100 °C and applied for 60 min following a
protocol reported by Casucci (Casucci et al., 2009) to improve the
bonding potential of zirconia ceramics.

(4) Sandblasting and hydrofluoric acid etching group (SB-HF), com-
prised of implants with a sandblasted and hydrofluoric acid-etched
surface. After sandblasting, specimens were immersed in 40% hy-
drofluoric acid for 1h at ambient temperature (Flamant and
Anglada, 2016).

To avoid the interference of surface impurities on the surface
measurements. All the implants were sequentially washed with absolute
alcohol and deionized water (dH20; Milli-Q Ultra-Pure, Millipore,
Billerica, MA) in an ultrasonic cleaner for 15 min each. Subsequently,
the specimens were dried at room temperature for 24 h. The surface
topography of the implants was qualitatively analyzed using a scanning
electron microscope (SEM; JEOL, JSM-6010LA, Tokyo, Japan) and
quantitatively measured using a 3D laser scanning equipment (3D Laser
Microscope VK-9700K, Keyence Co., Osaka, Japan). The following
parameters were used to characterize the surface topography: Ra value,
the arithmetic mean deviation of a profile; Rq value, the root-mean-
square deviation of the profile; and Rz value, the 10-point height, i.e.,
the average height of the five lowest valleys and five highest peaks
within the profile.

2.3. Micro Raman spectroscopy

Phase transformation (t-m) on the surface of the endosseous part of
the zirconia implants was detected by micro Raman spectroscopy
equipped with a triple monochromator spectrometer (LabRAM HR800,
Horiba Jobin Yvon, France) and a CCD detector (liquid nitrogen
cooled). A laser (argon ion, green monochromatic light) of 532 nm
wavelength and 20 mW power at sample was used as the light source
and three measurements per implant were carried out at the relatively
flat part between the threads. Raman spectra were collected at 100 X
magnification and the spectrum integration time was 60 s. The spectra
were analyzed using a double monochromator with a focal length of
0.8 mm and equipped with a diffraction grating with 1800 grooves/
mm. The beam diameter was 1 um with a spectral resolution of about
2cm L. The peaks related to the monoclinic phase appeared at 180 and
190 cm ™. The fraction of monoclinic phase can be calculated ac-
cording to the equation given by Katagiri et al. (Katagiri et al., 1988):

Vin = 0.5* (T 1s0) + Dn190))/[2.2*T;150)+0.5* T 180) + Tn(r00)) ]

where I, 130 and I,aq0) represent the intensities of the characteristic
monoclinic peaks and I,(14) represents the intensity of the tetragonal
peak.

2.4. Mechanical testing

The mechanical tests were carried out following the ISO
14801:2014 Standard (2014). The zirconia implants were embedded in
an acrylic resin (Denture base polymer I-type, NISSIN, Japan), 3 mm
apically from the nominal bone level, simulating 3 mm of the marginal
bone loss, and placed in an angle of 30° with respect to the vertical axis
of the implant (Fig. 2). The test was conducted at room temperature.
The loading force (F) of the testing machine was applied through the
hemispherical chamber of a cobalt-chromium alloy crown with a radius
of 3mm and a distance of 11 *= 0.5 mm between the simulated bone
level and the center of the hemisphere, which was adhered to the
connecting part of each implant for load transfer. The steel jig was
individually fabricated using an angle adjustable stand. The overall
setup for the mechanical tests is shown in Fig. 2.
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2.4.1. Static testing

First, the test was carried out statically to determine the 30° flexural
resistance of the implants. Three specimens from each group were used
to measure the load-deflection curve using a universal testing machine
(5900, Instron, USA) controlled using the Blue Hill testing software
(Bluehill2, Instron, USA). A perpendicular load was applied to the an-
gulated specimens under a crosshead speed of 1 mm/min. Fracture
strength (N) was measured at the load at which the fracture occurred.
T-tests were performed to determine the statistically significant differ-
ences between the four groups. A P-value of < 0.05 was considered
statistically significant.

2.4.2. Fatigue testing

A fatigue testing machine (ElectroPuls 1000, Instron, USA) with
1000 N-load capacity controlled by the Console and WaveMatrix™ dy-
namic testing software (Instron, USA) was used to perform the fatigue
tests. The tests were carried out with a unidirectional cyclic load
varying sinusoidally between a nominal peak value and 10% of this
value for 5 X 10° cycles or until the failure. The frequency was 15 Hz.
The maximum of 5 x 10° testing cycles set in this study has been
widely reported to be approximately 25 years of intraoral usage (Huang
et al.,, 2005). Therefore, in the fatigue analysis, the tests were con-
sidered to have been successfully completed if the implant survived up
to 5 x 10° loading cycles.

The cyclic fatigue limit load in each group was determined by the
staircase method (up-and-down method). Stress was raised in incre-
ments of < 5% of the estimated fatigue limit load, which was de-
termined to be approximately 60% of the fracture strength in the static
test of the same group. First, the estimated fatigue limit load was ap-
plied to a specimen. If the specimen fractured, the load was reduced by
one increment in the next specimen. If the specimen survived, a load
one increment higher was applied to the next specimen. This procedure
was repeated until at least four couples of specimens with opposite
results (fractures or survive) were observed, and the up-and-down chart
was closed. The arithmetic mean value (m) and standard deviation (o)
of the fatigue limit load were determined by the staircase method. The
calculation was carried out using the following equations (2014).

m = Z,:l (f,+0.5d)/n

o= Z;l (f, — m)*/(n-1)

where f; is the load used for the testing of a specimen, n is the total
number of specimens used in the calculation, and d is the load incre-
ment. The fatigue limit load can then be expressed as follows: m + o.

The fatigue fracture surfaces of the failed dental implants were gold-
sputtered and investigated using a SEM (JSM-6010LA, JEOL, Tokyo,
Japan). The SEM photographs were recorded at 40x and 1000 x
magnifications for image analysis. Using the SEM, the origin of the
crack was identified, and images were obtained along the path of crack
propagation.

2.4.3. Static testing after fatigue loading

Specimens that survived the fatigue loading were loaded until
fracture using the universal testing machine in exactly the same manner
as the static testing. T-tests were performed to determine the statisti-
cally significant differences between the four groups and between
fracture strength before and after fatigue loading. A P-value of < 0.05
was considered statistically significant.

3. Results
3.1. Microscopic observation and surface roughness of implants

The SEM images show that the CTRL surface is relatively flat with
flaws such as notches and dents due to the CAM process (Luthardt et al.,
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2004). The surface of SB exhibited a macrorough topography with
grooves and holes with sharp margins. After acid etching with experi-
mental hot etching solution, the surfaces appeared uneven with peaks
and valleys evident and nanoscale irregular pores. In contrast, the hy-
drofluoric acid etched surfaces exhibited a more regular porous topo-
graphy in both the micrometer- and nanometric scale. (Fig. 3). The
surface roughness levels are reported in Table 1. The Ra value sig-
nificantly increased in the order CTRL < SB < SB-ST < SB-HF groups
(P < 0.01).

3.2. Phase transformation

Strong monoclinic bands appeared at Raman displacements of 180
and 190 cm ™!, especially for the SB-HF surfaces (Fig. 4). Phase trans-
formation analysis reveal that the monoclinic volume fraction increased
slightly from 15.68 * 1.07% in the CTRL to 16.89 = 0.86% after
sandblasting. Acid etching with experimental hot etching solution re-
sulted in a significant monoclinic content increase to 20.55 = 1.87%
(P < 0.05). However, the highest estimated monoclinic volume frac-
tion was calculated to be 39.14 + 4.98% for the SB-HF surfaces, sig-
nificantly different to the other three groups (P < 0.01).

3.3. Fracture strength in static testing (static strength)

Table 2 shows the average fracture strengths recorded for the four
groups under static loading prior to fatigue loading. The fracture
strength was higher in the SB and SB-ST groups than the CTRL group.
The SB-ST samples exhibited the highest fracture strength, statistically
similar to the SB samples and significantly different than the CTRL and
SB-HF analogues (P < 0.01). The average fracture strength of the SB-
HF samples was statistically similar to the CTRL samples.

3.4. Cyclic fatigue limit load in fatigue testing (cyclic fatigue strength)

The results of fatigue limit in the cyclic fatigue tests were de-
termined using the staircase method as shown in Fig. 5. The cyclic
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Fig. 2. Schematic and image of the testing
machine and test set-up for cyclic fatigue test.
1, loading device; 2, nominal bone level; 3,
abutment; 4, hemispherical loading member;
5, dental implant body; 6, specimen holder; F,
the loading force. Point C, the loading center,
intersection of the loading axis (Line AB) with
the axis of the implant (Line DE), is well-de-
fined.

fatigue strengths in the CTRL, SB, SB-ST, and SB-HF samples were
530N, 662.5N, 705N, and 555N, respectively (Table 2). The cyclic
fatigue strength increased by 25% after sandblasting and by 33% after
sandblasting and etching with the experimental hot acid solution, re-
spectively. However, after hydrofluoric acid etching, the cyclic fatigue
strength decreased by 20% on the basis of the SB samples, similar to the
CTRL samples.

3.5. Fractographic analysis

Fig. 6 shows the SEM photographs of the fractured surfaces on
specimens from six groups after the cyclic fatigue test. Most of the
analyzed specimens exhibited processing flaws associated with fabri-
cation and sintering; those flaws acted as stress concentrators during
the crack nucleation. The fractured surface on the specimens of SB, SB-
ST and SB-HF showed hackle lines radiating from the crack origin at the
defect (red arrow) located on the surface or beneath the surface in the
tensile stress side. A few inherent flaws such as pores and subsurface
sintering dry spray agglomerate flaws were observed at the crack ori-
gins. However, on the sintered specimens, the crack origin was located
at the tensile stress side surface between two threads. No obvious de-
fects were observed on the crack origins of the CTRL samples.

3.6. Fracture strength after fatigue loading

The fracture strength averages after fatigue loading in the four
groups are detailed in Table 2. Except for the SB group, fracture
strength after fatigue loading increased compared to that before fatigue
loading, especially in the CTRL group, which increased by 32.9%. The
SB-ST group demonstrated the highest fracture strength after fatigue
loading. No statistical difference was found between the four groups or
between fracture strength before and after fatigue loading, in part due
to fewer specimens being used in the static testing.



Q. Ding et al.

2

x1,000  10pm

x1,000  10um

e

x1,000

S
10pm

x1,000  10pm

x3,000

3,000

Journal of the Mechanical Behavior of Biomedical Materials 84 (2018) 249-257

sum f—

X10 000

spm Apm  —

X10 000

Fig. 3. SEM images showing the surface topographies of CAD/CAM zirconia implants in CTRL (al-a3), SB (b1-b3), SB-ST (c1—c3), and SB-HF (d1-d3). CTRL, control
group; SB, sandblasting group; SB-ST, sandblasting and acid etching with experimental hot etching solution; SB-HF, sandblasting and 40% hydrofluoric acid etching.

Table 1

Surface roughness of CAD/CAM zirconia implants (n = 3). CTRL, control group;
SB, sandblasting group; SB-ST, sandblasting and acid etching group; SB-HF,
sandblasting and 40% hydrofluoric acid etching group. Values with different
superscript letters are significantly different (P < 0.05).

Surface roughness (pm) Ra Rq Rz
CTRL 0.69° 0.89° 6.79°
SB 1.30" 1.69" 10.30°
SB-ST 1.49° 1.83¢ 12.92¢
SB-HF 1.75¢ 2.144 13.30¢

4. Discussion

4.1. Effect of sandblasting or sandblasting and acid etching on the fatigue
strength of zirconia implants

In this study, sandblasting with 110-um Al,O3; particles or

sandblasting and acid etching with an experimental hot solution im-
proved the fatigue and fracture resistance of the CAD/CAM zirconia
implants, which can be attributed to the transformation toughening of
Y-TZP. The sandblasting and acid etching triggered t — m phase
transformation that induced compressive stresses, thus closing the crack
tip and preventing further crack propagation (Ozcan et al., 2013; Porter
and Heuer, 1977). The compressive effect of the residual stresses on the
surface also hindered the crack nucleation (Gil et al., 2014). This fact
can be observed in Fig. 5, where the crack initiates from the surface for
the sintered specimen and from the subsurface for the sandblasted
specimen.

Most previous studies (Chintapalli et al., 2014; Garcia et al., 2013;
Kosma et al., 2008) have demonstrated that airborne particle abraded
with 110-um or 120-um Al,Os particles significantly increased the
flexural strength of Y-TZP specimens, because of the transformation
toughening mechanism that generated a compressive stress that op-
posed the externally applied, crack-propagating tensile stress of the
specimen. A previous study (Gil et al., 2014) on titanium implants also
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Fig. 4. Raman spectra of CAD/CAM zirconia implants. Red arrows indicate the
strong monoclinic bands appearing at Raman displacements of 180 and
190 cm ™! in the SB-HF group.

Table 2

Fracture and cyclic fatigue strengths of the four groups (mean *= SD). CTRL,
control group; SB, sandblasting group; SB-ST, sandblasting and acid etching
with experimental hot etching solution; SB-HF, sandblasting and 40% hydro-
fluoric acid etching.

Groups  Fracture strength before  Cyclic fatigue Fracture strength after
fatigue loading (N) strength (N) fatigue loading (N)

CTRL 827.3 + 101.6 530.0 + 21.6 1099.3 + 196.0

SB 1162.9 + 116.5 662.5 + 21.2 1064.5 + 209.2

SB-ST 1118.1 = 166.6 705.0 = 20.7 1147.3 = 69.9

SB-HF 867.2 + 171.0 555.0 + 14.1 912.7 + 100.4

showed that the grit blasting of implants improved the fatigue life be-
cause of the formation of a layer of compressive residual stresses. lijima
(Iijima et al., 2013) reported that sandblasting decreased the flexural
strength of Y-TZP. Moreover, a further decrease in the flexural strength
was observed in sandblasted and acid-etched Y-TZP under both the
static loading and cyclic fatigue tests. The conflicting results may be the
consequence of different zirconia materials or techniques used in the
surface treatments. Kosmac et al. (2000) reported that the phase
transformation of Y-TZP strongly depends on the grain size.

In this study, micro Raman spectroscopy analysis showed that acid
etching using both the experimental hot solution and hydrofluoric acid
increased the t — m transformation of zirconia. The former led to an
increase in static and fatigue strengths of the implants, while the latter
resulted in an opposite trend. Egilmez et al. (2014) reported that flex-
ural strength significantly decreased after chemical degradation (acid
etching) and increased through abrasion of airborne 110-um Al,O3
particles at 4 bar pressure compared to a sintered surface. Flamant and
Anglada (2016) reported that 40% HF etching induced an increase in
monoclinic phase content and a decrease in flexural strength limited to
15% for etching times below 60 min. Xie et al. (2015) reported that the
flexural strength of Y-TZP was significantly deteriorated by chemical
degradation with 40% HF at ambient temperature for 2 h. However, the
flexural strength did not decrease when immersed in 5% HF for 1 and 5
days compared to the control group. This indicates that the degree of
phase transformation or potential damage caused by acid etching
played an important role in the variation in mechanical properties.

Some authors suggested that strength variation with phase trans-
formation depends on a balance between the accumulation of
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compressive stresses and microcracking occurring in the transformed
areas (Sanon et al., 2013). Considering the positive and negative effects
of sandblasting and acid-etching, it was believed that along with the
progress of t— m phase transformation during the surface treatment,
the flexural and fatigue strengths would increase at the beginning.
Therefore, an improvement in the fatigue behavior of SB and SB-ST was
achieved. However, if the t — m phase transformation occurs as a
widespread surface feature, compressive stresses induced by the volume
extension of transformed grains may result in microcrack formation and
propagation, deteriorating the strength (Egilmez et al., 2014). In this
study, the monoclinic volume fraction in the surfaces of the SB-HF
samples was comparatively the highest, 39.14%, amongst the groups
tested, while SB and SB-ST sample surfaces were only 16.89% and
20.55%, respectively. The results indicate that the degree of t — m
phase transformation in the SB-HF group resulted in more microcrack
formation than in the SB and SB-ST groups, which may act to decrease
strength.

There was already monoclinic phase in CTRL in this study. The
reasons can be explained as follows. CAD/CAM machining of pre-sin-
tered Y-TZP blocks induced compressive stresses and microcracks from
the t — m phase transformation. Then final sintering partially healed
microcracks and eliminated flaws. It also facilitated the m — t phase
transformation and relieved surface compressive stresses (Kim et al.,
2010; Raigrodski, 2004). But the SEM observations demonstrated that
the surface microcracks and flaws were not fully healed by the final-
sintering process and monoclinic phase still exist. Besides, ultrasonic
cleaning in deionized water may also induced t—m phase transforma-
tion on the surfaces of the zirconia implants (Sanon et al., 2013).

4.2. Effect of fatigue loading on the static strength of zirconia implants

In this study, fracture strength after fatigue loading was higher than
that before fatigue loading in three groups, especially in CTRL. One
possible reason for this inconsistency is that specimens that survived
fatigue loading may have less flaws and microcracks on the surface.
Nemli et al. (2012) reported that fatigue with mechanical cycling over
20,000 cycles caused t — m phase transformation on the surfaces of Y-
TZP specimens, resulting in a significant increase in the fracture
toughness. Thus, fatigue loading may also be an inducing factor for t —
m phase transformation. As described above, phase transformation
within a certain limit could result in a fracture strength increase due to
transformation toughening. The CTRL group contained the lowest
monoclinic volume fraction before fatigue loading amongst the groups.
This may explain the large increase in the fracture strength after fatigue
loading in the CTRL group, which was speculated to benefit most from
transformation toughening.

4.3. Use of staircase method included in 1ISO14801:2014

The staircase method was used to estimate the fatigue strength in
this study. Several testing methods have been developed for the me-
chanical evaluation of zirconia specimen or implants, such as the
standard method using the S-N curve (ISO 14801) (Sevilla et al., 2010),
single load-to-fracture (Sanon et al., 2015), fatigue followed by the
application of a static load until fracture (Kohal et al., 2011), staircase
method (ISO 14801) (Koyama et al., 2012), and step-stress accelerated
life testing (Silva et al., 2009). Among these methods, the staircase
method, which is included in ISO14801:2014 as an alternative to the S-
N curve (ISO/DIS 14801 2014), automatically concentrates the testing
near the mean and requires fewer tests. It is equally valid for de-
termining the fatigue limit. ISO 14801 is an international normative
standard that describes how to perform dynamic fatigue testing for
single post, endosseous, transmucosal dental implants and simulates the
functional loading of an endosseous implant body and its prosthetic
components under the worst possible in vivo conditions. It was estab-
lished for the evaluation of fracture and fatigue strength in implants
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Fig. 5. Results of the staircase method: mean fatigue strength at 5 x 10° cycles. X : Fracture, O: nonfracture.

and is recommended to be most useful for comparing endosseous dental
implants of different designs.

4.4. Fatigue performance of CAD/CAM zirconia implants

Sevilla et al. (2010) reported a similar fatigue limit (~ 300 N) for
one-piece zirconia (4 mm) implants and two-piece titanium (3.8 mm)
implants by mechanical testing following the ISO 14801 protocol. An-
other study (Gil et al., 2014) also reported a fatigue limit ranging from
315N to 350 N for 3.8-4.2 mm titanium implants with different surface

>

et e e T

treatments. Shemtov-Yona et al. (2014) investigated the fatigue per-
formance of 5-mm titanium implants using an S-N curve; their fatigue
limit load was 620 N. The degree of fatigue strength obtained in this
study was superior to those of titanium and zirconia implants with a
similar diameter reported in previous studies. Both the types of con-
nection as well as the materials of the implant/abutment combination
affect a system's resistance to failure. The failures of two-piece implant/
abutment systems often involve the connecting screw. One-piece zir-
conia implants exhibited a higher fracture strength and reliability
during the cyclic mechanical loading than two-piece zirconia and

Fig. 6. SEM photographs of the fractured surfaces after the cyclic fatigue test (red circle and arrow show the crack origin). (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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titanium implant/abutment systems (Rosentritt et al., 2014). The static
and fatigue strengths of Y-TZP were improved owing to transformation
toughening, which was not observed with titanium. Moreover, the fa-
vorable mechanical properties of Y-TZP blocks and the used manu-
facturing method may also be the possible reasons for the high fatigue
strength achieved in this study.

In previous clinical studies evaluating biting and chewing forces,
Fontijn-Tekamp et al. (2000) reported the maximum bite forces in the
posterior dentition ranging from 250N to 400N, and in the anterior
dentition ranging from 140N to 170 N. Sathyanarayana et al. (2012)
reported the mean maximum voluntary bite force in the molar and first
premolar regions to be 601.83N = 60.80 and 392N + 31.43, re-
spectively, in adults with normal occlusion. It should be noted that the
implants were angled by 30° + 2° to the loading direction of the
testing machine instead of axial loading to simulate functional load
under the worst possible in vivo conditions. This situation introduced
both vertical and horizontal loads. The fatigue strength of CAD/CAM
zirconia implant exceeded the maximum bite force of both the anterior
and posterior dentition reported in the literature. Even after a simulated
intraoral loading period of 25 years, the mean fracture strength values
of zirconia implants were 1059.3 + 165.1 N. These results indicate
that such an implant is capable of withstanding clinical occlusal loading
for more than 25 years.

Nevertheless, extreme caution should always be taken in drawing
conclusions for clinical situations based on laboratory results. Multiple
variables that are normally present in vivo and affecting fatigue
strength are generally excluded in a controlled laboratory research
environment.

4.5. Slow crack growth and the ratio of fatigue strength to fracture strength

Fatigue failure of ceramic materials, including zirconia, is controlled
by slow crack growth (SCG) of pre-existing cracks or flaws (Ritter and
Humenik, 1979). Fracture of ceramics occurs when the stress intensity
factor (Kp) at the crack tip reaches a critical level (K;c). Under cyclic
loading, the presence of stresses and water molecules at the crack tip
can reduce the surface energy and cause crack propagation. Then the
cracks grow continuously and slowly under loads lower than the critical
value, with a stress intensity factor lower than Kj¢, until reaching the
critical size for failure, leading to catastrophic failure of the implants
(Amaral et al., 2016; Wang et al., 2008).

Fortunately, the presence of a threshold stress intensity factor Kio,
below which no crack propagation occurs, has been claimed in previous
literatures (Sanon et al., 2015; Chevalier et al., 2000). This can explain
the fact that zirconia implants in this study could survive up to 5 x 10°
loading cycles under loads lower than fatigue limit. The ratio of fatigue
limit to fracture strength may be appropriately equivalent to the ratio of
Ko to K¢ of 3Y-TZP, which has been reported to be roughly 0.5 (Sanon
et al., 2015). Consistent with this, the ratio of fatigue limit to fracture
strength of zirconia implants in this study ranges from 0.57 to 0.64.

4.6. Limitations

One limitation of this study is that the testing was conducted at
room temperature, different from the oral environment. The oral en-
vironment has many elements that favor SCG in zirconia, such as water
and pH variations from saliva, masticatory stresses, and temperature
(Morena et al., 1986; Pinto et al., 2008). It is not well known how the
combination of stresses, temperature, humidity, and saliva in the oral
environment affects the phase transformation and fatigue strength of
zirconia implants.

The metastability of zirconia leads to phase transformation in con-
tact with water with time. This phenomenon is referred as low-tem-
perature degradation (LTD) or aging (Sanon et al., 2013). Aging is a
progressive t—m transformation at the surface triggered by water
molecules, often resulting in surface roughening and microcracking and
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thus potentially influencing the mechanical properties. Sanon (Sanon
et al., 2013) reported a higher fatigue performance of Y-TZP implants
with a porous surface after aging at 134°C and 0.2 MPa for 20h.
However, Flinn (Flinn et al., 2012) found that accelerated aging at
134 °C and 0.2 MPa for 200 h caused a significant reduction in the mean
flexural strength of three brands of zirconia due to LTD. Further study is
needed to determine the effect of LTD on the fatigue resistance of CAD/
CAM zirconia implants with different surface treatments.

Moreover, the fracture and fatigue strengths amongst the four
groups showed similar variation tendencies, except for the static
strength of the SB and SB-ST groups. The possible reason for these in-
consistencies is the presence of non-uniform flaws and microcracks on
the zirconia implant surface due to the CAM process (Fig. 3). If the
flaws and microcracks are located at the tensile stress side surface of the
zirconia implants, they may have a negative impact on the static
strength, particularly because of the fewer number of specimens used in
the static testing.

Traditionally, prefabricated standardized implants were widely
used in clinical practices. However, the clinical condition varies for
individual patients. Based on the findings reported in this study, it is
feasible and promising to use CAD/CAM technology to design and
fabricate customized zirconia implants according to individual patient's
hard and soft tissue characteristics assessed using cone beam CT scan.
This customized zirconia implant is expected to simplify the procedures
of implant treatment, minimize trauma to the hard and soft tissues, and
improve the functional and esthetic outcomes of implant prostheses
(Pirker and Kocher, 2011; Figliuzzi et al., 2012). This novel approach
can be an alternative method for immediate or delayed implantation
and will possibly raise the bar for dental implantology to a higher level
of individualization.

5. Conclusion

Within the limitations of this study, it can be concluded that a CAD/
CAM zirconia implant has a favorable fracture and fatigue resistance.
Compared to sintering, sandblasting or sandblasting and experimental
hot acid solution etching achieved moderately rough surfaces (Ra,
1-2 pm) and resulted in a higher fracture and fatigue resistance of CAD/
CAM zirconia implants. However, sandblasting and hydrofluoric acid
etching resulted in the roughest surfaces without increasing fracture
and fatigue resistance. The results of this study indicate that the CAD/
CAM zirconia implants with roughening surfaces may have sufficient
fatigue strength to satisfy the routine clinical demand.
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