
HAL Id: hal-02302330
https://hal.science/hal-02302330

Submitted on 22 Feb 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Influence of artificial aging on mechanical properties of
commercially and non-commercially available zirconia

dental implants
Mona Monzavi, Fei Zhang, Sylvain Meille, Thierry Douillard, Jérôme Adrien,

Sammy Noumbissi, Hessam Nowzari, Jérome Chevalier

To cite this version:
Mona Monzavi, Fei Zhang, Sylvain Meille, Thierry Douillard, Jérôme Adrien, et al.. Influence of
artificial aging on mechanical properties of commercially and non-commercially available zirconia
dental implants. Journal of the mechanical behavior of biomedical materials, 2020, 101, pp.103423.
�10.1016/j.jmbbm.2019.103423�. �hal-02302330�

https://hal.science/hal-02302330
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Influence of artificial aging on mechanical properties of commercially and
non-commercially available zirconia dental implants

Mona Monzavia,b,∗, Fei Zhangb, Sylvain Meilleb, Thierry Douillardb, Jérôme Adrienb,
Sammy Noumbissic, Hessam Nowzaria, Jérôme Chevalierb

a Private Practice, 120 S Spalding Drive, Beverly Hills, CA, 90212, USA
bUniversité de Lyon, INSA-Lyon, UMR CNRS 5510 MATEIS, 7 Avenue Jean Capelle, 69621, Villeurbanne Cedex, France
c International Academy of Ceramic Implantology Zirconia Implant Research Group-ZIRG, 801 Wayne Avenue, Suite G200, Silver Spring, MD, 20910, USA

Objective: To evaluate the effect of artificial aging on the mechanical resistance and micromechanical properties of commercially and noncommercially available 

zirconia dental implants.
Methods: Scanning electron microscopy (SEM) and X-ray computed tomography (X-CT) were performed on implant systems including: Z-systems®,
Straumann®, Zibone® and commercially and non-commercially available TAV dental® with varying grain sizes. Accelerated aging was performed at 134 °C and
2-bar pressure for 30 hours. Before and after aging, the mechanical load to failure was investigated and the bending moments were calculated. Nanoindentation 

responses of the representative Zibone implant before and after aging were per-formed to evaluate the effects of aging on hardness (H) and Young's modulus
(E). A two-sample t-test statistical analysis was used to determine significant differences of bending moments within groups.
Results: All implants presented with compact and homogenous core structures without porosities. The bending moment was significantly increased after aging for all 
groups (P ≤ 0.05) except for Z-systems (significant de-crease (P = 0.022)) and TAV group 3 (no significant increase (P = 0.181)). The increase in bending moment
was less pronounced with increasing grain size in TAV groups (group 1: P = 0.036, group 2: P = 0.05, group 3: P = 0.18). E and H were reduced approximately 32% 

and 18% respectively following aging within the trans-formed, microcracked zone of the presentative Zibone implant.
Conclusions: Aging led to both increase and decrease of the mechanical properties of the implant systems ana-lyzed. The apparent contrast amongst groups can 

be explained based on differences in grain sizes and surface features. Aging decreased micromechanical properties of one implant system which warrants
further in-vestigation.

1. Introduction

Dental implant therapy is a widely accepted treatment modality in
the rehabilitation of partially and fully edentulous patients (Branemark
et al., 1977; Alberktsson et al., 2007). Titanium is the most prevalent
implant material and has been considered the gold standard with a
10–15 year survival rate of above 90% (Alberktsson et al., 2007; Van
Velzen et al., 2015; Branemark et al., 1969; Adell et al., 1981). Despite
the proven clinical success of titanium, its aesthetic outcome can be
compromised in cases of thin peri-implant mucosa or soft tissue reces-
sion. Furthermore, titanium and titanium alloy implants are vulnerable
to corrosion in the oral environment, and as a consequence, they release
metal ions into peri-implant soft and hard tissues (Luciana et al., 2017).

Ceramic implants have gained increased popularity due to their im-
proved aesthetic properties (Andreiotelli et al., 2009).

Within the past decade, the biomechanical properties of ceramic
implants have been enhanced based mostly on the introduction of
partially yttria-stabilized zirconia (Y-PSZ) (Piconi and Maccauro,
1999), owing to a phase transformation toughening mechanism
(Christel et al., 1989). Y-PSZ are most often referred to as ‘tetragonal
zirconia polycrystal’ (Y-TZP) in the dental field. Available load stimu-
lation data on one-piece Y-TZP oral implants has shown a range within
the limits of clinical requirements (Kohal et al., 2011). Regardless, in
presence of moisture and lack of mechanical stress, the metastability of
Y-TZP may lead to a spontaneous transformation of grains from a tet-
ragonal to a monoclinic (t-m) phase at the surface, which continues to
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the bulk of the material (Kobayashi et al., 1981; Chevalier et al.,
2009a). This physical mechanism occurs at much lower temperatures
(65 °C–300 °C) than it normally occurs (1000 °C) and is referred to as
low temperature degradation (LTD) or aging (Kobayashi et al., 1981).
Transformation first occurs at a specific grain on the surface that is
more susceptible to the phase transformation because of a dis-
equilibrium state, which may include lower content of stabilizer, pre-
sence of residual stress or a large grain size (Chevalier, 2006). Since the
transformation is accompanied by volume expansion of crystalline
structure, it causes surface uplift and micro cracks, which leads to
surface roughening and grain delamination (Kobayashi et al., 1981;
Chevalier et al., 2009a). Despite numerous attempts, the exact me-
chanism of slow t-m transformation triggered by water molecules is still
under question (Chevalier et al., 2007). Nevertheless, the following
steps have been proposed (Chevalier et al., 2009a; Yoshimura et al.,
1987; Lawson, 1995):

- Chemical adsorption of H2O on ZrO2 surfaces
- Formation of Zr–OH bond disrupting Zr–O–Zr bond
- Penetration of OH− and/or O2− into the inner part by grain

boundary diffusion
- Filling of oxygen vacancies by OH− and/O2-

- Reduction of the oxygen vacancies destabilizing tetragonal phase

Y2O3 is the most widely used stabilizer, and typically 3 mol % is
used to stabilize the tetragonal phase at room temperature (Lughi and
Sergo, 2010). Increasing the Y2O3 content improves the resistance to
LTD, but it can also inhibit the t-m transformation, thus decreasing the
mechanical properties of the material (Tsubakino et al., 1991). Doping
Y-TZP with other oxides, specifically alumina (~0.25 wt%), has been
shown to provide a satisfactory balance between aging resistance and
mechanical properties (Chevalier et al., 2009b; Keuper et al., 2013).

Chemical stabilization, stress and grain size are interlinked and af-
fect one another in a complex way. It has been established that an in-
crease in the content of chemical stabilizer induces a reduction in the
grain size, which has a beneficial effect on the stability of the tetragonal
phase and resistance to LTD (Lughi and Sergo, 2010). However, de-
creasing the grain size may also reduce the stress-induced transforma-
tion and lead to a decrease in fracture toughness mainly because of less
efficient phase transformation toughening, while a larger grain size
leads to higher local stress (Lughi and Sergo, 2010; Cattani-Lorente
et al., 2011). In addition to the above factors, different surface textures
to improve osseointegration may influence mechanical strength, fatigue
and aging resistance (Karakoca and Yilmaz, 2009; Curtis et al., 2006).

A recent evaluation has shown that aging effects each implant
system differently based on variations on the surface microstructural
properties and grain size (Monzavi et al., 2016). Today, only a few
available studies exist on the influence of aging on the mechanical
properties of zirconia implants. The majority of data are extracted from
20-year-old literature in the orthopedic field (Chevalier et al., 2007). As
a general trend, it is known that microcracking may lead to a decrease
of surface micromechanical properties (Cattani-Lorente et al., 2011).
With regard to its effect on strength, the results are variable, as both an
increase (Sanon et al., 2013; Chevalier et al., 2011; Marro and Anglada,
2012) and a decrease (Borchers et al., 2010) in strength have been
reported for zirconia implants with different surface treatments.

Regardless, as previously suggested, each implant system with its
unique microstructural properties, geometry and surface treatment
should be evaluated via an accelerated aging test prior to its use in a
clinical setting (Sanon et al., 2015). This is important when considering
the effect of LTD on specific batches of Y-TZP femoral heads which led
to microcracking and surface delamination of the grains (Clarke et al.,
2003).

In part I of this investigation submitted for publication, we eval-
uated the influence of accelerated aging on commercially and non-
commercially available zirconia dental implants with varying surface

treatments, grain sizes and microstructural properties before and after
aging. The current investigation aims to evaluate the influence of LTD
on fracture resistance, elastic modulus and hardness of the same groups
of commercially and noncommercially available Y-TZP (Yttria stabi-
lized tetragonal zirconia polycrystal) implants with varying micro-
structural properties before and after accelerated aging. The kinetics of
LTD is thought to be highly dependent on the processing conditions and
the resulting microstructure of the material. For instance, it is widely
accepted that large grain size as a result of high sintering temperatures
generally triggers transformation. Similarly, low density and open
porosities due to incomplete sintering allow water to diffuse towards
greater depth and increase susceptibility to LTD (Chevalier et al., 2007,
2009a). Thus, Grain size and sintering conditions are known to be the
primary factors influencing the LTD kinetics of zirconia ceramics
(Chevalier et al., 2009a; Lughi and Sergo, 2010; Inokoshi et al., 2014).
However, to the best of the authors’ knowledge, this has not been
studied for dental implants. Thus, the present study also aims to eval-
uate the influence of increase in grain size due to subtle changes in the
sintering process on fracture resistance of zirconia implants with some
non-commercially available specimen.

The null hypotheses of the present study are as follows:

- LTD does not influence the mechanical and micromechanical
properties of Zirconia dental implants.

- Increase in grain size is not correlated to increase in bending mo-
ment following aging.

2. Materials & methods

2.1. Implant description

One-piece Y-TZP ceramic commercially available and prototype
zirconia dental implants were provided by the manufacturers. Table 1
summarizes the implants and their manufacturing processing. Although
all implants shared the common feature of being made from 3 mol %
yttria-stabilized zirconia powder, each implant system was processed
differently.

Z-systems® (Oensingen, Switzerland) surface treatment consisted of
sand blasting and laser modification with a patented laser process SLM®
(surface laser modified). Implants had a screw design shape with a ta-
pering thread and widened core diameter in the upper part of the
thread. The implant dimensions consisted of a shoulder diameter of
6.0 mm, an outer diameter of 5 mm and lengths of 8 and 12 mm.
Straumann® (Basel, Switzerland) monotype full ceramic implant pro-
cessing consisted of powder preparation, spray drying, cylinder
pressing, sintering, HIP (heat isostatic pressing), machining, sand
blasting and etching with hydrofluoric acid. Implants had a tissue level
platform with a 1.8 mm transmucosal neck, a 4.8 mm shoulder dia-
meter, a cylindrical screw design endosseous part and a coronal tapered
thread core diameter. The outer diameter, including the threads, was
4.1 mm, the thread pitch was 0.8 mm, the abutment height was 5.5 mm,
and the total endosseous length was 12 mm. Zibone® (Luzhu Dist
Taoyuan, Taiwan) full ceramic implants were processed via injection
molding, sintering, grinding, and sandblasting. Surface treatment con-
sisted of sand blasting the surface using zirconia sand. Implants had an
outer diameter of 4 mm and a total endosseous length of 10 mm. TAV
Dental® (Shlomi, Israel) implants consisted of 3 groups with different
grain sizes. Group 1, with a grain size of 0.4 μm, is commercially
available. Group 2 (grain size: 0.49 μm) and group 3 (grain size: 0.6 μm)
were prototypes, for which the sintering temperature was intentionally
increased to investigate the effect of grain size on aging kinetics. All
three groups of implants had diameters of 4.1 mm and lengths of 8 mm.
Similar to ZiBone, TAV implants were manufactured by means of
ceramic injection molding, and their surfaces are sintered following
injection molding.
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2.2. SEM analysis

Surface microstructural topography was examined using SEM to
characterize surface features specific to each implant system. These
experiments were performed using a FIB/SEM workstation (NVision 40;
Carl Zeiss Microscopy GmbH, Oberkochen, Germany).

2.3. X-ray tomography

X-ray tomography (phoenix® X-ray, GE Sensing & Inspection
Technology, Wunstorf, Germany) was conducted on one sample from
each manufacturer to assess the presence of porosity within the core of
each implant system. The equipment is built inside a lead self-protected
cabin, which allows in situ devices to be installed inside. The X-ray
source is an open transmission nanofocus X-ray tube that can be op-
erated at accelerating voltages ranging from 40 to 160 kV. The thin
transmission target hit by focused electrons is made of tungsten or
molybdenum depending on the energy range required to image the
sample. This tube delivers a cone X-ray beam with a focus size that can
be tuned between 1 and 6 μm. The detector is a Paxscan™ amorphous
silicon flat panel. It is composed of 1.920 rows and 1.536 lines of square
sensitive pixels (127 x 127 μm2) and can be used in a 1 × 1 or 2 × 2
binning mode. The detector delivers the value of the attenuation with a
14-bit gray-level coding resolution. The maximum voxel size is ap-
proximately 170 μm in binning mode and when the sample stage is
placed close to the detector. The minimum voxel size (on the order of
0.6 μm) is obtained when the sample is the closest possible to the
source. In practice, the minimum resolution ever obtained in a tomo-
graphic scan using this set up is approximately 1.5 μm with a voxel size
of 0.7 μm. The parameters for our investigation included a scan time of
20–35 min at an accelerating voltage of 155 kV, a current of 60 μA, a
4–10 μm voxel size, an exposure time of 667 m s and 500–800 projec-
tions.

2.4. Accelerated aging test

Implants were artificially aged for 30 hours (n = 30, n = 5 each
group) at 134 °C under 2-bar pressure in a conventional dental auto-
clave. Prior to increasing the temperature, atmospheric air was evac-
uated to ensure 100% humidity. Ageing in autoclave has often been
used as a tool to accelerate ageing and to assess the resistance to LTD of
a given 3Y-TZP based material. It is used in ISO recommendations,
which requires no more than 25 vol% of monoclinic phase measured by
X-Ray diffraction after 5 hours at 134 °C, 2 bars. From time-temperature
equivalence and the knowledge of the activation energy of LTD at re-
latively low temperature, it has been calculated and often considered
that 1 h in autoclave at 134 °C would be roughly equivalent to
1–4 years at 37 °C (Sanon et al., 2015). The conditions explored in this
study would consequently represent long term duration at 37 °C.

2.5. Nanoindentation

Nanoindentation was performed on mechanically polished cross
sections of Zibone® implants in aged and non-aged regions to evaluate
the elastic modulus and hardness using a nanoindenter (Agilent G200,
Agilent Technologies, USA). Sample preparation included nickel plating
to protect the samples' surface from machining damage. After nickel
electroplating, the implant was sectioned in the middle with a water-
cooled diamond wire saw (Model 3242, Well, Switzerland) and em-
bedded in epoxy resin. The cross sections of the samples were then
sequentially ground with 40, 20, and 10 μm diamond discs and polished
with 7, 3, and 1 μm diamond pastes. A final chemical-mechanical pol-
ishing lasting a few minutes was performed with colloidal silica on an
EcoMet250 (Buehler, LakeBluff, IL, US). Instrumented indentation tests
with a maximum penetration depth of 400 nm were carried out at a
constant strain rate of 0.05 s−1. A fused silica sample was used toT
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calibrate the Berkovich diamond tip. The continuous stiffness mea-
surement (CSM) method was utilized to calculate the hardness (H) and
Young's modulus (E) evolution with penetration depth during the
loading phase. Ten indentations were placed on the polished cross
section in the transformed zone (aging of 30 h) and the nontransformed
zone characterized from our surface SEM investigation (Fig. 4). The
location of indentations was checked with optical microscopy following
indentation testing.

2.6. Mechanical characterization

Each type of implant was characterized in terms of load to failure
before (n = 5) and after (n = 5) accelerated aging duration for 30 hours
at 134 °C in water steam and 2 bar pressure. The objective was to de-
termine the possible impact of surface modification due to aging on a
given type of implant but not to compare different types of implants in
terms of their mechanical strength, as each implant system is different
in terms of design, geometry, processing and surface modification. Load
to failure tests were performed according to the ASTM standard (ISO
14801). Implants were embedded in an epoxy resin (RenCast CW 20/
HY 49) held by individually custom-made Teflon molds for each im-
plant type at axial angulation (90°) with respect to the horizontal axis.

To simulate bone resorption, the implants were embedded in resin just
to the 3rd thread from the top. Once the resin had set, the samples were
removed from the Teflon mold and placed in the implant holder at a 30°
angle with respect to the vertical axis. After mounting the implant
holder onto the INSTRON 8502 testing machine, the configuration was
set to apply a load to a strain rate of 2 mm/min to limit slow crack
growth during loading. Our evaluation follows geometry from a method
adapted from ISO 14801 (Sanon et al., 2015).

2.7. Statistical methods

The load to failure average and standard deviation values of all
groups in the as-received state and after 30 hours of artificial aging
were measured. The bending moment was calculated at the time of
implant fracture, which included the lever arm extension [cm] multi-
plied by the fracture load [N].

The two-sample t-test was used to compute significant differences
within each group before and after aging at a p value of 0.05 using
statistical analysis software (Minitab® 16.2.1, Pennsylvania, USA).
Significant differences within each group before and after aging were
set at the level of alpha = 0.05.

Fig. 1. Surface SEM images of thread portions of implants at different magnifications. (a–c) Z-systems®, (d–f) Straumann®, (g–i) ZiBone®, (j–l) TAV Dental®.
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3. Results

3.1. Surface and core microstructural features of implants

Surface SEM images are presented in Fig. 1. The Z-systems® implant
had a v-shaped thread design with rounded edges and a melted surface
structure from laser treatment characterized by symmetrical parallel
grooves at the crest of the threads. High magnification of the grooves
showed numerous microcracks as a result of laser treatment. The
Straumann® implant had a buttress-shaped thread design with sharp
square edges and nonsymmetrical sides. The surface presented with
macroporous valleys and microrough pits. At higher magnification, the
surface presented with a homogeneous grainy structure. The Zibone®
implant presented with a v-shaped thread design, rounded edges and
symmetrical sides. Surface features presented with an increase in grain
size in most areas due to annealing and flattened surfaces in other areas
as a result of sandblasting via zirconia sand. The TAV Dental® implant
presented with square-threads. The surface appeared to be sintered
directly following the injection molding with no further surface

treatment. At low magnification, numerous pores were visible. At high
magnification, a grainy structure with parallel lines was evident, in-
dicating grain transformation (Fig. 1). X-ray tomography 3D scans did
not show major porosity within the core of each implant system (see
Fig. 2 for cross sectional slice). With the detection limit of the config-
uration used in this work, the observations demonstrated that no defect
larger than a dozen microns was present in the implants provided.

3.2. Elastic modulus and surface hardness

Nanoindentation load-displacement curves as well as hardness H
and Young's modulus E versus penetration depth curves of a polished
section of Zibone® implant obtained in nontransformed and trans-
formed zones after accelerated aging are displayed in Fig. 3. This spe-
cific implant system was chosen for this evaluation as it presented with
a well-defined transformation zone revealed by microstructural eva-
luation and a noticeable change in mechanical properties following
aging. The average moduli of elasticity and hardness are listed in
Table 2. The initial values of the elastic modulus and hardness below

Fig. 2. Slice of X-ray tomography volumes. (a) Z-systems, (b) Straumann, (c) ZiBone, (d) TAV group 1, (e) TAV group 2, (f) TAV group 3.
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100 nm of penetration depth are affected by the surface roughness of
the sample and should not be taken into account. Accelerated aging led
to a decrease in both E and H. Overall, reduced hardness and Young's
modulus of approximately 32% and 18%, respectively, were observed
in the transformed zone.

3.3. Mechanical properties of as-received and aged implants

Load to failure and bending moment values are presented in

Table 3. The bending moment values significantly increased following
aging in Straumann®, TAV® group 1, TAV® group 2 and Zibone®
(p < 0.05). TAV® group 3 presented with an increased bending mo-
ment following aging, which was not statistically significant. For the Z-
systems®, the bending moment was significantly reduced following
aging. The bending moment increased with increasing grain size in the
TAV® groups.

4. Discussion

In the present study, the effect of aging on the mechanical and
micromechanical properties of commercial and noncommercialized
zirconia dental implants was examined. Artificial aging was performed
on the actual surface of implants rather than bending bars/discs. Our
evaluation used a procedure based on the ISO 14801, which dictates the
simulation of a 3 mm bone recession. In addition to fracture load,
bending moment values were calculated because it is more relevant to
use bending moments when comparing different investigations with
diverse methodologies. The mean bending moment values for all im-
plant systems following aging ranged from 307 to 464 NCm, which is
slightly larger than previous reports (Spies et al., 2016). The bending
moment was increased in all groups after aging except for the Z-systems

Fig. 3. Load-displacement curves for aged (black) and nonaged (blue) regions (a), elastic modulus (b) and hardness (c) as a function of penetration depth in nonaged
and aged zones of ZiBone implants at 30 h.

Fig. 4. SEM image of ZiBone polished cross section presenting the transformed
zone where the indentations were made.

Table 2
Elastic modulus (E) and hardness (H) in nontransformed and transformed
zones, ZiBone implant.

E (GPa) H (GPa)

Non-aged 278 ± 19 19 ± 1
Aged (30 h) 228 ± 13 13 ± 1

6



in which the bending moment was significantly reduced following
aging. A previous report (Spies et al., 2016) has shown a decrease in the
bending moment of Y-TZP machined surface two-piece implants fol-
lowing aging. A decreased flexural strength of Y-TZP standardized disc
specimens following aging was also reported in another investigation
(Kohorst et al., 2012), while another report showed an increase in load
to failure values following aging of injection molded Y-TZP implants
(Sanon et al., 2015). In this specific study (Sanon et al., 2015), one
group had a structured rough surface (implants called ‘Axis-rough’),
while another had an additive surface with an additional proprietary
porous zirconia coating (implants called ‘Axis-alveolar’). The Axis-
rough group had a continuous increase in load to failure following
aging at 5 and 100 hours for up to 730 N at 100 hours. The Axis-alveolar
implant had an increase in load to failure at 5 hours (431 N), while the
value decreased at 100 hours to 417 N (Sanon et al., 2015). Evaluating
our results and those of previous investigations, it is difficult to deduce
whether a specific factor may be more crucial in influencing mechanical
properties following aging. The variability of results among different
investigations provides further evidence that each implant system with
its unique surface treatment, shape, processing and material content
can behave differently in its mechanical properties following aging.
When combining the present set of data with our previous microscopy
analysis, it may be deduced that implant systems with less surface
treatment such as TAV, Zibone and Straumann had reduced transfor-
mation to start with, which led to less compressive stress among grains
at the surface. Following aging, compressive stress increased as a result
of t-m transformation, which may be a factor leading to increased
bending moments. In Z-systems, the laser-treated surface created a zone
of transformation with compressive stress, which led to a higher
bending moment in the as-received group compared to the aged group.
Following aging, the quantity of microcracks may have disturbed the
balance between compressive stress and microcracks, which led to an
overall reduction in bending moment values. Furthermore, TAV group
evaluation provided evidence that increased grain size leads to higher
transformation and increased compressive stress following aging, which

results in higher bending moment values. X-ray tomography results
largely revealed a dense microstructure in the absence of large poros-
ities for all samples. Zibone implants presented with microporosity
within the core of polished cross sections. This porosity may account for
significantly reduced bending moments in this group before and after
aging.

Nanoindentation was used to evaluate the change in the surface
micromechanical properties at a local scale following aging by calcu-
lating the hardness and Young's modulus with penetration depth. The
polished cross section of the Zibone group presented with the most
uniform separation zone between transformed and nontransformed
areas, allowing for more precise evaluation of the properties of the two
zones. Values of surface E and H were within the same range but
slightly higher than previous reports in both transformed and non-
transformed zones (Cattani-Lorente et al., 2014; Gailard et al., 2008). It
has been shown that artificial aging results in a decreased elastic
modulus and hardness (Guicciardi et al., 2007; Cattani-Lorente et al.,
2011), which has been related to increased aging time (Gailard et al.,
2008) followed by a higher proportion of the monoclinic phase
(Cattani-Lorente et al., 2011) and microcracking (Jimenez-Pique et al.,
2012). Our data confirmed these results, as reduced elastic modulus and
hardness were observed in the microcracked zone in the transformed
region.

The greater decrease measurement for hardness compared to
Young's modulus after aging can be explained by the size of the plastic
and elastic zones during indentation testing. Using the model proposed
by Chen and Bull (2006), the size of the plastically affected zone can be
estimated as 3.6 times the value of the residual penetration depth, using
E and H values determined for nonaged Zibone implants. In the tests
performed in this work, the residual penetration depth after unloading
was 255 and 280 nm for nonaged and aged regions, respectively,
leading to an average plastic zone size for both zones of 1 μm. The size
of the elastic zone is much larger and represents at least ten times the
maximum penetration depth (400 nm) during indentation (Lawn,
1993). The average thickness of the transformed zone on the polished
cross section of Zibone® following 30 hours of aging was measured to be
between 4 and 6 μm (Fig. 4). The plastic zone is thus clearly contained
inside the transformed zone, whereas the elastic affected zone is of the
same order of magnitude as the transformed zone. As the microcrack
density is not homogenous in the transformed zone but is more im-
portant towards the surface of the implant, this could explain that the
decrease in properties after aging is stronger for hardness than for
Young's modulus.

It is important to note that nanoindentation testing tends to close
microcracks due to the presence of compression stresses under the in-
dentation tip. In addition, despite the decrease in the micromechanical
properties of the aged zone, the bending moment of this implant system
increased following aging due to compressive stresses generated by the
transformation. Therefore, the limited decrease in elastic modulus and
hardness may not be relevant to clinical applications. This observation
needs to be further investigated. The implication of a small micro-
cracked zone at the very near surface might be the subject of future
investigation in terms of bone integration before concluding on any
adverse effects.

Finally, our findings on the mechanical properties of the currently
investigated implants following artificial aging validate the function-
ality and safety of the evaluated products for clinical applications.
Although the ISO 14801 does not define the minimum value for fracture
strength, taking the highest clinically measured bending moment of 95
Ncm into account (Morneburg and Pröschel, 2003) and applying a
safety buffer of 100%, it is suggested by the authors that a minimum
static load to fracture of 200 Ncm for all tested specimen, roughly
corresponding to 400 Ncm when embedding the implants according to
ISO 14801, might result in clinical safety. However, one is reminded
that compared to titanium alloy (fracture toughness of 40–50 MPa m1/

2), Y-TZP is more brittle with a fracture toughness of 9–12 MPa m1/2,

Table 3
Average measurements (bending moment, fracture load) at an embedding angle
of 30° for different test groups including comparison (two-sample t-test) of as-
received and aged samples with respect to their bending moment within in the
groups.

*Statistically significant difference compared to the as-received group.
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and despite of that, titanium dental implant fractures have been re-
ported (Boutz et al., 1995; Osman and Swain, 2015). In addition,
radiological artifacts by zirconia implants provides shortcomings of the
material for clinical applications (Kuusisto et al., 2015). Therefore, each
case should be precisely evaluated and carefully treatment planned
according to patient's conditions and treatment needs.

5. Conclusions

• Artificial aging for a duration of 30 hours resulted in the following:

• Increased bending moment in TAV, Zibone, and Straumann

• Decreased bending moment in Z-systems

• Increased bending moment with increased grain size in the TAV
group

• X-ray tomography analysis revealed a dense core structure for all
implant types

• Nanoindentation resulted in decreased modulus of elasticity and
hardness in the transformed zone as compared to the non-trans-
formed one, which may not be clinically relevant and warrants
further investigation

• All implants presented with sufficient fracture resistance to be used
for clinical applications.
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