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Abstract

Zirconia implants are appreciated in some clinical indications in light of their aesthetic
appearance and good biocompatibility. The aim of this work was to evaluate the performance
of a newly developed two-piece zirconia/polyether ketone ketone (PEKK) implant-abutment
combination after long-term cyclic loading in a hydrothermal environment, using a new
protocol adapted from two available ISO standards. Sixteen implants (n=8/group) were
embedded according to ISO 14801 and divided into two groups: implants in the Observational
Group (OG) were cyclically loaded for 60 days (98 N, 10 million loading cycles, 2 Hz) in
85°C water in a chewing simulator, while non-loaded/non-aged implants (as-received)
constituted the Control Group (CG). After 4.7 million loading cycles, one OG implant
fractured in the chewing simulator. The surviving implants were compared to CG implants by
X-ray diffraction (XRD) to investigate potential ageing as suggested by ISO 13356, but also
pH-Raman spectroscopy, Focused-lon-Beam - Scanning-Electron-Microscopy (FIB-SEM), and
load-to-fracture. Ageing was shown to have limited influence on the evaluated zirconia
implant, with increased monoclinic content after loading/ageing being to a shallow
transformed zone of ~2 pum at the implant surface. However, OG implants showed a
significantly decreased fracture load of 751 = 231 N (CG: 995 = 161 N; p=.046). These values

enable clinical application, but the fact that one failure was recorded during cyclic fatigue
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along with the significant decrease in strength after cyclic loading/ageing suggest that there
may be room for further optimization of especially the PEKK abutment. Furthermore, good
agreement was observed between the fracture modes of the implant that failed during the
cyclic fatigue experiment and the vivo failure of one implanduring pre-clinical trials,
validating the interest of then vitro protocol used in this work to check the reliability of

zirconia implant.

Keywords: Zirconia; Two-piece implants; Fatigue; Ageing; PEKK

1. Introduction

Already 50 years ago, intra-osseous oral implants made from commercially pure titanium
were successfully inserted in dogs and later on in humans [1]. To the present date, titanium
implants represent a well-documented and widely established treatment option for both fixed
dental prostheses as well as removable dentures [2, 3]. Although ceramic implants made from
aluminium oxide have been developed and investigated during the same period [4, 5], they
did not really penetrate the market [6, 7], with their lower mechanical resistance being
considered as potential reason [8] and the fact that the high stiffness of alumina ceramics (E-
modulus of about 330 GPa) is more likely to cause bone resorption through stress shielding.
The introduction of high-strength zirconia ceramics with a lower stiffness (E-modulus of
about 210 GPa) in dentistry along with the rising aesthetic demands from patients have
recently renewed the research & development interest in ceramic implants and their market
share [7]. Clinical trials and animal studies have shown that zirconia implants show similar
osseointegration compared to titanium implants [9-11]. Furthermore, zirconia ceramics
present an excellent biocompatibility in terms of reduced bacterial adhesion, biofiim and

plaque accumulation [12, 13]. Amongst different types of zirconia(-based) ceramics, 3 mol%
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yttria-stabilized tetragonal zirconia polycrystals (3Y-TZP), revealing a flexural strength of
~1000 MPa and fracture toughness of 5-10 KtPa due to a phase-transformation
toughening (PTT) mechanism, are currently considered as the standard material for
manufacturing ceramic dental implants [14]. However, Y-TZP ceramics may undergo a slow
phase-transformation in an aqueous environment (often referred as low-temperature
degradation [LTD] or hydrothermal ageing), potentially leading to micro-cracking, surface
roughening and in the worst cases to a premature fracture of the ceramic object [15, 16].

Most of the presently available zirconia implant systems are manufactured in a subtractive
manner by machining and grinding in a fully sintered and hipped (Hot Isostatic Pressing
[HIP]) condition or in a pre-sintered stage [17-19]. Although highly precise and fatigue-
resistant products can be obtained [20, 21], in addition to the high tooling costs, subsequent
post-processing such as sandblasting, acid etching, laser treatment, etc. [18, 22] is necessary
to achieve a micro-rough surface in enhancement of osseointegration. On the other hand,
ceramic injection moulding (CIM) using a ceramic feedstock that is injected into
prefabricated moulds can directly shape and roughen the implant with sufficient precision and
fracture resistance [22, 23], resulting in reduced production cost, tool wear and less powder
waste.

Currently available zirconia implants demonstrating mid-term clinical success are monoblocs
comprising both the endosseous part and abutment in a single piece. Such a one-piece design
can be beneficial as it lacks potential stress concentration at the interface and at the screw
attachment, and also avoiding the implant-abutment gap which can be prone to bacterial
colonisation. Moreover, a one-piece design avoids multiple fragile components, thereby
exposing a reduced total surface area to environmental conditions [7]. However, one-piece
implants reveal a limited clinical indication range and are challenging for both the surgeon

and prosthodontist. Therefore and to answer clinical demands, several two-piece zirconia
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implant systems have recently entered the market [7, 20, 24, 25]. Long-term clinical data is
still missing [26] and different material combinations for the implant abutment (zirconia,
PEEK, PEKK, glas-fiber) and abutment screw (titanium, gold, zirconia, carbon-fiber
reinforced PEEK) are developed. The combination studied in this work was a commercial
available system comprising a zirconia implant with Polyether Ketone Ketone (PEKK)
abutment, and this was very recently developed by a company. In addition to the interest from
zirconia ceramic, PEKK as a high-performance polymer from the Polyaryl Ether Ketone
(PAEK) family is also new and interesting for dental application due to its natural looking,
radiolucency and biocompatibility [27, 28].

The purpose of the present investigation was to investigate the long-term reliability of this
zirconia-PEKK combination. In particular, the study’s focus was the zirconia implant body,
because it was considered that the risk of potential failure/degradation may originate from the
ceramic part. For this purpose, a study protocol including an ageing and cyclic fatigue
procedure developed for zirconia implants was applied [29]. Two international ISO standards
were used and combined to address the clinical safety and long-term stability of these
implants. ISO 14801, mostly dedicated to titanium-based implants, prescribes an experimental
setup for a dynamic fatigue procedure [30]. It demands to test the final market-ready product
by cyclic fatigue with an angulation of 30° to the vertical axis along with a simulated alveolar
bone recession of 3 mm. Other environmental factors like ageing or horizontal forces to
simulate intraoral conditions to the extent possible are not considered. Furthermore, this ISO
standard does not define any minimum requirements that finally need to be fulfilled. ISO
13356 examines zirconia test specimens subjected to humidity at 134°C and 0.2 MPa for 5
hours [31]. Instead of market-available products, standardized bending bars with a polished
surface are evaluated. Sinte manufacturing technique, the type of micro-roughening as

well as the geometry are known to significantly influence strength and ageing kinetics [22, 32,
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33], an alternative test protocol was proposed, hamely measuring the mechanical resistance of
zirconia implants subjected to artificial loading with simultaneous hydrothermal ageing [29].
The procedure consisted of long-term (10 million cycles) cyclic fatigue including horizontal
forces and an ageing-inducing environment. For the implants that survived the fatigue process,

the mechanical property was assessed by a load-to-fracture test.

2. Materials and Methods

2.1. Implant

The implants tested were screw-retained two-piece implants comprising a zirconia implant
body with PEKK abutment (Fig. 1) that was recently developed by a company (Ceralog
Hexalobe Implant, Axis biodental; Les Bois, Switzerland). The zirconia implant was
manufactured by means of CIM followed by sintering, hipping and sterilization. The
endosseous part had a cylindrical screw shape, measuring 4.0 mm in diameter and 12.0 mm in
length, comprising surface roughening by the imprint of the mould without any further post-
processed surface roughening. This implant type can be inserted epi- and supracrestally, so
that the implant neck of 1.5 mm height is either positioned crestally or above. For the
experiment, the supracrestal positioning of the implant was selected. The PEKK abutment
consisted of a concave-shaped transgingival part, measuring 1.0 mm in height and a tapered
part of 7.4 mm in height. The titanium abutment screws were tightened at 25 Ncm and re-

tightened after 10 min.

2.2. Experimental setup



A total of 16 zirconia oral implants were included in the experiments and randomly assigned
to two groups of eight samples each (Fig. 1). One group served as Observational Group (OG)
and was subjected to cyclic loading and simultaneous hydrothermal treatment in a chewing
simulator. The second group did not receive any treatment besides embedding and served as
Control Group (CG) for all types of measurements. Phase composition and monoclinic phase
content was quantified by XRD on a surface area of about 1x10 mm for all implants, whereas
pH-Raman spectroscopy was complementarily used to locally resolve the monoclinic phase
content at different spots with a lateral resolution of 4 um (see Fig. 2 for the locations
considered with both techniques). Finally, the subsurface microstructure and transformation
depth was examined after FIB sectioning by SEM at three different spots of one
representative CG implant and four different spots of one representative OG implant,
respectively. Remaining (CG) and surviving (OG) implants were quasi-statically loaded to
fracture in a universal testing machine and statistically analysed (n = 7/group with all OG

implants surviving the cyclic fatigue procedure).

2.3. Embedding procedure

The embedding procedure was performed in accordance to ISO 14801. All implants were
inserted in a dual-cure acrylic resin (LuxaCore Dual, DMG; Hamburg, Germany), simulating
a bony recession of 3 mm which leads to 4.5 mm exposed implant length. The embedding
resin had a modulus of elasticity @ GPa which meets the requirements of ISO 14801 (>3
GPa) and furthermore approximates that of human bone [34] in order to be clinically relevant.
The use of a custom-made external fixation device allowed an exact perpendicular embedding
of all implants. Customized hemispheres were mounted on the abutments using a self-

adhesive composite cement (RelyX Unicem, 3M Oral Care; Seefeld, Germany) to ensure
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equal loading of the implants. The application of force during cyclic fatigue and the load-to-
fracture test was exerted at an angle of 30° to the vertical axis using tilted sample holders.

More details on the procedure can be found elsewhere [25, 29].

2.4. Cyclic loading and hydrothermal treatment

Fatigue of OG implants was performed using a computer-controlled dual-axis chewing
simulator (CS-4.8, SD Mechatronik; Feldkirchen-Westerham, Germany) with eight chambers
in water at 85°C. Each simulated chewing cycle included a downward vertical movement, a
horizontal movement (chewing loading) and an upward vertical movement. A weight of 98 N
(10 kg) was used for load application for 10 million cycles with a frequency of 2 Hz. In detall,
each loading cycle consisted of the loading force being vertically applied to the highest point
of the hemisphere of the angulated implant with a subsequent horizontal movement of 0.5 mm
under the full load in the opposite direction of the inclination angle of the implant,
representing occlusal pressure and horizontal shear during mastication. Due to the
morphology of the alveolar bone, dental implants installed in the maxilla are mostly angulated
to the buccal and implants installed in the (posterior) mandible angulated to the lingual.
According to the commonly reported movement patterns during mastication in the frontal
plane [35, 36], it can be assumed that contact glide in the closing masticatory stroke during
mastication mainly occurs in the opposite direction of the inclination angle of the implant.
Between two cycles the force was unloaded. The antagonist had a plane surface, and both
antagonist and loading hemisphere were made of stainless steel. The loading frequency of 2
Hz was a result of the set operating parameters (horizontal movement of 0.5 mm at 30 mm/s,
vertical movement of at 60 mm/s). More detailed configurations and operation modes of the

chewing simulator were precisely described earlier [25].
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Scientific data concerning the averagevivo chewing contacts are highly heterogeneous,
ranging between 240,000 and 1,000,000 contacts per year [37-40]. As a consequence, 10
million loading cycles applied in this work might correspond to a considerably high range of
10-40 years of clinical use. Regarding the hydrothermal treatment, during the 60-day loading
procedure, the sample chambers were heated and filled with water at a temperature set at
85°C to simultaneously simulate hydrothermal ageing during the loading procedure.
According to the activation energy of the ageing reaction in zirconia ceramics [29, 41, 42],
this hydrothermal treatment at 85°C for 60 days was estimated to correspond to roughly 40

years of ageing at a body temperature of 37°C [29].

2.5. Load-to-fracture test

With exception of one implant per group used for FIB-SEM (implants No. 1 and 9), all
remaining (n = 7 CG implants) and surviving (n = 6 OG implants; one OG implant did not
survive cyclic fatigue in the chewing simulator) samples were subsequently subjected to
guasi-static loading to fracture using a universal testing machine (Zwick, Z010/TN2S; Ulm,
Germany). A compressive load was likewise applied at an angle of 30° to the vertical under
stroke control with a crosshead speed of 1 mm/min until failure occurred (fracture or sudden
sharp drop of force curve in the recorded graph). Load-displacement curves were recorded for

each implant.

2.6. Phase characterization
In order to analyse the effect of cyclic loading and ageing, XRD and p-Raman were
complementarily used to estimate the degree of phase transformation at the outer surface and

at different locations, respectively. XRD was performed on the outer surface of implants with
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an analysed area of about 1 mm in width and 10 mm in length, as indicated in Fig. 2.

Penetration depth of the X-rays in zirconia is about 5-7 um [43]. p-Raman was used to
characterize the phase composition at different positions along the external smooth and
roughened surfaces (smooth transgingival part, thread root and thread crest) of the implants
(Fig. 2). Depending on the experimental setup, including laser wavelength, objective

magnification, numerical aperture of the lens, pinhole size, etc., the p-Raman lateral spot size
and sampling depth in zirconia ceramics are in the range of 1 to 4 um and ~5 to 50 um,

respectively [44-46].

2.6.1. XRD

XRD (3003-TT, Seifert; Ahrensburg, Germany) was used to measure the monoclinic zirconia
content at the surface of CG and OG implants before and after cyclic loading and
hydrothermal treatment (n = 8/group). XRD patterns were collected in the °286-3&nge

with a step size of 0.02 for 2 s using a 2-mm slit size using, Cadkation at 40 kV and 40

mA. The monoclinic contend/,) was calculated according to the formula of Gaetid. [47]

that was modified by Toraya et al. [48]:

1.311 - X,
V, =
1+ 0311 X,,

(1)

Y. = I'm@in) + Imain) @)
m 1m(T11) + 1m(111) + It(lOl)

with Xm the integrated intensity ratidgm ¢ k) andl; k1) the area of the (hkl) peak of the

monoclinic and tetragonal phase, respectively.

2.6.2. p-Raman
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pH-Raman spectra were collected using a 532 nm wavelength Ar-ion laser source of 20 mW
through a 20x objective with a pinhole aperture of 25 um in three successive measurements of
20 s integration time per measurement (Senterra, BrukerOptik; Ettlingen, Germany). Due to
the geometry of the implants with thread root and crest, a higher magnification with smaller
working distance could not be used. The p-Raman configuration used in this work gave rise to
a lateral analysis spot size of about 4 um and 20 um sampling depth below the surface [44,
45]. For each group, at least 50 spots were assessed for each position of the implant. The u-
Raman monoclinic zirconi@action (/) was calculated according to the formula of Tabares

et al. [49]:

1%180 + 171n90

Vi = 3
TR+ 10+ 032(11Y +1759) %)

with I, and |; the integrated intensities of the monoclinic and tetragonal zirconia peaks,
respectively. The integrated intensities were quantified on background-subtracted spectra

using the built-in OPUS spectroscopy software.

2.7. FIB-SEM

FIB-SEM has been successfully used to examine the subsurface microstructure of zirconia
implants and to determine the extent of the transformation zone and micro-crack formation
[50, 51]. The surface microstructural characteristics of zirconia implants were preliminary
observed using SEM and further evaluations of the implant subsurface were completed on
FIB cross-sections. These experiments were performed using the FIB-SEM Nova NanoLab
600 DualBeam (FEI; Eindhoven, The Netherlands). The analysed samples were glued with
silver paint onto an aluminium stub and were coated with a platinum layer of about 20 nm. To

minimize the curtain effect introduced by gallium ion-beam milling and to protect the sample
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surface from implantation, an-situ ion beam-induced Pt deposition was performed over the
areas of interest. Then, sections were milled to a depth that freed up a cross-sectional surface
allowing assessing the phase transformations. Coarse milling of cross-sections in the size of
about 30 um width and 10-20 pum depth was performed at 30 kV ion accelerating voltage and
6.5 nA beam currents. Fine milling and cleaning were performed at 30 kV ion accelerating
voltage and decreased beam currents from 2.7 nA, 0.9 nA, 0.44 nA till 0.26 nA in sequence to
reach a suitable cross-section for SEM imaging and to avoid any ion-beam induced
transformation. SEM imaging was performed at 2 kV simultaneously with secondary electron
(SE) and energy filtered backscattered electron (BSE) imaging.

Three cross-sections were made for CG implants at positions analogous to those for p-Raman
analyses, i.e. smooth transgingival part, thread root and thread crest of the external roughened
surface. For the dynamically loaded and aged OG implants, another implant was mechanically
sectioned in half, upon which FIB-SEM was performed at the internal smooth surface in order
to observe the influence of hydrothermal treatment on the internal implant structure.

The zirconia-grain size was measured on SEM micrographs according to the linear intercept

method and a correction factor of 1.56 was applied to determine the real grain size [52].

2.8. X-ray tomography

X-ray tomography was conducted on the coronal and apical parts of the fractured implant to
inspect the presence of residual porosities or large defects. Reconstruction into a digitized 3D
image was made using a Phoenix Nanotom S (Baker Hughes; GE Sensing & Inspection
Technology, Wunstorf, Germany). The X-ray tube was operated at 180 kV with a current of
145 puA and a 1.0-mm width copper filter. Three radiogiagbrojections were obtained at a

0.15°-step interval with samples rotation of 360°, resulting in a total of 2400 projection angles
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and scanning time of 40 minutes. The voxel size of current scanning wasn3.&éhich in

practice could allow the identification of defects on the order of 10 um. Two-dimensional
image projections were archived in 16 bit-TIFF and used for cross-sectional image
reconstruction with phoenix datos|x v.2.6 software (Baker Hughes; GE Company LLC)
followed by 3D evaluations using software packages CTAn v.1.14.4.1, Dataviewer and

CTVox (Bruker Co.; Belgium).

2.9. Fractography
Fracture surfaces of all implants were examined by SEM (FEI-Nova Nanosem 450, FEl,
Eindhoven, The Netherlands). The specimens were ultrasonically cleaned in ethanol before

microscopic examination without any surface treatments nor conductive layer coating.

2.10. Statistical analyses

Levene tests were used to verify variance homogeneity of the results. Subsequently, pairwise
Student's t-test for equal variances was performed to compare fracture load after load-to-
fracture test, while unequal variances t-test (Welch-test) was used to analyse the XRD
measurements. For p-Raman spectroscopy measurements, a multivariate linear regression
model with treatment (OG, CG implant group) and measurement position (smooth
transgingival part, thread root and thread crest) as factors was applied. P-values and the effect
size (partial eta squaréqg’]) were calculatedThe level of significance for all tests was set at

p <.05. The statistical analysis was performed with SPSS 22.0 (SPSS; Chicago, IL, USA).

3. Results
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3.1. Cyclic fatigue and hydrothermal ageing test of OG implants

Seven of eight OG implants survived 10 million loading cycles with simultaneous
hydrothermal ageing. One zirconia implant fractured after 4.7 million loading cycles (No. 14).
After 6.5 million loading cycles, one abutment screw and the corresponding PEKK abutment
fractured. In that latter case, both screw and abutment were replaced with the implant re-

subjected to reach the target of 10 million loading cycles.

3.2. Load-to-fracture test

The fracture load values can be found in Table 1 and the failure probability plot in Figure 3
showing the data scattering. Due to one failure of the zirconia implant during cyclic fatigue,
only 13 instead of 14 implants were available for the load-to-fracture test. Simultaneous
cyclic loading and hydrothermal ageing of the implants significantly decreased the mean
fracture load of the implant system from 995 + 161 N to 751 = 231 N (p=0.046). Note that
Weibull modulus was not calculated because of the limited number of implants for each batch.
However, OG implants revealed clearly increased scattering of the fracture load values. The
maximum values were 1274 N for CG implants and 1033 N for OG implants, whereas
minimum values of 799 N (CG) and 493 N (OG) were measured. Furthermore, the load
versus displacement curve of OG implants with a stronger non-linearity revealed systematic
higher deformation compared to CG implants (Fig. 4). Increased distortion of the abutments
of the OG implants was also observed during the load-to-fracture process (see Appendix for

slow-motion videos recording the fracture process).

3.3. Fractography
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Fracture of all investigated zirconia-PEKK combinations occurred at the zirconia implant
level with no fracture of the PEKK abutment or the Ti abutment screw. However, fracture
initiation occurred at different locations of the implant body for CG and OG groups (Fig. 5).
For all CG implants, the tip of the Ti abutment screw was exposed due to fracture, with crack
initiation at the inner surfaces from the internal thread at the implant-abutment interface (Fig.
5a); micro-cracks, probably generated due to stress concentration along the implant-abutment
interface, were observed. In all OG implants (Fig. 5b), fractures likewise occurred at the
zirconia implant level. However, no exposure of the Ti abutment screw was observed and
cracks initiated at the outer zirconia-implant surface, i.e. the roughened endosseous surface.
Fracture mode of the implant failed during cyclic fatigue (Fig. 5¢c; n = 1, implant No. 14),
probably initiated from the implant bulk, appeared to be significantly different compared to
the fracture modes shown in Fig. 5b and ¢ for OG and CG implants that survived the cyclic

fatigue. However, the cause of fracture for this implant was not clearly identified.

3.4. Phase characterization by XRD and p-Raman

The quantified monoclinic ZrPQphase content before (CG group) and after dynamic fatigue
with cyclic loading and ageing (OG group) are shown in Table 2. XRD results showed that
the monoclinic phase content on the outer surfaces of different specimens within each group
had small deviation, even though the measurements were done on the micro-roughened
surface. The surface monoclinic phase content on the OG implants was significantly higher
compared to that on the CG implants (36 vol% versus 13 vol%; p < .001).

The locally resolved analyses at three positions by p-Raman are shown in the boxplots in Fig.
6. The statistical analyses (Table 2) revealed that the distribution of monoclinic phase was not

significantly influenced by the different locations of the implants (p=.93%,001). In
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agreement with the XRD results and as expected, the combination of cyclic loading and
ageing increased the surface monoclinic ZpBase content (~7 vol% on CG implants versus

2-4 vol% on OG implants; p<.00125,145).

3.5. Microstructure by FIB-SEM

The dual surface features of implants combining different surface roughness at the smooth
transgingival part and roughened endosseous area can clearly be observed on the low-
magnification SEM photomicrographs (Fig. 7a). Accordingly, FIB sections were performed at
these locations, as shown in Fig. 7b and c. Monoclinic; Zp@ins with a typical twinning
crystallographic contrast (chevron patterns) were found on the outer surface of CG implants
(Fig. 7c). No evidence of post-processing procedures like sandblasting or acid etching was
observed, in agreement with the fact that the implants were sintered subsequent to the
injection moulding process. The implants were dense with only few micron-size pores
occasionally observed. Microstructures at different locations on the implants were also
uniform and consistent. The zirconia-grain size, measured from the linear-intercept method
and then applying a correction factor of 1.56, was 0.55 + 0.03 pm (95% confidence interval)
with unimodal distributions.

After dynamic fatigue (cyclic loading and ageing), all positions showed a clear but very
shallow (1-2 um) transformation depth (Fig. 8a), in agreement with the XRD and p-Raman
measurements. FIB-sections at the internal smooth surface (implant-abutment connection)
showed a similar depth of phase transformation (Fig. 8b). The depth of transformation zone

was thus generally small, showing some micro-cracks running parallel to the surface.

4. Discussion
16



The implants were processed by ceramic injection-moulding (including the roughened
surface). This manufacturing procedure effectively induced a surface roughness at the
locations needed and monoclinic grains were only very scarcely observed at the surface of the
non-loaded/non-aged CG implant. The phase composition with 13 wel¥6, is slightly

higher than the monoclinic content found on other injection-moulded implants [51] but fulfils
the ISO 13356 requirement of less than 208ZrO, on as-received zirconia implants [31].

Note that the ISO 13356 however did not precisely define the limit of 20% in wt% or vol%. In
any case, this small percentage of monoclinic content measured by XRD represents a very
thin layer of transformation (about one grain-depth, as observed by FIB-SEM) after the
overall process. The microstructure with grain size of about 0.55 pm are also typical in
comparison to different one-piece 3Y-TZP ceramic implants [51]. Indeed, injection moulding
did not alter the microstructure of zirconia ceramics, as opposed to other surface-roughening
treatments like acid etching or laser patterning [53]. In general, the implants were also dense;
only some isolated porosities were occasionally observed, as also observed for other
commercially available zirconia implants manufactured by different methods [51]. XRD and
pH-Raman revealed very limited amounts of monoclinic phase at the implant surface prior to
loading/ageing, with different absolute values. The lower value obtained by p-Raman
compared to that recorded by XRD is a direct result of the increased penetration depth (20x of
objective lens) of p-Raman, estimated to be deeper than 20 um, as compared to the
penetration depth of XRD being about 5-7 um; along with the fact that the aged-induced-
transformation starts from the surface [54]. In other words, XRD is more sensitive, while pu-
Raman with better lateral resolution (herein 4 um) is useful to locally resolve the monoclinic
phase content. The pu-Raman data were in agreement with the FIB-SEM results, showing that
the injection moulding procedure resulted in a consistent and homogeneous microstructure

and the same stability at different locations of the implants.
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During the cyclic fatigue procedure, one implant failed after 4.7 million loading cycles. This
is the first failure during chewing simulation in a series of comparable studies available in
literature [20, 29]. A similar observation was made in an ongoing clinical trial [German
Clinical Trials Register (DRKS) number DRKS00012469], running at Charité in Berlin and
evaluating the same implant system. In this trial, one out of 25 implants fractured in a
comparable manner in the region of a lower first molar at 182 days after loading (Fig. 9). The
cause of fracture for this vivo failed implant could not clearly be deduced from the fracture
surface (Fig. 10a), but it is important to highlight that the fracture initiated from the bulk of
the implant, analogous to the sample that fractured in the cumnrerito cyclic fatigue test

(Fig. 5¢). X-ray tomography did not show a volume defect nor significant pores or flaws
inside the implant (Fig. 10b), suggesting the need for further studies to fully understand the
reason for implant failure during cyclic fatigue in this study and for the in vivo implant failure.
After the cyclic loading/ageing procedure, the monoclinicxZz@ntent at the implant surface
increased significantly, however to a limited extent (36% of the superficial 5-7 pm XRD
penetration depth, or 7% of the superficial 20 um layer detected by pu-Raman), which is in
accordance with the shallow 1-2 p4m transformation zone, as visualized by means of FIB-
SEM in Fig. 8. As a result of cyclic loading with simultaneous ageing, the mean fracture load
was significantly decreased by 244 8 230%). Considering that the highest bending moment
clinically measured was 95 Ncm [55], additionally with a safety buffer of 100%, implants that
were embedded according to ISO 14801 and withstood a fracture load of 200 Ncm, which
approximately corresponds to 400 Ncm could be regarded as clinically safe. The implants that
had survived the cyclic fatigue still revealed fracture load values satisfying clinical safety.
Nevertheless, the decreased strength is in contrast to an earlier experiment with the same
setup [29]. A likewise injection-moulded prototype zirconia implant was evaluated but was

combined with a zirconia abutment. That prototype implant showed a comparable increase in
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monoclinic phase content, but interestingly, fracture load increased after loading/ageing [29].
In such case, shallow ageing-induced-transformation with only few micro-cracks led to the
compressive stress at the surface [41] and thereby increased the overall load-to-fracture, as
also observed for several other implant systems [22]. For the present implant system, since
loaded/aged OG implants were more deformed during the load-to-fracture test, also exhibiting
a non-linear load-displacement curve (Fig. 4 and two videos in appendix), degradation of
PEKK abutment might be the reason for the increased distortion and lowered overall fracture
load. Zirconia ceramics, even aged, in general cannot deform in a non-linear way. However,
the susceptibility to water/moisture-absorption of polymers [56-58], along which also
amorphous PEEK, can significantly alter their mechanical properties and viscoelastic
behaviour by inducing plasticization deformation or differential swelling strains [59, 60].
Water absorption takes place by diffusion or capillary processes, for which increased
operational temperature even within a range of ®6Mhigher water-vapour pressure and
applied external stress can significantly accelerate the water-absorption kinetics [60, 61].
Although the abutment in this study was made from crystalline PEKK and not amorphous
PEEK, the similarity between PEKK and PEEK along with the higher test temperature of
85°C with simultaneous cyclic loading allow us to sgataithat the PEKK abutment may

have been degraded/softened due to the imposed cyclic loading and ageing. When this would
have happened, a non-linear deformation of the implant-abutment combination studied in this
work can indeed be expected, thereby having changed the loading conditions and stress field
of the zirconia implant so that it eventually fractured at a lower strength value. This
assumption might also explain why fractures occurred at different locations/depth in zirconia
for OG and CG implants, as shown in Figs. 5a and b. Evaluation of the hydrothermal
degradation of the PEKK abutment however was not within the scope of the current

manuscript but should definitely be explored further to elucidate the precise reasons for the
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decreased strength recorded after cyclic loading and ageing. After all, the minimum fracture
load of 493 N, as recorded in the present study after loading/ageing, can still be considered
sufficient for clinical applicability, while the analysis of the failure mode and the reliability
control of the zirconia implants investigated remain of major importance prior to clinical use.
Note that regarding the sample for which the abutment screw and PEKK abutment fractured
after 6.5 million loaded cycles, PEKK abutment was vertically fractured in the region of the
internal abutment connection but it is unclear whether fracture of the screw or fracture of the
abutment happened first. After the replacement of the screw and abutment, no difference was
observed as compared with the samples that were cyclically loaded since the beginning of the
test.

At last, the present study outcome highlights the need for adjusting the currently available
standards to judge on clinical safety of implant systems. The experimental protocol in this
work, involving cyclic fatigue in water at 85°C, has mimicked the oral environmental and
chewing conditions to the best extent possible. After selecting the 1.5 mm supracrestal
positioning of the implants, only the embedding procedure was adopted from the ISO 14801
standard, which prescribes to simulate a bone loss of 3 mm, apply the load 30° to the vertical
axis, and use loading hemispheres resulting in a lever arm of 5.5 mm. While not required by
this standard, the implants were also loaded by horizontal shear forces in a hot humid
environment, liable to induce ageing of zirconia simultaneously with mechanical loading. The
10 million cycles applied in this work along with the 85°C hydrothermal treatment aimed to
simulate 40 years oifn situ ageing of zirconia-implant bodies in a given 60-day period,
assuming an activation energy of 104 kJ-'far ageing [29, 41, 42]. Furthermore, this
experimental procedure also does not match with the available ISO 13356 standard which
suggests to test on polished quadrangular bars, while it is highly evidenced that different

implant features and surface treatments can result in highly different ageing kinetics and
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strength [22, 50, 62, 63]. The correspondingitro andin vivo results clearly highlight and
validate the importance of pre-clinical experiments like the present one. Therefore, the
adaptation and combination of two ISO 14801 and ISO 13356 standards, as applied in this
work, can be proposed as laboratory test to check a priori the reliability of zirconia implants.
Nevertheless, it is noteworthy that this protocol and the above discussed equivalence may not
apply for the PEKK abutment, since the polymer-degradation mechanisms are different.
Actually, it would be difficult or even impossible to simultaneously evaluate the performance
of different materials in a complex system usimgvitro study protocols, since the test
conditions should be adjusted for each specific material following its respective degradation
mechanisms. In the particular case of the present system, the potential degradation of PEKK
properties following combined loading/ageing should be explored further in order to get
insight into the PEKK degradation/softening mechanisms as well as the time-temperature

equivalence to propose pertinent protocols and lifetime estimations.

5. Conclusions

The main outcome of this work can be summarised as follows:

* Injection moulding introduced dual micro-roughened surfaces as needed. Microstructure
of typical 3Y-TZP zirconia ceramics and corresponding ageing susceptibility were
consistent and homogeneous at different locations of the zirconia implants.

* Following the presented experimental setup, phase transformation was detectable but
limited to a shallow transformation zone of ~2 um at both internal and external surfaces of
the implant system after hydrothermally induced ageing.

» The average fracture load of the evaluated implants before and after cyclic loading/ageing

might be sufficient for clinical application. However, the mechanical resistance of
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cyclically-loaded/aged implants was reduced, for which ageing of the zirconia implant is
not considered responsible.

The possible degradation/softening of the PEKK abutment and the potential impact on the
present findings need to be investigated further. This degradation was likely the reason of
the recorded decrease in failure load and the failure of one implant during cyclic fatigue.
The presented findings emphasize the importance to adjust the standards for testing the

reliability of zirconia-implant bodies and also suggest to adjust the test conditions for each

specific material following its respective degradation mechanisms.
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Tables

Table 1. Results of load-to-fracture.

, Implant Mean £ SD 95% confidence Characteristic
Experimental group

number (N) interval (N) fracture load® (N)
Observational Group (OG) 6 751 £ 231 936-556 831
Control Group (CG) 7 995 + 161 1114-876 1062

a: failure probability of 63.2%.

Table 2: Monoclinic Zr@Q phase content, as characterized by XRD and p-Raman

p-Raman Significance
XRD External smooth External roughened
transgingival part Thread crest ~ Thread root
0G (vol %) 36 +2 7+1 6+1 7+3 b= .93
CG (vol%) 132 2+1 4+2 2+1 (n? =.001)
Significance  p <.00f p < .00f (2 = .145)

a Uneaqual variances t-test (Welch-test) for XRD results; b: Multivariate linear regression model with
the factors (implant group and position) for p-Raman measurements.
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Figure legends

Fig. 1. Sketch of the experimental design.

Fig. 2. The complementary phase characterization by XRD on the implant surface and by p-
Raman to locally resolve the monoclinic phase content on all CG and OG implants. A

representative XRD pattern and p-Raman spectrum are shown.

Fig. 3. Failure probability plot with 95% confidence bands of the fracture load for implants

that survived the cyclic loading and ageing, compared to the control group.

Fig. 4. Load versus displacement recorded during load-to-fracture test. Average value (solid
lines) and scattering (shaded areas) are shown in the image. Higher deformation was observed
for the observational group implants that survived the cyclic loading and ageing (OG,
loaded/aged; red line) as compared to the control group non-loaded/non-aged implants (CG,

as received; blue line).

Fig. 5. Fractographic analysis for CG implants after load-to-fracture test (a), OG implants that
survived the fatigue (cyclic loading and ageing) and fractured by load-to-fracture test (b), and
OG implant that failed during fatigue (c). All failures occurred at the zirconia implant body
part but initiated from different locations: (a) CG implants fractured from the inside from the
implant-abutment interface and the tip of the Ti abutment screw was exposed due to fracture.
(b) OG implants fractured from the outside of the zirconia implant and the Ti abutment screw
was not exposed. (c) Implant No. 14 failed during cyclic fatigue with the failure initiated from

the bulk of zirconia implant and the Ti screw was exposed.
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Fig. 6. Box plot presenting the monoclinic Zr€ontent as measured by p-Raman before (CG,

left plots) and after (OG, right plots) cyclic fatigue and ageing.

Fig. 7. FIB-SEM images of CG implants. (a) SEM surface images. (b) Exemplary images of
FIB-sections located at the thread crest, thread root and smooth transgingival part. (c) FIB-

SEM cross-sectional images.

Fig. 8. FIB-SEM cross-sectional images of OG implants. (a) External surfaces at positions

analogous to those shown in Fig. 6b. (b) Internal surface at the implant-abutment connection.

Fig. 9. Clinical failure of the zirconia implant system used for the present study (same

diameter, 182 days post loading) resulted in the need of an invasive surgical removal using a

trephine bur.

Fig. 10. (a) SEM image of the fractured surface of the clinical failure shown in Fig. 9 (arrows

indicate the fracture line). (b) X-ray tomography revealing absence of defects and porosities.
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Appendix: Two representative videos recording the load-to-fracture process of two implants
belonging to the CG (Nr. 7) and OG group (Nr. 11), respectively, showing the increased

distortion of abutments of the OG implants.
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Highlights

First study evauating a two-piece, injection-moulded zirconia implant against PEKK
abutment.

Strength of the implants was sufficient for clinical application but affected by the long-
term cyclic fatigue in the hydrothermal environment.

The loading/ageing combination had a limited impact on the zirconia component itself,
but more pronounced on the PEKK abutment.

Tests were based on the adaptation of two 1SO standards: 1SO 14801 and 1SO 13356. A
combination of these standards may be proposed to check a priori the reliability of
zirconia-based implants.

Further research is needed to address the potential degradation of PEKK under cyclic

fatigue in humid environment.
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