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ABSTRACT:

Fretting-corrosion has been pointed out as failure mechanism in dental implants between the
implant part and the abutment. Depending on countries, surgical habits, 4 combinations of
materials, are well used. The behaviour of fretting corrosion of these four combinations of
materials have been highlighted: pure titanium (Ti-grade 4) against titanium alloy (Ti-6Al-
4V); titanium alloy (Ti-6Al-4V); against titanium alloy (Ti-6Al-4V); pure titanium against
zirconia stabilized with Yttria (Y-TZP) and titanium alloy (Ti-6Al-4V) against zirconia (Y-
TZP).

Around 100MPa of contact pressure, approx. the maximal mechanical stresses in dental
assembly, after 16 hours of fretting corrosion (+40um, displacement) solicitations in Human
saliva, the best assembly is Ti material (pure titanium-grade 4) against zirconia in terms of
mechanical and electrochemical degradations. The electrochemical behavior has been
investigated: the OCP, open circuit potential, is recovering its initial value even during
fretting corrosion solicitations, Ti or Ti-6Al-4V against zirconia stabilized with Yttria (Y-
TZP), outlier result bur realistic. Some Tribological Transformed Structures on titanium
material have been isolated as stir welding effect, STEM observations. Some transfer of
zirconia through titanium material has been identified. Ti vs. Y-TZP clearly appears as the
best performance couple under fretting corrosion conditions in human saliva. Lastly, some
debris due to fretting corrosion have been isolated.

KEYWORDS:

Dental implant; Human saliva; Fretting-corrosion; Titanium alloys, Y-TZP.



TEXT:

1.Introduction

The dental implant is a common treatment in dentistry. Patients and practitioners
would that the dental implant lifetime would be beyond twenty years due to patient issues and
health issues (costs, etc.). Unfortunately, the usual biomaterials undergo some damages over
the time and this expectation is sometimes follow-up by a failure. Using dental implants
dedicated to prosthetic rehabilitation is a usual and successful treatment option (Eliasson et
al., 2006; Romeo and Storelli, 2012). Unfortunately, some complications are occurring like
osseointegration failures, mechanical degradations or components fractures. Many couples of
materials, the complex oral environment (presence of bacteria, acidic or basic fluid, etc.) and
the mechanical stresses due to occlusion, mastication and parafunctional habits, are some
parameters that may explain these complications. The implant connection is subjected to
micro-movements caused by chewing phase, the stresses of the oral environment and some
combinations of materials with different mechanical properties (Vieira et al., 2006). This
phenomenon worsens even more when the tightening torque is not accurate (Gratton et al.,
2001).

Due to the small movements, order of magnitude of few microns, that take place between the
elements involved in the mechanical contact, wear phenomenon in dental implant connection
involves tribocorrosion or fretting-corrosion studies (Apaza-Bedoya et al., 2017; Mathew et
al., 2014; Revathi et al., 2017; Rodrigues et al., 2013; Souza et al., 2012).

Branemark et al. (1983) showed that titanium material is the best material ever to use as
implant, i.e. as biomaterial in dental area replacement. It is worth noting that titanium, Ti, or

titanium alloy, Ti-6Al-4V, are nowadays well used as orthopedic implants due to their



mechanical properties, moderate density and outstanding biocompatibility compared to other
metals. Moreover Ti-6Al-4V, metallic alloy, got some benefits, in terms of Ultimate Tensile
Strength (UTS), compared to pure titanium. Furthermore, the titanium alloy, Ti-6Al4V,
highlights some additional benefits in terms of corrosion resistance: breakdown potential,
corrosion rate, degradation by pitting and crevice corrosion (Solar et al., 1974; Steinemann,
1980).

Recently the authors, Shemtov and Rittel (2015), highlighted that implants retrieval from oral
cavity due to progressive bone loss, 60% presented some cracks and total embrittlement. One
might notice that Ti-6Al-4V (grade5, Ultimate Tensile Strength, UTS, from 897 to 1205 MPa
[14]) alloy that highlights a higher ultimate tensile strength than the one related to pure
titanium (grade 4, UTS from 550 to 640 MPa (Cardarelli, 2008)), has the best crack resistance
(Shemtov-Yona and Rittel, 2015). The tribological behavior between implant, screw and
abutment (dental assembly) is a fruitful approach in order to understand wear mechanisms in
implant assembly.

The wide variety of parameters that determine the behavior of the tribological system under
these conditions is particularly complex to manage. Several authors (Celis et al., 2006; Fouvry
and Kapsa, 2001; Fouvry et al., 1995, 1996, 1997, 2003, 2007; Geringer et al., 2013; Mathew
et al., 2012, 2014; Mischler, 2008; Mischler and Munoz, 2018; Mischler and Ponthiaux, 2001;
Mischler et al., 1993a, 1993b; Ponthiaux et al., 2004) have been working on this theme and
helped to understand the behavior of materials under fretting-corrosion conditions. They have
studied the mechanisms taken into account for fretting-corrosion and highlighted the
formation of debris that can explain some implants failure by chronic inflammatory reaction.
Previous studies have been investigated in standardized solutions (Ringer solution, Hank

solution, bovine serum) whose compositions differ from human saliva.



Objectives:

The tribocorrosion of pure titanium, titanium alloy and zirconia material, under fretting
corrosion, friction under small relative displacements, in contact with human saliva solutions,
will be investigated in order to determine: what is the best couple of materials under fretting-

corrosion conditions close to human mouth usage?

2.Materials & Methods

2.1 Materials

The investigated materials included pure titanium (Ti-grade 4) like implant or abutment;
Titanium alloy (Ti-6Al-4V-grade 5), like implant, abutment or screw; and Yttria-Tetragonal
Zirconia Phase (Y-TZP), like abutment. The pure titanium, grade 4, and titanium alloy, grade
5 (Carpenter™, Philadelphia, USA) are manufactured by Carpenter™ (Philadelphia, USA).
The Y-TZP material with no-treatment, original color, is distributed by Euromax™ (Monaco,
France). No either modification after sintering process was conducted. This material has not
been polished in order to avoid any particle insertion from polishing liquid in the bulk
material.

Each metallic material has been polished, 1 rectangular face, down to Sa value of 100nm,
except Y-TZP. These others faces were gluing with Zircalloy plates and they were varnished
in order to insulate the metallic faces from any contact with solution except the fretting-
corrosion surface. To allow the formation of a stable and reproducible surface film on the test
sample, they were stored 24 hours in an oven (atmospheric pressure, 55°C).

The parallelepipedic sample (9x9x15mm) were in pure Titanium (Ti) or in Ti-6Al-4V. The
cylindrical sample were in Ti-6Al-4V (length of 15mm and radius of curvature of 10mm) or

Y-TZP (length of 10mm and radius of curvature of 10 mm).



2.2 Solution

The investigated solution was conducted in non-stimulated human saliva, i.e. rest saliva. The
collect of saliva was practiced, between meals, thanks to salivary cottons placed under the
tongue for 5 to 10 minutes thanks to 40 persons (22+2 years old according to AMM
organization through Helsinki declaration). This protocol was repeated several times till
getting 200 mL. After, the salivary cottons were pressed thanks to plastic syringe and
preserved in freezer. The saliva was gingerly tempered at room temperature (near 20 £ 1 °C)
before experiment. The composition was not controlled; one may consider that the salts and
proteins concentrations are so close to the actual case (Quintana et al., 2009). The variability
is widespread, especially according to Human saliva composition. One of the factor is the
time of the day (Neyraud et al., 2012) and it was strictly chosen constant, 10:00am, during the

collecting phase ( June 20"-24", 2016).

2.3 Fretting-corrosion device

The friction was cylinder against plan in order to control the contact mechanics. The
experiments have been carried out thanks to a tribocorrosimeter, fretting-corrosion machine,
developed by Mines Saint-Etienne and TA instruments™, Company (New Castle, USA)
using an electromagnetic motor. A typical fretting-corrosion test was 16 hours of duration, i.e.
57,600 cycles (1s is 1 cycle). The applied normal load, P, was of 127.5 N or 85 N, it is
corresponding to the contact pressure (approx. 80 MPa) estimated on the abutment/implant
interface by finite element modelling (Ramos Verri, 2015). The sinusoidal amplitude of

micro-displacement was + 40 um. As mentioned above, the frequency was of 1 Hz.



Figure 1: Fretting-corrosion device

One paid attention on the compliance of the fretting corrosion device that was maintained

constant for all tests (Pellier et al., 2011; Kim et al., 2012; Geringer et al., 2013, 2014).

2.4 Electrochemical conditions

About Open Circuit Potential (OCP) measurements and the applied cathodic potential, a
PARSTAT 2263 potentiostat with two-electrodes for OCP and three-electrodes for applied
potential setup have been used. The working electrode was metallic sample, Ti or Ti-6Al-4V.
The counter electrode was a platinum wire. The reference electrode was a Satured Calomel
Electrode (SCE, E= +242mV/SHE) at T=22°C. A typical electrochemical sequence has been
applied from (Celis et al., 2006). The sequence was as following:

1- cathodic polarization (-1V/SCE) during 5 minutes in order to stabilize the oxides
formation;

2- OCP phase during 1 hour in order promote the adsorption/desorption equilibrium and an
Electrochemical Impedance Spectroscopy sequence (stationary conditions, from 10° Hz to 10°
2 Hz ), without fretting;

Starting fretting during 16 hours

3- OCP measurement during 20 mins;

4- EIS sequence, approx.10 minutes (from 10° Hz to 10! Hz);

33/35 sequences

Stopping fretting

5- OCP measurement, rest OCP.



Due to samples dimensions, the contact surface was of 0.9cm?.
The analysis of electronical equivalent circuit was carried out thanks to EC lab software (Bio-
Logic Science Instrument™, Seyssinet-Pariset, France). The results will be published in

further article.

2.5 Surface analysis

The 3D roughness parameters, the total wear volume and the wear track area profile were
carried out with Wyko NT9100 (Bruker Nanoscope™, Massachusetts, USA) optical
profilometer. Measurements were carried out on five lengths of 1.1 mm and the total wear
volume was thus extrapolated for the total wear track on one metallic sample per experiment.
Measuring the wear volume on zirconia was unreachable. No wear has been acquired.

The scanning electron microscopy was performed thanks to JEOL™ 6400 (JEOL™, Tokyo,
Japan), JEOL™ 6500 FEG (Field Emission Gun) and Quanta FEI™ 650 FEG (FEI™,
Oregon, United States) with accelerating voltage between 10 to 15 kV.

The surface morphology and the debris were analyzed by using a Scanning Electron
Microscopy (SEM), Zeiss™ Supra 55(Zeiss™, Oberkochen, Germany). The fretting area was
analyzed by using Transmission Electron Microscopy (TEM/STEM), JEOL-ARM200F cold
FEG (JEOL™, Tokyo, Japan) 200 kV equipped with probe and image correctors. The thin
blade (foil) was performed thanks to Focused Ion Beam, Helios Nanolab 600i. Finally EDS
analyses were performed using Centurio spectrometer (ThermoFischer Scientific™,

Massachusetts, USA).



3.Results

In this work, one may focus on the Open Circuit Potential evolution, phases 2-3&35,

part 2.4.

3.1 Open Circuit Potential

During every fretting corrosion experiment, the Open Circuit Potential has been monitored.
The Figure 2 shows the OCP evolution related to 4 couples of the four tested materials: Ti-

6Al-4V/Ti-6Al-4V; Ti-6Al-4V/Ti; Ti-6Al-4V/Y-TZP; Ti/Y-TZP.

Figure 2: OCP evolution of the metallic samples, couples Ti-6Al-4V/Y-TZP; Ti/Y-TZP, of the
Ti-6Al-4V and the Ti respectively Ti-6Al-4V/Ti-6Al-4V and Ti/Ti-6Al-4V couples of materials.

Unit: V vs. SCE reference electrode.

The OCP evolution is slightly usual: decreasing when the fretting is starting and the OCP is

recovering closely its initial value when the fretting stopped.

3.2 Tribological analysis

First of all, the dissipated energy is the area of the tangential load vs. imposed displacement.
The cumulated dissipated energy is the sum of each monitored dissipated energy, every
second. The wear rate is calculated from the wear volume, the missing material after friction

according to a reference plane. It is normalized according to the sliding distance and the



applied normal load. The Figure 3 shows a typical wear track area of Ti-6Al-4V material, 3b)

and a fretting log (projection) of the displacement according to tangential load.

Figure 3: a) Typical wear track area of a Ti-6Al-4V sample; b) Displacement vs. Tangential
load, Ti-6Al-4V/Y-TZP contact, green: beginning of the test, blue: middle of the test, red: end

of the fretting corrosion test.

The Figure 4 shows the evolution of the wear rate according to the cumulated dissipated

energy.

Figure 4: Wear rate (mm’/N.m) vs. Cumulated dissipated energy (mJ), 4 couples of materials.

The combination of Ti/Y-TZP materials does highlight the best promising outlook according

to the tribological performances, lowest wear rate and lowest dissipated energy.

3.3 Wear track area

From some references (Biischer et al., 2005; Pourzal et al., 2009, 2011; Rainforth et al., 2012;
Wimmer et al., 2010) related to some investigated couples, some stresses coming from the
fretting corrosion solicitations were triggering some microstructural changes from the top
surfaces till the bulk materials. This layer is well known as the tribological transformed
structure (TTS). The thickness may be considered around 3-4 pum. The stresses that were

generated during the fretting solicitations were involving some changes of the material
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structure, some grains refinement as an example. Moreover, the dissipated energy, during
friction, is dedicated to produce some debris. Some high resolution SEM, Scanning Electron
Microscope, images emphasize this behavior.

One might suggest to start by the two metallic combinations: Ti-6Al-4V/Ti-6Al-4V and the

Ti/Ti-6Al-4V.

3.3.1 Metallic combinations: Ti-6Al-4V/Ti-6Al-4V and Ti/Ti-6Al-4V.

The titanium alloy/titanium alloy combination exhibits a typical behavior. The Figure 5) is
showing: a) the total wear track area and b) a crack beneath the top surface provided by

observing a cross section inside the wear track area.

Figure 5: a) the wear track area corresponding to Ti-6Al-4V/Ti-6Al-4V; b) a cross section

observation practiced inside the wear track area.

Another interesting point is related to the presence of a third body layer compacted on some
parts of the wear track area, Figure 6. The thickness of the third body layer on Figure 6a) is
about 1um. It is worth noting that some metallic debris get an average diameter lower than

Ipm.

Figure 6: a) the wear track area corresponding to Ti-6Al-4V/Ti-6Al-4V; b) a cross section

observation practiced inside the wear track area.

11



This compacted layer is promising some tribological benefits during the friction phase;
however, concerning the biocompatibility one may suggest the toxicity of this kind of
particles. The Figure 6b) is assessing the third body compaction. One may suggest that the
adherence of this layer is efficient. After the polishing step, the debris were adherent on the
metallic sample. Even the friction promotes the delamination, a compacted third debris layer
is agglomerated on the top surface. The Figure 7 shows the image corresponding to a lamella
issued from TEM microtome. Some dislocations are generated and the pristine microstructure
is completely damaged. At that time, it is interesting to compare the pattern of figure 7a) with
the one related to the titanium alloy that was rubbed against Y-TZP material. The pristine
grains are well defined. No microstructure has been modified on the contrary of Ti-6Al-
4V/Ti-6Al-4V. One may consider that due to adherence between Ti-6Al-4V/Ti-6Al-4V, the
grain structure is altered and many dislocations have been created, ‘black cloud’ on the Figure

Ta.

Figure 7: a) TEM analysis in the wear track area Ti-6Al-4V/Ti-6Al-4V, STEM HAADF; b)

TEM analysis in the wear track area Ti-6Al-4V/Y-TZP, STEM HAADF

3.3.2 Metal/Ceramic combinations: Ti-6Al-4V/Y-TZP and Ti/ Y-TZP against Y-TZP.

The counter material is quite ceramic material, Y-TZP in this section. The Figure 8 is
showing some small particles, debris, in the wear track area of the Ti-6Al-4V. The small
particles are slightly, it might be some zirconia particles. The most relevant point is the size,
i.e. lower than 1pum, roughly few 100nm. No zirconia material has been found inside the Ti-

6Al-4V: it means that there is no mixing process between both materials on the contrary of

12



metal/metal contact. Thanks to Figure 8b), some grains refinement was occurring by

comparison some grains on the top, TTS, and some grains from the down part, bulk material.

Figure 8: a) SEM image on the wear track area; b) TEM analysis under the wear track area

of Ti-6Al-4V sample in the contact with Y-TZP

The Figure 9 is quite informative. On the contrary of Ti-6Al-4V, the Ti top surface was
modified thanks to fretting corrosion experiments. The grain size did change, refinement, and
the most relevant is, on the Figure 9b), some ceramic material is inserted in the TTS of the

titanium sample.

Figure 9: a) TEM analysis in the wear track area of Ti sample in the contact with Y-TZP,

STEM HAADF;, b) From the same image, EDS: the pink material is Zirconium.

3.4 Discussion

About OCP evolution, at the starting point of fretting (friction), the OCP was decreasing. As a
matter of fact, the passive film is destroyed due to friction, rubbing, and the open circuit
potential is decreasing due to charges production (ions). It is worth noting that the more
drastic OCP drop is related to Ti-6Al-4V/Ti-6Al-4V, figure [2]. The passive film of this alloy
is well classified, after friction, as non-protective (Galliano et al., 2001). During the rubbing
phase, the OCP is slightly constant without any recovering process. Except Ti/Y-TZP case,

the OCP is recovering its initial value (the one before fretting), it is worth noting that it is

13



happening during the fretting phase. Thus, both hypotheses may be ongoing: the titanium
oxides layer may be recovered and the zirconia may play the role of coating when some
zirconia debris are slightly recovering the titanium metal, avoiding an anodic current. The
Figure 9 is a clue of this assertion. To summarize concerning the OCP evolution, Ti/Y-TZP
combination highlights a kind of protective effect during the fretting corrosion phase.

Both Figures, Figures 7a and 7b, are related to stir welding modified structure on Ti-
6Al1-4V (Fall et al., 2016). The contact stresses are lower than the ones evoked in the Fall et
al. reference. The temperature was around 1000°C in the publication, not the case in this
study, it is in solution, i.e. room temperature. About the contact stresses and the rotation
speed, comparing the order of magnitude may be relevant: FSW case (Arora et al., 2012), it is
a question of 40MPa and 3,5mm/s and in the investigated study, it is a question of 80 MPa
and 0,008mm/s. It makes sense that the depth of the TTS (fretting corrosion-85N-80um/s) is
roughly 1000 times lower than the one of (stir welding-3000N-3.5mm/s).
Notwithstanding the experimental conditions were drastically different; the morphology
related to the Tribological Transformed Structure is similar. Concerning the FSW, friction stir
welding, between Titanium alloy against titanium alloy, the affected zone, depth, was around
few millimeters. Concerning the affected zone of our study, the Ti-6Al-4V was modified due
to fretting corrosion on a roughly depth of few micrometers, Figure 7. Three orders of
magnitude are concerned between both cases but the morphology is quite the same. The
Figure 9 is showing some MET observations, some lamella and information from EDS. It is
worth noting that pure Ti sample is containing some aluminium metal in the TTS. It is the
clue to assess that there is some metallic transfer during fretting corrosion from Ti-6Al-4V to
Ti. It might call a kind of ‘fretting stir welding’.

After fretting corrosion, there is a kind of welding phase by mixing materials. Some

zirconia was compacted on the top surface of Ti material. On Ti-6Al-4V, this insertion was

14



not highlighted. Under stresses, the pure titanium is well accepted the zirconia material as
third body, the tribological transformed structure is constituted by mixing both materials in
contact, on the contrary of Ti-6Al-4V material. From the physical point of view, one may
compare the thermal conductivity and the elongation related to grade 4 and grade 5.

Physical properties and diffusion of material

Unit Grade 4 Grade 5
Thermal Conductivity W/m.k 17.3 6.6
Elongation % 23 18

Table 1: Thermal conductivity (W/m.K) and elongation (%) of pure titanium, grade 4 and
titanium alloy, grade 5 (www.ife.no)
Because of the higher elongation and the thermal conductibility, Ti grade 4, pure titanium
may get the ability by transferring more energy in the bulk material than titanium alloy, grade
5.

Some debris are from different shapes and sizes due to fretting degradations. From
SEM image, Figure 8a), their size is from micrometrical scale till dozens of nanometers. By
keeping in mind that gingiva fibroblast diameter is of 30 um, the nanometric scale of debris
may encounter some issues about the bone and gingival remodeling. These debris may
enhance the phagocytosis by fibroblast and disrupted the usual cells functioning, leading
enjoy to apoptosis. This debris misfit was well described in the literature (Mathew et al.,
2014; Revathi et al., 2017; Sridhar et al., 2016). Some inflammation, some weird deceleration
around implants, was identified around some implants, i.e. allergy (Chaturvedi, 2009).
Moreover, due to debris, the osteoclasts differentiation is promoted; thus, the implant failure
is ongoing. It is worth noting most of the time, some implants failures are attributed to the

dental plaques (Persson and Renvert, 2014). Due to debris when considering some dental
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implants, debris may account for implants failure, more than dental plaque (Apaza-Bedoya et

al., 2017).

4. Conclusion

From this study to mimic the in vitro degradation of some dental implant’s connections, the
pure titanium (grade 4)/Y-TZP assembly is the best one under fretting corrosion solicitations,
OCP increase during the fretting phase. Three other combinations were tested: Titanium alloy,
Ti-6Al-4V, vs. zirconia (Y-TZP), Ti-6Al-4V/Ti-6Al-4V and Ti-6Al-4V/Ti. The titanium
material is well transformed on the top surface. The tribological transformed structure was
well characterized on the titanium material. Some transfer of material has been demonstrated:
the zirconia material is embedded inside the Ti counterface. This transfer is one key
explanation to explain the increase of OCP during fretting (surprising) and the lowest
dissipated energy and wear volume, Ti vs. Y-TZP combination.

Some further materials are nowadays investigated. One might notice that Benea et al.(Benea
et al., 2015) made some improvements to enhance the durability of Ti-6Al-4V material as
dental implant. Some nanotubes were investigated to enhance the electrochemical stability by
promoting a promising osseointegration (Alves et al., 2017). The titanium alloy (titanium-
tantalum) (Mareci et al., 2009) and Beta phase titanium alloy should present better corrosion
resistance than usual titanium alloy, Ti-6Al-4V, some wear resistance (Cordeiro and Bardo,
2017; Revathi et al., 2017). In odontology field, these materials may be a good way to

develop promising insights.
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Captions:

Figure 1: Fretting-corrosion device

Figure 2: OCP evolution of the metallic samples, couples Ti-6Al1-4V/Y-TZP; Ti/Y-TZP, of
the Ti-6Al-4V and the Ti respectively Ti-6Al-4V/Ti-6Al-4V and Ti/Ti-6Al-4V couples of
materials. Unit: V vs. SCE reference electrode.

Figure 3: a) Typical wear track area of a Ti-6Al-4V sample; b) Displacement vs. Tangential
load, Ti-6Al1-4V/Y-TZP contact, green: beginning of the test, blue: middle of the test, red: end
of the fretting corrosion test.

Figure 4: Wear rate (mm>/N.m) vs. Cumulated dissipated energy (mlJ), 4 couples of materials.
Figure 5: a) the wear track area corresponding to Ti-6Al-4V/Ti-6Al-4V; b) a cross section
observation practiced inside the wear track area.

Figure 6: a) the wear track area corresponding to Ti-6Al-4V/Ti-6Al-4V; b) a cross section
observation practiced inside the wear track area.

Figure 7: a) TEM analysis in the wear track area Ti-6Al-4V/Ti-6Al-4V, STEM HAADF; b)
TEM analysis in the wear track area Ti-6Al-4V/Y-TZP, STEM HAAD

Figure 8: Figure 8: a) SEM image on the wear track area; b) TEM analysis under the wear
track area of Ti-6Al-4V sample in the contact with Y-TZP

Figure 9: a) TEM analysis in the wear track area of Ti sample in the contact with Y-TZP,
STEM HAADF; b) From the same image, EDS: the pink material is Zirconium.

Table 1: Thermal conductivity (W/m.K) and elongation (%) of pure titanium, grade 4 and

titanium alloy, grade 5 (www.ife.no)
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