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Abstract

The degradation of titanium-based oral rehabilitation systems can occur by comosion and wear processes
taking place simultanecusly (tribocomosion) and influenced by the presence of fluorides. In this study, the
tribocommasion behavier of titanium in artificial saliva solutions containing fluorides is investigated. Before
sliding tests were started up, electrochemical measurements such as open circuit potential (OCF) and
impedance spectroscopy (EIS) were performed to get information on the corrosion behavior of titanium in
artificial saliva solutions. Then, sliding wear tests were carried out at the OCP taken by the test sample.
Scanning electron microscopy and weight l0ss measurements were performed after the tribocomosion tests.

The presence of a compact passive surface film on titanium immersed was demonstrated in artificial saliva
free of fluorides and in presence of up to 227 ppm F-. However, a progressive degradation of titanium was
observed at a F~ concentration of 12,300 ppm. Additicnally, the cormosion and wear resistance of the titanium
oxide film formed at a F~ concentration of 12,300 ppm differ from the ones obtained up to 227 ppm F—
reflected by a decrease of the coefficient of friction although the material loss increased. The synergism
between wear and comosion processes on titanium needs thus to be further investigated to reach a reliable
prediction of the long-term behavior of titanium-based prostheses and implants in the oral cavity.

Highlights

= Wear and corrosion of titanium. = Material loss in fluorides. = Failures in prostheses and implants.
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Abstract

The degradation of titanium-based oral rehabibtatsystems can occur by corrosion and wear
processes taking place simultaneously (tribocaorgsiand influenced by the presence of
fluorides. In this study, the tribocorrosion belwavof titanium in artificial saliva solutions
containing fluorides is investigated. Before slglitests were started up, electrochemical
measurements such as open circuit potential (O@R)impedance spectroscopy (EIS) were
performed to get information on the corrosion betraef titanium in artificial saliva solutions.
Then, sliding wear tests were carried out at thé@gken by the test sample. Scanning electron
microscopy and weight loss measurements were peefbafter the tribocorrosion tests.

The presence of a compact passive surface filmitanium immersed was demonstrated in
artificial saliva free of fluorides and in presenmfeup to 227 ppm FHowever, a progressive
degradation of titanium was observed at acdncentration of 12,300 ppm. Additionally, the
corrosion and wear resistance of the titanium ofilde formed at a Fconcentration of 12,300
ppm differ from the ones obtained up to 227 ppmefiected by a decrease of the coefficient of
friction although the material loss increased. ®ymergism between wear and corrosion
processes on titanium needs thus to be furtherstigaged to reach a reliable prediction of the
long-term behavior of titanium-based prosthesesimaptants in the oral cavity.
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1. Introduction

The good corrosion resistance of titanium in déférenvironments allows its use in
several engineering and medical applications [1F6f. medical applications, the stable oxide
surface film on titanium is biologically acceptabbeit once must be aware that the stability of
the oxide film depends on the corrosivity of thevimmnment in contact with the titanium [8-
10].In-vitro tests in artificial saliva are used to simulate thegradation of prostheses and
implants exposed to an oral environment [1-7, Pgssive films on titanium behave like a
compact oxide film in artificial saliva at pH 3.083[8,9]. However, in presence of fluorides
titanium may corrode [1,2,5,12hh solutions containing a considerabledéncentration or in
acidic fluoride solutions, hydrofluoric acid (HF)ayform above 30 ppm HRand may promote
the localized corrosion of titanium [2].

The elastic modulus of titanium is only 120 GPachkhis a great advantage compared to
other titanium alloys, although it is still muchgher than the one of the bone which is 10 to 30
GPa [8,9]. The absence of a periodontal ligametwdsen titanium implants and bone, amplifies
the stress at the artificial joint surfaces dughe higher rigidity of their structural materials
compared to their natural counterparts [9]. Ondbetrary,titanium has a poor wear resistance
in comparison to ceramics and alloys used as im@baotments [8,9]. In fact, one should be
aware that micro-movements take place at jointeéeh dental implant and abutment as well as
between abutment and crown, as a result of torqu@ication, mastication or effortless
occlusion [13, 14-16]For instance, titanium-based implant and abutmeatcannected by
applying a torque ranging from 15 to 32 N.cm on tatant screws generating sliding of
contacting materials. After, occlusal loads duringastication are distributed through the

materials down to the bone, promoting fretting mHomovements at crown-abutment and
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implant-abutment joints under variable displacementat leads to fatigue and wear of
contacting materials and detorque of abutment scdgpending on the direction and magnitude
of loads [13-16]. The wear rate of structural matercan be higher when there is a large
difference in hardness between abutment and impiteioire or between abutment and crown
joints. Friction on titanium due to micro-movemetdging place at those joints can detach the
protective TiQ-film that leads to a material loss, and possibkecinanical failures in dental
implant, abutment and prostheses [13-16]. Also,rwgéding can occur due to abrasion by hard
particles from food intake or tooth brushing [27Furthermore, corrosive substances from
dietary pattern, human saliva, and oral biofilman caccumulate at the peri-implant areas
promoting corrosion at the metallic surfaces [1T-IT®is combined wear and corrosion process
known as tribocorrosion, results from interactiobsetween mechanical, chemical, and
electrochemical processes taking place on contastirfaces that undergo a relative motion, and
may cause an irreversible transformation of matef20-22]. As a consequence, a release of
metallic ions and oxide particles may induce chegreri-implant inflammations since they act
as foreign bodies on periodontal tissues, and #@uhe attraction of macrophages and T
lymphocytes from immune system [9,22,23]. The clwanflammation of peri-implant tissues
leads to osteolysis and subsequently a loss of Hwatesupports implant-supported prostheses
[9,24,25]. This can be considered as a self-suetiaisystem because corrosion may be
accentuated by oxidative species released by theiima system. The accumulation of corrosive
substances in such areas moreover increases ttosioorof titanium [9,18,19] while loads due
to mastication intensify osteolysis [9,25].

Electrochemical methods as e.g. open circuit p@tenfOCP) monitoring,

electrochemical impedance spectroscopy (EIS), asténtiodynamic polarization, allow the
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evaluation of the electrochemical behavior of materduring sliding tests. The correlation
between corrosion, wear, and friction taking plate given system can be clarified based on
such measurements, but their interpretation is ¢exng26-29]. Even though the oral
environment cannot be adequately replicated duétstdiological, chemical, and physical
variables,in vitro tribocorrosion tests are useful to investigate ridative importance of these
variables like roughness, sample geometry, or ctednsurface state, and of tribocorrosion test
parameters like equipment, load applied, chemicahposition and pH of the solution,
temperature, type and velocity of motion, geometng area of contact on the corrosion and
tribological behavior of metallic materials [26-29\ good control of the test variables is
important in order to be able to unravel the phesmenoccurring at material surfaces in sliding
contacts, and to develop materials and/or systerasagteeing a good performance in aggressive
environments.

Even though the tribocorrosion behavior of titaniwms recently evaluated in artificial
saliva [8] and in physiologic solutions [26], th@luence of corrosive elements present in saliva

like fluorides has still to be investigated. Thathe objective of this study.

2. Materialsand methods

CP titanium grade Il (VSMPO TIRUS, US, CP titanith§TM B 348, Grade 2) samples
were wet ground down to 1200 mesh. After that,Sdmples were cleaned in isopropyl alcohol
for 10 min, and subsequently in distilled water3anin using an ultrasonic bath. Following that,
the samples were stored in a desiccator beforenpeirig tribocorrosion tests.

A modified Fusayama’s artificial saliva (see Tablg@ was formulated for the

tribocorrosion testsThis solution was chosen on one side since iteguently used in previous
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research work [1,5,30,31], but also because it rg¢@g a similar electrochemical behavior of

metallic materials as observed in human saliva.[32]

Table 1. Composition of the stock Fusayama’s aréfisaliva solution used in this work.

Compounds (g/1)
NacCl 0.4
KCI 0.4
CaCl,.2H,0 0.795
Na,S.9H,0 0.005
NaH,P0O,4.2H,0 0.69
Urea 1

NaF was added to the Fusayama’s stock solutioagmduce Fconcentrations found in
the oral cavity. The fluoride concentrations sedddrom literature and commercial data [33-35]
were 20, 30, and 227 ppmiR a solution of pH 5.5; and 12,300 ppmirka solution of pH 6.5.
Concentrations ranging from 20 to 227 ppmwere found in oral biofilms after use of
toothpastes containing 1,000 to 1,500 ppni3B,36]. Additionally, concentrations of 227 and
12,300 ppm Fare present in commercial solutions and gels ectspely [34,35].

Before starting up tribocorrosion tests, the sohgiwere stirred for 24 hours and the pH
was measured. The open circuit potential (OCP) rmeasrded on titanium immersed in the
solutions versus a standard calomel referenceretect(SCE, Radiometer Analytical, XR110

model) and by using a potentiostat PGZ100 modepleauto a Voltamaster 4 software. The
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OCP corresponds to the corrosion potentgl( of an electron conductive material immersed
in an ion conductive electrolyte.

For EIS tests, a Pt-electrode (Radiometer Analltidd31PT) was used as counter
electrode. After stabilization d&., EIS tests were carried out at a potential of 50 aidve
OCP and over a frequency range from 100 KHz dowtOtonHz. Also, an AC sine wave peak-
to-peak amplitude of 10 mV was superimposed. ZV&ftware was used to analyze the
experimental data, and to evaluate the capacitandehe polarization resistance of titanium by
a non-linear square fitting procedure. After th& Eheasurements, the OCP was measured for
another 10 min, and then the reciprocating slidesy was performed during 20 min which the
OCP was further recorded. The sliding tests were peréal against an alumina ball (10 mm
diameter) at a normal load of 3 N, a sliding fregqme of 1 Hz, and a linear displacement
amplitude of 2 mm using a tribometer (CETR UMT2 Mgbecimen Test system) coupled to
the UMT test viewer software (CETR, 1997) to monitee tangential force~) from which the
coefficient of friction was calculated. After thedeof the sliding tests, the OCP was recorded for
another 10 min, and then EIS tests were carriedbocg again over the same frequency range as
before. The exposed area of titanium to the saistizas of 2.62 cfn The experimental set up is

shown in Fig. 1.
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Fig. 1. Schematics of the experimental set up @metlibocorrosion tests.

The surfaces were inspected before and after wibosion tests by scanning electron
microscopy (LEICA CAMBRIDGE SEM-S360). Moreover gthveight loss of the samples was
measured by gravimetric analysis. Duplicated tese done on different samples produced at
the same time, and one set of the test was repéatedimes. The results were statistically

analyzed following ANOVA at a significance levelpk 0.05.

3. Resultsand discussion
3.1 Electrochemical measurements
The open circuit potential curves. time of immersion are shown in Fig. 2 for titamiu

immersed in artificial saliva solutions with difeert F concentrations.
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Fig. 2. Open circuit potential (OCP) vs. time ofnm@rsion for CP titanium in artificial saliva
containing different amounts of fluoride ions. Beokhorizontal lines indicate the equilibrium

potential of the hydrogen evolution reactiorf/f) related to pH.

After 3 h of immersion, the OCP of titanium in &dial saliva is at about -0.1 V vs. SCE
in solutions containing O up to 227 ppm(Fig. 2). However on immersion in such solutiahg,
OCP increases to more noble values. That sugdestgrowth of a passive film with improved
dielectric properties. Thus, the reduction of oxyg#issolved in the solutions takes place
[3,31,37].0n the contrary, a decrease of the OCRotged on immersion in artificial saliva
containing 12,300 ppm FOn immersion in such a solution, the OCP decsease stabilizes
after 6 hrs of immersion at about -0.8 V vs. SCHcl5a decrease in potential at high F
concentration was also reported earlier [1-5], @nthdicates a significant increase of the

chemical reactivity of titanium [2,12,38]. In tHist case, the global electrochemical reaction is
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cathodically controlled by the reduction of hydrog#issolved in the solution, and the material
corrodes.

OCP curves recorded in this study (Fig.2) indiGateoticeable increase of the chemical
reactivity of titanium at high Fconcentrations with a probable change of the ptgseof the
titanium oxide surface filmTherefore, a high 'Fconcentration combined with a low pH, can
amplify the chemical reactivity of titanium [2, 12h fact, the corrosion in fluoride solutions
depends on the pH and the formation of lFoduced by the dissociation of NaF when it is
present at high concentrations, or in low pH sohgidue to the bonding betweeh a&hd Fions
[2,5]. Based on literature, it can be stated thaté is a large formation of HF that reacts with th
titanium surface [1,2,5,31].

Thus, the relation between pH andcBncentration might be expressed by the following

equation proposed by Nagakawa et al. [2]:

pH=1.49log F+0.422 (1)

The threshold fluoride concentration to promotealzed corrosion was reported to be
about 30 ppm HFdependent on the associated pH [2,5]. A concéntraif 227 ppm Fin a
solution at pH 4.0 was reported to promote locdlizerrosion [2]. In our study the pH of
solutions containing between 0 and 227 ppmwas 5.5, and it appears that such a concentration
of HF was not high enough to degrade the pasdivedn titanium. The OCP value recorded in
this work in a solution containing 12,300 ppmaf pH 6.5, was similar to the one reported for
titanium tested in a solution containing 554 ppratfpH 2.5, by Schiff et al. [5].

Furthermore, differences in pH of fluoride soluBomay cause a shift in the OCP
recorded on titanium. The correlation between pH equilibrium potentialE) of the hydrogen

evolution reaction (WH") is given [39]:
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E = 0.000-0.0591pH (2)

H,/H*
The OCP measurement is an important source ofnrdgton on the chemical reactivity
of materials immersed in liquids, but it just dee®t pre-disposition to corrosion or not. For a
better understanding of the state of the oxide fibtmed on the surface of a test sample,
electrochemical impedance tests are informativeleBspectra obtained from EIS data recorded
on titanium immersed in artificial saliva and b&faeciprocating sliding tests, are shown in Fig.
3A. The Bode spectra (Fig. 3A) for titanium immelse artificial saliva solutions containing 0
up to 227 ppm Feveal values of the phase angle approach froma:@® a higher inclination of
the total impedance slope$2(| vs. Frequency) when compared to those recordetasmum
immersed in artificial saliva containing 12,300 ppmmThat indicates higher values of the total
impedance for titanium immersed in artificial salisolutions containing O up to 227 ppithan

immersed in artificial saliva containing 12,300 ppm

20
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Fig 3.(A) EIS spectra (Bode representation) and (B) fddion resistance of the Cp-titanium

oxide films Rpy) recorded on titanium immersed in artificial salisolutions containing different

amount of fluorides.
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Also, a compact or a porous oxide film on titaniaan be represented by two different
equivalent electrical circuits from non-linear sopiditting of EIS spectra (Fig. 3B). Based on
such equivalent circuits, the polarization resistaaf titanium oxide filmRps) was derived (Fig.
3B). The equivalent electrical circuits as welleaxperimental and theoretical values showed an
adequate fitting in agreement to chi-square val@sbetween 18 and 10. The equivalent
circuit fitting at best with the experimental Elfestra in artificial saliva containing 0 to 227
ppm F, consists of a constant phase element (CPE), rdmesents the capacitance of the
titanium oxide film Cf) in parallel with a polarization resistance of fressive film Rpy). This
circuit, also known as Randle’s circuit, is validgresence of a compact passive film on titanium
(Fig. 3B). Nevertheless, there was a decrea$®podt increasing Fconcentration, as noticed at
227 and 12,300 ppm Esee Fig. 3B). That decreaseRyk indicates a decrease of the corrosion
resistance of titanium in these solutions.

On the other hand, the equivalent electrochemicaliit that gives the best fitting of EIS
spectra recorded on titanium immersed in 12,300 ppronsists of two CPEhat represent aC;
and a double layer capacitandgy) in the circuit. Such a circuit is typical for gssem
consisting of a porous oxide film on a dense sabstsince th&pr values are quite low (see Fig.
3B). A decrease of the electrolyte resistariRg ¢ontaining 12,300 ppm Rppeared also from
non-linear square fitting analyses. Thus, there large electrical current distribution along the
surfaces and in current line distribution in thduons containing high concentrations of
fluorides denoting the corrosive effect of thes&tsons. A non-linear fitting procedure was
applied in line to the chi-square value$)(ketween 19 and 10’ to adjust experimental and

theoretical values dRp:.
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EIS results were also correlated with OCP data shiowig. 2, whereas the lowering of
OCP in solutions containing 12,300 ppm i associated to a high chemical reactivity, and
consequently to a localized corrosion of titanilBach a decrease of the corrosion resistance in

fluoride solutions with increasing” [Eoncentration, is in agreement with EIS resul{sored

earlier [6,40].

3.2. Tribocorrosion measurements

The evolution of the OCBf Cp-titanium during reciprocating sliding tesssshown in

Fig. 4
Load a;iplied CP-titanium
m 0,0 in artificial saliva containing:
-, .
O -
g -0,2 ] )
> repafs‘i\’/atlon
— | //
O 0,4 ] l
b= ‘l Unloading,
% | 227 ppmF’
Q 064 [ X
S 06 ! WMWM
-} i ,wl\'\w
g M A “#  non-repassivatior
O o8- WY Mk g el
c W
(O]
8— 12300 ppmF
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0,0 50x10°  1,0x10°  1,5x10°  2,0x10°

Immersion time (s)
Fig. 4. Evolution of OCP recorded on Cp-titanium immersedattificial saliva containing

fluorides during reciprocating sliding tests, (= 3N, displacement amplitude 2 mm, 1 Hz, 20

min of sliding).
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The OCP for titanium immersed in artificial saligdher free of fluorides or containing
20 up to 30 ppm Fstabilized at a quite similar value before slgltests. EIS results indicated
that a passive oxide film is present before slidiegfs on titanium immersed in artificial saliva
containing between 0 and 227 ppm Bnce stabilization was achieved, sliding testsewe
started. When an alumina ball was loaded onto plasasive titanium and sliding is started, a
destruction of the titanium passive film (phenomekoown as depassivation) and the exposure
of fresh active titanium take place. That resuitam abrupt drop in the OCP curve [8, 20 ,21]. In
fact, a galvanic couple is established between vemth unworn areas in contact with the test
solutions [8, 20,21]. The OCP measured during refidiest is a mixed potential which value
depends on the state of undamaged and damagedaisaiierthe wear track [20]. That mixed
potential is maintained during sliding due to tixp@sure of fresh active titanium (in the wear
track) and removal of the passive surface film. @hgve titanium reacts with the surrounding
solution as indicates by anodic peaks in the OGesuU8, 20,21].

At the start of sliding, the OCP decreased to véha¢ was maintained during the entire
sliding test. The OCP recorded on titanium durihdirsy tests in a 227 ppm Bolution, was
higher than the one recorded at O up to 30 pprlé&vertheless, a slightly increasing OCP was
noticed during sliding test performed in a 227 ppnsolution what was not be observed in the
other conditions except at 30 ppm Fhe slight increase of OCP recorded during stjdom
titanium immersed in 30 and 227 ppm delution (Fig. 4), can be associated with a higher
chemical reactivity of titanium in these solutiods a result, the chemical reaction between
titanium and fluorides can change the chemical rmedhanical properties of the new titanium

oxide surface film.
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In solutions containing 12,300 ppm, R significantly lower OCP is noticed before
sliding that was slightly affected by sliding. TE&S results and OCP measurements performed
before sliding indicate that the unworn area ibegitan active one before and during sliding or
that there is a complex and thick oxide layer desiregy the friction on titanium. However in that
last case, a large drop in the OCP should occar aftertain time of sliding due to the wear of
that oxide film. Once that is not noticed, it mag &tated that in a12,300 ppmdélution the
unworn and worn areas are active before and dsfidig.

Once sliding was stopped, an immediate increafleeoDCP to noble values is noticed. It
was noticed that after sliding in a 227 pphsélution, the OCP recovers its original value much
faster than in the solutions containing 0 up tgp F.On unloading, the increase of the OCP
follows from the re-growth of a passive film oratitum (repassivation process) in the wear track
area. That repassivation process seems to be fadtee 227 ppm Fsolution than in the other
ones. The environmental parameters (in our studly,apd fluoride concentration) affect the
repassivation of titanium. The depassivation arghssivation of titanium in artificial saliva
solutions during tribocorrosion was also reportgdviieira et al. (2006). They reported on an
improvement of the tribocorrosion behavior of titan in artificial saliva at pH 3.8 compared to
pH 5.5 during fretting tests [8].

It is also important to notice the non-repassivatd titanium in 12,300 ppm’Bolution
after the end of the sliding tests. That non-repasisn of titanium may be linked to the high
aggressiveness of hydrofluoric acid (HEt that concentration present in that solutionfalkct,
the reduction of hydrogen dissolved in the 12,3@npF solution leads to a continuous

dissolution of the passive film resulting in anieetstate of the titanium surface. The dissolution

16



17

of both worn and unworn titanium areas starts omémsion in artificial saliva containing a high
F concentration ending up in a severe material loss.
The morphology of wear scars produced in our stuter tribocorrosion conditions, are

shown in Fig. 5:

cracks

‘s “‘_'~lv J

P T
’ formation of

#*Hitanium oxide particles o
3 c 'S

i -

—P‘1o pm

o .

tribo-layers

.

Fig. 5. Topography of Cp-titanium after reciprongtisliding tests K, = 3N, displacement
amplitude 2 mm, 1 Hz and 20 min of sliding) perfedin artificial saliva containing (A, B) O

and (C, D) 12,300 ppm .F

Wear scars exhibiting marks aligned along the reciting sliding direction on titanium

immersed in artificial saliva appear in Fig. 5A. eTkopographic appearance of Cp-titanium
17
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tested in artificial saliva solutions containing2®, 30, and 227 ppm 5 the same. Surfaces of
such wear tracks show areas where either ejecfionaterial or detachment of surface layers
took place (Fig. 5B), as well as the ejection dbrike That wear noticed on titanium in artificial
saliva containing up to 227 ppm Bs tested in our study, is in accordance with rtioglel
proposed by Landokt al. (2004). Nevertheless, the morphology of the veear differs at high
F concentration.

In a solution containing 12,300 ppm Ehe width of the wear scars is smaller than when
lower fluoride concentration solutions were tesfHaiat reveals a smaller contact area (Fig. 5C).
Such a smaller contact area results from a lowechar@cal wear. Indeed, abrasion marks
aligned in the wear track were not noticed, butidase film is noticed (Fig. 5D). The smooth
surface morphology can result from the formatiorrezction product layers that can decrease
the friction on titanium. The impedance spectravesperformed in this work (Fig. 3b), revealed
a growth and dissolution of titanium oxide passiiien forming reaction product layers on
titanium in artificial saliva containing 12,300 ppf The degradation of titanium in fluoride
solutions was found in this work to be consisteithywrevious reports revealing the occurrence
of a localized corrosion process, namely pittingrasion [9, 18, 24, 37]. The occurrence of
pitting corrosion was described as resulting frtwa formation of Ti oxides layers as Ti(QH),
and salts as TiQF[TiFe]*, TiH,, NaTisFis, TiFs [TiFe]® in presence of HF according the

following reactions [24, 54]:
TiO2 + 2HF-TIOF; + H,O (3)
TiO2+ 4HF— TiF4 + 2H0 (4)

Ti,03 + 6HF— 2TiFs + 3H,0 (5)

18
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Despite the return of OCP once sliding is stopmeehtds its original value, one must be
aware that the surface of the materials is nothasone before sliding. Wear scars as well as
pores resulting from pitting corrosion, can be fedrand are susceptible areas for accumulation
of biofilms. Such areas can accumulate acidic sugss from oral and microbial fluids
enhancing the corrosion of metallic surfaces. Ilditazh, the material loss can cause a misfit of
prosthetic joints such as crown-to-abutment and trabnt-to-implant fixtures. Such a
dimensional misfit creates microgaps where the mcdation of biofilms and acidic substances
can take place [18]. Concerning the biomechanicgesftal implant systems, that misfit can
generate a distribution of undesirable oblique $o#trough the structural materials of dental
implant systems [41,42].

The evolution of the coefficient of friction recad on Cp-titanium during reciprocating
sliding tests in artificial saliva containing bewveO and 12,300 ppm,Hs shown in Fig. 6A.
Furthermore, a clear correlation appears betweeatioms of OCP and coefficient of friction

during reciprocating sliding tests (Fig. 6B).

0,6 s -0,4 0,45
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054 N\ . AL A A W o5 10,40
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Fig. 6. (A) Evolution of the coefficient of fricttorecorded on titanium during reciprocating

sliding test performed in artificial saliva free afhd containing different fluoride concentrations
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(Fn = 3N, displacement amplitude 2 mm, 1 Hz, 20 minsiding). (B) Correlation between

coefficient of friction and OCP during reciprocaisliding.

There were not significant difference between tbefficient of friction recorded on
titanium in artificial saliva solutions free of fiudes and those containing up to 227 ppmAB
shown in Fig. 6A, the coefficient of friction rec®d on titanium in a 12,300 ppm $olution
was lower than that at lower fluoride content. Magiations noticed in the OCP during sliding
tests can be induced by the abrasive effect of welris destroying periodically the passive film
on the wear track surface [20,21].

A lower number of variations of coefficient of fiicn and OCP were observed for
titanium tested in a 12,300 ppm $olution than in solutions containing up to 227#pp. In
artificial saliva containing up to 227 ppm, he detachment of titanium layers in sliding ksac
underneath alumina balls, and third-body partidlesde the sliding tracks, may promote
oscillations of the coefficient of friction as reped previously [8,26]. The formation and
transformation of third-body particles are impottphenomena to understand the oscillations of
coefficient of friction during tribocorrosion tesf26,29,43]. The oxidation of metallic debris
may lead to the formation of solid oxides or digsdlions [26,28,43] that can accelerate or slow
down the mechanical wear rate of first bodies &, A study on the tribocorrosion of Ti6AI4V
alloys performed at applied anodic potential (>.2 ¥s Ag/AgCl) in 0.9% NaCl solution,
revealed that the oxidation of debris significardgcreased the mechanical energy required for
wear [28]. The upsurge of hard debris increasesiéstruction of detaching surface layers and

particles of titanium [26,28]. Thus, hard third-lyodarticles originating between surfaces at
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relative contact motion, and in prosthetic gaps ioanease the rate and the extent of corrosion
and wear of implants systems.

In 12,300 ppm Fsolutions, the adsorption of fluorides on titaniamd the formation of
reaction product layers could decrease the coefficdf friction recorded on titanium, and also
its wear rate. During sliding relative motion, agic deformation followed by a rupture and
compaction of the reaction product layers takeselaetween contacting materials. Thus, the
reaction products layers remain in the slidingkrée a smooth layer decreasing the wear of the
fresh active titanium. However, wear particles m@ging from titanium or its oxide layer can be
formed in the sliding track acting as abrasivediliodies or ejected out of the sliding track
[26]Harder debris might be smeared out and entdppethe surface. Then, the lowest
coefficient of friction values can be associatedhi® sliding on reaction product layers smeared
out onto titanium surfaces while the highest ceeffit of friction can be attributed to sliding on
blank titanium, in analogy to what was found on T44].

In order to evaluate the synergism between comosind wear, the weight loss of

titanium was measured after tribocorrosion tesis. (F:

CP-titanium after tribocorrosion tests
4,0x10™ 1 %
N/\
5
> 3,0x10™ 1
- -
(7]
Q /
=
D2 20x10*
)
=
'I,OX'IO-4 — T 7f

L LI T T T
0 50 100 150 200 12280 12300
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Fig. 7. Weight loss recorded on Cp-titanium aftdydcorrosion tests in artificial saliva free of
and containing different fluoride concentratiofg € 3N, displacement amplitude 2 mm, 1 Hz,

20 min of sliding).

The weight loss noticed in solutions free of flad@s or containing up to 30 ppm(p <
0.05) does not differ. However, a significant irage of the weight loss was noticed at 227 and
12,300 ppm F notwithstanding that in this last case, the gofit of friction is the lowest one
recorded in this study. From the SEM and wear @ealythe volume of the wear track at 12300
is smaller than at low F concentrations. ThusJdhge material loss at 12,300 ppmig-probably
due to corrosion of the entire surface area exptsdtat high Fconcentration. A synergism
between corrosion and wear can result in eitheros@mn that increases wear or a wear that
increases corrosion. On the other hand, depasmivatnd repassivation processes may be
affected by environmental, mechanical, and mateparameters [20,21,26,28]. Friction
conditions might hence be altered by the formatibiribo-reactive surface layers with unique
sliding properties. Such friction conditions cascapromote the formation of surface reaction
layers that affect the corrosion sensitivity of eratls [20,28]. Thus, such a material loss on
titanium used in the oral cavity, may lead to adga loosening of structural materials of dental
implant fixture, abutment, and prostheses framewiork

Wear debris may also cause chronic inflammationpesf-implant tissues due to the
stimulation of macrophages and T lymphocytes [22R,There are evidences that the size of
debris is more important than their chemical contms revealing that small particles at
nanometer scale are more dangerous than largeabn@srometer scale [22,23,45]. In literature,

titanium wear debris has been reported with granulaedle-like, flamentous or plate-like
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morphology and diameter ranging from 0,01 um upGqum [22,46]. Studies reveal that nano-
scale (<100 nm in diameter) TiQarticles (UF-TiQ) may cause inflammations, fibrosis,
pulmonary damage, and DNA [23, 47,48] in ratsekras that UF-particles can be trans-located
to the sub-epithelium, and may interact with immuystems to a greater extent than fine
particles [49]. An investigation of UF-Tiparticles using the methyl tetrazolium cytotoxicit
(MTT) assay, revealed cytotoxicity and genotoxiamtyultured human cells although the precise
process of apoptosis formation, mutagenic, andbitibih of cell division by UF-TiQ particles

were not totally explained [23].

4. Conclusions

A compact passive film forms on titanium surfagesniersed in artificial saliva solutions
free of or containing fluoride concentrations u@2fY ppm E However, the corrosion resistance
of titanium decreases with increasing fluoride @riation as revealed by electrochemical
impedance spectroscopy. The coefficient of frictrenorded on titanium and subsequent wear
induced in sliding tests performed in artificialliga containing up to 227 ppm™ ks quite
constant. On the contrary, coefficient of frictioecorded on titanium revealed a significant
decrease at a high fluoride concentration (12,3pt =) probably due to the presence of
reaction product layers. Even though such lowibictan increase of material loss was noticed
at high fluoride concentration as well as in 22pp solution. That demonstrates a significant
influence of the aggressive environment contairfingrides. As a result, the degradation of the
protective titanium oxide layer may lead to faikiia dental implants and prostheses. Also, the
widespreading of wear debris close to the surrouqanay induce peri-implant inflammations

and toxic effects to the human body.
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