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Abstract

Fretting is defined as a small oscillatory displacemetvidzen two contacting bodies. The
interface is damaged by debris generation and its ejectiontfre contact area. The
application of hard coatings is an established solutionai@giragainst fretting wear. For this
study the TiN hard coating manufactured by a PVD method leasdsdected, and tested
against a polycrystalline alumina smooth ball. A frettiest programme has been carried out
at a frequency of 5 Hz, 100 N normal load, 1@8®displacement amplitude and at five values
of relative humidity: 10, 30, 50, 70 and 90% at a temperature oK2%8e intensity of the
wear process is shown to be significantly dependent on themental conditions. A
dissipated energy approach has been employed in this studyntdyquear rates of the hard
coating. The approach predicts wear kinetics under constant meslative humidity in a
stable manner. It has been shown that an increase of eghaitinidity promotes the formation
of hydrate structures at the interface and modifies the ltloidgt rheology. This phenomenon
has been characterised by the evolution of wear kinetsceiased with a significant variation
of the corresponding energy wear coefficient. Hence, a ‘cotepasar law, integrating the
energy wear coefficient as a function of relative hurpjdg introduced. It permits a
prediction of wear under variable relative humidity conditions fiidnto 90% within a single
fretting test. The stability of this approach is demonstrdly comparing various variable

relative humidity sequences.



1. Introduction

The use of hard ceramic coatings can significantly imprioeedrtbological properties of
cutting tools and mechanical componditd 8]. It permits an extension of their lifetime and
contributes to higher working efficiency. Even though TiN coathmgse been commonly and
widely used for commercial applications, there is stijfe@at interest in obtaining an in-depth
characteristic of their wear damage under various conditions.

Many researchers have investigated the impact of diffeedative humidity (RH) on friction
and wear behaviour of the TiN coatings. Singer dtLlalere the first who employed the full
power of modern electron microprobes to characterize the fiommend chemistry of wear
debris on a ball on disc test in ambient air, under mediuativielhumidity. The low friction
coefficient observed at the beginning of the test, with a sapphll against TiN, was
attributed to easy shear at the TiEXiN interface. The study conducted by Mohrbacher et al.
[2] on the fretting behaviour of TiN coatings demonstrated thag iex significant
modification of the friction behaviour at different RH levelsw friction, observed at a high
relative humidity, independently of the counter-body material (corurmhusteel), was
inferred again to the formation of TiQlubricious layers through the interface. It has been
established that a high content of moisture in the atmospheederates the reaction between
TiN and oxygen during the fretting loadings and favours the formafidmO,., components,
which decreases the friction coefficient. Using micro-Raspattra it has been shown that
the coefficient of friction of TiN coatings depends on shreicture of the debris, which can
either take the form of anatase or rutile strucf¢8]. Additionally, transmission electron
microscope investigations indicated that a low coefficierfiticion obtained at high RH
could be related to the two-phase debris consisting of an amoraghdasnanocrystalline
rutile phase. On the other hand, high coefficients of émctcharacteristic for low RH
conditions, have been related to the absence of nanocrystatilegphasd3]. Another study

conducted by de Wit et 4] on fretting wear of the TiN-corundum system at medium RH



revealed an amorphous Ti-O-(N) two-phase debris structurectidracteristic drop of the
friction coefficient observed during fretting tests has begibated to the partial
transformation of amorphous debris into a nanocrystalline phagetransformation is a
result of combined effect of relative humidity, energy-input nedcontinuous oxidation of
titanium-oxy-nitride.

The mentioned works consider only the friction and wear behavddrdN coatings under
constant relative humidity conditions. However, in practice masthanical systems operate
under variable mechanical but also variable environmental consglitit has been shown by
Liskiewicz et al[5] that the relative humidity in different geographical |omas in Europe
can vary more than 50% within a two weeks period. Heheppiears that an adequate
evaluation of the tribological behaviour of the mechanicaksystrequires taking into
account variable environmental conditions.

The present work will focus on this peculiar aspect, andsivdlv how a basic energy wear
approach can be transposed to capture the wear kinetics undblevegiative humidity

conditions.

2. Experimental Section

2.1 Materials

The TiN coating manufactured by means of classical simglees Arc-PVD method has been
tested against polycrystalline alumina ball (radius R=12yj.riihe substrate material is a
sintered Vanadis 23 steel with the following chemical comjposit,28 wt.% C; 4,2 wt.%

Cr; 5,0 wt.% Mo; 6,4 wt.% W and 3,1 wt.% V. Figure $plays the X-Ray diffraction

pattern of the TiN coating with (111) planes paralleh® ¢oating surface. The angular
position of the diffraction peak meets the standard valueeotdrresponding stoichiometric
TiN phase.

An alumina ball has been selected as a counter-body, bechanstes ithemical and adhesive

interactions with TiN layef5-7]. Indeed, a conventional steel counter-body is chemically
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active and can cause unstable friction beha\ibu8-9]. Moreover, an application of alumina
ball allows us to limit a counter-body impact on the complex ts§siem responses under
variable RH situations.

The mechanical and surface properties of the studied mai@nglisted in Table I.

2. 2 Experimental procedure

Tests were carried out using a specific LTDS frettingnagaaratus (Fig. 2) in which an
electrodynamic shaker induces the reciprocating movemenbngtant 5 Hz frequency has
been imposed. The upper specimen (alumina ball) rubbed adeEnster fixed flat sample
(steel coated with TiN). The normal force was kept constemte the tangential force and
displacement were recorded. A fretting test programme feasdaeried out applying a
constant 100 N normal force of and constant #ii0displacement amplitude. This loading
promotes systematically gross slip sliding conditions. Considarifgpmogeneous steel/steel
elastic hypothesis, the given contact leads to a maximumiatepeessure about 1.13 GPa
and a contact radius about 206 pum.

Tests were conducted in a closed chamber in which thévectatmidity could be controlled.
The measurement of humidity level has been performelbses as possible to the contact.
Five different RH in the range from 10% (dry air), throughoutrmesiate 30, 50 and 70%
up to 90% (wet air) have been considered in this warkrder to achieve required RH,
granulated silica gel or water filled vessels have begrsted within the chamber. A
laboratory fan inducing an intense air circulation inside the beaimas been applied to
accelerate the relative humidity transition.

Review of literature shows that probably no attention has attached to the study under
variable humidity conditions. Hence, a new methodology, takingactount the relative
humidity variations within a test, has been designed. Dozen engr@s under variable RH
condition during a single fretting test have been carried ogly Tan be classified into 4 test

configuration illustrated in Figure 3:



» type A characterised by RH increasing stepwise;

» type B described by RH decreasing stepwise;

» type C consisting of 2 repeated blocks: higher RHbwer RH;

» type D consisting of 2 repeated blocks: lower RHhigher RH.
Between each humidity transition the fretting tests vgespended for a short time interval
(less than 10 minutes) in order to adjust the new RH valemilB of all tests conducted
under variable relative humidity conditions are provided in THble
Before and after each test, specimens were ultrasgna@a#ined with acetone. The wear
volume of the fretting scars has been estimated fromuface profiles along and
perpendicular to the sliding direction. A simplified integrati@s been employed to
determine the wear volume of the fretting s¢a€s.
Scanning electron microscope (SEM) and energy dispersive Xpemgtrometry (EDX)
analyses have been performed to get information regaragncghiemical composition of wear
debris. More advanced transmission electron microscope (TEMstigaggons combining
selected area electron diffraction (SAED) and electrectspscopic imaging (ESI) have been

carried out to characterize products of wear.

3. Results

3. 1 Tribology behaviour under constant relative humidity conditions

3. 1. 1 Friction behaviour

Figure 4 depicts the evolution of the coefficient of frict{@OF (1)) as a function of the test
duration for tests conducted at 10 and 90 % RH at 10k cyct=m ke observed an initial
running-in period (first 2500 cycles) followed by steady-state behavihis steady-state
evolution is related to stabilized wear debris formationitnéjection regime.

The evolution of the average values of the steady-state @eaffof friction (fZ,,) versus

relative humidity defined by the relation:
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d..=———I[ I
Hss N - N I:ZNSSIU( ) (eq. 1),

with Ns¢=2500 and N=10000 is plotted in Figure 5. The error bars reprédse difference
between maximum and minimum value recorded during this peribide&r decrease, from
0.65 at 10% RH to 0.50 at 90% RH can be observed. Hence, edngid linear

approximation, a decrease pf.of the studied TiN/alumina interface versus the applied

relative humidity can be formalized through the following retzghip:

Ass=Cp [(RH)+ lss o (eq.2),
with Zi,.,— the mean steady-state coefficient of friction when RH=Q8tesently
extrapolated at 0.6209§;ﬁ55— a slope of a linear approximation (identified at -0.1765), RH —

relative humidity in %.
Values of the average steady-state coefficient ofidrictlependently on the applied relative

humidity are depicted in Table IlI.

3. 1. 2 Wear behaviour

An energy approach has been employed to evaluate the fretargresistance of the studied
TiN coating against alumina ball. Compared to the Arcfi®$idescription which reflects the
ratio of the total wear volume to the product of the normiaef by the sliding distance, the
energy wear approach includes the coefficient of frictiooudh its formulatior§10, 20-21]
Thus, it permits a more physical description of the figttvear damage. Hence, the total
wear volume (V) is related to the accumulated dissipatetgy § Eq) or the equivalent
friction work. The accumulated dissipated energy is obtaiyeslimming up the energy

dissipated during each fretting cycle over the whole testidaraNumerous studig$-6, 10,



14, 16]have shown that linear approximations can be extrapolated andhecstope of such

evolutions, so-called energy wear coefficiemt ¢an be identified:

g=_L4v_ .
AS E, (untJY)  (eq. 3).

The energy wear coefficient appears as a unified factotwatiows the characterization of
the wear resistance of the tribo-couple independently ofppked loading conditions.
However, as it could be observed in Fig. 6, it seenssrtmgly depend on the relative
humidity. Figure 7 displays a parabolic increase of the gneegr coefficient as a function
of the relative humidity. The less is the value of thathet humidity of the air, the higher is
the wear resistance. Above 70% RH threshold, a saturatiect eéin be observed, which can
be associated to almost constant energy wear coeffic@nthe contrary to the linear
friction dependence, a parabolic evolution of the wear &iebe here deduced. The

following formulation allowing its description can be introduced:
a=Ca,[qRH)* +Ca, [{RH) +a,  (eq. ),
with Ca;= -0.6564, Ca,= 109.88, a,— value of energy wear coefficient when RH=0%

(presently extrapolated at 661.52).

The corresponding energy wear coefficienfsas well as the associated coefficients of
determination (B are compiled in Table IV.

The evolution of energy wear coefficient with the appliedtiet humidity supports the idea
that modification of the nature and the structure of the thody with the relative humidity
will significantly affect the energy balance of the dgmahenomenon. Hence, in order to
explain such wear rate dependence, it appears essemtiiab®the third body evolution as a

function of the applied relative humidity.



3. 1. 3 Analysis of the wear debris structure

As previously mentioned in the introduction, numerous studiesdwaliaed the relative
humidity effect on the third body nature and consequently on thiefriand wear responses.
Basic SEM observations of the wear debris show that dry atmesptwnotes powder
structures whereas moist atmosphere activates the fomudtlarge glazed plates of the
debris (Fig. 8). The latter one is more compliant and bettartanaed through the interface.
These agglomerated structures act as lubricious layersragibeth on the ball and the plane
surfaces. One explanation of this evolution could be relatdertiinking of oxides (Ti@Q)

with water molecules and the formation of adherent hydraietates. To investigate such
aspect, EDX analyses of the wear debris have been cautielt has been shown that
titanium (Ti), oxygen (O) and nitrogen (N) elements areguem all wear debris (Fig. 9).
However, some differences have been found depending on theerélatidity. It can be
observed that the amount of oxygen in the wear debris generatednwigeconditions (90%
RH) is higher than under dry air (10% RH). The oxygen/titaniunceatnation ratio is
respectively 0.65 and 1.40 for dry and humid atmosphere. Tawrosiich results, EDX
analyses of particles, using TEM, have been performieely Tonfirmed the presence of
nitrogen in the wear debris as well as a significant as@ef oxygen concentration in the
debris obtained under moist conditions (Fig. 10). Such results agaport the hypothesis
that moist atmosphere may promote the formation of complexuitaoxide — hydrate
structures (Ti@— HO). The presence of water molecules obviously increases the
oxygen/titanium ratio as well as modifies the surface energamicles favouring their
agglomeration and the formation of macro — lubricious gld¢ergets. The presence of
nitrogen element in the wear debris also suggests that rEtH®O-(N) complex structurpt]
than only TiQ phases are generated through the interface. In additior) $AEstigations
of the wear debris have been performed. Figure 11 depetéctron diffraction pattern

obtained just after switching the electron gun on and afteinGtes of electron irradiation. It



is worth to note that similar patterns have been obtdinddunder moist (90% RH) and dry
(10% RH) conditions. Only weak halo related to an amorphous phadee distinguished at
the initial stage of the observation. However, aftemarfénutes of irradiation, the
amorphous phase is progressively crystallized due to the inpigyeprovided by the
electron beam. The given analysis seems to refute thimpseconclusions concerning the
presence of incipient nanocrystalline structure in wet dé®jri Indeed, only amorphous
structures have been detected at the incipient stage ®B# observations, whereas
crystalline structures have been systematically obsertedaafew minutes of irradiations. It
therefore outlines the necessity to take into account the perhé&bations associated to the
material expertise. It suggests that careful experirhprii@edures must be implemented
when unstable amorphous structures are characterized. More Imithegatigations involving
XPS and Raman techniques are currently planned in ordearify the present disagreement
with hypothesis put forward by Wit et §B], but also to rationalize the proposed FiO

hydratation theory.

3. 2 Tribology behaviour under variable relative hunyidibnditions
Based on the previous analysis, the contact behaviour under complemraiie
relative humidity conditions (A, B, C and D test types as ddfime Figure 3) will be

investigated.

3. 2. 1 Friction Behaviour

Figure 12 plots the COF evolutions obtained for the representatideny conditions
Al, B1, C1 and D1. The experimental results are comparedtiathheoretical evolutions
extrapolated from the constant humidity friction respongesfor the given RH level). Some
divergences between them can be observed. Besides, chstiaatiscontinuities after each

change of RH, attributed to the short detention intervals, areoofse visible. Specific



evolutions can be observed depending on the imposed ambient sequencestitesmooth
decrease of the friction coefficient within a sequence at 90%oRthe test D1 can be related
to a ‘friction memory effect’. Indeed, a given time is regdibefore the formation of a low
friction layer takes place. The enriched in oxygen lubriciousr l@ygrogressively activated
by the moist air. It may be assumed that after a longer pien®d a stable condition is
reached equivalent to a constant humidity value. This aspect eeqmiore in-depth
experimental validations where longer step, within the level of B&¥%omust be carried out.
Regarding the C1 test, an increase of the COF for each ientesh 10% RH is observed.
Such behaviour can be explained by a mutual interaction of a higher acidinet debris
transferred on to the ball surface during the former step at RBP45] and the debris
depletion in oxygen after the transition to a dry environment. Hesme hypothesis is that
after decreasing the relative humidity the debris insteadtmigaas a lubricious layer, adheres
on to the ball surface and operates like abrasive and promdtegian forces increase.
Evolutions of coefficients of friction for tests A1 and B1 candzcounted for based on the
formulated above deduction concerning tests C1 and D1.

More in-depth investigations, which cannot be performed throughlabal overview of this
work, are indeed required to interpret and quantify the intedaolutions induced by the
humidity variations and to better formalize the dry to wet eeverse wet to dry transitions.
Finally, by considering a regular evolution of the steady-statdficient of friction, an

average formulation involving the RH fluctuatiop( ¢, ) can be introduced:

1 S .
..o, =— (RH
HssrH (N-Ng) i;NS,S/ul( (1)) (eq. 5),

with N — test duration in cycles\ ;= 2500 cycles.

Combination of the equation 5 with the relation 2 (eq. 2), whabssible on the assumption

that 4 = fi, for the given RH, leads to the following expression:
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- 1 N R
Hss-ru = (N_—NSS) D ZN:C'USS(RH(I)) + Hss-o (eq. 6).
1= Ss

Figure 13 compares the experimental values of average stéstdycoefficient of friction

(Hexpss-rr) defined from the equation 5 to the theoretical prediction (theatedierage

steady-state coefficient of frictionfg, ., r4)) calculated from the equation 6. The best

prediction is achieved when the theoretivalues of average steady-state coefficient of
friction are identical to the experimental on@dlinear fitting for the points using the sum of
the least squares has been performed and compared with the chgmufaet predictions. It
turns out that the introduced ‘composite’ formulation (eq. 6) desspermit an accurate
prediction, because the obtained goodness-of-fit defined by thecoeetffof determination
for the approximated linear regression (made for the correlataflisaery low (R=0.23).
Experimental and theoretical values of average steady-steficient of friction for the

fretting tests under variable relative humidity conditionscarapiled in Table V.

3. 2. 3 Wear behaviour

It has been shown that the prediction of wear kinetic basedsingle energy wear
coefficient is stable only for a narrow interval of the tieahumidity. With exception of
some stabilized domain observed for RH values greater70fn a specific energy wear
coefficient corresponding to each relative humidity intervaltbd® considered. Therefore, it
is necessary to put forward the question: how to quantify étieniy wear kinetics under
variable relative humidity? In order to solve such a compieklem, a ‘composite’ wear law
integrating the wear energy coefficient as a function oafiied relative humidityo( RH;))
is considered. Taking into account an additive property of tisgpdied energy it is assumed
that the total wear achieved under variable relative huntfigoretical wear volume:y) is
the sum of the elementary contributions for each relative ditynirhe following linear

formulation can then be introduced:
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N
Vip, = ZC’(RHi) *Eq () (eq. 7),
i=1

with Eq4(i) — the cumulated dissipated energy corresponding to the adegiRéte value.
Figure 14 depicts the comparison of the experimental wear vol(\ag$ obtained under
variable relative humidity (Fig. 3), to the predicted weaumes (\4,) extrapolated from the
proposed ‘composite’ wear formulation (eq. 7). An optimal predidgi@chieved when the
theoretical wear volumes are identical to the experiments. As it is illustrated in the
Figure 14 a rather good correlation can be observed. A liitiag for the points using the
sum of the least squares has been performed and compéaretendissumed perfect
predictions. It turns out that the introduced ‘composite’ weardepicts a rather high
convergence (0.98) with the experimental results. Such a liegaassion displays also a high
stability (R'=0.86) and a rather low dispersion (<25%).

Experimental and theoretical values of wear volume for theinfgetests under variable
relative humidity conditions are provided in Table V.

Therefore, it can be concluded that in spite of the siityplithe proposed linear ‘composite’
energy wear formulation provides a good prediction of the weeavii@ur under variable and
complex relative humidity conditions. It again supports the a@dgreperties of the

considered energy wear concept.

4. Discussion and conclusions

The results show that the relative humidity affects sicguifily the friction behaviour
of the alumina-TiN tribo-system under fretting wear invafygomplex tribochemical
reactions. An increase of the RH promotes the formatitwydrfate structures in the contact
and modifies the third body rheology. Those act as a solid lubgoantibuting to decrease
of shear forces in the contact. A linear dependence of tlifecoera of friction has been

established and formalized:he presence of nitrogen in the wear debris has been etiserv
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earlier by other researchd#s 11] It suggests that rather Ti-O-(N) complex amorphous
structured4], than only TiQ phases, are generated through the interface. The given TEM
diffraction pattern confirms this aspect.

The expected tribological behaviour, for which an increaskeeofriction force leads to an
increase of the wear rate, has not been confirmed indhe Whis unexpected result suggests
that not only the mechanical damage is involved in the oviee#tiing degradation process of
the coating and a tribochemical aspect must be considemeélla Hence, it can be assumed
that even if the shear stress intensity is reduced undst ocariditions, an increase of
humidity will favour the tribo-oxidation of TiN coating and finalhcrease the energy wear
rate. A second hypothesis, developed by Liskiewicz ¢slalsuggests that an increase of the
relative humidity value favours characteristic W-shape wear geometry (Fig. 15), due to a
specific adhesion of the third body layer on to the alumina eodnady. Such interface
morphology tends to concentrate the loadings on the external pagtadritact promoting
higher shear stress discontinuity. Such highest local $t@disgs are then assumed to
increase the wear kinetics.

Wear results under constant relative humidity conditions depisignificant dependence of
the energy wear coefficient with the applied relative laityi A parabolic increase of the
energy wear rate with the relative humidity has been fondd@malized. Such a result
seems to contradict the previous outcomes obtained byetalig6]. In their work, the
authors have suggested a single and unique energy wear coeftiadestribe the overall
wear behaviour independently of the relevant relative humidipyvever, it should be noticed
that those results have been obtained for the significantly looreral load of 1 N and a very
small contact area. It has been shown that relative hynmigiinly impacts on the third body
nature and rheology. The larger is the contact area, the laigleemt of the third body will be
trapped through the interfacensequently of the relative humidity dependeitosould

therefore be explained such apparent disagreement by camgideontact size effect. Such
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an interesting conclusion suggests introducing and developmgféert investigations to
better formalize tribology phenomena.

The results presented in this work show that the humidityaicteiboth on the friction and the
wear mechanisni he friction analysis under variable relative humidity condsi outlines
complex third body transitions, which requires specific attentmihe fully understood and
quantified. As it turned out the introduced ‘composite’ formatatioes not allow an accurate
prediction of the average steady-state coefficient didricunder variable relative humidity
conditions. Basically, most points in Fig. 13 lie aboveigitadashed line, displaying optimal
prediction, what is close related to the ‘friction memeiffict’ as well as the complex third
body transfer occurring after each RH transition.

Regarding wear, it turns out that the energy approach basesimgi@energy wear
coefficient is stable only for constant RH conditions. It caneatrapolated for variable RH
conditions, as it does not take into account the variation dfilechemical response of the
system. In order to evaluate the wear response of thedEitihg under variable relative
humidity, a simple ‘composite’ wear law, integrating the gpevear coefficient as a function
of the relative humidity, has been introduced. Based on & |pt@&ar description, it permits a
prediction, with a rather good precision, the wear of thectiaiting under variable relative
humidity varying from 10 to 90%. It seems that basic forsmalimay be a promising tool to
assess the wear responses under variable environmental conditi@xdend the given
description it is necessary to undertake investigationgéother tribo-systems including,

for example, an adhesive steel-steel tribo-couple.
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Table | Mechanical and surface properties of the materials ust istudy

Thickness| Hardness | Young's modulus| Poisson ratio| Surface roughnesd
Materials T [um] H E [GPa] v R, [um]
Vanadis 23 - 64 HRC 230 0.3 0.2
Alumina - 2300 H; 370 0.27 0.01
TiN 4.0 2000 H\ 05 600 0.25 0.2
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Table Il Detailed data concerning conditions of the test carried owrwadiable RH

Tests type A
N;, Total No.
with: N - number of cycles fagiven relative humidity| of cycles
i - relative humidirglue [%0].
Test No. N1ig Nso Nsqo N7o Noo 2N;
1 4000 2000 2000 2000 3000 13000
2 3000 1000 1000 1000 1500 7500
3 7000 - - - 3000 10000
4 - 4500 - 1500 - 6000
5 - 6000 1500 2500 - 10000
Tests type B
TeSt NO. Ngo N70 N50 N30 NlO ZNi
1 4000 2000 2000 2000 3000 13000
2 3000 1000 1000 1000 1500 7500
3 7000 - - - 3000 10000
4 - 4500 - 1500 - 6000
5 - 6000 1500 2500 - 10000
Tests type C
Test No. Nog Ni1o Ny Nig ZNi
1 5000 2500 2500 2500 - 12500
N7o N3o N7o N3o - 2N,
2 4500 2000 2000 2000 - 10500
Tests type D
Test No. N1ig Ngo Nig Ngo 2N
1 5000 2500 2500 2500 - 12500
Nso N7o Nao N7o - ON;
2 4500 2000 2000 2000 - 10500
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Table Il Average steady-state coefficients of friction for the caristlative humidity

conditions

Relative humidity RH [%] 10 30 50 70 90

Average steady-state
coefficient of friction ﬂss 0.610] 0.563| 0.529] 0.492| 0.469
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Table IV Energy wear rates extracted from fretting wear amalys

a (um*Jh/ R?

RH=10%

RH=30%

RH=50%

RH=709

RH=909

1575//0.93

3704//0.93

4225//0.95

5186//0.93

5257//0.90
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Table V Experimental and predicted (eq. 6 and 7) values of consitidseemagnitudes for

variable relative humidity conditions

Experimental average Theoretical average Experimental Theoretical
Test steady-state COF steady-state COF wear volume wear volume
No. ﬂexpss—RH Hin.ss-rH VEXP'RH'[]'OS Hnﬂ Vinri. [105 Hnﬂ
Al 0.490 0.523 9.606 8.461
A2 0.569 0.519 4.843 5.038
A3 0.563 0.554 5.277 5.406
A4 0.504 0.532 3.759 4.650
A5 0.553 0.533 9.636 8.557
B1 0.578 0.543 10.618 10.128
B2 0.56 0.547 4.651 5.183
B3 0.556 0.525 6.818 7.797
B4 0.539 0.522 4.417 5.593
B5 0.515 0.523 7.668 8.252
C1l 0.595 0.54 9.539 9.218
C2 0.551 0.528 8.045 9.698
D1 0.596 0.54 8.277 7.779
D2 0.544 0.528 8.246 8.977
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of figure captions

1 X-ray diffraction pattern of the TiN coating deposited om gluenched and tempered
Vanadis 23 HSS steel substrate
2 Fretting test scheme
3 Patterns of the tests under variable relative humidity tondi
4 Evolution of the coefficient of friction versus the test diorafor the tests conducted at
10 and 90% relative humidity
5 The average steady-state coefficient of frictiorhefalumina-TiN system as a function
of the relative humidity
6 Wear volume of the studied TiN coating as a function of teeraulated dissipated
energy for different relative humidity
7 Evolution of the associated energy wear coefficient defireed Fig. 6 versus RH for
the alumina-TiN tribo-couple
8 SEM observations of the third body structures at the bordi¢ine @ontact just after
tests at 10000 cycles for (a) 10% and (b) 90%welaumidity
9 EDX spectrum of the wear debris generated at 10% RH (29@4dRH (b)
10TEM bright field image of the particle generated duringtést at 10% RH (a) and
90% RH (d); ESI of the particle separditech the wear debris — distribution of Ti
and O for 10% RH (b), (c) and 90% RH (e)g$§pectively
11 TEM diffraction patterns of the wear debris obtained undetirigetvear test at 10%
RH and at 10000 cycles: (a) just after $wnig the electron beam on, (b) after 5
minutes irradiation with the electron gun
12 Evolution of the coefficient of friction versus the test diarafor variable relative

humidity test Al (a), B1 (b), C1 (c) and (@)

21



Fig. 13Comparison between experimental and theoretical (eq. Bgessteady-state
coefficients of friction for tests conducted un@erable relative humidity conditions

Fig. 14Wear extension under variable relative humidity conditions:pesison between
experimental and predicted (eq. 7) wear volumes

Fig. 15 Surface morphology of coated specimen and alumina counter-bodjreifieg test:

(a) TiN coating and (b) alumina ball with Tdsbris p]
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