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Abstract

In piezoelectric inertia motors, friction is not a synonymous of energy loss but is the source of motion. Their performances are thus
prone to wear and friction coefficient variation. To address these issues, this paper first aims at improving the understanding of tribological
solicitations by means of a dedicatedsitu tribotesting while exploiting the™3body flow framework. Beyond the introduction of
transparent glass pins to see inside the contact in operation, the key of this work is to consider both the mechanism effect and the friction
couple. As a result, a solution has been proposed to multiply the motor lifetime by more than ten while keeping stable speed performances,
and, above all, without multiplying tests with numerous friction materials.
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1. Introduction

Piezoelectric inertia motof4] are based on the combination of
two energy conversion mechanisms. First, an etedignal is
converted into mechanical deformations by meangiefoelectric
inverse effect[2]. Second, the resulting asymmetric vibratory
oscillations are converted into linear or rotargpiacements by
means of a friction interface, relying on stick asligh alternations.
By this way, a centimetric stroke may be reachét a resolution
down to subnanometégB]. Therefore, inertia motors are used in
many applications such as laboratory nano-posii®f], general
public anti-blur camer#5], multi-degree of freedom applications

materials used in real motors are also tested. gathered
information provides the scenario of the contdet li

So, to understand the tribological solicitations experimental
approach is carried out, close to the operatingitions of the
studied motors with both transparent and realifnicinterfaces.
The practical objective is to improve the tribokgi performances
of inertia motor, by both increasing the lifetimdile maintaining
a stable friction coefficient.

The paper firstly introduces the experimental apphofrom
the dedicated test bench to th& Body framework and the test
procedure gection 3. This framework enabled to compare - by
means ofn situ andpost mortenobservations - different tests with
a same methodology to propose systematic analysbsse

[6], or robotic[7], even in harsh environments such as cryogeni€onclusions would be less dependent on the obséseetion 3.

[8], ultra-high-vacuunfi9] and non-magnetid.0].

But, as friction occurs to ensure the motion ofaglpad, the
performances of these motors such as wear ratdifatiche are
consequently inherent to tribological solicitatiorise employed
material couple, the surface conditions, the emvirent and the
motor mechanism itself. Understanding these salicits as a
whole is necessary to improve motor performances.

Faced with the numerous parameters involved irddsgn of
piezoelectric motorse(g.piezoelectric actuator model, normal load
configuration, guidance, actuation frequerty]), and the stick-
slip bound tribological solicitationse(g. sliding velocity, contact
area, surface enerdy?]), it is complicated to analyse a given
material couple exclusively from bibliographical nsiderations.
Likewise, Discrete Element Modelling (DEM) could befruitful
approach for getting the dynamic behaviour of atacininterface
at a local scale by describing flows of solid pdes as granular
elements[13]. However, calculations remain too time-consuming
to be considered in this work. It becomes necedsacgarry out an
experimental approach based on tribometry. To datsequires
beforehand a decryption of contact life with acstframework.
Both tribological triplet and '8 body flows approaches have been
adopted to get contact life through the tribolobimiecuit (Fig. 1,
[14]).

Assessing tribological solicitations bound to aegivmaterial
couple may depend on employed measurement methibdosact
conditions, as highlighted during the VAMAS projefi5].
Bergander et al. also emphasized that even reapngc
tribometer, closer to the macroscopic motion ofrtiaemotor, is
not close enough to the final application to previéluable results
[16]. Likewise, Blau et al. highlighted that frictiomefficient can
change significantly with measurement conditi¢hg]. Actually,
through

the tribological analysis, contact conditions pmop® the
mechanism are equally important as the materigbleaitself.

But, considering the link between mechanism andtasin
conditions is not the only point. Another difficplin studying
friction contact is the lack of measuraliesitu data without being
invasive. To do so, different approaches have lpeeposed. Some
of them were brought by the elasto-hydrodynamicdisti
(reviewed in[18]) at nano-scale level but they reach limits in dry
contacts. Another approach consists in correlatagpustic
emission signals and wear mechani$is. Although this method
is the less invasive, this is quite new and dogsmake it possible
to distinguish different wear mechanisms if thegurcat the same
time. It is also possible to carry out stopped stestith
unload/measure/load sequen¢2s] but 3¢ body distribution may
change inside the conta¢®l]. So, conducting directn situ
tribometry through transparent bodies appears ta leneficial
approach as reflected in numerous previous w§ER-33].
Although using a transparent material can leachmge in friction
behaviour[24, 34] this makes it possible to observE Body
creation and motion inside the contgg#-27, 30, 31, 35]The
evolution of the created®body layer may be then linked to the
measured motor performancgs/, 28] Simultaneously, friction

Final sections detail the main outcome and somentpobf
discussion fection 4 as well as a summary and a conclusion
(section 9.



Nomenclature
Flow Q. internal source flow characterizes the origin 8fo®dy inside the contact. It is obtained by detaghinof particles

from the degradation of thé'bodies.
Flow Qs external source flow is obtained by artificial extal supply. Particles constituting this flow came from different

origins: particle detachment from other parts ef techanism, particles from environment.
Flow Q; internal flow characterizes the motion & Body inside the contact.
Flow Q. external flow characterizes particles ejected fthencontact. This flow is divided into two subflev®@, andQ,,.
Flow Q, recirculation flow corresponds to the flow of pelets reintroduced into the contact after ejection.
Flow Q,, wear flow: is composed of particles that will nete reintroduced into the contact after ejection.
Site mechanism has its own kinematics and imposes ciotvaditions.
Sites $and § bulk of T bodies.
Sites $and S so called screens because they prevent adhesigerdgning the surface forces.
Site § 3d body.S; S;, and g sites do not necessarily exist at the same time.
Mode M, elastic deformation corresponds to a reversible mechaniimsolids deform elastically and all deformationan

account for some velocity accommodation.
Mode M, normal rupture is non-reversible. It is not a we@p accommodation mechanisper sesince a crack does not

accommodate displacement or velocity alone butatva for much greater deformation through othedem
Mode M; shearing is also non-reversible.
Mode M, rolling is also non-reversible. It correspondshte formation of rolls during friction.
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Fig. 1. 3 body formalism. The tribological triplet is comgasof a mechanism, the rubbing hodies and the'3body particles. Resulting tribologica

circuit - described in nomenclature and used is thork - is characterized by (i) solid particlew® and (ii) velocity accommodation mechanisms

decomposed in location sitess®d accommodation modeg [4].

2. Experimental approach

This section reminds the key features of the deeéita
tribometer, introduced if36], aiming at carrying out the dirett
situ analyses qection 2.). Experimental framework and material
test procedure are also detaileddtion 2.2and2.3).

2.1.Test bench

This test bench has been designed to be as clgsesaible to
the operating conditions of the final applicatidfigf 2). Thus, a
piezoelectric actuator generates the tangentialomand a spring
preloads the friction contact to get closer tolikebaviour of a real
motor ection 2.1.). This actuator triggers stick-slip transitions,
responsible for the relative displacement creaf@ection 2.1.p
between the *1 bodies ¢ection 2.1.8 Relative instrumentation is
reminded irsection 2.1.4

2.1.1.Mechanism characterisation

The static and dynamic features of the test behah @-9 as
well as mounting conditionsvill impact the & body flows and
should be considered upon the analysis of tribokdgiolicitations.

Static features such as material properties anenkatics are
key features to characterize the tribological s@iions. They are
detailed inTable 1

Dynamic characterisation makes it possible to deitez which
degrees of freedom have the most influence duritgasion. For

instance, the theoretical trajectory of the pin as linear
reciprocating motion along the guidance axisakis onFig. 2).
However, pivotal motion at the contact scale iseetpd because of
the cylinder-on-flat geometry.

Third, mounting conditions such as screwing or riguimay
play a role. For instance, during assembly, osmlamass is
screwed to actuatorF{g. 2-H. As a consequence, a torque is
applied at the contact location. To minimize ith @nd pad are
glued under preload to oscillation mass and movimgss
respectively. By this way, glue layer may accomntedthis
aforementioned torque.

These points will be further tackled once the tdigccal
analysis has been carried osietion 4.).

Table 1.Material properties and contact conditions

Materials Young’s modulus [GPa  Poisson ratic
Fibreglass composite 14 0.39
Ti-6Al-4V 114 0.33
B270 glass 72 0.22

Kinematics Stick-slip
Actuation period [ms] 1.25
Delay period [ms] 3.75
Step amplitude [um] 100 (+/-40)

Total stroke [mm] +/- 45
Mean speed [mm/s] 18

Contact conditions
Geometry [mm x mm]
Contact width [um]

R30x10- cylinder pin on flat pad

70



Mean/Max Hertz
pressure [MPa]

Cut plan

S
(b)

Fig. 2. Tribometer setup. (a) illustration and (b) Cut pléh Piezoelectric
actuator linked to (ii) the Oscillating Mass (OM) friction contact with
(iii) the Moving Mass (MM). (iv) Guiding and lift r@ provided by air
bearings. (v) Normal load is provided by a springtained in a screw. (vi)
Applied normal force is measured by a strain gamgennted on specific
deformable test body. (vii) A second strain gawsgmounted on actuator to
get the displacement of the actuator and so o0tk (viii) Eddy current
sensor is used to get the displacement of the MWMs& sampling is set to
100kHz. (ix) Camera (0.1Hz sampling) or high-spemtnera (30kHz
sampling). Extra light is provided by LED light teake high speed camera
acquisition possible without harming contact. ()s@rvation window to
see through pin. (xi) An accelerometer is mountediM to get tangential
force and so friction coefficient.

2.1.2.Stick-slip actuation

Stick-slip phenomenoml2] is often described as a dynamic
instability and a source of noi§&7]. In piezoelectric inertia motor,
stick-slip is no more synonym of energy loss butdmees the
source of motion[38]. It consists in exploiting an asymmetric
vibration generated by the piezoelectric actuator:

- First, the piezoelectric ceramic is in a neutraltestwith no
voltage applied.
Second, voltage order slowly increases. Piezo@emtramic
slowly expands, driving the Oscillating Mass (OM)daso
the Moving Mass (MM) with a low acceleratioRig. 2-h.
An external force is created on MM. As long aseiinains
smaller than the static friction force, both OM avi¥l stick
and move together. This is the stick phase.
Third, voltage order quickly comes back to neutstdte.
Piezoelectric ceramic quickly contracts, and pQld with a
high acceleration. An external force, higher thha static
friction force, is applied on MM. OM goes back ts initial

states whereas MM stands still with respect tagtioeind, by
means of its inertia. This is the slip phase.

- At last, piezoelectric ceramic is in a neutral stagain with

no voltage applied.

By continuously alternating stick and slip phasesep
movement appears and MM keep moving in a largeeratrgke. If
the shape of the voltage is in a reverse ordennibding mass will
travel to the opposite direction.

2.1.3.Initial state of friction ' bodies

1% bodies in the considered motors are a fibreglassd f
polymer and a SDy-coated Ti-6Al-4V.

It is easier to manufacture large metal parts wptlecise
tolerances. So, initial pin is in fiberglass fillgdblymer material
and pad is in Ti-6Al-4V. However, it seemed inteirgg here to
test both orientations so reciprocal counterpartsrew also
manufactured.

Ti-6Al-4V is used because of both its biocompaitipil
properties[39] and MRI compatibility[10] making it possible to
address medical application fields. Due to its eetlding
propensity [40], Ti-6Al-4V parts are first milled and then
chemically coated [41]. Resulting surface morphology is
schematized ofrig. 3-bfrom SEM observationsig. 3-a Coating
is obtained by an industrial and repeatable proaeitis a chemical
bath and subsequent thickness is aroynd.5On the 50-um scale
topography view, a homogeneous 40{80- periodic pattern
appears. Actually, based on 20-pum observation scadging layer
is not so homogeneous but composed of clusters evividth is
around 4m. In addition, coating does not cover entirely the
substrate, which is confirmed by an EDX analysiem8& cracks
due to machining remain visible at the substrattasa.

Composite parts are also milled. SEM observatiéng. (4-9
have highlighted an anisotropic distribution ofggldibres Fig. 4-
b). The original length of glass fibres is 250-g60 and their
diameter is between 10 to (. Additionally, some horizontal
fibres have been crushed by milling, what redubeg 1ength to a
few dozens of micrometres. The polymer matrix stefaspect is
typical for a machining by milling: a periodic path appears with
some chips.

Contact geometry in considered motor is cylindespead. So,
it was retained on the test benckig( 2-3. Cylinder pin
dimensions are 5mm x 10mm with a radius of 30nTmb(e J.
Flat pad dimensions are 45mm x 10mm. From the iahter
properties inTable 1and preload value - 5N -, contact pressure and
width are about 8MPa and 70um respectively, asahmotors.

As it has been above mentioned and detailed inmhterial
test proceduresgction 2.} transparent glass pin will be used in
addition to original T bodies, in intermediate tests, to obsere 3
body flows inside the contact in operation. In ordeminimize the
impact on the searched tribological solicitationshosen
transparent material is glass for its chemical Isirty with the
silica of the coating and the glass fibres of tlenposite. This
choice will be discussed Bection 4.3

2.1.4.Instrumentation

Implemented instrumentation is depictedFiy. 2-h Preload
force is measured by a strain gauge mounted on egifp
deformable test body. Another strain gauge is mexirdn the
piezoelectric actuator to get its vibratory amplgéu An Eddy
current sensor and an accelerometer are used to thget
displacement and the acceleration of the movingsmespectively.
Friction coefficient is obtained by dividing the mtwred
acceleration times the mobile’s mass by the medspreload
force. At last, a camera or high-speed camera aesl Wo see
through transparent glass pin when they are used.
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Fig. 3.First body #1: SOy-coated Ti-6Al-4V[41]. (a) Resulting surface morphology observed by medrScanning Electron Microscopy and (b) related
scheme.
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Fig. 4. First body #2: Fiberglass filled composite. (a) &tisg surface morphology observed by means of SicanElectron Microscopy and (b) related

scheme. Notice that EDX analysis is intentionaty disclosed.

2.2.3 body experimental framework

The purpose of this work is to deal with tribolagiGssues. At
the contact scale, it consists in decrypting thivotogical
solicitations occurring in the piezoelectric inartnotor by means
of a dedicated tribometer. At the mechanism sdalegnsists in
interpreting friction coefficient evolution and we@eneration.
Both observation scales are bound by the solidghestflows at
the contact interfaceln term of methodology, the '3 body
framework is adopted to ensure an objective andotkgible
analysis all along the different tesisd. 1).

In order to link observed 3 body morphology to relevant
tribological solicitations, it is necessary to ddése this
morphology in a strictest way. Here, it is realigefour steps.

First post mortemobservations consist in identifying the
observation scale, specific to each consideredacon?9, 42]
Here, on the one hand, step size and contact waigtlaround 100-
um order of magnitude. On the other hand, coatinghtend glass

scales must be retained before test for furtherpesison Fig. 3
andFig. 4).

The second part of the analysis consists in definimat a
significant area is. To do so, each contact willdbéded in three
main areas: mean contact area, frontiers, and fefubitier. In
each of these three areas, purpose is to locatéoacklaracterize
significant spots.

Then, spots are described in term of morphologywdesy,
ductility, cohesion, compaction, porosity, densagihesion (SEM),
and chemical (EDX) composition.“3body volume repartition,
punctual presence and preferred orientations, érging, are also
reported.

Last step consists in linking the position of repdrparticles to
the motion of the friction parts, generated by hetor. 3% body
flows and velocity accommodation mechanism concepgsthen
used to formalize what occurs during these evemid so to
reconstruct the contact life in the form of tribgical circuits all

fibre diameter is 1Qim order of magnitude. Each counterpart is soalong the lifetime of the motor.

analysed at a macroscopic scale, betweenurbO@nd 50Qm.

Then, progressive zooms, until | ¥ or Sum, are performed
around significant areas. Reference observatioasafite-morte

at both



2.3.Material test procedure

Experiments were conducted in air environment atused
25°C and 45%rH. Two sequences of material teste veslised:

- the first sequence is carried out with tests opggatintil
around 10 operating cycles (20-m equivalent sliding
distance) in order to observe the morphology 9f®dy
particles after the initiation ofbody flows;

- the second sequence is carried out with tests tpgrat
least 16 operating cycles (2-km equivalent sliding distance
initial State-of-the-Art lifetime at the beginnirad this work
[43] - to get the surface morphology of counterparteraf
their nominal lifetime.

Each sequence is composed of two tests:

- with fibreglass filled polymer pin on coated Ti-6AV pad;

- with coated Ti-6Al-4V pin on fibreglass filled poher pad.

Additional tests are carried oit situ with a transparent glass
pin, for 1¢ cycles, alternatively on fibreglass filled polymend
coated Ti-6Al-4V pads, in order to see solid péetitows in first
cycles.

Before considering the different test steps, matsamples are
systematically cleaned with tension active agentscpropanol
95% - and optic wipes. Then parts have been drighd elean
compressed air.

Next section is based on the previously introdusetup,
methodological framework and procedure. It prestrggesults of
the tribological solicitation analyses.

3. Characterisation of tribological solicitations

By stemming from the material test procedure, tlagaall the
observations, SEM micrographs and monitored dataldvde
cumbersome (experimental procedure flow chart abl in

7

interpretations - leading to tribological solicitats - are proposed
once thein situ analysis is correlated withpost mortem
observations.

From TO to T1 Fig. 5-H, contact area materializes by dark
particles at the top of observation windo@s s is activated. Until
this step, friction coefficient remains quite lovaround 0.2/0.3 -.
Some particles move with the amplitude of step iz@Qum)
whereas some others move with the amplitude ofecwtioke
(Imm), both in actuation direction®); is activated. Then, due to
contact alignment and wear, particles move in ggmdicular
direction - toward the less contact pressure aseatipn 4.) -.
From T1 to T2, friction coefficient starts to inase from 0.2 to
0.6. Projections of powdered particles appeag: ifQactivated.
These particles remain in the range of the cyalekst(+/-1mm).
So, although they are ejected from the contacty #re quickly
reintroduced: Q, is activated. Between T2 and T3, powdered
particles agglomerate into clusters. As soon asstefusize
overpasses a threshold, they crack and resultingjclea are
ejected again (Fig. 6:ig. 6. The major part of these ejected
particles is projected far away from the contact are no more re-
introduced:Q,, is activated. In the same time, friction coeffitie
decreases to around 0.4/0.5. Then, white areasaappbey are
suspected to be Ti-6Al-4V substrate. From T3 to Jdme dark
areas suddenly lighten and move along actuatiactiin, typical
consequence of a shearing modig]. White areas are increasingly
present. § body flows activity decreases: particles circulmt®
the contact, are ejected, reintroduced, and ejectfihitely.
Simultaneously, friction coefficient stabilises and 0.4.

From CO to C1Kig. 5-9, contact area materializes by shading
in the centre of observation window); and Q are slowly
initiated. Shade area is not homogeneous but skesuperimpose
on milling tracks. Until C1, friction coefficientsi quite low -
around 0.1/0.2 -. From C1 to C2, the size of thelsld area grows.

Supp|ementa|’y materDa|Here’ purpose is rather to h|gh||ght how The created % body particles move along actuation direCtiOnhWit

the chosen method is applied to piezoelectric imenbtor in order
to be used on other cases. Thus, only milestonels asin situ
observations with transparent glass pissc(ion 3.} and post
mortemanalyses qection 3. are exhibited once, leading to the
understanding and to the improvement of this tobaal system
(section 3.3 Complete analysis can be found4w)].

3.1.In situ analysis: tests with transparent glass pins

Tests with transparent pins are recorded by mehasamera.
From the generated videos, significant pictures etteacted and
compared to monitoring dat&i(. 5).

Test on coated Ti-6Al-4V pad is firstly describedg( 5-5.
Then, test on fibreglass filled polymer pad is diésd (ig. 5-9.
The next two paragraphs are intentionally desemptiindeed,

the amplitude of the cycle stroke: they move rathith the pad
than with the pin. Therefore, particles, led by pwl, leave the
contact and are re-introduced at each cygles activated. Friction
coefficient slightly increases to around 0.3/0.4orfr C3 to C4,
shade area does not grow a lot but becomes mored@raous.
Friction coefficient continues to increase until5.0.Globally,
contrary to the test on coated Ti-6Al-4V, partioietion in other
directions than that of actuation was not detedtddewise, no
was detected.

Thus, & body flows are quite different between these finsi
tests. With the coated Ti-6Al-4V pad/3body appears rather
powdered and quickly leaves the contact, leadingntamportant

. On the contrary, ductility and adhesion domintehe 3¢
body layer generated from fibreglass filled polymén situ
observations can now be completed witist morternobservations
on real bodies to get searched contact life.
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agglomerate, resulting into dark clusters on tlfiehiend side picture. Then, as soon as clustermieepasses a threshold, it cracks, resultingsodiden
clarification of the area on the right-hand sidetynie. Related particles are powdered and ejeoted the contact area.

number of cycles, occurring tribological solicitats are supposed

3.2.Post mortem analyses to be the

From previous analyses, the keys toward the ddoryptf the

contact's life between the fibreglass filled polymemd the coated same, leading us to observe the "most worn" testeQests are

Ti-6Al-4V starts to emerge. Coating is expectedbe quickly — achieved, samples are separated to be analysecavB&M/EDX

detached from the Ti-6Al-4V substrate and entrapped the  (Fig. 7).

ductile layer generated on the composite. Thislt®su (i) a short The coated Ti-6Al-4V pad is firstly analysefiq. & followed

running-in phase, (i) a stablé’®dody layer and so (iii) a stable by the fibreglass filled polymer pa#if. 9.

coefficient of friction. These hypotheses have riowee confirmed ~On the macroscopic view-(g. 8.1) contact area materializes with

with post mortemanalyses. It is illustrated on the case of-10 a homogeneous and smootff Body layer. Powdered particles

cycles test with fibreglass filled polymes. coated Ti-6Al-4V. At have been also massively ejected. Ti-6Al-4V substrareas

first trial, test failed before £Ocycles. This test, considered as appears now fully naked, not covered B§ Body. In addition,

critical, was duplicated to check its reproductgiliSecond time, plastic grooves appear off dody layer.Fig. 8.2 focuses on the

targeted number of cycles was reached and surfacphoiogies — area where Ti-6Al-4V substrate appears. The chip8“bbody

were similar[44]. So, beyond the dispersion on the achievedayer are being extruded by shearingM§). Free particles coming
from coating and from Ti-6Al-4V substrate are obsel Fig. 8.3
focuses on out-of-contact area. It emphasizes thssive volume



of ejected coating particles, whose aspect is penydered.Fig.
8.4 focuses on the plastic grooves, whose width iséet 30 and
70um and length is longer than 5@8. These plastic deformations
could be generated by abrasion, due to the glésssfion the
counterface or by rolling. Their occurrence is eathttributed to
rolling (M,), based on the mechanismpy)®ehaviour. Indeed, the
stick-slip actuation would let shorter marks if ggafibres were
responsible for scratching these grooves (step ®zaround
100um). It remains to find what could generate suchoges by
rolling. To do so, a secomqbst mortermranalysis is accrued out on
the fibreglass filled polymer pir-{g. 9.
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accommodation modes introduced in nomenclature.

Fig. 9.1is achieved by topography microscopy to get thapsh
of pin surface after test. A triangular "fault" agped - whose basis
is 90um width and depth is 50n -. Early end of first test is
attributed to this fault. Indeed, as it is perpenthir to the sliding
direction, the stiffness of the pin in this directiis supposed to
drastically decrease. Thus, when it is stresseddbyation, elastic
deformation due to this normal rupture occurs accbmmodates
relative displacement (Bl,). Back on macroscopic views-i.
9.2), areas where fault formed on the composite pa facing
naked Ti-6Al-4V substrate. Thus, fault could bepassible for the

massive abrasion of thé®3ody layer and then of the substrate.

Fig. 9.3 focuses on the fault. Only vertical glass fibrepegy

inside. In addition, fault is surrounded by an avéthout glass
fibres. Fig. 9.3zooms into the fault, focusing on the vertical glas
fibres. A 100pm width composite matrix is being extruded. Pin
progressively rubbing, vertical fibres break intagments and
longitudinal crushed fibres leave the matrix. Thafter a while,
there is no more fibres to cement the matrix. Bfitoles, it breaks
by shearing (9M3). Fault appears=ig. 9.4focuses on contact area
with empty glass fibre slots. Longitudinal fibremVing the matrix,
are free to roll (§V,) until being broken into fragments. This
explains the "grooves" on the Ti-6Al-4V pad.



10

Vertical
glass fibres. #2
!
1

Contact area XT
Contactarca:
Faudt:

N
without-glass fibres

I
1
1
I

Glass_fibre 32
v readystorlea
1AY00-1C

0 accommodation

Fig. 9. Significant SEM observations of th
mode introduced in nomenclature.

3.3.Tribological circuit: contacts’ life laser vibrometer at the vertical of the pifig. 10. Impacts happen
just after the stick phase. So, it can be suppdbed wear

As a synthesis, the tribological circuit of theréiglass filled ~mechanisms initiate under effect of shearing andpairh
polymer pin on coated Ti-6Al-4V pad is proposed able 2 (Mg+impact).

In comparison with test at iCcycles [44], Q. drastically
increased, due to the formation of a fault in tbenposite pin and 40 1 occiiating mass horizontal displacement 50
to the resulting abrasion of counterface. Howetres,formation of —Moving mass horizontal displacement
cohesive 3 body layers on both®bodies - mixing coating, glass e eseenent
fibres and polymer matrix - have limited wear flow,. Thus, &
body has mainly circulated and recirculated ineo¢bntact ©; and
Q).

So, first, a cohesive and abrasive layer for@s:andQ, are
activated. Progressively, layer becomes homogenenumlance
occurs between the differen ody flows. Then, the fault starts
to appear, increasing roughness and abrading TFé&A$ubstrate. 20 10
Thus, normal rupture starts to partially accommedeglative 0 2 4 6
displacements, leading to an early test end. Time [ms]

Notice that an impact mode - normal separatiomefcontact - Fig. 10.Measure of contact separations (green curve). Itegacur after
has been observed on other SEM micrographs anduneehwith a stick-slip transition.

20 30

Horizontal displacement [um]
Vertical displacement [pm]
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Table 2. Tribological circuit resulting from test analyseghwfibreglass filled polymer pin on coated Ti-6A¥ pad. Accommodation sites and modes in
bold are the main ones among those inventoriedtaCfife temporal evolution is deduced from theday of contact schemes at different stopped.tests

3rd hody flows Accommodation Contact scheme
; Q. Sites: Modes:
QS Ql S M
Qr Qw ! ]
Fy=k.Az il
Composite P
Initial state &—_ > -
after machining,
before test - ] | o e o ;o
Ti-6Al-4V substrgte -
Actuation direction
S;: Impact, M, Extruded strip  Smooth  Revealed “Chocolate spread” Fragile
of 3dbody 3" body layer glass fibre 31 pody 31 body
S;: Impact, M,, M5 W
10 cycles  ++ ++ + + o Impact e . Impact - %
g
S,:  Impact, M .\‘ m il e /&% ol @ .
Extruded powdered  Ti-6Al-4V Cohesive, few homogeneous
Ss: Impact coating-39body  sharp particle coating layer
. Glass fibre slots Area without Polymer matrix
S;: Impact, M, M; filled by 3" body  cementing glass fibres Fault being extruded
S;:  Impact, M5, M,
108 cycles ++++  +++  +++ ++
S,: Impact, M,
S,:  Impact, M, Extruded powdered ~ Thin remaining Grooves due to

3" body layer

coating-3" body crushed glass fibres

The analysis of this contact highlighted the impafct™ bodies
orientation. Indeed, repeated solicitations on tbemposite
material lead to damage it on a long term. As altepursued
performances for a long lifetime are not addressEdus, it
becomes necessary to study the reverse configorataated Ti-
6Al-4V pin on fibreglass filled polymer pad.

The whole analysis of this contact is proposeddifi. As a
synthesis, the tribological circuit of the coated6Al-4V pin on
fibreglass filled polymer pad is proposedriable 3

In comparison with test at 4@ycles, the morphologies of both
1% body surfaces are not so different, and so &d&a&ly flows.
Indeed, lifetime tests last 4@ycles against fecycles tests. So,
the volume of mobilized particle is logically moigportant.
However, the amplitude of internal source flw and wear flow

did not change. What is interesting with the &st® cycles is
the amount of coating particles which joined andediinto 3¢
body layer on the composite surface to cementrée dlass fibres
fragment resulting from the repeated impacts. Tinternal flow
Q and recirculation flov®), may slightly increase.

So, as in the reverse contact configuration, fanstabrasive
layer forms. Then, progressively,3body layer becomes

homogeneous: a balance occurs between the diff@®rtody
flows and friction coefficient slightly decreas&ut, contrary the
test in the reverse contact configuration, as thieatly rubbing the
most (pin) is in coated Ti-6Al-4V; it does not letdearly failure.
In addition, as the*ibody rubbing the less - the composite pad -
progressively forms a ductile and cohesive layemfrpolymer
matrix, it leads to trap the different®ody particles. This results
in a stable and abrasive layer, leading to an itaporfriction
coefficient - around 0.5 - stable all along lifeém

Finally, tests at 10cycles emphasize that, with fibreglass filled
polymer and coated Ti-6Al- 4V as'bodies, abrasion drives wear
mechanisms. When pin is in composite, it results iquite low
wear flowQ,, but in an early test failure due to a normal rugtof
the pin. In a reverse configuration, it resultsriportant & body
flows leading to a high wear flow),,. In this configuration, the
ductility of the 3 body layer formed onto the composite surface
makes it possible to trap the most of solid paticlleading to
quickly stabilize % body flows amplitudes and so the
performances in a long lifetime.
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Table 3. Tribological circuit resulting from test analyseghwcoated Ti-6Al-4V pin on fibreglass filled polym pad. Accommodation sites and modes in
bold are the main ones among those inventoriedtaCfife temporal evolution is deduced from theday of contact schemes at different stopped.tests

3rd hody flows Accommodation Contact scheme
; Q. Sites: Modes:
@ Q S M
Q Q. P
il il Fy=k.Az } }
i-6Al- Impact 4 Vticksii Pivot
Initial state TgAI 4V substrate fL+ stcksip :_l o S
after machining, o o il N 2 -_ F
before test . T —
omposite -
Actuation direction
S, impact M Extruded powdered Cohesive, homogeneous Coating merging
2 >3 coating particles smooth 31 body layer into layer
°
= poe pee,
e %e L3
104cycles  +++  +++  ++ Sy M, %° ee . aniates °2.
- ° o °o ° LX)
. Extruded * Sheared Free powdered
Ss:  Impact, M polymer matrix 39 body layer coating particles
Sli Impact, M3 Grooves due  Thin remaining Pitted and Extruded powdered
to glass fibres 3" body layer scratched surface  coating-3' body
S,: Impact, M, asm m.'acP . _v}‘
106cycles  +++ ++++ -+ ++ S o, P o
° °
S;:  Impact, M;, M, '}0
Sheared Glass fibres Cementing 31
S;: Impact, M, 3rd body layer fragments body from coating

4. Results and Discussion

4.1.Main outcome

From the comparison between the orientation of 1ibodies,
a lifetime test with a coated Ti-6Al-4V pin agairstfibreglass
filed polymer pad has been achieved. The targewachber of
cycles was ten times higher than before:’ iycles/20-km
equivalent sliding distance. This test was achiesedirst with
stable speed performances and successfully repedduigy. 11).

4.2.Mechanism effect of test bench in comparison veigth motors

Although the introduced tribometer is actuated by a
piezoelectric actuator and the contact is preloasligd a spring,
some differences with inertia motors remain. Intipatar, with the
tribometer, an impact mode - normal separationhef ¢ontact —
occurs Fig. 10. Highlighted by SEM observations and laser
measurements, it helps to form tH& 8ody layer and to make the
performances repeatable. Maybe impacts also oatuinertia
motors but it has to be demonstrated. So, it waadstitute an

In comparison with 1Bcycle tests, sudden decreases/increasel§teresting perspective. Likewise, now the methodal

of mean speed regularly appear after $cM@les and an important
cohesive wear is observed. We could imagine thetatbse of its

framework has been set up, it could also rely @apitst mortem
observations of inertia motor to characterize itdbotogical

low ductility, the & body layer on composite surface loses itsSolicitations directly.

cohesion with repeated stresses. It would lead tbhean increase
of wear flowQ,,, with the ejection of cohesive particle clustens,
consistence with previous observations. Some satlesarea would
be then available to be sheared agagM@h Thus, a new ductile

A second difference between the tribometer and nemitors is
attributed to the observation window. Impact ofsteibservation
window has been assessed by means of an FEM siomulan
Abaqus [44]. When there is no observation window, contact

and cohesive "8 body layer would form. If these results constitute Pressure is around 7.5MPa along the contact linalug/ is

a progress, it should be necessary to lead a sipdat mortem
analysis to confirm the origin of the speed vaoiasi.

ek gl il

n
o

-
o

|

Additional observations necessal

3I‘d bOdy Iaxer Missing data due t::)I t I th iati ry
0 initial formation seftware malfunction o analyse these variations
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o
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6
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Fig. 11.Mean speed in both actuation direction for &lifétime test with

coated Ti-6Al-4V pin against fiberglass filled polgr.

8 10

108

0

consistent with mean/max Hertz contact pressur8/8@MPa
(Table ). On the contrary, with the observation window,
maximum contact pressure is located on the edgdsnareases to
9.0MPa. This explains the initiation of ®ody flow Q. on the top
of the window and then, its propagatigntoward the centre of the
window. Since it has not been done here, it woaldniteresting to
carry out tests without observation window.

4.3.Impact of using intermediate transparent glass pins

The impact of using glass can also be estimateds Imitial
state, the surface of glass pin is smooth and velisnstiff and
hard. Resulting"$ body is very powdered. In comparisoff, l3ody
produced by fibreglass filled polymer and coated6Al-4V is
more ductile-abrasive and cohesive-powdered, réispbc This
could explain that the low intensity of*®ody flows observed in
test with glass pin on composite pad is more ctersiswith the
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observations on reafbodies than that observed in test with glass  Finally, by replacing the initial - composite pis.\vcoated Ti-
pin on coated Ti-6Al-4V pad. Thus, tests with tpe®ent pins 6AIl-4V pad - contact by the reverse configuratiooated Ti-6Al-
bring out crucial information on"3body flows but they are not 4V pin vs. composite pad, made it possible to iaseethe inertia
sufficient alone and have to be carried out in sypevith tests on  motor lifetime. Indeed, switching the™1body material is not

original ' bodies. innocuous. It was induced by the issue of slidiiggasthce. Whereas
the pin is always sliding (and wearing), the sligglistance "seen"
5. Summary and conclusion by the pad depends on the stroke of a cycle (+/-1rara). So, pad

necessarily "sees" less sliding distance. By tlag,he lifetime of

The purpose of this work was to characterize tdpimal ~ inertia motors has been multiplied by more than &ewl, above all,
solicitations in piezoelectric inertia motors. Tehave such a Without multiplying tests with numerous friction teaials.
purpose, a dedicated tribometer has been developéis
tribometer is actuated by a piezoelectric actuatm preloaded Acknowledgement
with a spring to get closethe behaviour of a real motoin
addition, instrumentation has been implemented dth lobserve This work was partly supported by the National Asation for
what happens inside the contact by means of apgaaest glass pin  Research and Technology (ANRT) through the CIFREvention
and to monitor friction coefficient and speed parfance #2013 1518
evolution. Likewise, an analysis framework - based3% body
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Supplementary material

Step 1: Ante-mortem
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Step 3: Post-mortem
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Supplementary fig. Tribological procedure. Each step - dashline frargestructured with substeps - rectangle -, peréat in sequences - oblong -, with
tools - ellipse -, leading to results - diamondnd thus to conclusions - post-it note -.





