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Wear analysis at the micro/nanoscale appears as a great challenge for MEMS/NEMS devices. At this scale
classical post mortem analysis - like profilometry or AFM assessment — often failed because (i) the error
in wear assessment owing to the elastic recovery is no longer negligible at this scale and (ii) the presence
of nanometric tribolayer within the contact cannot be take into account when the contact is opened
afterward. So, this paper deals with an in situ wear assessment based on a triboscopic approach where
the final position z; of the ball is known without opening the contact because its vertical position is
assessed at every instant of the process. This triboscopic assessment considers the initial approach of the
surfaces zo and gives the wear rate by taking into account the presence of any tribolayer within the
contact. It requires some corrections as (i) the tilt of the sample and (ii) the initial displacement of the
surfaces, which is a function of the mechanical properties of the samples. The latter are determined by
using an inverse method combining spherical nanoindentation and boundary element numerical
simulations, which are both described too. Validation and application of this in situ approach to the
running-in wear assessment of thin soft and hard coatings currently used in MEMS manufacturing are

finally presented.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

At the micro/nanoscale wear analysis is a great challenge,
especially for MEMS/NEMS devices that can be strongly affected by
various surface phenomena, such as friction/stiction, micro- and
nanoscopic wear, surface contamination and environmental effects
[1-8]. Besides, nanowear mechanisms met in various microsystems
are generally closer to the polishing process in terms of wear rate [9]
than the classical mechanisms of abrasion [10], adhesion [7] or
ploughing [4,11,12]. This peculiar wear process mainly results from
the combination of a low contact pressure and a closed multi-asperity
tribocontact that acts as a triboreactor at the micro/nanoscale [13-17],
where thermal effects [18], chemical and physico-chemical interac-
tions [19,1,20,21,7], environment's influence [14,22-24,15,19,25], and
tribolayer are likely to control the tribological behavior, as a self-
organization process [26,27,15,16,18,17].

Currently, topographical assessment is commonly used for analyz-
ing wear at this scale [3,2,11,28,29]. Wear is then measured by
determining the depth (or volume) of the wear track at the end of
the test with a profilometer [10,30,21,23,31,15,16]. However, it is
worth noting that this post mortem assessment is only suitable when
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the wear level is much more significant than the deformation one.
Otherwise the error on the wear value due to the elastic recovery is no
longer negligible [30,32,31]. In addition, this approach clearly assumes
that only the mechanical component of wear occurs. This is generally
true in a LFM/FFM experiment that simulates a mono-asperity contact
with an AFM tip [10,21,33,34,17,35], but not any more in a real MEMS
displaying many asperities [1,20,36,37,7,22,38,25,17]. In the latter case,
physico-chemical aspects are superimposed on the mechanical ones. As
a result, adhesive wear component also occurs leading to the formation
of a self-organized tribolayer that usually controls both the friction and
wear behaviors [39,27,26,15,16,18]. Thus, whatever its intrinsic accu-
racy [32,30], the main drawback of the topographical assessment is
that any measurement is always carried out after the contact opening,
meaning the loss of all the existing relationships between the frictional
evolutions and the wear events. Hence, while this classical post
mortem approach generally fails in the presence of such tribolayer, a
real-time wear assessment would be likely to consider any dynamic
influence of tribolayers on the tribological behavior [40,14,23,24,17].
Interesting ways to study a continuous running-in tribological
system in real-time were recently proposed by Scherge et al. [41,9]
and Dienweibel et al. [42]. The former describes an in situ wear
assessment that is based on a radionuclide-technique, as a thin
layer activation method [41] while the latter, rather proposes a real-
time wear assessment using an on-line topographical approach
[43]. All these approaches might work successfully in the case of
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MEMS because of their own accuracy and extremely high resolution
(typically 0.1 nm/h).

As a simpler alternative, this paper describes an in situ
approach which allows us to study wear mechanisms occurring
on the micro/nanoscale level by considering a multi-asperity
contact under low contact pressures (several hundreds MPa) and
relatively high velocities (several mm/s) as met in MEMS [17]. This
triboscopic approach considers the initial deformation of surfaces
and gives the wear rate by taking into account the presence of any
tribolayer within the contact. This in situ triboscopic approach will
be detailed in Section 2 and validated on reference samples (pure
silver and gold) in Section 4. The method will be finally apply to
the case of thin soft and hard coatings currently met in MEMS
manufacturing [44-46].

2. Theoretical background and practical approach
2.1. Triboscopic approach

Let us consider an experimental device [17] consisting of a ball-
on-disc nanotribometer in a linear reciprocating mode (see Fig. 1
and details in Section 3.1), which simulates a typical MEMS
tribocontact - as a comb drive for instance [1,20,5]. A Si3N,4 ball
(¥ 1.5 mm) is mounted on a stiff lever designed as a frictionless
force transducer and loaded onto a flat sample with a precisely
known force using a closed loop. The friction force is determined
during the test by measuring the deflection of the elastic arm. A
real-time depth measuring optical sensor is used for studying any
vertical displacement of the ball along the friction track (Fig. 1).

Fig. 1. Ball-on-disc nanotribometer and its real-time depth measuring optical
Sensor.
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Results can be then compiled as a triboscopic approach giving
simultaneously, and for each cycle:

® the friction map (Fig. 2a) plotting the evolution of the friction
coefficient along the friction track;

® the so-called depth map (Fig. 2b) revealing any time-dependent
wear process and/or potential build-up of a tribolayer within the
contact [17]. However, this depth map cannot directly be assimi-
lated to a real wear map because it includes: (i) the titling of the
flat sample and (ii) a wrong value of the initial vertical displace-
ment which actually corresponds to the initial elastic—plastic
displacement of the flat sample under the initial applied normal
load (so-called zp).

Thus at the micro/nanoscales, and in contrast to the classical
approaches of macroscale wear assessment, a preliminary accurate
knowledge of the elastic—plastic behavior of samples is necessary
because the deformation process strongly affects the precision of
the wear map initialization. Keeping this consideration in mind,
the nanotribological process - leading to the depth map (Fig. 2b) -
can then be decomposed into four stages as follow:

® Stage 1: The loading that involves a vertical displacement zo from
the initial surface. This value corresponds to the actual zero-wear
vertical position. It can be computed by means of numerical
simulation [47-49] - as a classical indentation problem of
spherical punch on flat sample - as soon as the mechanical
properties of each of the contact antagonists are known (i.e., ball,
coating and substrate in a general case).

® Stage 2: Starting from zo, the sliding involves an evolution of the
instantaneous vertical z; as a function of both the lateral
displacement and the number of cycles. Thus, any variations
of z; can reveal abrupt changes in the wear process. Note that z;
normally increases when wear process occurs but it can also
decrease - and even become lower than the initial displace-
ment zo - in the presence of a tribolayer within the contact [17].
In practice z; can be extracted from data provided by the real-
time depth measuring optical sensor from the triboscopic
approach. However, since tribological tests are carried out in
a linear reciprocating mode, a post-treatment of the raw depth
data is needed in order: (i) to separate data from the forward
and backward signals and (ii) to correct the sample tilt error. By
considering the sign of the sliding velocity along the friction
track, two depth maps (Fig. 3a and b) can be extracted from a
GNU Octave script (http://www.octave.org/) and studied sepa-
rately with the topographical software Gwyddion (http://gwyd
dion.net). Using the latter, sample tilt error along the friction
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Fig. 2. Typical views resulting from a triboscopic approach giving simultaneously and for each cycle: (a) the evolution of the friction coefficient along the friction track (so-
called friction map) and (b) the evolution of the ball depth within the friction track (the so-called depth map in pm). Samples: Si3N,/Silver - 45 mN - 100 cycles - 1 mm s~ 1.
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Fig. 3. Various stages of the wear map construction from the depth map raw data: extraction of the forward (a) and backward (b) depth map. Correction of the sample tilt error
from the forward depth map (c) by applying a least mean square algorithm on each cycle (d). Samples Si3Ng4/Silver — 45 mN - 100 cycles - 1 mm s~ 1.

track can be easily corrected on the forward depth map (Fig. 3c)
by subtracting a least mean square slope on each cycle (Fig. 3d).

® Stage 3: At the end of sliding and just before unloading, the final
displacement zris assessed from the last cycle of the forward depth
map. This value is strongly connected to various processes that are
likely to occur during the tribological tests: reversible elastic and
irreversible plastic deformations [50,8], stable and unstable fracture
phenomena [51,52], wear processes [6,21,53,54,25], and materials
phase transformations [27,53,55]. Thus, knowing the initial dis-
placement zo and the final displacement z; an accurate estimation
of the actual wear rate can be computed by (zo—z). It is worth
noting that the presence of any tribolayer is obviously detected by
using this procedure.

® Stage 4: After unloading, the previous value z; can strongly decrease
to a residual depth z, depending on the mechanical behavior
of the samples after sliding. This residual depth z, corresponds to
the one generally assessed by AFM profilometry [3,11,8]. Its value
is generally controlled by the wunderlying friction-induced
processes — like fracture [51] or sub-surface plastification mechan-
isms [50] - that are likely to occur during the test. Hence, z, is often
very different than the real value of the wear depth corresponding
to (zo —zs). The origins of this difference can be analyzed with the
help of numerical simulations by studying how the mechanical
properties of samples are modified by the tribological solicitations
[52,56,35]. Note that the in situ method could be satisfactorily
validated at this point by using a post mortem topographical
approach with samples displaying a negligible elastic recovery in
order to have approximatively z; ~ z;. So, in that case, the wear rate
could be computed by (zp —2z;) instead of (zo —zf).

Fig. 3 summaries the construction of the wear map from the raw
data that are extracted from the forward depth map given by the

real-time depth measuring optical sensor. However, the initial
vertical displacement (zp) due to the applied normal load is not
considered yet. This zero-wear position need to be computed, for
each normal load, by means of numerical simulations implement-
ing the indentation problem of spherical punch on flat coated
sample, as shown in Fig. 4a. Considering this initial offset, the
actual wear map (Fig. 4b) is then obtained by changing the initial
depth value of the previous forward wear map (Fig. 3d) by the
computed value of zg (Fig. 4a).

2.2. Assessment of the mechanical properties of the samples

As mentioned earlier, an accurate assessment of the elastic-
plastic behavior of samples is needed because nanowear measure-
ment is directly connected to an exact computation of z, that itself
depends on the mechanical properties of the samples. Spherical
nanoindentation appears as a suitable tool for determining these
properties at the micro/nanoscales. However, classical approaches —
e.g., Oliver and Pharr or Field and Swain ones [57] — no longer work
in the presence of thin coatings because they are too sensitive to the
indentation size effect at low loads [57] and to the substrate effects
at high loads [58]. Hence, an identification approach has been
specifically developed in order to extract the intrinsic mechanical
properties of thin coatings by avoiding the substrate's effects [59].

Basically our approach combines spherical nanoindentation (R; :
50 pm) with numerical simulations of the nanoindentation process.
It never tries to experimentally assess the actual properties of the
thin coating but always measures the combined properties of the
compound (coating + substrate). Knowing these, and the mechan-
ical properties of the substrate as well as the thickness of the
coating, the mechanical properties of the thin coating are then
identified by using a hybrid algorithm coupled with a numerical
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Fig. 4. (a) Determination of the initial vertical displacement z, for various normal loads using a boundary element analysis. (b) This value is integrated in the previous wear
map (Fig. 3d) for initializing the first cycle. The correction is about 65 nm in this case. Sample Si3N4/Silver — 45 mN - 100 cycles - 1 mms~'.
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Fig. 5. (a) Hybrid algorithm driving a nanoindentation simulation code (b) for identifying the mechanical properties of a thin coatings (c).

code, which simulates the nanoindentation process [59], as shown
in Fig. 5. This kind of algorithm is required owing to the complexity
of the problem to be solved [60]. Indeed, as shown in Fig. 5, a tabu
search algorithm [61] ensures the tracking of the global minimum
by avoiding the local minima whereas a quasi-Newton one enhances
the precision of the last optimum [60]. Details of this algorithm and
its validations on various thin coatings and tribolayers are available
in [59,16].

For a self-contained purpose, we just recall that its formulation
consists of minimizing - by an iterative process - an objective
function based on the difference between a vector of experimental

data and the same data obtained with a numerical simulation of
nanoindentation process. Four data, which are extracted from the
load-depth curve of the compound (coating + substrate), are
needed for the identification process [59]. An additional parameter
is also required to take into account the amount of plastic
deformation around the spherical indent [58]. The latter can be
experimentally assessed from the topographical analysis of the
residual imprint by using AFM profilometry. Thus, knowing the
mechanical properties of the substrate and the thickness of the
coating, our identification strategy — that is summarized in Fig. 6 -
combines experimental and numerical steps as follows:
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Fig. 6. Parametric identification procedure given the stress-strain law of thin coating knowing the mechanical behaviors of the compound (coating + substrate), the

substrate and the thickness of the coating.

e Perform spherical nanoindentation test (about thirty for statis-
tical validity) at relatively high normal load on the coated
sample by using a 50 pm radius diamond indenter (Fig. 6a).

® Construct the average load-depth curve from the experimental
indentation curves (Fig. 6b). Use this average curve, to deter-
mine: (i) the maximal depth hy; (ii) the contact stiffness S at the
beginning of the unloading ; (iii) the residual depth h, and, (iv)
a point of the loading curve: at 50% for instance.

® Make topographical assessment of the indent's imprint using
AFM profilometry (Fig. 6¢c) and compute the experimental
average ¢ parameter — proposed by Alcala et al. for characteriz-
ing the amount of piling-up or sinking-in around the spherical
indent as a fraction of the maximum penetration of the indenter
hs [58] - from the topographic profiles (Fig. 6d). The Alcala's
procedure is used to:

(i) establish the location of the contact radius, a, upon

complete unloading;

(ii) measure the value of h, the location of the contact area;

(iii) calculate the difference hs —h =u, at r=a where h; is the
maximum depth of penetration underneath the original
surface;

(iv) compute the quantity 1—u,/hs which gives the value of c?
(resolution better than 2%);

® Combine all these experimental values as a vector of experi-
mental data and use them - in relation with both the substrate's
mechanical properties and the coating's thickness — as input data

of the hybrid algorithm (Fig. 6e and described in Fig. 5a), which
drives the numerical code modeling the nanoindentation pro-
cess (Fig. 6f) in order to identify the average mechanical proper-
ties of the thin coating.

As soon as the algorithm stopping criteria are reached [59], the
identification process is stopped and the parameters of the stress—
strain law of the thin coating are found and analyzed as shown in
Fig. 5¢. These latter are finally used for computing the initial vertical
displacement zy in order to initialize the first cycle of the wear map
(see Fig. 4a). The above algorithm is coded on SCILAB (http://
scilabsoft.inria.fr) because it integrates some Scilab functions which
avoid the development of classical routines [62].

2.3. Multiscale numerical simulations

Numerical simulations required for the wear assessment (Section
2.1) and for the nanoindentation testing (Section 2.2) are both
connected to the same mechanical problem: the indentation of a
flat coated sample with known film thickness by a spherical punch.
The only differences between the two simulations are the radius and
the material of the ball - ie, 50 pm radius diamond ball for
nanoindentation tests, and 750 pm radius Si3N4 ball for nanotribo-
logical tests. Hence, the same numerical tool can be used in both
cases. In this work, the boundary element method [52,51,63,49] is
adopted for the solution of the indentation problems. In this context,
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it is a well-established alternative to the powerful finite element
method (see e.g. [56]) because of its ease to handle non-conforming
contact problems with localized plastic zone [64,48].

For each model, the lateral dimension of the specimen is then
adapted such that the results are undisturbed by end effects (Fig. 5b).
As shown in Fig. 5¢, the film and the substrate are both modeled as
an elastic—plastic medium with a bi-linear stress-strain law - ie.
with three parameters: (i) the Young modulus E, (ii) the yield stress Y,
and (iii) the strain hardening factor K — enabling to model both soft
and hard coatings [63,49]. Since the load applied on the punch is
small enough - several tens of mN - the problem can be treated
within the framework of the small perturbation hypothesis of the
classical continuum mechanics [64]. The plastic problem is treated by
the radial return algorithm, which is an implicit strategy based on the
concept of consistent tangent operator insuring a good convergence
during the identification process [49]. The classical approach requir-
ing volume cells limited to part of the medium where plastic flow is
expected is implemented as mentioned in [64] and shown in Fig. 5b.
Our homemade code is programmed in FORTRAN for computing time
efficiency [65,64]. Details of its implementation and validation on
various indentation problems are available in [63].

3. Experimental part
3.1. Multi-asperity nanotribometer

The experimental device (Fig. 1) consists of a ball-on-disc nano-
tribometer manufactured by CSM Instruments (Switzerland) [17]. The
friction force is determined during the test by measuring the deflec-
tion of the elastic arm (Kx =265.1 Nm~!; K, =152.2Nm~"'). The
750 pm radius SizNy4 ball is loaded onto a flat sample with a precisely
known force using the closed loop. The normal load and friction force
resolutions are about 1 pN. Tribological tests are carried out in a linear
reciprocating mode at room temperature (22 °C) under controlled
environment (RH 35%). The normal load varies between 10 and 90 mN
which corresponds to a contact pressure varying in the range 0.32-
0.85 GPa. The stroke frequency, the stroke length and the stroke length
resolution are 10 Hz, 4+ 0.5 mm, and 250 nm, respectively. The velocity
and the sliding distance are 1 mm s~ and 0.2 m corresponding to 100
cycles.

A real-time depth measuring optical sensor has been specifically
designed in order to study the time-dependent wear properties.
The depth range varies from 20 nm to 100 pm with a resolution of
about 20 nm. Results can be compiled as triboscopic views display-
ing both the friction map (Fig. 2a) and the wear map (Fig. 4b).

3.2. Nanoindentation

Mechanical properties of samples are assessed with a Nano-
Hardness-Tester (Fig. 6a) provided by CSM Instruments (Switzerland)
[15,49]. It is composed of two elements: an instrumented nanoinden-
ter and a display system combining an AFM head (SIScan Pro-
ULTRAODbjective) and an optical microscope (enlargements x 50 and
x 1000). These elements are linked with an electromechanical posit-
ioning system (X,Y), which allows a relocation of the sample between
the indenter and the microscope with a precision of 0.5 pm. The
vertical displacement and loading resolutions are respectively 0.03 nm
and 1 pN. The compliance of the apparatus is 0.25 nm mN~'. The
indenter is a 50 pm radius spherical diamond indenter (E; : 1141 GPa,
v; : 0.07).

The combined optical/AFM system gives the possibility to
locate the indented zone with the optical microscope and to scan
this zone after indentation in high resolution with the AFM contact
mode. As mentioned earlier, AFM topography of the imprint is
needed to compute the experimental ¢ parameter (Fig. 6¢). The

spatial resolution of the AFM is lower than 1 nm. The stiffness of
the cantilever is 0.36 Nm~ .

3.3. Post-mortem wear assessment

The triboscopic wear assessment provides an in situ wear rate
leading to a final wear amount that needs to be quantitatively
validated. Post mortem approaches might work for this purpose if
the sample's contacting surfaces display a negligible elastic recov-
ery as pure silver and gold, for instance [12]. Two complementary
post mortem methods have then been chosen:

® (i) atopographical approach is used by means of a phase-shifting
interferometric profilometer ATOS MICROMAP 570 (A=520 nm)
with a spatial and vertical resolution of 0.5 um and 0.02 nm,
respectively [17]. Worn volume is classically computed by
integration of the height distribution, as detailed in [16];

® (ii) an accurate mass lost approach that uses a quartz crystal
microbalance (QCM) provided by Testbourne Ltd (England). QCM
is classically employed as an in situ approach (see e.g. [66]).
However, it cannot be used like that in our case because the
contact between the ball and the sample would influence the
resonance frequency during the test. So, post mortem wear of
250 nm thick gold electrodes - deposited on AT-cut quartz crystal
(01 in and 330 pm thick) and submitted to nanotribological tests
- has been evaluated by measuring the frequency before and after
tribological tests. Knowing this frequency shift, the mass lost can
be estimated using Sauerbrey's equation [66] as follows:

2fs Am

N,
where Af (Hz) is the variation in frequency induced by the
variation in mass Am (g), p and u are the crystal density
(2.648gcm-3) and the shear modulus (2.947 x 10'' g
cm~! s—2) of quartz crystal, respectively. A (cm?) is the sensitive
area corresponding to the electrode area (0.32 cm?). N is the
overtone number, and, fo(Hz) is the fundamental resonance
frequency of AT-cut quartz crystal (5 MHz).

Af=—N

Sauerbrey's equation is well adequate here because the gold
coating is thin and continuous along the quartz resonator [66].
So, QCM appears as a very accurate method for the post mortem
wear assessment (precision around 10~° ng cm~2) because of its
very high sensitivity constant (~17.7 ng cm~2 Hz~! for an usual
5 MHz quartz resonator).
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Fig. 7. Evolution of the friction coefficient vs. normal load (Si3Ny4/Silver, 100 cycles,
1mms-1').
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4. Results and discussion

4.1. Validation of the in situ triboscopic approach on reference
samples

4.1.1. Qualitative wear assessment
Fig. 7 plots the evolution of the friction coefficient with respect
to the normal load obtained when a SisN4 ball (@ 1.5 mm) is

a

rubbing on a pure silver flat sample during 100 cycles. Obviously,
the friction coefficient increases with the normal load but two
thresholds delimiting a low (Zone 1) and a high regime (Zone 3) can
be noticed around 30 and 60 mN, respectively. Besides, a seizure
phenomenon probably occurs in the high regime zone as sug-
gested by the increase of the error bars. To understand what is
really happening in each zone, results of the in situ triboscopic
approach are plotted in Fig. 8.
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Fig. 8. In situ wear assessment of Si3N,/Silver for various applied normal loads (100 cycles, 1 mm s~'). (a) Triboscopic view of the test carried out at 25 mN (Zone 1):friction
map (left) ; wear map (right). (b) Triboscopic view of the test carried out at 45 mN (Zone 2): friction map (left) ; wear map (right). (c) Triboscopic view of the test carried out at
65 mN (Zone 3): friction map (left); wear map (right).
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In Zone 1 (Fig. 8a), friction and wear maps are both quite
homogeneous along the friction track and over time. Wear depth
is rather low and never exceeds 461 nm at the maximum. However,
when the normal load increases to reach the Zone 3 (Fig. 8b and c),
wear maps reveal the presence of an adhesive tribolayer within the
contact. Its thickness — and probably its cohesion, which is con-
nected to its mechanical properties — increases with the applied
normal load. Indeed, at 45 mN, the wear map reveals that the
tribolayer is not sufficiently cohesive to stay in the contact (Fig. 8b);
it is quickly destructed over time. In contrast, at 65 mN, (Fig. 8c), its
cohesion — and hence, its mechanical properties — becomes strong
enough for controlling the frictional behavior: a seizure phenom-
enon is then observed in the Zone 3 as soon as a tribolayer appears
(around 10 cycles in the wear map). Thus, our triboscopic approach
is sufficiently accurate for detecting any modifications of the
tribolayer properties (cohesion and adhesive interactions).

As a result, in situ wear maps clearly provide qualitative informa-
tion about the evolution of the mechanical properties of tribolayers
within the contact. This information is crucial for analyzing the
possible link between friction and wear process. Is it possible to get
a quantitative wear rate assessment from this approach?

4.1.2. Quantitative wear assessment

Two post mortem approaches are used for validating the quanti-
tative wear prediction ability of our in situ method. Tribological tests
(Ball Si3sN4@ 1.5 mm - 15 mN - 100 cycles - 1 mm/min) have been
carried out on a quartz crystal microbalance resonator constituted
by a piezoelectric 330 pm thick quartz substrate covered by two
thin gold electrodes on each face (250 nm thick). For the sake of
statistical validity, 20 similar tribological tests have been spread out
on the resonator, as shown in Fig. 9a. In fact, there are at least three
good reasons to use quartz crystal resonators here, as tribological
samples:

® First, topographical assessment of the friction track at the end
of the test makes sense because the stress-strain behavior of
pure gold is known to be elastic-perfectly plastic [12]. Thus,
Z; ~ zy, as shown by the scar depicted in Fig. 9b.

® Second, since the hardness of the gold layer is quite low in
regard to that of the quartz, only the gold layer should suffer
wear during the tribological tests whereas the quartz substrate
should display elastic deformation only. This assumption is
clearly confirmed in the inset of Fig. 10, where the wear depth
never overshoots the height of the gold layer. So, the post
mortem QCM approach is also thoroughly licit for assessing
wear rate of the gold electrodes.

® Third, since only the coating suffers wear, the elastic deforma-
tion of the substrate can be then easily computed, as shown in
Fig. 4a, in order to determine the initial offset which initializes
the triboscopic approach. Hence, the latter should also provide
an accurate assessment of the gold layer wear process.

Keeping these considerations in mind, results provided by these
approaches can be compared together:

(i) by using a QCM: the weight lost after 20 tribological tests has
been computed with the Sauerbrey's relationship [66] from
the frequency variations (Af = 25 + 7 Hz). Thus, the average
weight lost per test is about 118 + 15 ng;

(ii) by using an interferometric profilometer: the worn volume
has been computed for each track by integrating the distribu-
tion in height (Fig. 10) [16]. Average volume and surface of the
tracks have been estimated for 20 tests at 5.53 x 10> pm? and
5.44 x 102 mm?, respectively. Knowing the worn material
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Fig. 9. (a) Nanotribological tests carried out on a quartz crystal resonator covered
by gold electrodes. The mass lost per test is around 118 + 15 ng ; (b) profilometric
analysis confirming that only the gold layer is worn.
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Fig. 10. Wear scar topographical analysis of a quartz resonator. The worn volume is

computed by integration of the height distribution. The weight lost per test is
evaluated at 106 + 6 ng.

density (p =19.25), the average weight lost per test is about
106 + 6 ng.

(iii) using the in situ triboscopic approach: the assessment is
carried out on various wear profiles extracted from each wear
map, as shown in Fig. 11a. Typical wear map reveals that there
is no any cohesive tribofilm within the contact but a contin-
uous wear process. Debris are not agglomerated but clearly
ejected outside the contact. As shown in Fig. 11b, the wear
profile looks like the one we used to observe with an AFM tip
(i.e., for a mono-asperity contact). This is not really surprising
if we consider the ratio between the hardnesses of gold
coating and ceramic ball. Indeed, due to the contact pressure,
the initial multi-asperity contact quickly becomes a mono-
asperity one as soon as the first plastic deformation occurs in
the gold coating. In addition, the wear amount is not a linear
function of time. It rather follows a polynomial function
(R=0.989) meaning that the wear rate strongly increases
after the 70th cycle. Note that the wear rate also seems to
be a function of the slider's position. So, the wear map appears
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Fig. 11. (a) Typical wear map obtained during a nanotribological test carried out on a quartz resonator; (b) wear profile given the wear rate directly by fitting a polynomial

curve on it. The initial offset is around 250 nm.

curved. In fact, this curvature is mainly due to the gold matter
which is progressively pushed back to the extremities of the
friction track during the test. After correction of the initial
offset zo connected to the initial surface displacement, a
polynomial fit on wear profiles gives a final depth around
138 nm. Taking into account the final area of the friction track
(544 x 1072 mm?) and the gold density, the average wear
weight lost per test is estimated at 144 + 12 ng.

Results and their respective wear rate are all compiled in Table 1.
Note that the post mortem wear rates are computed by assuming a
linearly dependent wear process in contrast to the one computed
with the in situ approach, which considers the change of slope at
the 70th cycle. Considering the standard deviations of these results,
wear and wear rate values obtained by these three approaches are
very close to each other. Besides, the polynomial fit computed on
wear profiles reveals that the wear assessed by the QCM approach
corresponds to the one observed on the wear map at 95 cycles
instead of 100 cycles, meaning a difference of 5%.

Our in situ triboscopic approach appears finally as a quite
acceptable quantitative approach for the wear assessment at the
nanoscale. This approach also enables the detection of any variation
of the wear rate over time (as shown in Table 1). Thus, an average
wear rate can be directly computed by using a profile analysis on
the wear map. For instance, an average wear rate of 0.69 nm cycle -1
has been obtained for the tribological test plotted in Fig. 8a
corresponding to a tribocontact SisN,4/Silver carried out in the zone
1 at low friction regime (25 mN, 100 cycles, 1 mm/s, zo = 35 nm).

4.2. Applications to the soft and hard thin coatings nanowear
assessment

4.2.1. Nanowear of titanium and titanium oxide thin coatings
deposited on glass substrates

Fig. 12 shows the evolution of the friction coefficient vs. normal
load for titanium and titanium oxide thin coatings deposited on
soda-lime glass substrate by sputtering physical vapor deposition
[44,67,46,45]. Thicknesses of films are about 850 nm.

As expected, soft titanium film is submitted to a seizure phenom-
enon beyond a critical normal load (around 30 mN) in contrast to the
hard titanium oxide film which displays a low and stable frictional
behavior. The in situ triboscopic approach enables to understand the

Table 1
Comparison of the wear assessments given by the three methods.

Wear method Wear amount Wear rate (ng/cycle)

(ng)
Post mortem QCM approach 118 (15) 118
Post mortem profilometric 106 (6) 1.06
approach
in situ Triboscopic approach 144 (12) 0.89 for 0 < ngyees < 70
2.06 for
70 < Neyies < 100
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Fig. 12. Evolution of the friction coefficient vs. normal load for two kinds of PVD
thin films coated on a glass substrate (SizNg, v: 1 mms~—1).

behavior beyond this threshold - i.e., for a normal load of 40 mN.
Note that the mechanical properties of each coatings have been
identified with the procedure described in Section 2 and then
reported in Table 2.

Friction and wear maps at 40 mN are plotted in Fig. 13a and b for
the titanium and titanium oxide thin films, respectively. In both
cases, wear depths are always lower than coatings thicknesses.
However, triboscopic view enables us to accurately detect the seizure
occurrence around 15 cycles for soft titanium film (Fig. 13a). On the
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contrary, friction and wear behaviors are both homogeneous for the
hard coating (Fig. 13b). Yet again, triboscopic assessment detects some
differences between the two layers: height variations observed in
Fig. 13a are mainly due to plastic deformation and ductility of
titanium; no lasting tribolayer is then created. In contrast for the
titanium oxide, Fig. 13b shows that a cohesive tribolayer is gradually
built-up over time. Besides, this tribolayer clearly contributes to a low
and stable frictional behavior. As a result wear rate of oxide is
2.5 times lower than that of the titanium.

4.2.2. Nanowear of carbon nitrite coatings deposited on silicon wafer

Finally, Fig. 14a and b show the friction and wear maps obtained
when a Si3Ny ball (@ 1.5 mm) is rubbing on a 2.8 pm carbon nitride
(CNg) coating deposited on a polished mono-crystal (100) silicon
wafer by using the PE-CVD technique [68,17]. This kind of coatings

Table 2
Mechanical properties of the thin films coated on a glass substrate.

is frequently used in MEMS manufacturing [1,69,5,70,68,8]. The
coating's mechanical properties were determined by the para-
metric identification of the stress-strain law: Ez 325 GPa, Yg
8.75 GPa and Ky : 0.253 GPa as described in Fig. 5c. The applied
normal load and the sliding velocity are 70 mN and 1 mms~1,
respectively. The correction of the initial offset is about 18 nm.

From a wear profile extracted from the wear map (Fig. 14b), Fig. 15a
reveals the presence of a time-dependent nanometric tribolayer
(thickness: 40 nm) which is continuously built-up and destructed
within the contact, as observed experimentally by Adachi et al. for
carbon nitride coatings [69]. On a higher number of cycles (around
10,000 cycles), wear rate can be estimated from the wear profile at
0.18 nmy/cycle.

As reported in a recent paper [19], the formation and destruction
of this kind of tribolayers over time can also be studied by simulating
the same tribocontact with a discrete approach called Movable
Cellular Automata (MCA) [71], as illustrated in Fig. 15b. This numer-
ical wear profile can be directly compared to the experimental one
provided by the in situ triboscopic approach (Fig. 15a) in order to
extract the parameters controlling the interactions between particles.

Indeed, since the numerical wear profile (Fig. 15b) is dependent
on the interactions between particles, which are the simulation's
parameters, the underlying mechanisms controlling the cohesion
and adhesion of the tribolayer can be then studied by seeking the
optimal set of interaction's parameters which provides a numerical

Z-range: 646.2 nm
100 -

Materials properties Titanium thin film Titanium oxide thin film
Young modulus E (GPa) 116 204
Poisson's ratio v 0.32 0.25
Yield stress Y (MPa) 191 866
Initial correction zo (nm) 38.7 241
a
0.8200
l 0.7175
0.6150
0.5125
l 0.4100
0.3075
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Fig. 13. In situ wear assessment of Si3N4/thin film coated on a glass substrate at 40 mN (

100 cycles, 1 mm s~ 1). (a) Triboscopic view obtained for titanium coated on a glass

substrate: friction map (left) and wear map (right). (b) Triboscopic view obtained for titanium oxide coated on a glass substrate: friction map (left) and wear map (right).
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Fig. 14. Typical triboscopic view of Si3N4/CNg —Si(100) at 70 mN (100 cycles and
1mms~'): (a) friction map and (b) wear map.

wear profile that match correctly with the experimental one, for a
same frictional behavior. Analyzing the final optimal set, some
assumptions about the wear mechanisms that are likely to occur
within the contact can finally be proposed. First results using this
approach have been recently published [19].

5. Conclusion

Wear analysis at the micro/nanoscale is a great challenge for the
MEMS/NEMS devices that are strongly affected by various surface
phenomena such as friction/stiction, micro- and nanoscopic wear,
surface contamination and environmental effects. At this scale classical
post mortem analyses generally fail because (i) the elastic recovery is
no longer negligible and (ii) the presence of a nanometric self-
organized tribolayer within the contact, which often controls both
friction and wear rate. To solve this problem and keep the dynamic
relationship between friction and wear, an in situ wear assessment
based method has been developed and presented in this paper. Its key
process is based on a triboscopic approach where the real position of
the ball during the test is known at any time in order to obtain the
final position z; without opening the contact. This method depends, of
course, on the mechanical properties of samples, which are deter-
mined by using an inverse method combining nanoindentation and
boundary element numerical simulations. This approach was qualita-
tively and quantitatively validated and successfully applied on various
thin coatings, which actually generate various kinds of tribolayers.
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Fig. 15. Comparison between the wear profile obtained by (a) the in situ wear map
(extracted from Fig. 14b) and (b) the numerical simulation of this tribocontact using
the MCA approach [19].

In addition, results demonstrate that this in situ wear analysis is
completely compatible with that computed by using discrete elements
methods confirming then the possibility of coupling the two
approaches in order to extract and identify the internal interactions
occurring during the wear process.
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