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A new experimental approach is proposed to investigate the friction behaviour and highlight the re-
lationship with the tribofilm formation. It is based on the accumulation of several free dynamic re-
sponses of a single-degree-of-freedom damped oscillating system on the same sliding surfaces. By
analysing the decreasing amplitude of the damped free dynamic responses and their associated en-
ergy decays, it is not only possible to describe the evolution of the tribological behaviour, but also to

accurately identify velocity-dependent and velocity-independent friction contributions as the gradu-
ally formation of tribofilm. To demonstrate the relevance of this original technique, two tribosystems
were studied, each lubricated with either base oil or formulated one, and by comparing the results
with those obtained by a conventional linear tribometer.

1. Introduction

Friction is a complex phenomenon that occurs in many
daily and industrial applications. It can represent an advan-
tage or a drawback, depending on the domain. Neverthe-
less, a controlled friction is undoubtedly one of the ultimate
goals of modern technology. Lowering friction/wear of tri-
bological systems are among the current challenges for many
industries: internal combustion engines, transmission sys-
tems, bearings, efc.

In order to reduce friction in mechanical systems that
operate under extreme conditions, there are several param-
eters that can be considered. We can mention without be-
ing exhaustive, contact pressure, surface finishing, lubrica-
tion with the use of formulated lubricants. In literature, it
is shown the great interest of chemical additives added to
the lubricant base oil. In fact, additives react with surfaces
and produce a tribochemical film that facilitates the sliding
of the surfaces in contact by reducing friction and wear [1—
4]. This tribochemical film is simply called tribofilm. Up to
now, there has been much more emphasis by researchers on
tribofilm formation, Kinetics of their creation and removal,
their characteristics and the factors that affect them. To
achieve optimal tribological performance, it is also impor-
tant to investigate the evolution of the induced friction coef-
ficient during tribofilm formation.

Currently, the conventional tribometers, mainly linear or
rotative, evaluate the friction and its evolution by a contin-
uous measurement of the tangential force during tribofilm
formation. The friction coefficient is generally defined as the
ratio of the mean measured tangential force to the mean nor-
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mal force measured through force transducers. Nevertheless,
it is difficult to obtain accurate measurements of the friction
when the shear strength at interface regions becomes very
low, because of the force transducers limited precision [5, 6].
Moreover, this classical approach yields an overall value of
the friction coefficient without giving any information about
the dependence of tribological behaviour with velocity and
acceleration from a single experiment.

Otherwise, an original experimental device has been de-
veloped at our LTDS Lab. which is called the dynamic oscil-
lating tribometer (or the oscillating relaxation tribometer). It
is dedicated to quantify the friction into different contribu-
tions without measuring any tangential force and with high
accuracy, especially in the case of low friction [7, 8]. This
original apparatus is also described by its ability to access
certain nonlinear properties of the dissipative friction force,
which, in some cases, are neither purely viscous nor purely
velocity-independent. It is based on the analysis of the dy-
namic free response of a single degree-of-freedom mechan-
ical oscillator and the friction characteristics are deduced
from the energy decay induced by friction damping. The
smaller the damping, the larger the number of oscillations
and therefore the more accurate the estimation of the fric-
tion coefficient value.

So, to overcome the limitations of the conventional tri-
bometer, we suggest an original method to evaluate friction
behaviour during the tribofilm formation based on LTDS’s
dynamic oscillating tribometer. This latter allows very quick
measurements, typically, of a duration of few seconds. This
duration is not sufficient to activate the lubricant additives
to form a tribofilm. So we propose to accumulate several
repetitive free responses on the same friction track in order
to allow additives reacting and forming the tribofilm gradu-
ally.
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In this context, the main objective of this paper is to show
that we are able to follow the evolution of the friction be-
haviour of tribosystems over time. Also, we reveal that fric-
tion behaviour can be characterized in a robust and accurate
way as well as highlighting the impact of lubricating addi-
tives. The paper is organized as follows. In section 2, de-
scription of the experimental apparatus and friction param-
eters identification are presented. In section 3, details of the
proposed method are described. In section 4, experimental
tests with a lubricated tribological system corresponding to
steel surfaces are investigated to show the efficiency of the
proposed method. Concluding and remarks are discussed in
section 5.

2. Experimental set-up and theoretical
analysis

As suggested in the introduction, the proposed experi-
mental method is based on the use of a previously introduced
dynamic oscillating tribometer, described in the following
subsection.

2.1. The dynamic oscillating tribometer

The dynamic oscillating tribometer consists in a purely
sliding contact between a spherical pin and a flat surface.
Fig. 1 represents the mechanical system. The spherical pin is
clamped to a moving mass attached to the extremity of steel
bi-cantilever beams. The spherical pin oscillates horizon-
tally from 1 mm out-of-equilibrium initial position imposed
by an electromagnet. In other words, the electromagnet is
used to initiate the motion and when it is deactivated, the
spherical pin oscillates freely on the horizontal plane. Oscil-
lations amplitude decreases until the stop induced by energy
dissipation generated by the friction forces. The moving
mass is weighted 0.034 kg, and the bi-cantilever beams stift-
ness is estimated 864 N m~! leading to a natural frequency
fo equal to 25.4Hz. With the initial displacement equal
to X = 1 mm, the initial velocity is null when the oscilla-
tor is released and the maximum value of velocity reaches
Viax = 27foX = 159mms~!. The material used and the
linkages between mechanical parts are selected to minimize
the internal damping of the system. This damping was mea-
sured without contact neither nor lubricant meniscus [8]. For
this study, its damping ratio is verified to be equal to 0.0013.

The normal load is applied from micrometric vertical rel-
ative displacement of the plane and remains constant during
the oscillatory test. Vertical displacement can be ranging
from O to 0.5 mm allowing variation of the applied normal
load from O to 0.5 N. Particular attention was paid during
the design of the device to ensure the parallelism between
the spherical pin motion and the flat, and to minimize the
variation of the normal load.

The oscillating dynamic response is identified using a
laser vibrometer Polytec OFV-5000 based on Doppler prin-
ciple. It allows the measurement of the free response veloc-
ity with a resolution equal to 0.015 ums~!. A photograph of
the apparatus is shown in Fig. 2.

Bi-cantilever beams

Electromagnet

Ball-Disc contact

Fig. 2: Photograph of the dynamic oscillating tribometer.

2.2. Mechanical system and theoretical analysis

The mechanical system can be accurately modelled by a
single-degree-of-freedom mass-spring system. As shown in
Fig. 3, it consists of a mass m attached to a linear spring of
stiffness k. The moving mass slides freely on a fixed rigid
frame. A normal load N is applied to the contact interface
resulting in a friction force T opposite to the motion. Con-
veniently, one can include internal damping on force T'. The
motion of the free oscillating system is then governed by the
following equation:

mx + kx =-T (D)

where x represents the displacement of the mass and X is the
corresponding acceleration.

In sliding condition, the friction force T is proportional
to the normal load N, via the kinetic friction coefficient y:

T=uxN @)

The friction coefficient y is assumed to be as an odd
function of the sliding velocity x with:

H(=X) = —p (X) 3
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According to the dissipative nature of friction, y must
satisfy:

U(x)>0, Vx>0 )

—=

k
m T
<«
TOOET\
x(1)

Fig. 3: Single-degree-of-freedom system.

In order to model u, a pseudo-polynomial function is
chosen and it is introduced as a power series of the sliding
velocity x, including the sign function [9]. Its general form
is represented as follows:

1) = (po+pa¥* + ... ) sgn O+ (px +p3x +...) ()

where the sign function, sgn (x), preserves the odd property
of the friction coefficient. Remains that the kinetic friction
coefficient y takes not only the friction but also the internal
damping of the system. By introducing the undamped nat-

ural frequency w = \/g , Eq. (1) can be rewritten as the
following final equation:

¥+ w’x = —opu (%) (6)
where ¢ = % is the reduced normal load.

2.3. Friction parameters identification from a
single oscillating free response

In order to identify the kinetic friction parameters u,
modelled by Eq. (5), that is to say the coefficients p;, we
will consider the decaying envelope of the dynamic free re-
sponse related to the energy dissipation due to friction.

In literature, different approaches are available for
analysing the oscillating response [10-14], but the most
common and most widely used are those based on the
Krylov-Bogoliubov averaging method. We adopted this
method for its significant accuracy [15, 16]. This method
assumes that the displacement has the following form:

x ()= A(t)cos(wt + @ (1)) = Acos(¢p) @)

where A () and ¢ (¢) are the amplitude and the phase of the
free response of the oscillator. The averaging method as-
sumes slowly variation over time of A (t) and ¢ (¢) regards
to the period 22 With this assumption and by averaging out
the variations of ¢ over a period, the slow variations of A ()
and ¢ () are governed by the following equations:

A=—"— i sing u(—Awsin ¢) d¢ (8a)
2r0 J_,
@ = oA /_’r cos¢p u(—Awsin¢)dg (8b)

After the integration process and taking into account the
odd property of u, Eq. (8) leads to:

n n
. —G . . .
A= 2% pjo' WA = 3 a4 ©9a)
j=0 j=0
=0 (9b)
where
z .
Wi = / sin'* 1y dep (10)
0
and
aj:pjaﬂVVjH (11)

Following this process, the three first constants a; are
ay = —20py/ nw, ay = —op/2 and ay = —4wop,/3x.

By considering the experimental data, the procedure
of friction coefficient identification can be obtained from
the successive steps: (i) measurement of the experimental
envelope, Aexp (), obtained from the velocity free response,
(ii) polynomial fitting A (¢) to Aeyp (0, (iii) calculation
of the time derivative Ay (), (iv) polynomial fitting
Agii (Agy). and finally (v) identification of coefficients a;
and p;, and then friction coefficient given from Eq. (5).
Finally, more details and generals trends on the behaviour
of the decreasing oscillations can be found in [9, 17].

2.4. Example

In order to illustrate the dynamic oscillating tribotest and
apply the friction identification method, we present an exper-
iment with a steel/steel contact lubricated by pure glycerol
C,HgO,. The experiment takes place at room temperature
25 °C. A normal load of 50 mN was applied ensuring a mean
contact pressure of 270 MPa.

The obtained experimental velocity response is dis-
played in Fig. 4a. The dynamic response shows a decaying
envelope that is neither linear (Coulomb friction) nor expo-
nential (viscous friction). The envelop starts with a convex
form (A > 0) and finishes with a concave form (A < 0) until
the oscillatory system reaches the equilibrium state. From
this envelope, the friction coefficient has been identified us-
ing the theoretical analysis presented above.

Fig. 4b shows the evolution of the equivalent friction
coefficient u versus the velocity envelope. To accurately de-
scribe the response envelope form and then estimate the fric-
tion coefficient, a quadratic friction law is introduced. By
taking into consideration this law, the identification of the
friction parameters made it possible to find: p, = 0.0731,
p; = —0.1314, p, = 0.1131. Practically, the convex part of
the envelope corresponds to the increasing of friction with
velocity, whereas the concave part corresponds to the de-
creasing of friction.

In the end, our dynamic oscillating tribometer allowed to
analyse a large number of tribosystems, based on the identi-
fication technique presented here, or similar approaches [ 18—
21].
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Fig. 4: (a) Velocity-time free response and (b) friction coeffi-
cient as a function of the amplitude of envelope estimated by
considering quadratic friction law with pure glycerol, normal
load 50mN, temperature 25°C.

3. New experimental protocol for tribofilm
formation

Based on the theoretical background reported in the
above section and using the dynamic oscillating tribometer,
we propose an original alternative way that allows to form
tribofilm and to characterize the induced friction coefficient
into different contributions. In order to form a tribofilm in a
lubricated contact, it is necessary to ensure some operating
conditions allowing the reactivity of lubricant with rubbing
surfaces. In particular, a sufficient accumulated sliding dis-
tance is required. The dynamic oscillating tribometer allows
very quick measurements of few seconds. During this quick
measurement, the sliding distance is typically of 20 mm if
10 oscillations are observed before the extinction of the free
dynamic response. So, one single test is insufficient to acti-
vate the lubricant components and form a tribofilm. Conse-
quently, we propose to accumulate an appropriate number of
repetitive free dynamic responses on the same friction track
and without changing any operating condition. By this way,
we accumulate sliding distance which is a prerequisite for
activating the lubricant components, and consequently grad-
ually forming a tribofilm.

Through experimental tests, we will demonstrate the ca-

pability of the suggested protocol to follow the evolution of
the tribological response of the tribosystem, in particular the
formation of the tribofilm over time, with a distance as long
as necessary. In addition, we benefit the advantages of the
oscillating tribometer to measure the low friction and dis-
tinguish the contribution independent of the sliding velocity
from that depending on the sliding velocity as the tribofilm
is formed.

4. Experimental results and discussion

4.1. The tribosystem under study

As we mentioned above, the experimental approach cho-
sen for this study is to show the effectiveness of the new
method in terms of the tribofilm formation and the assess
of induced friction. Therefore, we performed experiments
by adopting this latter approach and we compare with the
results obtained in same conditions using a classical recip-
rocating linear tribometer [22]. This classical tribometer
consists in a pure-sliding reciprocating motion between a
ball and a flat plane. A photograph of the tribometer and
a schematic representation of the contact are given in Fig. 5.
The normal load is applied from a micrometric vertical dis-
placement of the ball holder and remains constant during the
friction test. The friction coefficient is deduced from the fric-
tion force generated between the ball and the disc during the
test, which is measured by a piezoelectric force transducer
placed against the heater block supporting the lower speci-
men holder. For this tribometer, an average friction coeffi-
cient for each sliding cycle was calculated from the instanta-
neous friction force measured during a cycle. This average
coefficient is calculated without taking into account the val-
ues at turning-up points. For these experiments, the maximal
amplitude of the sinusoidal sliding velocity is 9 mm s~! with
1 Hz for the frequency. The duration of tests is 3000 cycles
and the length of the friction track is 2.9 mm. Under these
operating conditions, the lubrication regime corresponds to
a boundary/mixed regime.

For both tribometers, the experimental samples consist
on a steel AISI 52100 spherical pin sliding on a steel AISI
52100 flat surface. Friction pairs had a mirror surface fin-
ish with arithmetic average roughness R, = 30nm (sam-
ples are supplied by bearings manufacturer and their rough-
ness is checked in our laboratory). Before experiments, both
the balls and flats were cleaned in ultrasonic heptane bath
for 15 min to remove surface contamination. Two lubricants
were used for this study to show the ability of tribometers
to describe the tribofilm formation in the presence or not
of additives. The first one is a base oil, with a viscosity of
6.6 cSt at 100 °C and 31.4 cSt at 40 °C. The second one is a
fully-formulated oil, with viscosity of 8.3 ¢St at 100 °C and
43.5 ¢St at 40 °C.Values of viscosity for both lubricants are
provided by the supplier. 80 pL of each lubricant is added
to lubricate the contact in each test. The temperature for
all friction tests is maintained at 80 °C and 270 MPa initial
average contact pressure is applied by adjusting the normal
load. The viscosity of both lubricants at 80 °C is estimated
by Walther’s formula and is equal to 9.9 cSt for base oil and
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12.8 ¢St for formulated oil. Finally, each test was reproduced
three times with the both tribometers, under strictly identical
conditions. Good repeatability was always observed.

4.2. The classical tribometry results

To highlight the interest of the dynamic oscillating tri-
bometry approach, we previously present in this section the
friction behaviour of the investigated tribosystems obtained
from the classical tribometer.

Fig. 6 shows the measured evolution of the friction co-
efficient versus the number of sliding cycles for base oil and
fully formulated oil, performed with the linear tribometer.
Starting from the graph, the evolution of the friction coeffi-
cient for both lubricants reveals two stages; the first one cor-
responds to the formation of the tribochemical film, and the
second one to the maintenance of this film [23]. For base
oil, the friction coefficient increases and then stabilizes at
0.15, whereas that of the fully-formulated decreases signif-
icantly and stabilizes quickly at a value of 0.04. The dif-
ference between these evolutions is related to the nature of
the tribofilms formed by lubricants. The fully formulated oil
contains additives that form a film on the contact surfaces by
tribochemical reaction reducing the friction.

Load

Sliding Y

Disc
Ball

Fig. 5: Photograph of the linear tribometer and schematic of
the contact.

This classical approach can describe the evolution of the
friction coefficient in function of the sliding distance, but
does not give any information about the dependence of tri-
bological behaviour with velocity. For dynamic systems that
change instantaneously the velocity, the dynamic tribometer
combined with the new experimental protocol seems rele-
vant to accurately describe friction behaviour and tribofilm
formation.

4.3. Results of the proposed new method

Results presented in this subsection are obtained with the
dynamic oscillating tribometer and by applying the new ex-
perimental protocol proposed in section 3.

All tests are carried out under the same operating condi-
tions as for the linear tribometer. Each test results in many
free dynamic velocity responses. A 1000 successive veloc-
ity free responses or runs for each test appear to be sufficient
for ensuring the tribofilm formation as shown by the XPS
analysis performed after the end of tests (Fig. 1 and 2, Sup-
plementary material). The envelope of maximum velocity is

(a)
0.20 T T T T [
= 0.15
g O
5]
8 ] B il
s — ase Ol
g 0.10 ‘ +vii Formulated oil
e :
9 0.05 L5, §
E ) NW""’N’“.'NQNe,-w'*.--'f"-'u‘.".""v""'f'"-""""""":‘vm“
0 : ' ‘ ' '
1 500 1000 1500 2000 2500 3000
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(b)
0.20 T T T I
= 0.15
g O
3
8 B il
. — ase Ol
g 0.10 "u,’ ... Formulated oil |
E 0'05 r .“."'.""“‘.cuu"u‘n"
0 . . . !
1 20 40 60 80 100
Cycles

Fig. 6: Evolution of the friction coefficient as a function of
cycles number for steel/steel contact lubricated with base and
formulated oil, pressure 271 MPa, temperature 80 °C, (a) whole
test, (b) zoom on the first 100 cycles.

extracted from each response in order to deduce the friction
characteristics using the identification method presented in
subsection 2.3. Order of pseudo polynomial laws used to
model friction is verified afterwards and the quantification
of friction contributions is established.

In the following, x; () and yu; will design velocity-time
response and friction coefficient, respectively, with i repre-
senting the index of the i-th run or free response.

Fig. 7 displays the velocity free responses X; (¢) obtained
with base oil for i = 1, 50, 100, 200 and 1000. Similar ex-
periments have been carried out with formulated oil, as pre-
sented by Fig. 8. For both experiments, the measured natu-
ral frequency (25.4 Hz) does not vary with amplitude of the
dynamic response which implies that the nonlinear charac-
teristics of the system are related only to the friction forces.

Comparing Fig. 7 to Fig. 8, itis observed that the energy
dissipation during tribotest lubricated with base oil is more
significant than that lubricated with formulated oil; this can
be easily seen from the number of oscillations. The oscil-
lations observed before the signal extinction is found to be
close to 7, so much lower than with formulated oil (33 for
the 1000-th run). The higher the dissipation the lower the
number of oscillations before equilibrium. We also notice,
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Fig. 7: Velocity free responses for steel /steel contact lubricated
with base oil, pressure 271 MPa, temperature 80°C for i = 1,
50, 100, 200 and 1000.

in the case of base oil lubrication, that whatever is the free re-
sponse, the number of oscillations remains constant and the
decaying envelope is a straight constant line. This indicates
the absence of evolution of the interface material and that the
energy dissipation is due to Coulomb type friction. This is
coherent with the fact that the base oil does not tribochem-
ically react on sliding surfaces so tribofilm formation does
not occur and, therefore, the tribological behaviour remains
invariant.

Unlike the contact lubricated with base oil, the number
of oscillations of contact lubricated by formulated oil sig-
nificantly increases with the accumulation of velocity free
responses (see Fig. 8). It can be seen that this significant in-
crease in the number of oscillations occurs rapidly after 50
runs. Therefore, we can conclude that the additives present
in the oil react tribochemically quickly on steel surfaces re-
ducing the friction and thus energy dissipation. Moreover,
the shape of the envelope of velocity free responses shows
a decay that is neither linear nor exponential. It means that
velocity-dependent and velocity-independent friction contri-
butions coexist in the contact.

In order to make these qualitative observations more
explicit, friction coefficient is quantified. It is performed
from each velocity free response envelope by considering a
pseudo polynomial expansion (see Eq. (4)) at order 2, that
is to say by considering the following law:

H; (%) = Po (52N (X) + Py (y% + py X sen (X) - (12)

It is recalled that p,; corresponds to a velocity-
independent contribution and p ;) and p, ; are the compo-
nents of a velocity-dependent contribution.

Fig. 9 and Fig. 10 show the evolution of friction coef-
ficient y; as a function of the velocity envelope for a rep-
resentative set of velocity free responses x; (11 curves are
presented out of 1000), for base and formulated oil respec-
tively.

As expected, for contact lubricated by base oil, the fric-
tion coefficient is found to be almost constant, i.e., indepen-
dent of velocity. Its magnitude is the same for all responses
which confirms that there is no evolution of tribological be-
haviour of base oil. Furthermore, the friction values (around
0.15) obtained are in good agreement with that obtained with
the linear tribometer.

Contrary to the case of oil base, the friction coefficient
for the case of the contact lubricated by formulated oil is
not only marked by a constant value independent of veloc-
ity envelope. More precisely, it is noticed that the slopes
of the curves, p; (i)» are closely the same for all the veloc-
ity free responses, with a negligible quadratic components
Pa iy after i = 20. This indicates the presence of a viscous
contribution. Further, the velocity-independent contribution
Po (i) decreases with the accumulation of %;, for i lower than
100, to a stabilized value after i = 100. The progressive de-
crease of friction for the first 100 values of x; (shown in Fig.
10b) can be explained by the tribofilm formation. This latter
is gradually formed during the first velocity free responses,
resulting in a significant reduction of friction, attributed to
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Fig. 9: Friction coefficient law of steel/steel contact lubricated
with base oil, pressure 271 MPa, temperature 80°C.
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Fig. 10: Friction coefficient law of steel/steel contact lu-
bricated with formulated oil, pressure 271 MPa, temperature
80°C, (10a) whole test, (10b) zoom on the first 100 cycles.

the Coulomb type friction part. Comparing with the linear
tribometer, we find that there is a good agreement in terms
of friction values, but the kinetics of the tribofilm formation
is different.

There are numerous factors that influence the kinetics of
tribofilm formation, such as additives nature and quantity,
contact temperature, velocity, pressure, etc. In the context of
this study, the two tribometers are operating under the same
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conditions, only their kinematics are different. This differ-
ence in kinematics may explain the difference of tribofilm
formation kinetics. In order to compare these kinetics, one
can estimate, for the both tribometric techniques, the accu-
mulated distance slipped by the ball.

For the conventional reciprocating linear tribometer, the
ball slips the same distance in each cycle (round trip). So,
the total slipped distance dj t is given by:

dyr =2NyL (13)

where N7 is the total number of cycles and L is the peak-to-
peak amplitude of cycles that is equal the length of friction
track.

For the dynamic oscillating tribometer, the distance
slipped by the ball during a cycle decreases from the max-
imum amplitude 4X to zero. Remember that X is the ini-
tial displacement out of equilibrium. Assuming for the pur-
pose of the estimate, a linear decaying amplitude response,
a weighting of 1/2 must be applied. Consequently, the total
slipped distance dpt can be getting close to:

dpp v ———L = 2XN, (14)

where r is the number of runs or individual velocity-time re-
sponses, n; is the number of oscillations of the j-th velocity-
time response and N is the total number of oscillations.

Using equations (13) and (14), the slipped distances can
be compared. For the linear tribometer, if we consider that
the tribofilm is completely formed at cycle number 100 (see
Fig. 6b), the estimated slipped distance dpy, is around 0.6 m.
For the dynamic oscillating tribometer, if we consider that it
is completely formed after 100 free velocity responses (see
Fig. 10) which corresponds to 1350 oscillations, we obtain
for the estimated slipped distance dyp, a value close to 2.7 m.
Therefore, the dynamic oscillating tribometer requires more
slipped distance to form tribofilm.

However, by considering the frequencies of each tri-
bometer, the time necessary to form tribofilm with the linear
tribometer is of 100 seconds (100 cycles at 1 Hz) and for the
dynamic oscillating tribometer, it is of 50 seconds (1350 cy-
cles at around 25.4 Hz). So, although the distance slipped
by the ball of the oscillating tribometer is greater than that
of the linear tribometer, the experimental time of tribofilm
formation is roughly equivalent for both tribometers.

4.4. Friction characteristics in the light of energy
decay rates

In order to quantify velocity-independent and velocity-
dependent friction contributions, a suitable way, possible
with our proposed experimental technique, is to consider the
energy decay rate of each free damped response related to the
vibrational power being dissipated by friction. Indeed, the
energy decay curve contains all the knowledge on damping
properties, and then on friction characteristics.

Under the work-energy principle:

AE|) =W, <0 (15)

where E = % (kx2 + mx2) is the total mechanical energy,

AE |;f represents change in this energy between initial time
t and final time ¢ ¢ > t; and W/ is the net work done by
friction (and residual damping) forces. By noting that the
elastic potential energy E, = 0 at every peak of the oscillat-
ing free velocity response, the dissipated net work W, can
be directly well estimated between two times #; < ?, cor-
responding to two velocity peaks V| > V,. The net work,
represented by Wf, is obtained as follows:

;o1 2_ 2
Wf=§m(Vz—Vl)<0 (16)
In addition, we introduce the same work done by friction
forces, but evaluated by considering the retained friction law
Eq. (12), represented now by W, and given as follows:

~ t2
W, = —N/t (posgn (X)x +p1x2
1
+ pysgn(x)x°) dr (17)

Consequently, comparing measured Wf to measured
Wf which must be equal, allows to verify the relevance
of the expansion order, here order 2, chosen to describe
the pseudo-polynomial friction law. In addition, velocity-
independent and velocity-dependent friction contributions
can be simply quantified by splitting Wf as follows:

I;I(/f = I;f/ind + l/i‘/dep (18)
with
~ t2
Wi = —N/ poXsgn (x) dt (19)
1
Wep = —N / P12 + posgn (x) X3dt (20)
1

Wia and Wy, tepresents velocity-independent and
velocity-dependent friction contributions, respectively.

Considering complete oscillating responses from the ini-
tial time to the equilibrium ones, the total work achieved by
friction has the same level as the initial elastic potential en-
ergy, that is to say the same value %kX 2. So, applying pro-
cedure on complete responses allows to discriminate the re-
spective weight of the two contributions, certainly but with-
out quantifying absolute levels. To avoid this lack of knowl-
edge, it is better to measure work per single damped oscilla-
tion, that is:

W = %m (ijH - Vf) @1

where V| and V; are two successive velocity peak ampli-
tudes respectively measured at times 7;,; and ;. Similarly,
we can measure

1AV R Y 740 NN 740D
Wf - I/Vind + Wdep 22)
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with:
lj+1

(/) ! . .

I/de = —N/ PoXsgn (x) dt (23)
1

0) e L3

I/Vdep =-N P1X° + ppsgn (x) x”dt 24)
I

Of course, these quantities vary during the decaying os-
cillating responses. So, to follow friction contributions in
relation with the tribofilm formation, we introduced mean
values of works per oscillations for each complete damped
oscillating responses. Finally, the associated averaged-per-
oscillation dissipated energies, represented here by letter £ ;
and taken positive, can be expressed as follows:

. B 2 _ 2
. W m(v2-v)
£ = = (25)
2fo (t; —1;) 2fo (1, —1;)
) N ft‘tf PpoXsgn (x) dt o6
g 4=
ind fo (tf _ tl)
. N /t,t/ p1x* + pysgn (X) xdr o
Sd =
. fo(ty—1)
Ef = Eing T+ Eqep (28)

where V; is the first peak velocity amplitude observed at time
1;, and V is the latest peak velocity amplitude observed at
time 7 ;. Similarly, the relevance of the expansion order cho-
sen for friction law Eq. (12) can be checked and contribu-
tions analysed.

Fig. 11 shows the evolution of £, compared to & ;, and
also the velocity-dependent contribution &, as a function
of accumulated oscillations obtained during the successive
free responses. For both base and formulated oils, Fig. 11a
and 11b respectively, £, and £ ; are totally equal. This con-
firms that the order 2 of expansion of the law used to model
friction, Eq. (12), is appropriate and accurately describe the
dissipated energy of both tribotests. Regarding £, almost
null for base oil, we can conclude in this case that friction
is essentially velocity-independent, like a Coulomb friction
behaviour. In addition, we clearly confirm that there is no
tribofilm formation and no change in the friction behaviour
by accumulating oscillating responses. In contrast, we can
see that &4, is mostly constant with a value of 5 uJ for the
formulated oil, revealing a velocity-dependent contribution
similar to viscous frictional behaviour. We can also con-
clude that this contribution is not affected by the tribofilm
formation. Indeed, the drastic change of the dissipated en-
ergy, from 45 uJ to 15w is essentially due to the velocity-
independent contribution reduction. In other words, ;.4 is
reduced by 75 % from its initial value when & 4., remains con-
stant. Finally, the benefit of tribofilm formation can be well
observed and quantified by the proposed new experimental
method. This is clear by comparing dissipated energies be-
tween oil base test with an almost constant 60 uJ level and
formulated oil with a stabilized 15 uJ level.

(a)
80 . . .

= =
o [==)
O

Energy [uJ]
[
o

0 i
-20 :,’:: 4
-40 : : '
0 2000 4000 6000 8000
Oscillations
(b)
80 - - - - -
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S [=2]
o o

N
(==}

Oscillations

Fig. 11: Averaged-per-oscillation dissipated energies £, £, and
Z4ep @s a function of accumulated oscillations; (a) steel/steel
contact lubricated with base oil, (b) and with formulated oil;
contact pressure 271 MPa, temperature 80 °C.

5. Conclusion

A new experimental approach is presented in this paper
in order to generate tribofilm on sliding surfaces, while al-
lowing original analysis of the friction force at any stage of
its formation. The introduced technique is based on the fol-
lowing principles:

— Using an original previously designed oscillating dy-
namic tribometer, fast measurements of the friction
force are realized without invasive transducer. On can
notice that measurements remain very effective even
for very low friction levels which is a major objective
of the tribofilms formation.

— Moreover, by analysing the obtained free dynamic re-
sponses and the associated friction force, this oscillat-
ing tribometer is able to quantify the sliding velocity-
dependent contributions of friction.

— Tribofilm formation is generated by performing repet-
itive runs of free dynamic responses on the same fric-
tion track without changing the tribological condi-
tions.
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To validate the proposed experimental approach, we re-
alized a set of experiments using a sliding ball-plane contact
lubricated with either base oil or formulated oil. By compar-
ing the results with that obtained from a classical linear tri-
bometer, a good consistency of the new technique is shown.
In particular, we have demonstrated the ability of the inno-
vative methodology proposed hereby to create tribofilms. It
is important to note that this can be done at a same experi-
mental duration with that necessary for classic experiments.

The ability to discriminate the contributions related to
the dependency of friction behaviour on the instantaneous
velocity appears to be a definite advantage of the introduced
approach. Furthermore, these contributions can be clearly
analysed in the light of energy dissipation leading to interpret
the direct effect of tribofilm on consumption and so on.

Finally, by using the oscillating dynamic tribometer, we
notice that the lower the dissipation forces, the higher the
number of oscillations, and thus the more accurate the low
friction measurement. Consequently, our innovative ap-
proach appears to be a very effective and suitable technique
for future studies on the performance of new lubricant for-
mulations in the perspective of green energies.
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