Wear 364-365 (2016) 22-30

journal homepage: www.elsevier.com/locate/wear

Contents lists available at ScienceDirect

Wear

A simple, fast and low-cost method for in situ monitoring

@ CrossMark

of topographical changes and wear rate of a complex
tribo-system under mixed lubrication

B. Meylan?, P. Dogan”, D. Sage”, K. Wasmer

a,%

2 Empa, Swiss Laboratories for Materials Science & Technology, Laboratory for Advanced Materials Processing, Feuerwerkerstrasse 39, CH-3602 Thun,

Switzerland

b Ecole Polytechnique Fédérale de Lausanne (EPFL), Biomedical Imaging Group (BIG), CH-1015 Lausanne, Switzerland

ARTICLE INFO

Article history:

Received 19 February 2016
Received in revised form

4 May 2016

Accepted 6 June 2016
Available online 11 June 2016

Keywords:

Cast iron

Surface topography
Optical microscopy
Profilometry
Image analysis

ABSTRACT

This contribution presents a simple, fast, and low-cost method to track in situ and in real time the
evolution of the surface topography. The method combines an optical method (collimated light) with
image analysis. The method was validated using a complex tribo-system; a reciprocal sliding of a rough
cast iron counter-piece under mixed lubrication.

We demonstrated that the optical method is well suited to observe the evolution of the contact areas
during sliding. We also proved that the contact area occurs on the highest peaks of the surface rough-
ness. Finally, we estimated the wear rate by combining the information of the contact area and the
Abbott-Firestone curve obtained by profilometry. The wear rate was found to be 40 times higher in the
early stage of sliding as compared to the steady-state. The running-in of this particular system was found
to be approximately 10 h.

In addition to be simple, fast and low-cost, the proposed method has other advantages. It is adaptable
for real industrial tests conditions. The fast data analysis allows the wear rate of a tribo-system being
determined in real-time. This method characterise the real contact areas of the observed piece, which is
difficult, if not impossible, to obtain by profilometric observation alone.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In many systems operating at high load or low speed, the oil film
thickness is approximately equal to the roughness of the surfaces
[1]. Direct contact of the asperities is therefore inevitable, especially
during the running-in of the sliding of a tribo-pair. Under these
conditions, the system is described as under mixed lubrication
where the load is sustained by both the lubricant and solid-solid
contacts. During sliding, the higher asperities in contact are worn
out and this leads to an increase of the surface area in direct contact
[2-5]. This increase of contact area causes the load to be sustained
by a larger surface so that the local pressure decreases, resulting
into a decrease of the wear rate with time. It is known that the wear
rate is not constant and is usually significantly higher in the early
stages of a sliding process. Consequently, a method to measure the
wear rate constantly during a process is essential, not only to detect
any abnormal wear rate at any stages of the process but also, to get
a fundamental understanding of the wear mechanism. This enables
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the development of a more precise wear model and also to better
predict the lifetime of a given system.

Some studies [1,6-10] have already highlighted the importance
of measuring the wear rate continuously and in situ during the
process. However, in most studies, the tribo-system is simplified to
allow in situ measurements [7,8]. Such simplifications are ideal to
investigate the fundamental behaviour of a given tribo-pair from a
material perspective. In contrast, it is difficult to transpose these
results to real industrial cases. Another method, the radionuclide
technique allows measuring very accurately the wear rate and can
be adapted to system with very low wear rate [9,10]. However, this
method still requires heavy equipment and big investment to
detect the radiation emitted from the wear debris of activated
material, even though recent progress of this technique has
reduced the need for heavy shielding [9]. Moreover, this method is
adapted to measure the wear rate but does not give information
on the local change of the surface topography. To overcome these
difficulties, special optical methods combining speckle and scat-
tering phenomena coupled with image analysis were used to
calculate the roughness on a moving surface [1,6]. Other studies
[11-13] have exploited rapid methods, consisting of a visual
monitoring system combined with a known illumination and
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image analysis to assess the surface roughness but without
directly monitoring a tribological process. The present study
combines an optical system with image analysis techniques to
evaluate the evolution of the contact area with sliding time. The
custom made setup allows following the evolution of the surface
with time and to monitor the local changes of the surface topo-
graphy. Based on this information, it is possible to derive the wear
rate as the test is ongoing. This system is particularly useful during
the running-in stage, when the wear rate and the risk of seizure is
the most important.

2. Experimental method
2.1. Tribological test

It is important to mention that the method developed in this
contribution is very flexible and can be easily adapted to various
tribologcial systems. In this work, the method was developed and
validated for one test based on a specific industrial application. To do
S0, a custom made setup was used to perform reciprocal sliding of a
half journal bearing and it is presented in Fig. 1. A variable load was
applied during each cycle according to Fig. 2. At the beginning of the
movement, the load was fixed to a minimum value; a parameter that
could be adjusted between 1 kN and 20 kN. Near the end of the
rotation of the axis (50°), the load increased rapidly towards its
maximum value which can be set up to 250 kN as shown in Fig. 2.
The maximum load was reached at the end of the rotation (50°)
when the linear speed at contact is 0 m/s. After, the axis was rotated
back to its initial position while the load decreased back to its
minimum value. The number of cycles per hour (cycle rate) was also
adjustable and can vary between 3000 and 9500 cycles/h. During the
complete duration of a test, an ISO-VG 220 oil was poured in the gap
between the two pieces at a rate of 1.3 dL/min (See Fig. 1c).

To avoid catastrophic failure at the beginning of the test, a
special loading procedure was carried out during the first 8 h of
sliding. During this time, the tribo-pair follows a procedure during
which the load and the cycle rate increase progressively step-by-
step. The details of the initial loading procedure carried out are
given in Fig. 3. For the first eight hours of sliding, the minimum
load was kept at 1kN and the maximum load was gradually
increased from 60 kN to 250 kN. Simultaneously, the cycle rate
was increased from 4000 cycles/h to 9500 cycles/h. After the
loading procedure (8 h), the maximum load and cycle rate were
kept at their maximum values of 250 kN and 9500 cycles/h,
respectively, whereas the minimum load was increased and kept
constant to 4 kN up to 40 h. The machine was stopped after 4.5, 8,
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Fig. 2. Evolution of the rotation angle, load and linear speed during one cycle for a
maximum load of 250 kN and cycle rate of 9500 cycles/h.
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Fig. 3. Load and cycle rate steps used during the loading procedure (the first 8 h).
After, the load and cycle rate were kept at 250 kN and 9500 cycles/h, respectively,
but the minimum load is increased to 4 kN. The sample was unmounted and
checked after 4.5, 8, 22 and 36 h.

Table 1
Chemical composition of the cast iron sample and the steel axis (wt%).

C Mn Si P S Cu Cr Mo  Fe

Grey cast 2.890 0.940 1.470 0.036 0.059 1.000 - -
iron
42CrMo4 0.400 0.750 0.330 0.035 0.028 -
steel

Balance

1.010 0.160 Balance

22 and 36 h. These stops were necessary to change the settings
and to allow for ex situ observations of the surface. Each stop was
sufficiently long to cool the machine and the oil down to their
initial temperatures before restarting the test.

Sapphire window with
small LEDs

Mirror at 45°

Steel axis
Rotation

Castiron_—

Counter-piece

Hydraulic cylinder
c) Objective

Fig. 1. a) Photography of the machine, b) optical system mounted on special hollow axis, and c) schematic representation of the test setup used to perform reciprocal sliding

of a steel axis against a cast iron counter-piece.
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2.2. Material and geometry of the work pieces

The steel axe of the tribo-system had a diameter of 65 mm and
was made of surface-hardened 42CrMoS4 steel with the chemical
composition given in Table 1. The surface roughness (Sa) was 0.3 pm.
The counter-piece was in grey cast iron (composition given in
Table 1) with an inner diameter of 65.14 mm. Moreover, two oil
grooves were machined perpendicular to the sliding direction as
illustrated in Fig. 4. For the grey cast iron workpiece, the surface
roughness (Sa) of the contact region was 0.9 + 0.1 pm.

2.3. Ex situ characterisation of the surface

As previously mentioned, the cast iron counter-piece was dis-
mounted after 4.5, 8, 22 and 36 h for ex situ observation. To start
with, a visual observation of the surface was made to insure that
no severe wear had occurred during testing. Secondly, the surface
was cleaned with acetone followed by ethanol in an ultrasonic
bath. Then, the surface topography was measured with a white
light profilometer Altisurf 500 from Altimet, equipped with an
optical pen OP300WM from Stil SA. The given specifications are a
maximum vertical range of 300 um and an axial resolution of
10 nm. Surfaces of 8 by 8 mm were scanned with a lateral step of
5 um. Finally, the counter-piece was mounted back, to all intents
and purposes, in their original test setup position. Despite all the
precautions taken, it is impossible to guarantee that the counter-
piece was placed exactly at its original position and some dis-
crepancy between the steps may be observed.

To compare the observations made ex situ with the ones made
in situ presented in the next section, a circular indentation was
made at the centre of the cast iron piece as a reference point using
a Brinell indentation. This indentation induced some plastic
deformation creating a ridge around the imprint higher than the
initial surface. It was expected that this ridge will be worn out
significantly, especially during the running-in.

2.4. In situ observation of the cast iron counter-piece surface

To observe the surface of the cast iron counter-piece without
having to stop the machine and dismount the system, the tribo-test
was performed with a custom-made hollow axis (see Figs. 1 and 4).
The axis comprised a small sapphire window at a position that was
matched to the centre of the cast iron counter-piece. Below this
window, in the middle of the axis, a 45° mirror was installed to
project the images to the optics and into the camera fixed at the end
of the steel axis. The optical system has a magnification of 4 times
and each picture cover approximately a surface of 5 mm? (2.5 by
2 mm). Two lightning systems were installed to observe the surface.
Firstly, two small LEDs were placed at both sides of the window
with a 45° angle to the surface and thereafter referred to the 45°
LED illumination. Secondly, a collimated incident light from the side

a
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window—g

Steel axis

50° Rotation|

Oil grooves
Cast iron piece

Mirror at 452

of the camera was forwarded normal to the surface and thereafter
referred to the normal collimated illumination. During the tribo-
experiment, the sapphire window did not face the cast iron piece
not to influence the test (see Fig. 4a). But, at given regular intervals,
the axis was rotated so that the window allows pictures of the cast
iron surface to be taken (see Fig. 4b). To observe the total length of
the contact area over a 2.5 mm width, a series of 100 pictures was
taken with both lightning systems. To acquire the pictures, the axis
is rotated by small steps, every 2 s, at a constant load of 1 kN. For
the first 8 h of the test, it was decided to take a series of pictures
every 10 min. Afterwards, the series of pictures were taken every
hour. This was chosen to consider the higher wear rate expected at
the beginning of the test.

2.5. Image analysis of the pictures taken in situ

A large amount of images (16,000 per sample for a 40 h test) was
acquired for each sample. To organise, process, and visualise the
recorded data, a set of software image-analysis tools have been
specially written as Java plugins for the open-source platform
Image] [14]. This set of plugins of this contribution are made
freely available at: http://bigwww.epfl.ch/algorithms/tribology/.
This plug-in is able to order and group the images taking into
account their corresponding cycles as a pre-processing step, using
the timestamps of the pictures. For time difference of 2 s between
two consecutive images, they are grouped in the same folder. When
a longer time is detected, which indicates the start of another cycle,
a new folder is created where the following images are grouped.
Once the pictures are grouped and ordered within the folders, the
panoramic reconstruction of the surface can be made for each cycle
by stitching individual images (e.g. Figs. 7b and 8a). The stitching
requires a registration step to compensate for the small movements
of the camera. The registration is automatically performed using
only the image content. The Image] plugin TurboReg [15] was used
for the registration. In this way, the panoramic image of the surface
is obtained starting from the first image and registering the rest in a
progressive way. The panoramic image is very useful to compare
the selected region at different times (cycles) under a chosen
lightning condition by getting the corresponding image stack by the
plug-in. Alternatively, the plug-in also provides the image stack to
compare the selected region with the two different lightning con-
ditions. During the image capture, some bubbles in the oil were
visible between the sapphire window and the cast-iron counter-
piece which were occluding the surface partially. The plug-in is able
to remove these bubbles by an appropriate temporal filter using the
information from the previous and following cycles. Moreover, the
plug-in allows estimating the contact area and its evolution with
time by evaluating the pixels values.

b

Steel axis

Small steps rotations

Cast iron piece

Fig. 4. a) During testing with a given applied load. The sapphire window is facing upwards and not in contact with the cast iron piece, b) process of taking picture. At regular
intervals, the axis is rotated so that the sapphire window is facing the cast iron piece. Small increments of rotation are made in order to observe the whole cast iron surface.
At each rotational step, a pause of 2 s is made to take one picture with each different lightning system.
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Fig. 5. a) Profilometric map of the indent made for localisation before testing; b) profilometric map of the same region made after 36 h of sliding; scale bar is identic for a)

and b). ¢) Average profiles made in the black box region of a) and b).

Fig. 6. a) Image of the indentation taken with the normal collimated illumination after 36 h of sliding; b) same location and same sliding conditions but with the two 45°
LED illumination (c) colour image reconstructed with the negative of image a) sent into the red channel and image b) in the green channel. d-f) Evolution of the surface for
the a randomly selected region, observed with normal collimated light after d) 1 min at 1 kN, e) after 1 h of sliding and f) after 36 h of sliding. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).

3. Results and discussion
3.1. Proof of concept to determine flat regions

To measure the wear rate, it is necessary to observe the changes
in the surface topography and in particular of flat regions. Fig. 5
presents profilometric maps of the indent used for the localisation
before testing (Fig. 5a) and after 36 h (Fig. 5b). It also includes an
average profile made from the black box regions. Fig. 5a and c
shows clearly a ridge formed as a result of the large plastic
deformation induced by the indentation. This ridge is worn down
and polished during the first 36 h of the test and evidence of this is
in Fig. 5c (when comparing both profiles).

Fig. 6 shows two typical images taken with the developed
optical system at the same location as in Fig. 5 but during the
tribological experiment. Both images were taken, for comparison
purpose, near the indentation on the cast iron after 36 h of sliding.
Fig. 6a was obtained using the normal collimated illumination
whereas Fig. 6b the 45° LED illumination.

In Fig. 6a, the black round spot on the right hand side of the
picture corresponds to the indentation and is surrounded by a large
bright area. When comparing Figs. 5b and 6a, it can be concluded
that this area corresponds to worn out and polished ridge. This is not
surprising as it was expected that with the normal collimated illu-
mination, the flat parts reflect back the most light to the camera and
so appear in light grey.

In Fig. 6b, the bright regions correspond to surfaces with a
slope of approximately + 22.5° so that the light can be reflected
from the two small LED lights to the camera. In this case, the flat
area is black as the light coming at 45° is reflected with the same
angle and thus not in direction of the camera (at 90°). This illu-
mination allows observing the regions appearing in black with the
normal collimated light. Consequently, it increases the amount of
information collected about the topography of the valleys of the
surface.

To get a better representation of the contact area (the flat area),
Fig. 6a and b were combined together. Actually, to represent the flat area
in black, the negative of Fig. 6a was combined with Fig. 6b to create
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Fig. 6¢. The images are used on different colour channels to build an
artificial colour image (Fig. 6¢). In this image, the flat areas appear clearly
in black as the negative of Fig. 6a is taken and are already in black in
Fig. 6b. The bright regions in Fig. 6b and the dark regions of Fig. 6a
appear in orange and green, respectively. From Fig. 6¢, although the 45°
LED illumination brings some information about the topography of the
valleys of the surface, it does not help much for the recognition of the
contact areas. Hence, only the normal collimated light is considered in
the subsequent results.

An example of the evolution of the surface observed with the col-
limated light is given in Fig. 6d-f. The same region of the surface was
observed at the start of the experiment, during the early stage of
running-in and during the steady-state. Fig. 6d was taken with the
minimum load of 1 kN was applied for approximately 1 min. The image
is mostly dark grey due to the rough surface of the sample from which
almost no light is reflected in the direction of the camera. In this image,
only a few bright dots are visible and they correspond to the top of the
highest asperities that are in contact at this small load. It is interesting to
observe that these small bright dots evolve and start to become larger
when the sliding time increases and evidence of this is in Fig. Ge and f.
The number of contact regions also rises as the test progresses and

more asperities begin to be in contact. The registration of the pictures
proved also that the bright dots observed in the reference Fig. 6d,
superposed perfectly with the largest bright regions in Fig. 6e and f.

3.2. Validation of the optical system

In order to validate our in situ measurement system and
improve confidence in it, a comparison of a large area of the cast
iron counter-piece (2 by 8 mm) was made between a profilometric
map (after form removal) (Fig. 7a) and a panorama of images taken
with the normal collimated light (Fig. 7b), both realised after 40 h
of sliding. For better comparison, an average profile of Fig. 7a and a
light intensity profile of Fig. 7b are shown in Fig. 7c.

In Fig. 7a, the surface height is given by grey levels, the lighter
greys indicating the higher surfaces. The highest peaks (light grey
regions in Fig. 7a) are around 2 pm and 3 pm above the average
height set as O pm. In contrast, the deepest valleys (dark grey
regions in Fig. 7a) are 2 pm and 3 pm below the average height.
Also, in Fig. 7a, vertical regions of relatively high surface with peaks
higher than 1 pm above the average are visible and are marked in
red in the scale bar (0-1.2 mm; 3-5.5 mm; and 7.2-8 mm). In

(o] 1 2 3
Height [pum]

Distance [mm]

Light intensity
[grey level]

Fig. 7. a) Profilometric map after form removal realised around the indentation after 40 h of sliding. Vertical regions of relatively high surface with peaks higher than 1 pm
above the average surface are marked in red with the scale bar, whereas the relatively low lying regions are marked in blue. b) Panorama composed of a series of 12 pictures
made with the collimated light after 40 h of sliding; c) average profile of the green box of a) and average intensity of the green box of b). In c), circled 1 number shows high
peaks measured on the profile coupled with high light intensity. Circled 2 number show regions of high peaks with medium light intensity, and circled 3 number show low
peaks with medium light intensity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

oil groove

Fig. 8. a) Panorama realised with 35 pictures between the two oil grooves at the centre of the cast iron counter-piece. Most of the wear occurs in this region; b) same image
after thresholding in order to separate the contact area (in white) from the non-contact area (in black).
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contrast, some relatively low lying regions can be seen and are
marked in blue (1.2-3 mm and 5.5-7.2 mm). These regions are
probably created during the machining. In the following discussion,
the peaks present in the high area are referred as high peak
whereas peaks in low lying areas are referred as low peaks.

Fig. 7b presents a panorama of 12 successive pictures taken with
the normal collimated light. The registration was performed on
Fig. 7b so that each point of the figure corresponds to the same
point in Fig. 7a. Obviously, all bright regions in Fig. 7b coincide to
light grey regions in Fig. 7a. This is not surprising as the highest
peaks are expected to be the contact regions where the solid-solid
contact occurs first.

A more precise comparison is presented in Fig. 7c where the
average profile (in blue) obtained from the green box of Fig. 7a is
compared to the average grey level light intensity (in red) mea-
sured in the same region of Fig. 7b. Obviously, peaks on the light
intensity curve represent regions of the contact area. Actually, high
light intensity peaks (average light intensity > 100) are produced
when the contact area is almost equal to the width of the green
box and are marked with a circle 1. Medium light intensity peaks
are produce when the contact area is smaller than the width of the
green box and are marked with circles 2 and 3.

A careful comparison of Fig. 7a and b shows that each local peak
of light intensity (Fig. 7b) has a corresponding peak on the surface
profile (Fig. 7a) as seen in Fig. 7c. The opposite is, however, not
always true as some local peaks on the profile do not produce
automatically a contact. This is particularly the case when the local
peaks are surrounded by higher peaks. In addition, most of the high
peaks in the profile produce also high light intensity peaks as shown
with the circles 1 in Fig. 7c. This is easily explained by the fact that
these high peaks are subjected to the highest local pressure at the
beginning of the running-in and so to the highest wear which pro-
duces the largest area of contact as the summit of the peaks are worn
out. It is also seen that some high peaks in the profile coincide with
medium peaks of light intensity and evidence of this is shown with
the circles 2 in Fig. 7c. The reason is that, as already mentioned, these
peaks are surrounded by higher peaks on which the local pressures
are higher. Consequently, the local pressure on these slightly lower
peaks is smaller leading to less wear and a smaller contact area.
Interestingly, it appears from the profile that the last peak with a
circle 2, on the right hand side of the figure, is not surrounded by
higher peaks in the horizontal direction. But, a close look at Fig. 7a
and b shows that large bright areas, indicating high peaks, are situ-
ated just above and below the green region used for the calculation

of the profile. Although, these regions were not measured for the
profile calculation, they still influenced the local pressure on this
peak. It confirms that the distribution of the contact areas is complex
and that the whole surface has to be taken in consideration for a
proper analysis. Finally, some low lying peaks of the profile (Fig. 7a)
can also, in some cases, results in a medium light intensity peak
(Fig. 7b) and they are indicated in Fig. 7c by the circles 3. They are
usually situated in regions where no higher peaks are present and
these regions are indicated by the blue colour of the scale bar in
Fig. 7a (1.2-3 mm and 5.5-7.2 mm). One possible explanation is that
these peaks are brought in contact due to the elastic deformation of
the counter-piece during the experiment. This is well illustrated by
the peak numbered 3 at around 2.3 mm from the left of the profile in
Fig. 7c. Indeed, this profile peak is relatively low but is surrounded by
a region of even lower height (blue region between 1.2 mm and
3.0 mm of the scale bar in Fig. 7a). Despite this relative low height
when compared to the complete profile, regions of contact are still
produced in this part as no higher peak is found nearby to sustain the
pressure. This demonstrates that, despite the fact that the profilo-
metric map gives more detailed information regarding the surface
topography as compared to the optical system (especially for the
valleys), it does not provide sufficient information about the contact
area. Thus, it can be concluded that it is difficult, if not impossible, to
estimate the real contact area from a profilometric map. In contrast,
although the panoramic picture gives less information about the
topography, it provides the real information about the peaks that are
in contact during sliding. In other words, it allows tracking precisely
where the wear takes place and which peaks are polished by the
sliding. Therefore, it can be established that wear is not only function
of the peak height but also of the distribution of the peaks around.
Some relatively low lying peaks can still be pushed into contact by
elastic deformation if no higher peaks are found in the vicinity. In the
opposite, relatively high peaks can produce a relatively small amount
of contact area if they are surrounded by higher peaks.

3.3. Evolution of the contact area with time

It has been demonstrated that the optical images taken in situ
provide useful information about the contact regions. Moreover, it
was shown that for this tribo-system, an increase of the contact
area in the direction of sliding increases the likelihood to develop
scuffing failure [16]. This demonstrates that it is of critical
importance to monitor closely the contact area to estimate the risk
of failure of this system. Therefore, panoramic images of the cast
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Fig. 9. Typical results obtained when testing a cast iron counter-piece. The red curve shows the evolution of the coefficient of friction with time. The blue curve corresponds
to the evolution of the contact area calculated from the thresholded panorama as shown in Fig. 8b. Image on the right hand side shows the details of the loading procedure
during the first 8 h. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 10. Abbott-Firestone curve of the initial surface of the sample shown in Fig. 9 (based on a 8 by 8 mm profilometric map of the surface). Detail of the highest region is
shown in the insert. The method to calculate the integral lost for a certain contact area fraction (in this case 4%) is also shown; b) wear rate obtained by dividing the wear

volume from Eq. (1) by the sliding distance.

iron counter-piece were created for each cycle of observation. To
limit the computation time needed to build the panorama, only
the centre region between the two oil grooves were considered.
Each panorama contains 35 pictures and was cropped to have the
oil grooves on both sides of the panorama. An example is shown in
Fig. 8a after 40 h of sliding. So, each panorama compares the same
region of the cast iron surface. Based on the experiments, the
centre of the counter-piece is known to have most of the areas of
contact and this was supported by FEM simulation (not shown
here) to have the highest pressure. The pressure, for an applied
load of 250 kN in this region, varies between 110 MPa and
170 MPa. In fact, the centre of the counter-piece is subjected to
high load with the highest ones situated at the edge of the oil
grooves.

Fig. 8b is the same picture as Fig. 8a but after thresholding in
order to keep only the brightest regions in white and the rest in
black. The thresholding was performed using the automatic algo-
rithm proposed by Ridler and Calvard [17] and implemented in
Image]. On these pictures taken after 40 h of sliding, many white
regions representing the contact areas are visible close to the two
oil channels. These results confirm the FEM calculations indicating
that the pressure is the highest directly next to the oil groove due
to stress concentration induced by the grooves. Also, as already
explained, the indentation created a ridge in its neighbourhood
which was worn out resulting in a large contact region, which is
visible at the centre of Fig. 8.

Based on this panoramic image and thresholding, the contact
area can be easily estimated. To do so, the white and black regions,
in Fig. 8b, are assumed to be the contact area and non-contact area,
respectively. Then, the percentage of the contact area (or the white
pixels) can be calculated for each panorama at different times and
their corresponding values are plotted in Fig. 9. As expected, the
augmentation of the contact area is significant in the first hours of
the running-in, especially during the steps when the load is
increased. During the first 2.5 h, the contact area increases more or
less linearly from 0 to 2%. In the same time, the coefficient of fric-
tion decreases significantly at each constant load until the load is
increased for the next step of the loading procedure. This is in
agreement with publications that report a decrease of both the
roughness and the coefficient of friction during the running-in [1-
5]. Indeed, in this contribution, the augmentation of bright areas, as
shown previously, was related to an increase of flat smooth regions
which are also the contact areas. Considering that the rest of the

surface stays unchanged, an increase of contact areas leads to a
decrease of the average roughness of the sample.

Between 2.5 h and 4.5 h, it is interesting to note that the contact
area stays more or less constant at 1.7% even when the load of the
system is decreased (See Fig. 3). Afterwards, the contact area rises
again when the load and the cycle rate are increased to their
maximum values. The linear increase of the contact area between
45h and 6 h is unexpected as the load, during this time, is still
below the maximum load used during the first 4.5 h. Also, this
increase of contact area also does not correspond, as previously
observed, with a decrease of the coefficient of friction. As the
counter-piece was taken out of the test setup after 4.5h for
observation and profilometric measurement, it is believed that,
despite all the efforts, the counter-piece was not replaced exactly at
the same position and so new regions are pushed in contact with
the axis. This explains certainly some of the unexpected large
changes of contact area observed after other repositioning of the
counter-piece at 8, 22 or 36 h. This highlights one of the major
problems with ex situ monitoring as any slight changes in the
position of the counter-piece could lead to some unpredictable local
changes of the test conditions. This supports the use of our in situ
monitoring system which allows investigating the tribological
behaviour, in particular the evolution of the contact area, without
test interruption and so without perturbation.

In Fig. 9, at 8 h, a jump of the contact area of about 1% is
observed. Then, the augmentation of the contact area increases
linearly as the test progresses. The jump in the contact area is, at
first view surprising, as the maximum load is constant at 250 kN.
However, for the step starting at 8 h, the minimum load has been
increased from 1 kN to 4 kN. This rise of the minimum load makes
the lubrication of the surface more difficult, in particular when the
axis rotates at its highest load (250 kN) and cycle rate ( 9500 cycles/
h). This difference in lubrication conditions pushes the system
toward the boundary regime on a typical Stribeck curve. In other
words, the system tends to a more solid-solid contacts which could
lead to an increase of the contact area as observed with our optical
system. Moreover, a significant increase of the temperature is
measured on the cast iron counter-piece during the first 4 h of each
new step reaching between 45 and 50 °C and staying more or less
constant until the end of each step. As the temperature is measured
on the cast iron counter-piece, a few millimetres away from the
contact, the oil temperature in the contact area is expected to be
even several degrees higher. Under such circumstances, the oil
viscosity decreases so that the tribo-pair moves towards the
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Fig. 11. Schematic representation of the wear of two asperities shown in 2D. Case
a) represents the traditional way of assuming that the highest asperity is worn out
before the lowest. Case b) represents the scenario observed in this study where
some minor wear occurs also on the lowest asperity. For both cases, the contact
length (L) is the same but it can be seen that the traditional way overestimate the
wear surface (S), thus leading to an overestimation of the wear rate. (For inter-
pretation of the references to color in this figure, the reader is referred to the web
version of this article).

boundary conditions on the stribeck curve. These two effects, in
conjunction with small mispositioning of the counter-piece after
ex situ measurements, explain the relatively sharp increase of the
contact area observed at the beginning of each step such as at 8, 22
and 36 h in Fig. 9. In this case, in the contrary to the first 4 h of
running-in, this increase of contact area is not combined with a
decrease of the coefficient of friction but with an increase. Actually,
this rise of the coefficient of friction is consistent with a move to the
left towards the boundary conditions on the stribeck curve [18].
Finally, after 10 h, except for the jumps in the contact area due to
the error in the positioning of the cast iron counter-piece, the
increase in the contact area reaches a steady-state which indicates
that the running-in is finished.

3.4. Determination of the wear rate

It is not possible to obtain the full topographic information just
by analysing the pictures taken in situ. A topographical measure-
ment is the additional information required. By combining the
information taken in situ with the topographical measurement, the
evolution of the wear rate with time can be calculated. This is the
best solution as the profilometric measurement can be carried out
before starting the test to get the initial surface topography. Then,
no interruption of the test is necessary to have access to the evo-
lution of the contact area since it is obtained directly from the
in situ pictures. Hence, to calculate the wear rate, the Abott-
Firestone curve has to be obtained first from the profilometric
measurement carried out ideally before starting the sliding. Fig. 10a
is the Abbott-Firestone curve of the initial surface of the sample
shown in Fig. 9 based on the profilometric map of the surface. It
also includes the detail of the highest region and the integral lost for
a 4% contact area fraction. In a second step, the volume worn out is
calculated for each contact area shown in Fig. 9. To do so, it is
assumed that the highest asperities are worn out during sliding.
Although, this assumption is not entirely correct, it tends to over-
estimate the wear volume as (i) the asperities can deform plastically
to create flat top without losing material and (ii) not only the
highest asperities are worn out as illustrated schematically in
Fig. 11. This figure represents the wear of two asperities in 2D. The
first case (red line) represents the theoretical case when the highest
asperity is worn out before the lowest. The second case (blue line)
represents the scenario observed in this study where some minor
wear occurs also on the lowest asperity. In both cases, the contact

(L) has the same length but the ideal case overestimates the wear
surface (S), thus leading to an overestimation of the wear rate. In
3D, the overestimation is even bigger as the case depict in Fig. 11
occurs in all directions.

The wear volume using the theoretical assumption that the
highest peaks are worn out first is given by:

h
Vlost = Stot f(h)dh (l)
J hmax

where V., is the wear volume, S, is the surface of the contact
area, hy,qy is the height of the highest asperities, f(h) is the Abbott-
Firestone function of the sample and h is the height of the surface
that provides the desired area fraction as shown in Fig. 10a. For
each contact area fraction measured with our system, the corre-
sponding height for which this fraction area is achieved is deter-
mined using the Abbott-Firestone curve. Once the wear volume is
known, the wear rate is simply obtained by dividing the wear
volume by the sliding distance [19,20].

Based on the procedure described, the wear rate was calculated for
each data point in Fig. 9 and the result is shown in Fig. 10b. From this
figure, it is seen that the wear rate decreases sharply during the
running-in of the tribo-system (approximately the first 10 h of sliding).
As already mentioned, this is due to an increase of the contact surface
leading to a decrease of the local pressure. Also, the decrease in the
wear rate is not continuous due to the presence of some plateaus
followed by sharp drops as seen at more or less 2.5, 5 and 8 h in
Fig. 10b. This behaviour can be explained by the load and cycle var-
iations taking place during the loading procedure (the first 8 h) which
impact directly the wear rate [19]. After 10 h, apart from small jumps
visible at the beginning of the steps when the cast iron counter-piece
was dismounted, the wear rate decreases almost linearly to reach a
steady-state regime as the test progresses. Finally, it is found that the
wear rate is almost 40 times higher at the very beginning of the
process as compared to the steady-state regime (after 10 h). This high
wear rate is due to a combination of 2 factors; high local pressure on
the highest asperities and a relatively low cycle rate (4000 cycles/h).
The first factor leads to a high wear volume at the beginning of the test
whereas the second factor results to a smaller sliding distance than for
9500 cycles/h.

4. Conclusion

A simple, fast, and low-cost method was presented to monitor
in situ and in real time the evolution of surface topography and
estimates the corresponding sliding wear rate. This is achieved by
combining an optical method with image analysis. The method
was validated by analysing panoramic pictures taken during wear
tests of hardened steel against grey cast iron under mixed lubri-
cated, reciprocating conditions.

The method proposed has four additional advantages. First, it can
be easily realized on real industrial tests conditions. Then, the wear
rate of a complex tribo-system can be monitored in real time. Third, no
interruption of the test is required which avoid the problem of sample
repositioning when ex situ methods are used. Lastly, this method
provides information about the real contact area, information difficult
if not impossible, to obtain only by topographical analysis.

In this study, we demonstrated that the use of a collimated
incident light normal to the surface as optical method is sufficient
to characterise the evolution of the topographical changes (espe-
cially the contact area). By combining the information of the
contact area and the Abbott-Firestone curve obtained by profilo-
metry, the wear rate can be estimated in real time.

We demonstrated that the polished area corresponds to high
local peaks of the profiles. We could also prove that if a region
contains no high peaks, some low lying peaks come in contact as a
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consequence of the elastic deformation of the cast iron piece
occurring during the test.

Finally, for our specific complex tribo-system, we found that
the wear rate is 40 times higher in the early stage of sliding as
compared to the steady-state and that the running-in was
approximately 10 h.
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