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Abstract. We present the in-field use of a recently developed on-line, real time, optical
monitoring system for bi-disk rolling contact tests on railway-wheel- and rail- steel disks,
based on laser illumination and a high-speed camera. Qualitative, as well as quantitative
information can be obtained by the use of specific indexes derived from the images using blob
analysis. Monitoring the tests provides information about the initial transients of turning-crest
removal, on the steady state reached, and on the dynamics of the surface in between. Blob
anisotropy is a key element to draw information of the mechanisms governing this intermediate
state.

1. Introduction

Bi-disk tests on steels are an effective method to characterize the material response to rolling-sliding
contact, as they are able to reproduce the damage phenomena of real components at a laboratory scale
in controlled working conditions. These testing procedures have been widely used to characterize
materials for bearings, gears, railway wheels and rails (see some examples in [1]-[4]).

In bi-disk rolling contact tests different damage mechanisms can interact and affect each other,
such as wear, Rolling Contact Fatigue (RCF), strain hardening, ratcheting, etc., as presented in [5], and
[6]. Recognizing and monitoring all these phenomena is a key issue for material characterization.
However, usually this is performed by means of “gross” parameters, such as weight loss and
coefficient of friction, which emphasize the main effects of these phenomena, but do not yield
information about the mechanisms leading to them (adhesive or abrasive wear, pitting or spalling,
etc.).

A deeper knowledge of the temporal evolution of the surface topology can provide additional key
information for identifying damage phenomena, even providing clues of what is happening under the
contact surface, which can be directly detected only by means of destructive testing. Surface topology
is usually monitored by means of image acquisition systems, able to give a qualitative idea of what is
happening at the contact surface [7]-[9].

The major limitations of the present instrumentation for bi-disk tests are (i) the need to periodically
dismount the disks to perform ultrasonic cleaning, weight loss ans Barkhausen noise measurements
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[3], (ii) the need to slow-down the testing apparatus for image analysis, and (iii) the non-quantitative
output of the image analysis itself.

In a recent paper [10] we presented a novel approach to bi-disk tests, which allows in-line, time
dependent, quantitative 2D and 3D analysis of the disk surfaces during the test. The approach is based
on (i) multiple laser source illumination (diffuse and line-shaped), a fast camera, and an analog
encoder for on-line disk angular position measurement. The analysis of the images is performed using
blob analysis and specific indexes that quantify the effects of wear and of RCF at each stage of the
test.

We are currently using the test bench presented in [11] for an extensive series of bi-disk tests on
innovative steels to be used for train wheels in the near future. These tests, apart from their obvious
importance “per se”, are an ideal benchmark to assess the validity of our apparatus in relation to its
ability to yield the same information about the sample as derived from the standard approaches,
although on a non-invasive, real-time and more quantitative way.

In this paper we show, using four of the steels under tests, how our approach is effective to
compare the surface characteristics (i) among the different steels, and (ii) for a single steel, during the
test duration, to study the evolution of the disk damage during the test. In particular, we show that the
image-analysis indexes are reliable indicators of the state-of-art knowledge on the wear and RCF
processes.

2. Materials, instrumentation and procedures

2.1. Materials
Dry rolling contact tests are carried out on disk-shaped samples with diameters of 60 mm and

thickness of 15 mm. Four wheel steels have been tested, and in the following, they will be called
WS01, WS02, WS03 and WS04, respectively.

Table 1. Hardness [HB] of the four tested wheel steels and Ultimate Tensile Strength (UTS) [MPa].
Hardness [HB] UTS [MPa]

WS01 245 623
WS02 286 758
WS03 355 738
WS04 286 758

Due to non-disclosure-agreement, we cannot disclose the chemical composition of the steels, but,
in Table 1, we give information about their mechanical properties: WS02 and WS04 have the best
mechanical properties among the group and hardness intermediate between WS01 and WSO03. This last
is characterised by the highest value of hardness. During the test wheel steels samples were coupled
with UIC 900A-rail-steel samples, and the friction coefficient was calculated [3]. Figure 1 shows a
specimen of WSOI at the end of the test.

Figure 1. Image of a sample under test (WSO01 after 130 kcycles)
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2.2. The optical layout and the test bench
A detailed description of the optical apparatus for 2D and 3D surface analysis is given in [10].

The apparatus has been integrated in the bi-disk test bench, as shown in Figure 2. The bench has
two input windows W1 and W2, which enable the optical access to the disks under test. L1a and L1b
are the two defocused laser sources that provide diffuse light illumination of the sample. L2 is the laser
stripe used for 3D measurements (not used in the present set of experiments), whereas L3 is the
additional laser stripe that is used, in combination to the analogue encoder mounted coaxially with the
sample, to measure on-line the angular position of the sample.

Figure 2. Vision-based measurement system assembled in the RCF test bench.

C is the high-speed camera (Promon 501, AOS Technologies). In these tests it operates at
377 frames per second at a resolution of 1,280x240 px, 8-bit. The images are acquired with an
exposure time of 40 ps. The camera lens has the focal length of 50 mm, and this results in a field of
view (FOV) of 35 mm X 6.5 mm, with a spatial resolution Rs of 0.027 mm/px.

2.3. Acquisition procedure during the tests

All the samples roll with the same maximum contact pressure of 1.1 GPa, at a speed of 500 rpm and a
sliding/rolling ratio of 1%. To comply with the standard testing procedures, the acquisitions are
performed before the test (0 kcycles, where a cycle corresponds to a 360° rotation) and after 10, 20,
30, 50, 70, 100 and 130 kcycles. All tests are performed in dry conditions, i.e., air-cooled. Each
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acquisition consists of a 2 s-long video stream, and it is acquired @ 377 fps, corresponding to
754 frames.

A typical image obtained by the camera on a rotating disk is shown in Figure 3. In Figure 3(a), as a
reference, the sample under test is shown as seen from window W2, illuminated by the diffused
sources and by the encoder stripe. In Figure 3(b), the image taken by the camera is shown. Two areas
are visible: the left area contains the encoder stripe, whose length is proportional to the angular
position, whereas the right area contains the speckle field produced by the rough surface illuminated
by the two diffused sources. As described in [10], Regions of Interest (ROIs) are defined within the
image for analysis: these are shown in Figure 3(b), delimited by the dashed perimeters. ROI3 is used,
in each frame of the sequence, to associate the angular position of the disk to the frame, whereas ROI1
is used for the subsequent image analysis.

4
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Figure 3. Photograph of the sample under test and acquired image. (a): illumination patterns; (b)
corresponding image. The regions of interest ROI1 and ROI3 are drawn in dashed lines.

2.4. Image analysis and quantitative frame evaluation

Each 2-s video produced on the disk rotating at the operating speed of 500 rpm consists of Nt=754
frames equally subdivided over j=1 to 17 revolutions, each in turn formed by k =1 to 46 frames. The
situation is depicted in Figure 4. We note that, due to the constraints imposed by (i) the camera
settings, and (ii) the field of view deriving from the camera focal length, the frames are partially
superimpose. To avoid the redundancy in the analysis, the dimension of ROI1 is set to 4.7 mm (Figure
3(b)).
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Figure 4. Diagram of the frames of each acquired video: k-th frame in the j-th revolution.
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Indexes are obtained in two ways: (i) integral indexes, obtained by averaging on the entire
frameset, (ii) angle-dependent indexes, obtained by averaging over frames corresponding to the same
angular position of the sample on the shaft.

For every blob in each frame, we derive:

¢ The blob area, a.

* The blob asymmetry index, as, defined as the ratio between the height and the width of the
rectangle enclosing the blob (if a; > 1 the blob is oriented along the vertical direction Y, if
a; < 1 the blob is oriented along the horizontal direction X, if as = 1 the blob is round-
shaped).

For every frame (j,k), we derive the blob number n(j,k), i.e., the number of blobs in the ROI, and
hence:

» The average blob area a(j, k), in the ROI;
*  The damage ratio index, r(j, k), i.e., the ratio of @(j, k) divided by the total ROI area;
* The average asymmetry a,(j, k) in the ROL.

(a) Ws01 o : (b)| WS02

(©|wso3 - ' (d)| wsos

Figure 5. Blob-rendered pictures of the four steels used in the study after 30 kcicles. (a) specimen
WSO01, (b) WS02, (c) WS03, and (d) WS04.

As an example of the different appearance of the blobs in different situation and/or in different
materials, Figure 5 shows the blob-rendered pictures of the four steels used in the study after
30 kcycles (the angular position is 0°, corresponding to j = k = 1). The blobs in the four images differ
in size, number, asymmetry (with particular emphasis to Figure 5(b) and Figure 5(c) where they are
evidently horizontally oriented) and position in the frame (the blobs in Figure 5(d) are predominantly
in the bottom-right part of the frame). This justifies the choice of the above parameters to characterize
the phenomenon.

A further level of detail is reached by dividing the blobs into classes, depending on the blob
dimensions. Classes are defined as illustrated in Table 2.

For every frame (j,k), we derive the blob number n;(j, k), i.e., the number of blobs in the ROI
belonging to the i-th class, and hence:

* The average blob area a;(j, k), in the ROI
*  The damage ratio index 7;(j, k), i.e., the ratio of @;(j, k) divided by the total ROI area;
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* The average asymmetry as;(j, k).
Global indexes can be derived by averaging each of the above indexes over all the frames having
the same angular position, or over the entire frameset. In particular, in the following, we use:
* Rg, i.e. the average of r(j, k) over the entire frameset;
* N i.e., the average of n;(j, k) over the entire frameset;
* Ags, i.e., the average of ag;(j, k) over the entire frameset.
The standard uncertainty of each of the above indexes has been calculated as the standard deviation
of the populations r(j, k), n;(j, k), and a; (j, k), respectively.

Table 2. Classification of the blobs.
Class Area range [10°° mm?]
C1 1.5<a<3.7
C2 3.7<a<10.9
C3 109<a<21.9
C4 219<a<51.0
C5 a>>51.0

3. Results

3.1. Time evolution of the steel disk damage

The efficacy of the on-line derived indexes resulting from the application of the optical setup
described above can be demonstrated with the use of examples of time-dependent behaviours of single
or multiple steels used in the current tests. An example is given by the time-related behaviour of the
damage ratio Rg as a function of the number of cycles in steel WO02. The results are summarized in
Table 3. From the table we note that Rg has a markedly time-dependent behaviour, starting from
0 kcycles where it is negligible, reaching a peak at 10 kycles, decreasing up to 50 kcycles, and
remaining almost constant thereafter until the end of the test (given the standard uncertainties, the
values are compatible).

Table 3. Time-evolution of the average damage ratio RB of the surface of the specimen made of

WSO02.

Number of cycles [kcycles] Rg [%]

0 0.011 £0.019
10 9.23+£0.73
20 5.66 £0.54
30 4.14+0.61
50 0.85+0.17
70 0.97 £0.13
100 0.81 £0.11
130 1.46 £0.49

These results are consistent with the known mechanism of material removal described in [12]. In
fact, it is well-known that, during bi-disk tests, the wear phenomenon exhibits two experimentally
recognizable stages: an early stage, with transient wear-rate, and a consequent steady-state stage, with
quasi-stable wear-rate [13]. The former stage is mainly caused by the contact between the asperities of
the two specimen surfaces. The latter stage (occurring after 50 kcycles) is due to the well-known
competition between wear and RCF [4], where wear continuously removes surface material layers and
flattens out the product of RCF (that is, the formation of cracks) [10]. This is , to our knowledge, the
first time where the evidence of these sequence of phenomena and of their competition is
demonstrated quantitatively and located correctly in time with non-invasive way, and online, without
the need of examining the sample at different stages of test.
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Table 4. Time-evolution of the indexes Ni and As;, for the specimen made of WS02, grouped into

classes of area. The standard uncertainty of the indexes is also presented.

Cycles [kcycles] Index Cl1 C2 C3 C4 C5
0 Ni 26 =38 0.10+0.34 0.001£0.037 O 0
Ay 118044  1.04%£053  0.78+0.99
10 Ni 2110 £80 182 £15 41.0x64 18.3+£43 7.9+£24
Asji 1.127 £0.025 1.073+£0.038 1.059+0.071 1.05+0.10 0.99 £0.14
20 Ni 1909 £ 80 215+£20 429+43 126 £4.3 1.4+1.3
Asji 1.067 £0.024 0.724 £0.027 0.564 £0.086 0.565+0.086 0.63 £0.22
30 Ni 1900 + 87 170 £ 31 17.7 £8.1 3.0£25 0.19+0.44
Asii 1.077 £0.023 0.728 £0.029 0.633+£0.095 0.66 +0.21 0.66 £0.27
50 N; 970 £ 122 16.1£59 0.31 £0.57 0.003+0.058 O
Asji 1.112+£0.040 1.045%0.15 1.04*=0.44 1.17£0.70
70 Ni 968 + 72 23.2%6.6 0.83 £0.98 0.04 £0.20 0.000 £ 0.013
Asii 1.080 £0.038 0.974 £0.097 0.97+£0.37 0.94 £0.45 0.44
100 Ni 933 + 69 16.6 £5.3 0.39 £0.63 0.01 £0.10 0
Asji 1.089 £0.040 0.99+0.12 0.94 £0.37 0.8+0.35
130 Ni 1150 £ 155 46 =20 3.7+4.0 0.62+1.3 0.07£0.32
A 0.979 £0.040 0.825+0.078 0.74+£0.24 0.84 £0.35 0.90 £0.37

The above evidence is further supported by the analysis of the temporal evolution of (i) the class-
specific number of blobs N;, and (ii) their average asymmetry index As;. This evolution is shown in
Table 4. At 0 kcycles the only particles having non-negligible number are the very small (C1) ones.
They are predominantly round-shaped, and this is consistent with the machined surface of the new
specimens. At 10 kcycles, the blobs of all classes increase in number and are almost all round-shaped:
this is consistent with the hypothesis of crest removal during the contact in the early stage.

Between 10 and 30 kcycles, while the smallest (C1) and the largest (C4-C5) decrease in number,
the intermediate ones (C2-C3) increase in number. All blobs apart from the smallest are horizontally
oriented.

Between 30 and 50 kcycles, all blobs decrease rapidly with respect to their peak value: the smallest
blobs (C1) remain round-shaped whereas the others (C2-C5) maintain their orientation. After 50
kcycles, all classes of blobs remain constant in number, with strong prevalence of the smallest ones,
and the previously horizontal ones become round shaped again.

This behaviour of the class- and time-dependent blob number and asymmetry is very well
consistent with the state-of-art knowledge of the phenomenon. On one side, it confirms the evidence
that, after 50 kcycles, all blobs are fairly constant and round-shaped, thus demonstrating the presence
of the steady state with quasi-stable wear rate. On the other side, the change of shape between 20 and
30 kcycles towards the horizontal direction is very well consistent with the assumed onset of
unidirectional friction of the contact surfaces with an induced plastic flow, which results in the
formation of corrugations with a typical wavy aspect [11].

To visually appreciate the data given in tabular form and discussed above, we show in Figure 6 the
visual appearance (left) and the acquired frame with a zoomed view of the blobs (right) of WSO02 in
the most significant sections of the test, i.e., after 10, 20, 30 and 50 kcycles (top to bottom). In the
visual sample the onset of the wavy pattern is well evident at 20 and 30 kcycles, with no trace of it at
10 and 50 kcycles. The wavy pattern visible on the sample after 50 kcycles is due to variations of the
surface colour related to the oxidation of the material, during the test. Correspondingly, the light
pattern acquired from the camera, evidenced by the zoomed blob patterns, clearly show the horizontal
elongation of larger blobs, and the round shape of the smaller ones.
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Figure 6. Visual appearance of the sample surface (left), acquired frames with a zoomed view of the
blobs of steel W02 (right) from 10 to 50 kcycles (top to bottom).

3.2. Material synopsis and comparison

The on-line, non-contact characterization of disks using our optical setup is able to highlight
differences in the time evolution between the steels described in Section 2. As an example, Figure 7
shows the time evolution of the damage ratio Rg, of the four steel disks. All Rg curves present a peak
at 10 kcycles, followed by a decrease and a final steady state. However, the peak amplitude, the
descent slope and the final state level are evidently material dependent. WSO01 exhibits the lowest peak



XXIV A.LLVE.LA. Annual Meeting IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 882 (2017) 012012 doi:10.1088/1742-6596/882/1/012012

value. The descent slope is very soft until the final value at 130 kcycles, the highest value of all
samples.
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Figure 7. Time evolution of the damage ratio Rg, calculated for the four tested steels. Dotted lines are
inserted to increase the clarity of the graph, they do not represent data.

WS04 exhibits a peak value higher than that of WS01, and the highest slope after the peak, with the
steady state starting already after 30 kcycles at very low Rg values. WS02 and WS03 show the highest
peak values, together with intermediate descent slopes.

The above evidence is well justified by considering steel hardness (Table 1): disks with higher
hardness exhibit higher values. Depending on hardness, different mechanisms are responsible for the
initial turning-crest removal: in hard materials, crests are removed mainly by brittle micro-fracture,
leaving more micro-pits on the contact surface (higher Rg). In softer materials, the crests are mostly
flattened by plastic flow, leaving a smoother surface (lower Rg) [4], [6], and [8].

The behaviour of Rg for WS03 and WS04 is similar to the one observed in steel WS02. In fact,
these three steels present well-separated early stage and steady stage. However, each steel is
characterised by a different duration of the early stage, which is typical of the material.

1.2

—e— WS01 --©--WS02 --%-WS03 --¢ -WS04

friction

120k
130k

I I I I I I I I I I I
= s = = s s = s s s = =
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Figure 8. Friction calculated for the four studied steels.



XXIV A.LLVE.LA. Annual Meeting IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 882 (2017) 012012 doi:10.1088/1742-6596/882/1/012012

Equally enlightening is the examination of the end-test Rg values of the four disks: WSOl and
WSO03 exhibit similar Rg values, higher than the other two. This is well in agreement with the friction
coefficient measured during the test and shown in Figure 8. Friction calculated for the four studied
steels.. WS01 and WS03 have similar friction coefficients and the same holds for WS02 and WS04.
The steels with higher Rg in the steady state are the ones with higher friction coefficient.

3.3. Detection of possible discontinuous damage over a specimen

A unique advantage of the online optical system stems from its ability to monitor the temporal
evolution of a disk under test on an angle-dependent basis. This makes it possible to quantify and
follow in time the so called “polygonal” effect [14]. Figure 9 gives a clear example: the specimen in
Figure 9(a) is made of UIC 900 A, which is a rail steel. It underwent an 800 kcycles-long dry test
against a wheel-specimen made of Superlos®, and became polygonal during the test, i.e. portions of
surface that appear very rough alternated with portions that appear very smooth characterize it.

(a)

(b)

s

Figure 9. Detection of damage discontinuity. (a) Polygonal specimen; (b) particles on a portion of the
specimen; (c) particles on another portion of the same specimen.

Considering measurement points evenly spaced, 15° apart one from another, the vision-based

measurement system recognizes these two situations in Figure 9(b) and in Figure 9(c), respectively.
The former shows a portion with many particles, to which correspond an Rg value of

10
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(10.28 £ 0.18) %, the latter shows the consecutive portion, which has a small number of particles and
Rs equal to (0.880 = 0.072) %.

The ability of the system to recognize, on-line, a non-uniformity in the damage of different portions
of the same surface can be very useful because it is an indicator of incorrect specimen mounting,
which should lead to stop the test.

4. Conclusions

In this paper, we have presented, with a number of examples taken by extensive tests in progress in
our laboratories, the performance of the on-line, real-time optical monitoring system described in [10].
We have also presented the ability of the indexes derived to provide, in a quantitative way, indications
on the temporal evolution of the specimen under test without altering the test flow (e.g. by slowing it
or stopping it), and especially without removing the disk for weighing or inspection.

In particular, the optical system can accurately follow the evolution of the surface by identifying
the early transient stage and the subsequent steady-state stage. The synthetic indexes introduced are
effective in quantitatively describing the surface topology, and can be correlated to quantities used in
the common practice to define the steel behaviour in rolling contact tests (such as weight loss and
friction).

One of the clear advantages of using the optical system in bi-disk tests is the ability to predict,
based on the value of the various indexes, when the specimen is in a steady state, therefore to define
the total duration of the test, suggesting to stop it as further monitoring is not important.

The optical system has now firmly become a monitoring companion in bi-disk tests, with a high
added value in combination with the measurement of other parameters such as torque, friction,
vibrations, and weight loss.
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