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Abstract

This study is concerned with a thermal analysis of a braking disc surface for a better understanding of the
phenomenas occurring  during  friction.  To discriminate  thermal  and physico-chemical  phenomena,  measurements of
temperature and emissivity fields are essential during a braking test. This measurement is performed based on a bi-
chromatic  thermography  technique  using  two Infrared  cameras.  To follow  the  evolution  of  those  phenomenas,  the
cameras are used to observe the same area of the disc during its deceleration, with a synchronization system . The bi-
chromatic full-field measurements with any technique developed has been produced on a braking test. The results allow
a better characterization of the braking. 

1. Introduction

During a pad disc braking the kinetic energy dissipation in heat flux through the contact surfaces is the main
cause of degradation of friction elements. The temperature increment leads oxidation, wear, and thermo mechanical
deformations which can cause disc cracking [1-3]. In order to improve elements friction behavior with temperature, many
temperature measurements techniques are used and developed for braking tests.  There are contact  measurements
technics: using thermocouples to measure mass temperature [4-6], and contact-less  optical measurements technics to
measure surface temperature: Infrared camera, pyrometer [7-9]. However, infrared temperature measurements involved
to know surface emissivity depending on temperature,  wave length,  roughness, physic-chemical  surfaces properties
which are changing in braking due to friction and wear mechanisms [10-12]. Simultaneous measurement of temperature
and emissivity is possible using poly-chromatic infrared methods. The bi-chromatic pyrometer developed for braking is a
useful technics for quantifying temperature, emissivity and braking test analysis [13-14]. The main inconvenient of this
method is spot measurement. In order to measure temperature and emissivity field, this method is extended to Focal
Plane Array (FPA) detectors.  The temperature and emissivity field measurement is performed by the introduction of a bi-
chormatic  thermography  using  two IR  cameras  with  filters.  Implementation  of  this  methods  involved  difficulties  on
observation of the same disc area by both cameras and measurement of a fast and transient phenomenon [15] as
cameras are different in terms of resolution and response time. This study present a strategy and a specific device
developed to deal with time synchronization  applied to braking tests.
 
2. Methodology and experimental means

Using two IR cameras for bi-chromatic measurements involved difficulties. Firstly, observation of a same area
by 2 cameras to get 2 similar images is impossible. The images need to be registered. Secondly, the cameras response
times are different also the disc deceleration is non constant.  So, to follow thermal phenomena on a disc surface,
simultaneous images acquisition must be synchronized with the disc rotation for each cameras.

2.1. Image registration

As outlined cameras doesn't  observe exactly the same disc area.  To match both cameras images "Image
Registration" technics are used. A displacement field between 2 images one fixed and one moved is calculated using an
affine transformation by cross correlation.

In this study the fixed image is an analytic target image chosen to be a random texture at different scales (See
Fig. 1) and the moved image correspond to the image of the target obtained by each cameras, respectively. Using an
analytic target allows one to correct perspectives. The analytic target made in epoxy resin and copper for a good contrast
in the middle wave infrared (See Fig. 2).

Fig. 1: Picture of the analytical target Fig. 2: Analytical target
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Each camera are manually positioned using linear stages in order to get the best observation of the target
located in front of the disc before a braking test. Then in post-processing the displacement field is calculated between the
original analytic target image and each image of the target given by cameras, with the Image registration method  . Thus,
each cameras images are match via the analytic image.

To appreciate the image registration the error is calculated by the difference between fixed image and the
corrected moved image. If this difference have shade zones the correlation is bad, conversely if there is a good overlay
designed the shade zones disappear and the image registration is succeed.

Fig. 3: Error before image registration Fig. 4: Error after image registration

2.2. Temporal synchronization

Cameras have different response time, also phenomena observed are fast with a deceleration depending of the
friction factor. To observe thermal flux evolution on the disc surface, it is necessary to synchronize cameras shooting with
the disc rotation, in order to have the same angumar position during the braking test. 

The solution is to use optical tachymeter to detect ¼ of disk by the passing of 4 pellets fixed on the flywheel of

the tribometer with an  angular spacing (see Fig. 5). At each pellet detection the tachymeter send a 10 V pulse tension
to a synchronization unit. The unit synchronization is equipped of a "micro-controller" with an algorithm that determines
delays ( ) for simultaneous image recording (see Fig. 6) taking into account: speed, deceleration, times responses.

Fig. 5: Synchronisation setup

 At the moment when the image should take for a constant  the speed of  the material point is 

with,  the angular acceleration.
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The mean speed during  is : (1)

Algorithm looking to solve the motion equation for  constant.

(2)

The solution of equation is : (3)

corresponding to the time between the detection of a pellet and time to take picture for a  constant at each ¼ turn. 

Considering a camera, . With  the camera response time which is constant.  is the delay 
calculus by algorithm to send trigger signal at camera after the detection of pellet to take the same area at each ¼ turn.

Fig. 6: Synchronization principle

2.4 Camera calibration for emissivity and temperature fields measurement

 Infrared cameras give an image of the emitted flux in Digital Level (DL) of the observed object. Also each cell of
the FPA has a different thermal flux sensibility and camera lens gives rise to a non uniform image. The interest of the
calibration is to Link DL of each pixels to a thermal physic variable and correct the non uniformity of the image. Camera
calibration protocol, using an extended black body which heat uniformly here in the MWIR spectral range, at different
temperature. For each stabilized temperature of the black body a hundred images are saved and averaging to limit
noises in order to get the response of the camera.

 The bi-chromatic measurement needs a calibration in flow, using the approximation of plank's law the Wien's
law since λ.T<<2900 µmK.

 (4)

With C1 and C2 radiative constants respectively  and  .

 To calibrate each pixel the linear response with the black body flux is fit with a 5 order polynomial function. If one
uses  a  lower  order  polynomial  function  the error  increase on  the final  results.  Under  the  gray  body assumption  (

) it's possible to solve the bi-chromatic equations system for each pixel and get temperature then emissivity :

(5)
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(6)

(7)

Relative errors calibration on temperature and emissivity are estimated. For black body temperatures under 
200°C both relative errors are more than 10 % and over 300°C relatives errors are insignificant minus than 1%.  So this 
determines a flow threshold in both wave length for a good measurement of thermal fields.

3 Experimental set-up

Braking tests are realized on a pad-disc braking tribometer developed at the "Laboratoire de Mécanique de
Lille". This one allows to simulate stop braking at small scale representative of a railway braking [16]. The Fig. 6 show a
schema of the tribometer: the disc is driving in rotation by a asynchronous engine at velocities up to 4000 rpm and an
hydraulic actuator at the rear of the pad allows to apply a force up to 1200 N. Tribometer instrumentations include a
tachymeter to measure speed and a 3D piezoelectric force sensor to measure braking forces that allows the calculus of
a friction factor. At this instrumentation 2 IR cameras, an optical tachymeter with the synchronizing unit are added for the
bi-chromatic measurement. 

Fig. 7: Schematic drawing of the tribometer

4 Results and discussion

Results presented herein concern the thermal fields of a braking test obtained after post processing with each
methods described. 

On the Fig.  8 the braking had yet begin since 5s and a hot band is migrating to the inner radius.   Some
circumferential thermal gradient are observable in the same angular locations than bumps of the disc shape at 0°, 120°
and 270°(Fig. 7 ).

This scenario is explained by the fact that during the braking contact locations are on bumps, energy dissipated 
is important so temperature is very high on these area. Also there are zones where contact seems opened due to disc 
holes and thermo-mechanical deformations. Thus Wear and oxidation particles could drive softly in opened contact and 
leads to a high emissivity fields in disc hole.

Fig. 7: Initial disc shape 3 bumps undulation, on the tribometer
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Fig. 8: Temperature and emissivity fields during a braking test

5 Conclusion

In this study a measurement tool was developed for thermal field measurements applied to braking tests. The 
measurement was based on bi-chromatic pyrometry technique, achieved by means of two infrared cameras with filters in
different wave lengths. In order too match images of the disc recorded by the both cameras, image registration technics 
were applied and implemented through an analytical target. Monitoring the evolution of the friction surface of the disc, 
during a braking test by both cameras, requires time synchronization. The synchronization was made by an algorithm 
considering acceleration, cameras times responses, for observing 4 same disc sectors at each turn.

The bi-chromatic field measurements with any techniques described has been produced on a braking test, with 
well-controlled parameters. Assuming the gray body assumption as an admissible one, this method is the first one that 
allows one to simultaneously observe a temperature field and also an emissivity one. This will lead to new mechanisms 
analysis in tribology that  was not possible before.
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