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ABSTRACT 

An original tribometer allows the reproduction of railway stop-braking conditions at reduced-
scale. It is able to reproduce high thermo-mechanical brake-disc loadings, such as hot-spots 
and hot-bands, as a function of braking severity. Post-mortem observations and analyses of 
rubbing surfaces by scanning electron microscopy are associated with in-situ observations of 
the disc track, in the visible and infrared wavelengths. These observations and analyses lead 
to correlations between third-body flows, the dynamics of the real contact zone and local 
thermomechanical loadings. Finally, a tribological circuit is proposed involving a third-body 
mainly composed of flat plates and layers of powder. 

NOMENCLATURE 

 Δθ(τ) = Average temperature increase of friction surface during stop braking (°C) 
 γ = Parametric triplet factor 
 µ = Friction coefficient 
 ξg = Brake pad material effusivity (kg.K-1.s-1/2) 
 ξd = Brake disc material effusivity (kg.K-1.s-1/2) 
 τ = Normalised time (τ = 0: beginning and τ = 1: end of a stop braking) 
 φd(0) = Heat flux absorbed by the disc at the beginning of stop braking (W) 
 A = Constant characteristic of specimen materials and geometries 
 k = Similitude factor 
 n = Constant characteristic of rubbing-surface areas ratios  
 p = Mean contact pressure at reduced-scale (MPa) 
 P = Mean contact pressure at full-scale (MPa) 
 q = Energy dissipated at reduced-scale during a stop-braking (J) 
 Q = Energy dissipated at full-scale during a stop-braking (J) 
 sg = Pin friction-surface area at reduced-scale (m2) 
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 Sg = Pad friction-surface area at full-scale (m2) 
 sd = Disc rubbing-surface area at reduced-scale (m2) 
 Sd = Disc rubbing-surface area at full-scale (m2) 
 tf = Stop-braking duration at reduced-scale (s) 
 Tf = Stop-braking duration at full-scale (s) 
 v0 = Initial sliding velocity at reduced-scale (m.s-1) 
 V0 = Initial sliding velocity at full-scale (m.s-1) 

1 CONTEXT 

In the field of braking, the development of friction materials basically depends on empirical 
methods based on the experience of disc and pad manufacturers. These rely on their global 
knowledge of braking performances, though they often lack specific knowledge of the 
physical mechanisms of friction occurring locally in the contact during braking. Tests carried 
out on a tribometer permit comparative studies of pairs of materials under friction conditions 
that are often quite different from service conditions. For example, it is difficult for friction 
tests at constant speed to take into account the transient nature of the friction process during 
braking. Consequently, it is also difficult to transpose these tests to an industrial application 
[1-3]. On the other hand, it is possible to assess the performances of a pair of materials during 
braking tests carried out on a test bench at full scale. Generally, the complete brake 
mechanism is assembled on the bench. The tribological triplet thus constituted is sufficiently 
close to full-scale to obtain a global response to friction comparable to that of a brake 
operating under real conditions. The very high cost of these tests however restricts their 
application, especially for railway braking. The complexity of the tribological triplet makes it 
impossible to know with precision the local conditions of the contact between the disc and the 
pad at each moment of braking. Lastly, the large size of the friction surfaces is incompatible 
with laboratory analyses and observations. It is therefore difficult to study the physical 
phenomena of friction at this scale. Thus our approach relies on braking tests at reduced scale 
which must provide good knowledge of contact conditions while being representative of 
braking stress at full-scale. 
 
The aim of this paper is to present the experimental approach used to study the physical 
mechanisms of friction and wear in braking. The first part of the article presents the braking 
tribometer developed for the study. This is followed by a discussion about selecting the most 
representative test conditions, particularly from the thermal standpoint. The second part of the 
article deals with the physical mechanisms of friction. Since the surfaces in contact are closed, 
they cannot be observed or instrumented directly. Thus it is necessary to reconstruct the 
tribological circuit on the basis of observations and analyses performed outside the contact. 
Post-mortem analyses of the samples allow identification of the main friction mechanisms and 
the associated flows of the third body. They are completed by in-situ observations of the disc 
friction track in the infrared and visible wavelengths, in order to take the transient nature of 
braking more fully into account. 

2 REDUCED SCALE TESTS ON THE BRAKING TRIBOMETER  

2.1 Choosing the tribological triplet  
The braking tribometer was developed in order to reproduce contact stress between a disc and 
pad as close as possible to that observed at full-scale. The diagram in figure 1a shows the 



tribometer’s architecture. The deceleration reproduced by the motor speed control simulates 
the dissipation of kinetic energy by using the braking torque measurement. Therefore, when 
simulating stop braking, the sliding velocity decreases from an initial velocity until standstill, 
as at full-scale. The normal effort is kept constant during the test. The tribometer 
measurement instruments measure the rotation speed (motor tachometer), braking torque 
(torquemeter assembled on the shaft), pin-disc effort components (3D piezoelectric sensor) 
and disc and pin mass temperatures (thermocouples). The closed test chamber permits tests 
under controlled conditions (with humidity, neutral atmosphere, etc.). Figure 1b shows the 
complete tribometer with the test chamber in the foreground: the windows set in the walls of 
the test chamber allow visual inspection during braking. Figure 1c shows the test chamber 
open, giving access to the friction surfaces of the disc and pin after testing. 
 
The scale of the tribometer was chosen on the basis of a similitude factor k, the ratio of the 
energy dissipated at reduced scale q and the energy dissipated at full-scale Q. This factor is 
associated with similitude rules intended to reproduce the thermal stress of the disc pad 
contact at full-scale [4] on the basis of the energy dissipated in the contact on the braking 
tribometer. In the case of stop braking, these similitude rules are written as: 
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where sd and Sd are the surfaces of the disc friction track, sp and Sp, the pin friction surfaces, at 
the two scales (*). 

 

 
Figure 1. Braking tribometer: (a) diagram, (b) photo, (c) opened test chamber. 

                                                
* The lower case letters apply to the reduced scale, whereas the upper case letters apply to full scale. 



Table 1 gives the tribometer’s main characteristics. According to the test conditions chosen, 
the similitude factor k varies from 10 to 40. The speed range of the braking tribometer permits 
reaching the sliding velocities of high speed railway applications such as the TGV (Very High 
Speed) train. The kinetic energy dissipated during the stop-braking can reach 1 MJ. 
 

Table 1. Braking tribometer: main characteristics 
Motor power Flywheel inertia  Rotation speed Normal load 

11.5 kW 3.35 kg.m2 up to 4 000 rpm up to 1 000 N 

Simulated 
inertia 

Stop braking 
dissipated energy 

Mean radius  
of disc track 

Sliding 
velocity 

Mean contact 
pressure 

[1.5 - 15] kg.m2 Up to 1 MJ [85 - 160] mm up to 70 m.s-1 up to 10 Mpa 

2.2 Choice of experimental parameters  
Reproducing the contact conditions occurring during service is not easy, especially from the 
thermal standpoint. Therefore the similitude rules, which are quite satisfactory from the 
theoretical point of view, are difficult to implement experimentally. Let us consider the 
example of a UIC standard railway brake pad: its surface covers 1/6 of the disc friction track. 
To conserve the same ratio with a disc-pin configuration on a tribometer, the pin must be 
placed close to the centre of rotation with a small average friction radius. This configuration 
leads to a very high frequency of rotation and very high velocity gradients in the contact. It is 
therefore difficult to obey all the similitude rules simultaneously. 
 
To get round this obstacle, a rule of conversion from the original scale [5] has been developed 
using Newcomb’s model. This model gives the average temperature increase of the friction 
surface ∆θ during braking to stop [6]: 
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where τ varies from 0 to 1 from the start to the end of braking, Tf is the duration of braking, 
φd(0) is the flux absorbed by the disc at the beginning of braking and ξd is the thermal 
effusivity of the disc material. The scale conversion rule calculated using this model results in 
a reduced scale with the same temperature increase ∆θ  as at full-scale. This rule links the 
apparent pressures p and P of the contact, the initial sliding velocities v0 and V0, and the 
braking durations tf and Tf at the two scales: 
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where γ is the parametric triplet factor and ξp is the thermal effusivity of the pin. Therefore the 
thermal representativeness of the tests is linked to a compromise regarding the parametric 
triplet (p, v0, tf). This compromise is as great as factor γ is large. Note should be taken of the 
particular effect of braking duration on the densities of flux and energy absorbed by the disc. 
By conforming to braking duration Tf at full-scale it is possible to obtain the same densities at 
both scales. The compromise on the parametric triplet therefore relies on the apparent 
pressure and the initial sliding velocity. A braking duration tf lasting longer than Tf leads to a 
reduction in flux density and an increase in energy density at reduced scale. The compromise 
on the apparent pressure and the initial sliding velocity can therefore be limited [5]. 



2.3 Application 
The results presented in this paragraph correspond to the emergency braking of a suburban 
train running at 140 km.h-1 under severe operating conditions. Figure 2a shows the elongated 
shape of the pin in the sliding direction in order to limit the value of the parametric triplet 
factor γ. The surface of figure 2b represents, in the diagram [p, v0, tf], all the triplets 
conforming to the scale conversion rule. In this diagram, point 0 (0.8 MPa, 22 m.s-1, 36 s) 
corresponds to the parametric triplet (P, V0, Tf) at full-scale. The 3 points 1, 2 and 3 are the 
triplets (p, v0, tf) chosen for the braking tribometer tests. For point 1, the compromise is based 
on a longer braking duration tf than Tf , whereas the apparent pressure P and the initial 
velocity V0 are conserved. For point 2, the compromise is based on a higher apparent pressure 
p and initial sliding velocity v0 than P and V0, as the braking duration Tf is maintained. Point 3 
corresponds to a compromise on the 3 parameters. 
 

 
Figure 2. (a) pin geometry at reduced scale,  

(b) diagram [p, v0, tf]: marks refer to the experimental parameters. 
 
Figure 3a shows mass and surface disc temperature evolutions measured on the mean radius 
of the disc rubbing surface. Surface temperature is compared to the prediction of Newcomb’s 
model and was measured by optical pyrometry. Mass temperature was measured by a 
thermocouple at 2 mm under the rubbing surface. For the 3 tests, the curves of the 
temperature measured at the disc surface correlate well with the prediction of Newcomb’s 
model. For tests 2 and 3, surface temperature peaks were observed experimentally in the first 
part of the stop brakings. These peaks are linked to load-bearing localisation phenomena 
between the pin and disc, i.e. they correspond to the radial displacement of hot bands on the 
disc-rubbing surface that appear and disappear in front of the pyrometer. The formation and 
the displacement of these hot bands are caused by a combination of pin thermo-mechanical 
strains and wear rate [7-9]. For test 1, the gradients of the thermo-mechanical strains, which 
are quite sensitive to thermal gradients, were not sufficient to create such hot bands in spite of 
the high surface temperature. 
 
On figure 3b the evolutions of the friction coefficient during the 3 tests are comparable: the 
friction coefficient is disturbed at the beginning of braking and then stabilises for two thirds 
of the test before the characteristic rise at low speeds just before stopping. At the beginning of 
the test, the friction coefficient oscillates for tests 2 and 3 whereas it decreases in test 1. This 
difference in behaviour can be linked to the difference in thermal stress between the tests. 



 
Figure 3. Tests 1 to 3: (a) disc temperature evolutions, measured surface temperatures 

compared to Newcomb’s model prediction and measured mass temperature, 
(b) friction coefficient evolutions. 

Consequently, the braking tribometer is able to reproduce thermal contact loading by friction 
at reduced-scale representative of full-scale braking conditions. The choice of experimental 
parameters considerably influences the type of thermal contact loading: a long stop-braking 
duration leads to more homogenous thermal loading of the friction surface, while a short 
braking duration leads to high thermal gradients. Thus, for the same mean disc rubbing 
surface temperature, it is possible to obtain complex thermal loadings close to those observed 
at full-scale, leading to very localised pin-disc contact distributions, or conversely, obtain 
more uniform thermal loading with more homogenous distribution of contact conditions on 
the pin-disc friction surface. 

3 STUDY OF THE PHYSICAL MECHANISMS OF BRAKING FRICTION   

The results presented in this paragraph are taken from two studies. The pin material used is an 
organic composite material with a phenolic matrix currently used in commercial operations. 
The matrix contains a large number of constituents (mainly metal and mineral fibres, graphite, 
copper and brass particles, ceramic particles) that give it its mechanical, thermal and 
tribological properties. The disc materials used in these studies were either steel or lamellar 
graphite cast iron. 

The main experimental difficulty in studying the physical mechanisms of friction resides in 
obtaining direct access to the contact, which is closed during friction. Using transparent 
materials permits observing the friction mechanisms activated locally [10,11]. However, such 
tests demand major compromises regarding the nature of the materials in contact and the 
thermomechanical stress of the contact. Apart from these visualisation tests, observations can 
only be made after opening the contact. In addition, our approach above all relies on the 
reconstitution of the tribological circuit using post-mortem observations and analyses. 

3.1 Reconstitution of the tribological circuit using post-mortem observations  
This entails phenomenological work based on observations of first bodies to identify loading 
areas and understand how the third body contributes towards accommodating the difference in 
velocity of the first bodies. This requires reconstituting the flows of the third body by 
observing the surfaces at scales adapted to account the global influence of the tribological 
triplet [12]. 



At local scale, the observations show that the third body is mainly composed of powder layers 
(Figure 4a) and flat plates (Figure 4b). The plates form and develop from the accumulation 
and compaction of powder trapped in the contact (Figure 4c), stemming from the long fibres 
of the composite material worn by the friction (Figure 4d). These plates constitute the load 
bearing zones and develop during friction. Their size can reach several hundred micrometers 
and, in the case of coalescence, reach a millimetre. Typically their thickness ranges from 10 to 
20 µm. Their fragmentation (Figure 4e) leads to the formation of debris and signals the end of 
the lifecycle of these flat plates. At the scale of the pin, the flat plates are distributed over the 
entire surface, separated by wide valleys. The layers of powder extend in the direction of 
sliding, circulating from the entry of the contact until its exit and forming the greater part of 
the third body feeding the contact during friction. 

 
Figure 4. (a) Powder layer, (b) flat plate, (c) agglomeration of particles, (d) planed 

fibres, (e) fragmentation of a flat plate 

The composition of the flat plates and layers of powder is very similar, corroborating the 
formation of plates due to the compaction of the layers of powder. They contain a large 
number of elements from the pin material with iron being predominant in the form of oxides, 
probably originating from the disc. Observations and analyses of the sections of the plates 
show that the flat plates are denser closer to the friction surface and that their composition is 
richer in iron than deeper down close to the composite material [13]. These results agree with 
those of other authors studying the same types of brake pad material [14-19]. 

The tribological circuit can be shown schematically (Figure 5): the source flow 1 composed of 
particles detached from the first bodies supplies the powder layers that circulate in the contact 



and constitute the internal flow 2; the agglomeration of particles 3 trapped by the planed fibres 
of the composite material 4 leads to the formation of flat plates 5 by compaction and shearing; 
these plates bear the load of the contact, they develop and then fragment 6; the detached 
debris form a secondary source flow 7 which feeds the powder layers; the latter, drawn by the 
disc’s rotation, exit the contact and form the external flow 8; the fraction of this flow re-enters 
the contact to form the recirculation flow 9; the remaining flow exits the contact definitively 
and forms the wear flow 10. 

 
Figure 5. Reconstitution of the tribological circuit. 

Since braking is a transient process by nature, the activation of these mechanisms varies 
throughout the process. Braking tests were interrupted to take this aspect into account. 

3.2 Interrupted tests  
Braking no.2 described in section 2.3 was repeated 5 times and interrupted at a different 
instant each time. During these tests, the disc track was observed by infrared 
thermography [20]. 
 
Figure 6a compares the evolutions of the friction coefficient and the surface temperature 
measured by pyrometry during the test interrupted at τ = 0.6 to those of test no. 2. Good 
reproducibility was also observed for all 5 tests. 
 
Figure 6b shows the representative thermograms of 6 steps numbered by chronological order 
and identified on figure 6a. They highlight the nature and severity of the thermal stress on the 
surface during the test. At the start of the test, a hot band formed on the exterior of the friction 
track then migrated to the interior of the track (steps 1 to 2). The first peak of the temperature 
curve of figure 6a corresponds to the passage of the hot band in front of the pyrometer spot 
measurement (step 2). In step 3, a circumferential localisation appeared, leading to the 
formation of hot points (step 4) whose intensity fell while their size increased (step 5). In 
step 6, the hot spots extended over the whole width of the friction track. The surface 
temperature became more homogenous up to the end of braking. 



 
Figure 6. Interrupted test at τ  = 0.6: (a) disc temperature and friction coefficient 

evolutions, (b) disc track thermograms at steps 1 to 6. 
 
Figure 7 shows observations of the pin after the test was interrupted at τ = 0.1 and the 
thermogram of the disc track at the instant of interruption (Figure 7b). The latter corresponds 
to step 3 of the previous braking: the hot band swept the external part of the track (hot zone), 
whereas the internal part of the track, not involved in the friction, remained colder (cold 
zone). Figure 7a shows the surface of the pin associated with the thermogram at macroscopic 
scale. A transition zone one millimetre wide, coinciding with the hot front, separates the hot 
and cold zones. The cold zone has a large number of powder layers (Figure 7c) that occupy 
the entire surface. Several flat plates remain visible in the hot zone (Figure 7d), whereas the 
fibres of the material appear to have been stripped of their matrix. Very few particles can be 
seen in this zone. 
 

 
Figure 7. Pin observation after interrupted test at τ  = 0.1: (a) correlation between the 
disc thermogram and the observed pin area, (b) disc thermogram at the instant of test 
interruption, details of (c) cold, (d) hot and (e) transition  zones, (f) pin friction surface. 



The transition zone is characterised by a layer several dozen micrometers thick with many 
traces of sliding and flowing (figure 7e).The granular structure of this layer shows that it was 
formed by compaction and shearing of the powder layers. At this instant of braking, the 
contact was localised in this band, ensuring velocity accommodation and in which the energy 
dissipated. During the beginning of the braking, this band of third body migrated to the 
surface with the hot front, fed by the powder layers of the cold zone, while the fragmentation 
and detachment of the debris characterised its morphology in the hot zone. Consequently, the 
localisation of the contact is caused by competition between the thermo-mechanical strains of 
the pin and the flow of particles detached from this band of third body. 
 
To obtain more information on the dynamics of the third body during braking, high speed 
video observation of the disc friction track was developed. It permitted monitoring of specific 
zones of the disc friction track during the test and thus monitoring the recirculation flow 
during braking [21,22]. 

3.3 In situ observations of the disc friction track  
Several tests were carried out by using thermography and high speed video simultaneously. 
Figure 8 groups the results of several tests, the phenomena being more or less visible 
according to test. Superposing the thermogram with the video image permits correlating the 
flows of the third body with the thermal stress of the surface. Figure 8a shows the hot band in 
which the contact is situated associated with the video image of the disc friction track. 
Figure 8b highlights the displacement and extension of the white zones on the surface of the 
hot zone. The post-mortem observations allowed correlation of these white zones with the 
powder layers (Figure 8c). 

 
Figure 8. In situ observations of the disc rubbing track: (a) superposed infrared and 

visible images, (b) layers of powder (in white) moving and extending on the hot zone and 
following the hot band, (b) band of flat plates (delimited by dashed-line) moving in the 

wake of the hot band, (c) layers of powder, (d) band of flat plates. 



Figure 8b also highlights the phenomena observed in the contact localisation zone. A band-
like structure is seen to displace radially. The post-mortem observations showed that this 
structure is composed of flat plates of third body that formed on the surface of the disc in the 
wake of the hot band (Figure 8d). 
 
Therefore the interrupted tests associated with the in situ observations of the disc friction 
track allowed monitoring of the dynamics of the third body during braking and showed the 
high activity of the recirculation flow associated with the localisation phenomenon and the 
displacement of the hot band in the contact during braking under severe stress. 

4 CONCLUSION 

An original tribometer was developed with the aim of studying the physical mechanisms of 
friction in railway braking, by reproducing braking at reduced scale. Its design is based on 
similitude rules and the choice of parametric triplet (initial sliding velocity, apparent pressure, 
duration of braking) making it possible to obtain good representativeness at reduced scale of 
the thermal stress of braking at full scale. The study of the physical mechanisms of friction is 
based on the observation and post-mortem analysis of the friction surfaces. A tribological 
circuit is proposed that involves the third body mainly composed of flat plates that bear the 
load, and powder layers that make up most of the flows. In situ observations of the friction 
track of the disc consisting of thermographs and high speed video were associated with tests 
interrupted before the end of braking to study its transient nature. Thus the localisation 
phenomena observed by thermography can be correlated with the physical mechanisms 
activated in the contact during braking. 
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