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A B S T R A C T  This paper focuses on the presence of the third body, a solid interfacial layer in the wheel–
rail contact. This third bodyis studied from different viewpoints: its presence including composition, thickness and 
morphology ; and its role with respect to its load-carrying capacity , shearing behaviour, transfer of material and 
finally global friction coefficient. The general approach is phenomenological and is carried out as closelyas possible of 
the real tribological behaviour of this contact. This paper presents a synthesis of different studies coming from: 
analysis of specimens taken out periodically from rails and wheels in service, and thus under real contact conditions; 
and test laboratories, allowing us to impose rolling–sliding conditions with veryhigh precision. From all these 
studies and results, a better understanding of the role of the third bodyand its influence on friction, adhesion and 
damage mechanisms (wear, pits, cracks . . . ) is reached and this is the first step for including its effect in numerical 
models.

Keywords adhesion; friction; interfacial layer; modelling; third body; wear; wheel–rail contact.

I N T R O D U C T I O N

Although trains have been running for more than a cen-
tury, the tribological phenomena activated in the wheel–
rail contact are still not completely understood and based
mainly on assumptions rather than on rational analysis.
The lack in the knowledge of the local contact conditions
and their evolution with time makes it difficult to reach a
complete understanding and then predict accurately the
initiation of headchecking, squats, roaring rail, etc.; al-
though their various consequences have been clearly iden-
tified and described.1 This situation stems from the dif-
ficulty of instrumenting a wheel–rail contact in situ, and
both industrial companies and scientists have had to cope
as well as they can. Face to this statement the alterna-
tive adopted by wheel and bogie manufacturers, as well
as rail manufacturers and networks, is to prevent from
a catastrophic growth of cracking. Therefore wheel- and
rail-reprofiling (grinding) methods have been successfully
developed to eliminate surface defects.

Correspondence: Y. Berthier. E-mail: lamcos@insa-lyon.fr

So far, this problem has been addressed independently
by many disciplines at different scales, such as

� railway dynamics (global scale),
� contact mechanics (local scale),
� materials, damage (local scale).

Initially, stability studies on vehicles have required
boundary conditions to integrate the wheel–rail contact
in their modelling.2–4 This boundary condition was one
single friction value measured from laboratory adhesion
tests at starting and stopping.5,6

It did not take long for contact mechanics to become in-
terested in the wheel–rail contact as it provided a model
problem: the contact of an unstiffened cylinder and a
plane. By taking into account the deformations of the
wheel and rail, the reasonable idea of the existence of stick-
ing and sliding zones in the contact plane7 was proposed.
This idea, validated experimentally with contacts be-

tween polymers/transparent materials,8,9 has become a
parameter of the wheel–rail contact. On this basis, cal-
culations of stresses and wheel–rail faults became possi-
ble both analytically10 and numerically.11,12 Sticking and
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sliding zones provide two adjusting parameters, which is
better than a single friction value. These two friction val-
ues were used as the boundary conditions of wheel and
rail volume problems.
Progressively, (1) with the improved resolution of mod-

els and their solutions and (2) the improved resistance of
the materials composing wheels and rails, the limit con-
dition of friction has become a problem in itself.13,14 It is
now felt necessary to control friction as well as the local
phenomena involved in this multi-dimensional problem.
This multi-dimensional aspect has led to confusion, be-
cause the values of local forces required for contact me-
chanics result from calculations of railway dynamics based
on a global wheel–rail friction parameter, rather than on
local friction parameters, such as the sticking and sliding
of contact mechanics.
The solution to these problems of scale is now under-

way. As for contact mechanics, it was possible at a very
early stage15 to calculate the stresses that have to be com-
pared to the values permitted by the materials. Logically,
these admissible values have been sought by carrying out
fatigue tests. Thus, criteria have been defined to adapt
as much as possible the specific characteristics of ‘bulk’
fatigue tests under the predominantly ‘surface’ contact fa-
tigue conditions of wheel–rail contacts. Different crite-
ria and approaches have been formulated, some of them
seeing the contact taking place from the surface into the
volume, whereas others see the contact taking place more
from the volume towards the surface.15–18 Each discipline
uses its own scientific culture to converge towards a given
reality of the wheel–rail contact. This diversity and the
absence of in situ onsite measurements has left the field
wide open for using adjusting parameters to predict with
more or less satisfaction the damage observed on wheels
and rails.With the development of numerical19 and exper-
imental13 techniques it became clear that it was necessary:

� to take into account for not only the surfaces of wheels/rails

but also the interface between them,20–22 as had been done

already for other tribological applications; 23,24

� that the fatigue tests and damage criteria that always con-

formed to the nature of thematerials, had to brought closer

to the actual stress conditions affecting the skin of the

wheels and rails.

This paper deals with three main points:

1 In the first part, the presence of this interface or third body

is highlighted.25

2 In the second part, the role of the third body on the wheel–

rail contact function is presented. It is shown how the third

body flows and accommodates partly the velocity gradients

in this contact. The influence of the third body on friction

is then presented.

3 Finally, in the third part, the consequences of the presence

and action of the third body are discussed in terms of:

(i) the adhesion between the wheel and the rail under

starting conditions,

(ii) the wheel–rail contact modelling. The improvements

that such an approach could bring to wheel–rail con-

tact modelling is discussed here.

The purpose of this paper is to remain general. Thus the
authors have selected experimental results and observa-
tions that have contributed to improve the understanding
of the wheel–rail contact reality. As a consequence, only
a few illustrative data (given contact conditions, types of
train, focus on the wheel or the rail, etc.) are presented
when necessary for better understanding.

P R E S E N C E A N D R O L E O F T H I R D B O DY L AY E R

Third body layer

Artificial and natural third bodies Since the concept of a third
body was introduced in tribology,25 it has been used in
wheel–rail studies in order to generalize the analyses and
effects of contaminants: (1) ‘climatic’ contaminants such
as dead leaves, frost, water, (2) ‘operational’ contaminants
such as ballast stones, sand from sand boxes, lubricating
oil from the active surface of the rails and (3) products
transported (cereals, miscellaneous pollutants, etc.).5,6

Despite this, these studies took longer to become aware
of and admit the presence of an interface composed of
particles stemming from the wheels and rails formed dur-
ing rolling. This interface is composed of a ‘natural’ third
body, whereas the contaminants build up an artificial third
body.
The reason for such recent awareness is due to the fact

that the thickness of the natural third body is of the same
order of the edge effects produced when polishing met-
allographic sections. The coating of these sections often
requires cleaning of the surfaces and thus the partial elim-
ination of the natural third body, whose remains are often
confused with white phases.

Condition and techniques to highlight the natural third body

Tribological studies conducted on 900A steel rail samples
taken from a mixed SNCF and SNCB network (French
and Belgium network: passenger and freight),20,26 as well
as wheels of NF F 01-115 steel from an Alstom ‘type
BB36000’ locomotive,27 have pointed out the existence
of a third body. The results presented here have been
confirmed by other studies,28 and under lower loading
conditions: metro and tramway, thus ensuring represen-
tiveness. Emphasis is placed on the general characteristics
of the third body by relying on a selection of represen-
tative images chosen for their pedagogical characteristics.
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However, things are more complicated in reality. The se-
lection results from different analysis techniques:

� observations by opticalmicroscopy and scanning electronic

microscopy (SEM) and X-ray energy dispersive analysis

(EDX),
� metallographic cross-sections of rails and wheels and
� tribological expertise dealing with the surface of rail sec-

tions taken after the passage of an increasing number of

trains, via polymer replicas made before and after the pas-

sage of wheels.

Existence and characteristics of the third body

Figure 1 is a perspective view of a metallographic cross-
section of the rail running surface. It reveals a third body
layer with a thickness of 15 µm. This layer could be inter-
preted as being a tongue still atomically linked to the first
body (and thus different from a crack). The origin and
characteristics of this layer are discussed from the analysis
of both a rail and wheel cross-sections, and a rail running
surface.

Fig. 1 Perspective view of a metallographic cross-section of the rail

running surface.

Fig. 2 Cross-section view of the rail: (a)

SEM image and (b) map of (a).

From the EDX analysis (Fig. 2) the concentration of
the constitutive components of this layer is different from
those of the two first bodies. Furthermore the distribution
of iron and oxygen is uniform over a depth equal to that
of the layer. Thus this can be interpreted as the result of
mixing a volume of material that no longer belongs to the
rail (first body).
This last statement is confirmed here by the study of

the running surface of a locomotive wheel under starting
conditions.27 The longitudinal section (in the rolling di-
rection) of an area of the running surface on which only
one starting test with sliding had been performed revealed
the following layers on the wheel, from the bottom to the
top (Fig. 3):

� the bulk with the unchanged metallographic structure of

the wheel material (bulk of first body),
� a near-surface layer of about 350 µm. The grains were

reoriented by sliding, according to a well-known fibre-

ing phenomenon,16,29,30 as illustrated also in Fig. 18 (the

Fig. 3 Cross-section of a wheel with a third body layer.
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third body has been removed from the specimen in

Fig. 18),
� a white phase layer of an average thickness of 50 µm.More

generally, this is a layer of superficial tribological transfor-

mation (also called STT) related by epitaxy to the rest of

the first body,23,24,31,32

� several layers of third body with an overall thickness rang-

ing from 150 to 200 µm in this example.

It should be noted that the thickness of the whole third
body layer on the wheel is accentuated in this example by
the starting condition with strong sliding. Under normal
running conditions, except conditions corresponding to
start and stop, the thickness of the third body layer is
roughly the same for both the wheel and the rail, i.e.,
one-fifteenth of a micrometer.
These observations show the clear distinction between

the white phase layer and the third body layer. These two
layers are not atomically linked, i.e. a complete ‘interface’
between the two layers exists.
Metallographic sections of third body layers on both

wheels and rails do not give an image of cohesive layers
adhering to first bodies. Indeed, the two layers at the heart
of the contact interpenetrate and flow. Thus, depending
on the local contact conditions, part of these layers may
adhere strongly to one of the first body, while some other
part may be ejected from the contact as already filmed.33

Consequently, the third body layer present on both wheel
and rail is not necessarily continuous and smooth. This
is probably why STTs can sometimes be seen directly on
the surface of the rail in the form of glitter strips (Fig. 4),
and therefore be confused with the third body layer.
As a conclusion, this layer can be formed, deformed,

ejected and rebuilt due to the interactions between wheel
and rail in the contact. So it is ‘strongly modified’ andme-
chanically mixed and the seat of considerable deformation
gradients. These capacities lead to a specific behaviour,
which dictates the local contact conditions and their evo-
lution with time. This is characteristic of a dynamic be-
haviour, which will be analysed in the next section. This
dynamic behaviour is characterized by what it is called
here ‘flows of third body’.

Fig. 4 STT, view of the top of the running surface.

Third body flows

Techniques to highlight the third body flows

To highlight the third body flows, the two following ex-
perimental methods have been developed:

1 A technique based on the observation of replica before and

after ‘contact’ to detect the third body flows. Here, a rail

running surface is observed before and after the passage of

a train.

2 A method using tracers in order to follow the evolution

of the third body during traffic. Aluminium powder was

placed on the surface of the third body layer of a rail af-

ter a record is made by way of a replica in order to trace

the progression. The aluminium powder was 99% pure

with AFNOR ‘module 21’ grain size, and was deposited by

gravity.

Contribution of the third body flows to the velocity
accommodation

According to the direction of movement, these flows take
placewithin the contact plane (also called here tangential).
Instantaneous contact pressure combinedwith high shear-
ing gradients imposed to third body may be responsible
for this phenomenon. This considerable shearing during
the passage of the third body particles in the contact is
revealed in Fig. 5. By flowing within the contact the third
body particles ejected, or sticking loosely to the wheel or
rail after leaving the contact, are stratified.
Furthermore, normal flows perpendicular to the contact

plane may sometimes be superimposed.24 They are char-
acterized by third body exchanges from wheel to rail and
vice versa. But as the wheel and rail constituents are very
similar, it is not possible to conclude whether third body
particles have been transferred from rail to wheel or vice
versa.
But the uniform distribution of oxygen suggests (Fig. 2)

that the normal and tangential flows are combined with

Fig. 5 Strata morphology of the third body (top view) SEM image.
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each other. This gives rise to such a mixed third body
layer that it is heterogeneous on the scale of nanoindenta-
tion measurements, whose dispersion can reach at maxi-
mum 15% and when measure is possible (problem in case
of porosity).27 This heterogeneity is expressed by, among
other things, porosity. The consequences of the latter will
be presented later.
These flows can be visualized by following their fronts.

Figure 6 shows the progression, starting from a ‘scratch’ of
the third body, of flows in the region of 100 µm obtained
after the passage of 20 wheels. Very often, such scratches
are interpreted as cracks in the first body, whereas they are
only the manifestation of the fronts of third body flows
(Fig. 7a). Even when viewing a cross-section, only careful
examination distinguishes whether the striation is a crack
or the boundary of a flow zone of the third body (Fig. 7b).
These third body flows allow the velocity discontinuities

between the wheel and the rail (relative sliding and veloc-
ity accommodation). They take place within the sliding
and sticking zones described by Kalker’s theory. We will
see later in this paper the consequences of this on adhesion.
This layer can also absorb different contaminants existing
on rails, and thus reduce their negative consequences on
rail lifetime.

Evolution through time: ‘adsorption’

The aluminium powder was deposited in two heaps with
a volume of approximately 50 mm3 spaced 400 mm
from each other according to the direction of the trains.
The trains travelled on a straight line without the lo-
comotives exerting any traction force. The powder was
not ejected by the displacement of air when the train
passed over it, thus it ‘passed’ through the wheel–rail
contact.
After the passage of a train, i.e., 20 wheels, a replica was

made at the point where the first heap was placed. After
the passage of 16 trains, i.e., 320 wheels, a replica was
made at the point where the second heap was placed. SEM
observations together with anEDXanalysis of the replicas

Fig. 6 Third body flows (top view of the

same zone) SEM image: (a) before and (b)

after the passage of 20 wheels (1 train).

were performed, the latter allowing the determination of
the constituents of the third body peeled away from the
rail.
After the passage of 20 wheels, the aluminium powder

was compacted with little spreading (Figs 8 & 9).
After the passage of 320 wheels, the powder was spread

over the surface of the rail in the rolling direction. The
effects of compacting caused by normal forcewere still vis-
ible. As for the effects of tangential force, they were high-
lighted by spreading powder in the form of small flakes

Fig. 7 Third body flows—SEM image: (a) top view and (b)

perspective view.

Fig. 8 Aluminium powder after 20 wheels—SEM image. Site of

Perrache (Lyon, France).
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Fig. 9 Aluminium powder after 20 wheels—cartography of Fig. 8.

Fig. 10 Aluminium powder after 320 wheels—SEM image. Site of

Perrache (Lyon, France).

Fig. 11 Aluminium powder after 320 wheels—SEM image at

higher magnification than in Fig. 10. Site of Perrache (Lyon,

France).

or heterogeneous heaps (Figs 10 & 12), the heterogene-
ity being caused by mixing. EDX analysis of the replicas
showed that the aluminium powder was deposited ‘on’
the particles containing iron (Fig. 11). As this analysis was
done on a replica that reverses the phenomena, this means
that it is the particles containing iron in the contact that
‘cover’ the aluminium particles all around. Consequently,
the aluminium progressively penetrates the natural third
body by ‘mixing’ with it.
This adsorption, or digestion of the artificial third body

by the natural third body is confirmed by the EDX anal-
ysis of a third body taken from a sample rail. This anal-
ysis revealed three main elements: iron, oxygen and sili-
con, whose distribution was quite uniform as a function
of thickness (Fig. 13). The quantity of silicon was also far

Fig. 12 Aluminium powder after 320 wheels—cartography of Fig.

10.

Fig. 13 Third body taken from a sample rail: (a) SEM image, (b)

silicon, (c) oxygen and (d) iron. Site of Perrache station (Lyon,

France).

higher than the content in silicon of the wheel and rail
materials. Consequently, this silicon could come from the
sand contained in the sand boxes of the locomotives and
pieces of crushed ballast that are progressively digested by
the third body layer.
The flows of third body layer on both the wheels and

rails accommodate the interfacial sliding, absorb contam-
inants, respond (react) to normal and tangential stresses,
and hence influence local friction. It can be stated that
the third body rheology controls wheel–rail contact con-
ditions (see also Refs [21, 34]).

The influence of the third body on friction:
validation on a simulator

This statement may be surprising and due to the onsite
measurement difficulties, experiments on a simulatorwere
carried out to test and measure the significant effects of
the third body flows on friction. The wide range of real
running conditions makes it difficult to have all the cor-
responding rail samples for examinations.
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Test conditions must fulfil different requirements:

� contact conditions with an emphasis on rolling/sliding ra-

tio,
� friction measurement, for this purpose, a ‘roller/plane’

contact was carried out.

The main difficulty in carrying out these tests lies in the
need to conserve:

� the third body layer present at least on the rails,
� the similarity of conditions regarding the ingestion of con-

taminants by the roller/rail contact, as the diameter of the

roller is less than that of the wheels.

Specimen selection

The specimen dimensions result from three compromises
between:

� The range of the operating conditions of the tribometer:

normal load, roller diameter and the sliding parameter.
� Themachiningof the ‘flat’ rail specimens froma rail sample

taken from a track. This machining had to preserve the

third body layer on the test surface (Fig. 14).
� The real geometries of the rails after rolling, which means

that the rail specimens are not really flat.
� Sampling the rollers from the material composing the run-

ning surface, but without the third body because it was not

possible to mount them on a truck to produce the third

body layer.

Consequently, even the simulator tests are not fully rep-
resentative of reality. Therefore, adaptations of test con-
ditions were carried out. This was performed especially
by comparing the morphologies of third bodies obtained
onsite with those obtained on the simulator. These com-
parisons are performed by using the third body as a tracer
of contact conditions. An atlas of morphologies of third

Fig. 14 Specimens extracted from the rail.

bodies has been established on the basis of different test
conditions imposed by locomotives and wagons.27

Test objectives

One of the objectives was to show that a consequence
of mixing of the third body is to make it porous, thus it
may play the role of sponge. The role of the third body is
presented via the analysis of the friction results obtained
during tests with (i) two types of preparation of the nat-
ural third body layer, cleaning and stripping, and (ii) the
addition of two artificial third bodies, the oil lubricating
the active flanks of the rails and the sand used by the
locomotives.

1 ‘Cleaning’ was done by wiping cotton soaked in ethyl ac-

etate to eliminate the residue of pollution due handling the

specimens and their machining. ‘Stripping’ was done me-

chanically by ultrasound and chemically in a trichloroethy-

lene bath, both at a temperature of 50 ◦C for 30 min. This

stripping eliminates contaminants residues such as lubri-

cant oil on the active flanks of the rails, residues of dead

leaves, and sand contained in the surface emerged porosi-

ties.

2 Asphaltic oil EP 460 was spread on the third body layer of

the rolling–sliding track. The specimen was ‘left to dry’ for

24 h. The excess oil was removed with a brush before the

test. The sand used in the sandboxes of the locomotives

was first crushed to obtain a grain size compatible with the

diameters of the roller and wheels.What is more, crushing

had to be at an acute tangent to obtain a ‘powder’ whose

morphology and adhesion to the third body were similar to

those highlighted by the replicas during the tests at the two

SNCF sites (French railways). This powder with an aver-

age grain size close to 9 µm was then distributed over the

entire length of the rolling-sliding track, using a pouring

apparatus pulled by the simulator.

Tests conditions

Four series of tests were performed with fixed parameters:

� rail speed: 30 mm s−1,
� slip G: 5%,
� length of the rolling–sliding track: 30 mm
� number of cycles: 130 runs on the rolling–sliding track,
� ambient temperature and atmosphere.

The contact surface on the specimen from the rail was
taken from the portion with radiusRz of 300mm (Fig. 14).
Consequently, and taking into account the previous com-
promises for working at a Hertz contact pressure of about
1 GPa, the roller had a radius of Rz = 40 mm and a con-
vex with radius Rx = 16 mm (Fig. 15). The actual value
of the contact pressure defined by these radii remains
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Fig. 15 Roller in contact on a rail specimen.

Table 1 Theoretical conditions of tests

Type of test 1 2 3 4

Preparation of specimens Cleaning Degreased
Artificial third body Oil Sand Oil Sand
Load applied (N) 700 200
Theoretical Hertz Pmax (GPa) 1.5 1

Hertz’ ellipse Half-width of

contact a (mm) 0.3 0.2

Half-length of

contact c (mm) 0.6 0.4

‘theoretical’ as the real contact conditions on the simula-
tor obviously depend on the real geometry of the surface
of the rail specimen and also on theprecisionof assembling
the specimens on the simulator, which in turn depends on
the precision of the bearing faces and the setting on the
simulator.
The rail specimen with a total length of 100 mm was

fixed on the simulator with an accuracy of 5 µm to obtain
a contact trackwhosewidth over a length of 50mmdid not
vary more than 10%. Lastly, the width of the contact track
was adapted by adjusting the normal load, to provide the
values of 700 and 200 N (Table 1). This process seemed
to produce local contact conditions that were the closest
to those observed onsite.
The train speed was simulated by the linear speed of the

rail specimen (V l). Wheel rotation speed was simulated
by the rotation speed of the roller (V g). The master–slave
control of the simulator permits imposing the sliding,
r, between the roller and the rail specimen (r = Vg/V l)
by taking into account the real radius of the roller when
rolling which depends on the relative setting conditions
of roller and the rail specimen.

Results and discussion

After cleaning the specimens, the value of friction coef-
ficient was about 0.07 whether the tests were carried out
with one of the artificial third body or not (Fig. 16).
When the specimens were stripped the friction coeffi-

cient was 0.4 without the artificial third body. With the
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Fig. 16 Effect of third body.

artificial third body it changes to 0.15 with oil and to 0.55
with sand.
When cleaningwas performed, the local ‘rolling–sliding’

conditions caused the porosities of the third body to bleed
the residue lubricant from the active flanks of the rails (the
lubricant is initially provided at the active side of the rail).
This oil-bleeding or migration was formed at the super-
ficial third body layer. This superficial layer, also called
‘screens’ in Refs [24, 35], is a pollution layer of 20–30 nm
and is distinguished here from the third body layer defined
in this work (15 µm). In the present case, these screens
were sufficient to accommodate velocity and whilst not
being disturbed by one of the two contaminants brought
into contact.
This oil-bleeding was reduced by ‘stripping’. With no

addition of contaminant, the velocity accommodation oc-
curred in the volume of the third body layer. Lastly, the
addition of oil and sand localized velocity accommodation,
thereby explaining the trace of the friction behaviour of
these two contaminants.

Conclusions on the presence and role
of the third body

Although difficult to highlight, a third body layer of one-
fifteenth of micrometer thick is present on both the wheel
and the rail. In the case of thewheel–rail contact, these two
layers joined to become a single layer. Initially composed
of particles stemming from wheels and rails, this third
body flows into the contact to accommodate the sliding
between wheel and rail. These flows can be explained by
the instantaneous pressures of the contact and the shearing
gradients imposed on the third body.
These flows require that examination of running surfaces

of wheels and rails must distinguish contact fatigue cracks
from the flow fronts of third body layers.
The exchange third body flows between wheel and

rail are capable of progressively absorbing and digesting
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certain solid (sand) and fluid (oil) contaminants. This di-
gestion considerably reduces the risks of cracking caused
by indentations made by solid contaminants.36 The third
body digests a large number of contaminants and has a
complex rheology. This is why it can lead to very different
friction values33 as a function of contact conditions (slid-
ing, pressure, flows, etc.). It also partially controls the rail’s
lifetime by protecting the two first bodies, while accom-
modating the velocity discontinuities. At the same time, it
also controls the wheel–rail adhesion via its ‘degradation
and/or reformation’ mechanisms.
The study of flow fronts and the local distribution of the

third body permits returning to in situ contact conditions.
The third body can therefore be used as a tracer of local
contact conditions, i.e., a ‘three-dimensional sensor’, and
thus offset the difficulty of instrumenting a contact in situ.
The third body is thus a tool to reconstitute service ad-
hesion phenomena. Its presence also questions the real
stresses transmitted to the first bodies. Both statements
are further developed in the next sections.

Fig. 17 Evolution of adhesion as a function of sliding for rolling velocities lower than 3 m s−1. In parallel, evolution of the third body

rheology and flows associated with each adhesion phase25,33,46 for (1) testing onsite at the top and (2) laboratory testing at the bottom.

C O N S E Q U E N C E S O F T H E T H I R D

B O DY P R E S E N C E

Consequences on adhesion

To improve safety especially during braking, antiskidding
systems are being continuously developed and improved.
This is done by the implementation of increasingly so-
phisticated numerical models based on:

� Kalker’s theories (Fig. 17). The evolution of adhesion (ad-

hesion parameter T/N ) as a function of sliding takes place

in three parts: (a) a linear part of the pseudosliding phase,

(b) a nonlinear part of the pseudosliding phase, (c) the com-

plete sliding phase; and
� more recently on neural networks and fuzzy logic.37

This last trend shows that physical phenomena relative
to adhesion have never been fully described. In the follow-
ing example, the third body approach has been success-
fully applied to correlate physical phenomena, relative to
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adhesion under starting conditions, to local contact con-
ditions and more global parameters conventionally used
for adhesion.
The information contained within the third body can

be expressed by its rheological characteristics observed at
the skin of the wheel or the rail.27 The local evolution of
adhesion is dependent on:

� the third body flows (direction, spatial distribution, inten-

sity, nature . . .) as a function of rolling, sliding and envi-

ronmental conditions;
� the rheology of the different layers observed at the skin

of rail and wheel (cross-sections) described in the section

‘Existence and Characteristics of the Third Body’.

This volumic description of the rheological character-
istics of the third body was analysed (1) during some
experiments onsite on a locomotive and (2) during
laboratory experiments.These two complementary exper-
imental programmes allowed us mainly to reach these two
results:

1 The identification of the role of the third body in the phys-

ical mechanisms related to the creation and the evolution

of adhesion. At the scale of the contact, the rolling veloc-

ity determines the rheological behaviour of the third body,

which imposes then the adhesion value when stimulated

by the sliding velocity.

2 The use of physical contact conditions, which describe

the third body rheological characteristics as a function of

the global mechanical, kinematical parameters to replace

the empirical contact conditions usually used in numerical

models.

Figure 17 presents the summary of these two main re-
sults: ‘the physical phenomena’ related to adhesion are
explained and described as a function of sliding for rolling
velocities lower than 3 m s−1. Each adhesion phase is as-
sociated with a third body’s morphology. All these results
are fully described in Refs [27, 38, 39].
As an example, in case of rolling velocities higher than

0.1 m s−1 (onsite), the interpretations are as follows:

1 For sliding within the linear part of the pseudosliding

phase, the adhesion coefficient evolution was physically as-

sociated with the local flows located at the superficial layer

of the third body. This gives rise to a given morphology of

third body, as shown in Fig. 17.

2 For sliding within the nonlinear part of the pseudosliding

phase, there is an intermediate state where the adhesion

coefficient evolution is still partly due to the local flows of

the third body. However, a new type of flow was identified:

the flows of the particles detached (not elongated) from

the rail or the wheel, which can be reintroduced into the

contact, also called the recirculation flow.

3 For sliding close to themaximum of adhesion, this recircu-

lation flow becomes predominant and is about to create a

wear flow (particles definitively lost for the contact). This

recirculation flow (maximal adhesion) is strongly condi-

tioned by the environment, whichmay or may not degrade

the rheological characteristics of the third body (mainly its

cohesion) and as a consequence the adhesion level.

In the case of rolling velocities lower than 0.13 m s−1 (lab-
oratory tests), in similar conditions as testing onsite (same
third body, identical relative sliding,wheel–rail translation
movement, i.e., at the scale of the contact area obtained on
sites), some new rheological behaviour (when compared
to site testing) was identified, explaining the evolution of
adhesion for very low sliding velocities. This new rheo-
logical behaviour is activated on sites but has not been de-
tected and followed on sites. This completes the adhesion
evolution scheme with the activation of some new third
body rheological characteristics. This way, all the physical
scales are investigated to define the physics of adhesion.

Consequences on damage and on wheel–rail contact
modelling

In this part, our main aim is to integrate more physics into
modelling and vice versa to use these models to imagine
physics.
Recent modelling work40 confirmed the need in some

situations to account for the third body in order to get
more realistic models. In a comparable way as for third
body flows (see the section ‘Third Body Flows’), the near-
surface layers (<300 µm) of worn rails or worn wheels are
often observed to present very large plastic strains mainly
in the rolling direction,16,20,27,41,42 as shown in a rail lon-
gitudinal cross-section in Fig. 18. This ‘near-surface’ layer
refers to the identified layer (b) of the section ‘Existence
and Characteristics of the Third Body’ (fibreing phenom-
ena). In Fig. 18, it is recalled that the third body has been
removed. It is now well established that wheel–rail fail-
ure is often a result of the accumulation of these plastic
strains at the near-surface layers. From this starting point
and to investigate this further, elastoplastic finite-element
models were developed to simulate the rail mechanical
response to the action of a rolling wheel and to correlate
with real rail cross-sections. The surface stresses (bound-
ary conditions of the models) were computed using IN-
RETS software,43,44 based on Kalker’s theories.
Two main discrepancies between computed results and

observations are obtained:

1 The computed longitudinal shearing was quite low com-

pared to real distorted near-surface layers; this going in
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Fig. 18 Correlation between microstructural reorganization of material and plastic strains.

the sense of a kind of fatigue phenomena where material

distortion would accumulate.

2 Theplastically deformed layer depthpredictedbyFEmod-

els was more important than the one observed on real rail

cross-sections (<300 µm).

Concerning (1), one of the reasons for the discrepancies
is that the skin of the rail is affected and controlled by the
hydrostatic pressure, which leads to a different behaviour
than expected.45–47 The material behaviour in most cal-
culations is taken from data obtained from conventional
characterization tests, where high hydrostatic pressure is
not taken into account. It becomes now clear that un-
der high hydrostatic pressure the deformability of the
material is increased.45,48 It is thus not surprising to ob-
serve that the near-surface layer of rails accumulates very
large plastic strains, without fracture.However, this strain
accumulation could be investigated by using cyclic plas-
ticity models, as in Refs [49–51].
Concerning (2) and following experimental evidence set

out in this paper, it seems possible that the velocity ac-
commodation between the wheel and the rail takes place
at least partly within the third body. Whereas, the result-
ing loads assessed by train dynamics at the wheel–rail con-
tact are globally reasonable, the location of the frictional
energy dissipation is not easy to assess.52 If significant fric-
tional energy dissipation takes placewithin this third body,
the boundary conditions at the rail (or wheel) surface, i.e.,
at the interface between the third body and the rail’s near-
surface layers, may be different from the ones predicted
by existing theoretical models,11,12 which do not account
for the solid third body layer as a layer occupying a finite
volume. The third body ‘tangential effects’ could lead to
a less severe shearing of the rail’s near-surface layers in
the case of its adhesion to the rail where it may play the
role of a barrier (or coating). Regarding ‘normal effects’
and in the case of not cohesive solid third body, the load
carrying might take place at some islands and this could
thus change the scale of the contact. It might decrease
the contact area (in the same way as can be observed in
the case of rough surfaces) and lead to a less important
affected depth within each pass of the wheel. Both effects
are quantitatively presented in Fig. 19, where the vari-

ations of longitudinal plastic strain (called in this work
|SDV7|) versus the rail depth z are plotted for three trac-
tion coefficients (simulation of free traction, accelerating
and braking wheel) in a longitudinal rail cross-section. If
these computed distortions are compared to a rail near-
surface layer, where the third body still remains (see left
part of Fig. 19), one can consider that a part of the fric-
tional energy is dissipated both by shearing of the third
body and by plastic distortion in the rail’s near-surface
layer and that the load-carrying area might be changed.
However, even if further calculations and analysis have

to be performed to confirm these points, this questions
the relevance of the boundary conditions applied to com-
putational models without considering this point. Future
challenges in modelling would be: (1) to understand and
predict the material behaviour under high hydrostatic
pressure and (2) to go on investigating the interactions
between the wheel, the rail and the third body in order
to understand the physical local contact conditions and to
get more realistic boundary conditions for rail and wheel
damage models. A starting point of such an analysis was
conducted in the section ‘Consequences on Adhesion’ un-
der starting conditions. In the same way, recent experi-
mental studies35 with solid lubricant have been associated
with theoretical studies, such as the development of gran-
ular flow models.34 These studies constitute significant
progress in the understanding of a solid interface and they
are a first step in the construction of a rheological model
for the solid third body. However, these studies focus on
the mechanical and rheological properties of solid layers
but they do not integrate yet the deformation of the con-
tacting bodies.

C O N C L U S I O N S

The results show thepresenceof a natural third body rang-
ing in thickness from a few micrometers to several dozen
micrometers on the rail and wheel. Initially composed of
particles stemming from wheels and rails, it flows into
the contact to accommodate the sliding between wheel
and rail while absorbing and digesting solid and fluid
contaminants.
Whereas the third body appears to make the wheel–

rail contact analysis more complex, it however strongly
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Fig. 19 Potential participation of the third body layer to the transmission of shearing.

contributes to the safety and the reliable functioning of
this contact, even though the ‘local’ behaviour is not fully
understood. In other words, without the presence of this
third body, the wheel–rail contact would be far less re-
liable and its life duration considerably shortened. It is
clear that existing solid third body models would need
further specific research development before being: (1)
firstly coupled with wheel or rail damage contact models
and (2) finally being integrated to a global ‘vehicle/railway’
model.
As a consequence, the first step is to establish when this

layer should be accounted for and specifically how. For
railway dynamics, the third body is indirectly accounted
for by a global wheel–rail friction parameter, measured
onsite and used as a boundary condition in these mod-
els. This parameter may be sufficient regarding the other
assumptions made at this macroscopic scale of analysis.
However, is this measured friction coefficient the rele-
vant boundary condition even at this macroscopic scale?
Frictionmeasurements have always been difficult to inter-
pret and should be used carefully as a ‘reasonable’ starting
point value, but also need to be assessed and adapted in
relation with models.
Although the parameter of friction produced by the third

body may be sufficient for models of railway dynamics,
contact mechanics must progressively take into account
the third body in order to improve the precision of calcu-
lations of stress gradients anddeformations atmicrometric
scale, because the initiation of degradation probably takes
place at a lower scale.

The friction coefficient becomes an excessively reduc-
tive concept to represent local phenomena realistically
and thus to control them in order to control the adhe-
sion of a wheel, or wear, or to avoid curve derailment.
In this last example, it is the lubrication of the active rail
flange, which has to be controlled; it is thus more the re-
sulting mixture ‘solid third body + fluid third body’ that
is preponderant.53 Only a complete tribological analysis
enables one to establish the significant parameters relative
to each specific case.
Regarding materials, their contribution as to these two

following points has to be evaluated:

1 as contacting bodies (wheel or rail), developing fatigue

cracks, STTs . . . ,

2 as natural third body (particle detachment as described in

the section ‘Presence andRole ofThird BodyLayer’). This

last point is the least explored way of optimising the tribo-

logical qualities of the third bodies.

Thus, a future challenge for materials would be, within
the range of loading, to:

1 develop some STTs rather than cracks,

2 develop some STTs, which would lead to a third body with

optimal tribological properties.

Regarding contact fatigue, modelling efforts developed
during the last five years to better understand and model
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themechanical local contact conditions, which would lead
to the formations of STTs have to go on. It will then be
possible to know how to make the models and the mate-
rial characterization tests evolve. The contribution of the
mechanism (vehicle, railways . . .) should not be obviously
forgotten and integrated in the general approach!
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