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 A B S T R A C T 

The state of elastic rolling of the wheel is considered as a special 
manifestation of the highly developed evolution of the plastic contact of 
rolling friction. It is shown that for the material point of contact of smooth 
rolling surfaces, their initial elasticity forms a pair of elastic roughnesses 
– the sliding friction model. The Carter’s diagram is analyzed and its 
interpretation is given as an analog of the metal tension curve. This 
diagram is transformed to a structural-energy diagram of the sliding 
friction coefficient (evolution) of the rubbing surfaces. The conclusion is 
made about the mutual generality of the Carter’s equation and the 
equation of the energy balance of friction. The evolution of the structure 
of the rolling contact to the ideal nano-state, adequate to the state of the 
ideal solid, is justified. The possibility of the existence of an almost ideal 
thermodynamic cycle at the rolling contact and the maximum efficiency of 
the energy transformation is shown. In this state, we make up one 
mechanical (nano) quantum of the self-organized dynamic dissipative 
structure of the elementary friction contact with minimal contact shift 
(creep). This actually determines the real performance characteristics of 
the heavy-loaded Hertz contact of real engineering systems. 
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1. INTRODUCTION  

 
The art of the wheel and, accordingly, the rolling 
friction of solid elastic bodies is widely used in 
modern practice (gears, rolling bearings, wheel-
rail system, and others [1-6]). For example, 
studies of rolling friction of the wheel-rail 
system in the railway industry are indicative [7-
11]. The highly efficient operational behavior of 
the wheel on a heavy-loaded Hertz contact in 
dynamics [12-14] is associated with the special 
contact properties of the rolling process. Indeed, 

the intense plastic deformation up to the 
nanostructured level of the rolling contact 
allows us to consider the highly activated 
interfacial layer as a lubricant with rheological 
properties (viscoelasticity) causing low friction. 
In general, modern studies of the rolling friction 
of elastic solids well reflect the fact [15] that the 
hysteresis losses for solid steels are extremely 
small (less than 0.5%), so the rolling resistance 
is very small (= 0,001) and in this case 
lubricants play a small role in the rolling friction 
itself. 
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The purpose of the article is to reflect on the 
physical interrelated properties of the rolling 
contact: the high efficiency of the heavily loaded 
Hertz contact, the most developed evolution of 
plastic deformation, which provides the effect of 
quasi-elastic rolling, very low resistance to 
movement (friction), and the most efficient 
energy conversion at the contact.  
 
In the article, the author applies his own method 
of friction analysis – triboergodynamics - to the 
process of elastic rolling of the wheel [16-20]. 
The structural-energy regularities of the 
evolution of the friction contact are considered. 
It is shown that the statement about the elastic 
rolling of the wheel, i.e., a completely reversible 
process, is an impossibility to distinguish the 
high-speed and most fully developed evolution 
of the plastic component of the contact rolling 
deformation. Elastic rolling should be 
considered elastic only because the evolution of 
the contact begins (static) and ends (dynamic) in 
elastic regions. Ideal evolution of tribosystem is 
symmetrical. Between these extreme contact 
states, there is an almost complete evolutionary 
cycle of plastic deformation, as the main 
mechanism of energy transformation. The 
process ends in an elastic region (ideal nano-
structural state of contact, adequate to the state 
of an ideal solid) with minimal loss in the form 
of a single mechanical (nano) quantum 
(tribosubsystem). Proposed in the framework of 
triboergodynamics model nano-quantum 
damping surfaces under friction [19-21], allows 
to apply this model aggregate (synergistic) 
structural behavior of an elastic-viscous-plastic 
rolling contact (selforganized solid lubricant 
[22]) with minimal resistance (abnormally low 
friction) this rotation and minimal, but not zero, 
the loss of (a creature of “wearlessness”). These 
reflections allow us to consider the 
interpretative possibilities of analyzing the 
Carter’s diagram of tangential forces on the 
rolling contact in the context of the general 
friction model – stick-slip motion.  
 
The conditional scheme (model) of the wheel 
contact with friction on a smooth plane in the 
vicinity of the material point A (Fig.1), taking into 
account the elastic effect of the Poisson's ratio (it 
is adequate to the Hans Fromm model [11] for the 
roll contact problem), allows us to draw 
conclusions about the essential properties of the 
rolling process as a whole. 

1. The wheel-plane system under conditions of 
elastic equilibrium of smooth surfaces under the 
action of applied external forces – normal and 
tangential, creates an elementary equilibrium 
tribosystem in the area of contact of the wheel 
with the plane. This is a pair of elementary 
equilibrium roughnesses, an elastic hemisphere 
on the surface of the plane and an elastic 
hemisphere on the surface of the wheel. 

2. The rolling process, which manifests itself from 
the very beginning of its evolution through the 
creation of an elementary tribosystem, must have 
the basic laws of its behavior that are fully 
adequate to the basic laws of sliding friction. 

3. An ideal model of smooth Carter surfaces 
under elastic contact conditions when used in 
rolling analysis leads to the creation of a model of 
an elementary tribosystem for rolling realization. 
 

 

Fig. 1. Scheme of elastic equilibrium of the wheel on 
the plane [17]. 

 
 
2. BRIEF STRUCTURAL-ENERGY, BALANCE 

LAWS OF FRICTION 
 
The general evolution regularities of states and 
properties of tribosystem in the frame of 
triboergodynamics are analysed. 
Triboergodynamics is based on our modern 
knowledge of friction: 1. friction is a phenomenon 
of resistance to relative motion between two 
bodies, originating at their surfaces contact area; 
2. friction is the process of transformation and 
dissipation of energy of external movement into 
other kinds of energy; 3. friction is the process of 
elasto-plastic deformation localized in thin 
surface layers of rubbing materials. 
 
Methodology of triboergodynamics [16-20] is 
based on the analysis method to plastic 
deformation of ergodynamics of deformed solids 
[23-27]. Ergodynamics is a synthesis to the 
problem of deformation most general laws of 
thermodynamics for non-reversable processes 
[23], molecular kinetics (thermо-activation 
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analysis) and dislocation theory [24] in their 
mutual, dialectical tie on the basis of a most 
general law of nature – the law of energy 
conservation at its transformations.  
 
Within the framework of triboergodynamics [16] 
the model of elastic-plastic deformation of contact 
volumes is examined as a generalized mechanism 
of transformation and dissipation energy and 
determines essence of resistance to surfaces 
displacement. 
 
Friction is a global phenomenon of transformation 
and dissipation of the energy of the external relative 
motion of rubbing bodies (for example [28,29]). It 
strongly obeys equation of energy balance 
[23,30,31] and from thermodynamic point of view 
[16] it is a competition of two simultaneous, 
interconnected and opposite tendencies of 

accumulating latent (potential) energy eU  of 
various kinds of defects and damages of contact 
volumes structures and releasing (dissipation) 

energy Q  due to various relaxation processes. 
 
According to the energy balance scheme (Fig. 2) for 
plastic deformation and fracture [16] presented 

below, equations for friction work fW
, frictional 

force F  and friction coefficient   (without 
lubrication) [16] has view 
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where efe uVU  
; 

qVQ f
; efe uVU  

; 

tuu ee dd
; fV

 - is the deformable (friction) 

volume;  - friction coefficient; adapt
- adaptive 

friction coefficient; )(disT  and )(disQ


 - static and 
dynamical components of dissipative friction 

coefficient; TU - thermal component of internal 

energy; N - normal load; l - distance of friction. 

The latent energy density eu  is an integral 
parameter of tribostate and damageability 

(failure (
 eu )). 

 

 
Fig. 2. Scheme of the energy balance for the plastic 
deformation of a solids [16]. 
 

Thus, viewed thermodynamically, the work done 

by friction forces fW
 (the friction power fW

), the 

friction force F  and the friction coefficient   
may be classified conventionally into two specific 
components with different kinetic behavior 
[16,23,24]. The first component is associated 
with microscopic mechanisms of adaptive type 
and relates to the change of latent (potential) 

energy ( 21
 , ee uu 

) of various elementary 
defects and damages that are generated and 
accumulate in the deformable volumes of 
materials friction pair (Fig. 3). This energy is a 
unique and integral characteristic of the 
submicro-and microstructural transformations 
that occur in plastically strained materials [23-
27]. This energy is a measure of strain hardening 
and damageability of materials. The second 
component is associated with microscopic 



S.V. Fedorov, Tribology in industry Vol. 43, No. 2 (2021) 283-297 

 

 286 

mechanisms of dissipative type and relates to 
dynamic recovery processes in which latent 
energy is released and heat effect of friction  

( 21,qq ) take place. This energy originates in the 
motion and destruction of various elementary 
defects of opposite signs, the egress of these 
defects to the surface, the healing of reversible 
submicroscopic discontinuities, etc. The ratios of 

the components 1
 eu

 and 2
 eu

 as well as 21,qq  
of the balance vary over a wide range, depending 
on the physical, chemical, and structural 
properties of the materials that comprise the 
friction couple and the friction process 
conditions. 
 

 
Fig. 3. Schematic view of elementary friction’s contact 
[16,18-20} 
 

Thus, the thermodynamic analysis of friction 
(plastic deformation and fracture) has led to 
generalized (two-term) relations (3)-(6) for the 

force F  and coefficient of friction  , which agrees 
with current concepts of the nature of friction - 
molecular-mechanical [32] and deformation-
adhesion [15]. The author believes that it is more 
correct to talk about the adaptive-dissipative 
nature of friction (5). 
 
Relationships (1)-(6) which generalize the 
mechanism of energy dissipation at friction allow to 
classify the tribosystem states. According to 
ergodynamics of deformed solids (relationships 

Te uuu      and quq T


  ) and equations 

(1)-(6), all exhibitions of friction and wear may be 
reduced conventionally at least to two basically 
different states: the first state defines all types of 
damage and wear, the second — the so-called 
"wearless" condition. The state of damage and wear 
is characterized by the components of energy 
balance (1)-(6), which are responsible for 
accumulation of internal energy in deformed 

volumes 2121      TTee uuuuu  , i.e. the 
process is irreversible. The "wearlessness" state is 
characterized by the components responsible for 
dynamic dissipation (reversibility) of strain energy 

into elastic and structural dissipated energy of 

friction contact 21 qqq


 . 
 
In its turn, the first state may be classified 

depending on the relation between potential eu   

and kinetic Tu   components of internal energy. It 
is subdivided conventionally into mechanical 
damage and wear (due to so-called structure 
activation) and thermal damage and wear (due to 
thermal activation). For instance, let the thermal 

component of internal energy Tu   be equal to zero 

( 0  Tu ) and the internal energy variation at 
damage and wear be defined only by variation of 

the potential     ee uuu  component. Then, the 
mechanical damage and wear with brittle fracture 
of surfaces take place. On the contrary, if we have 

0  eu  ( Tuu    ), then the thermal damage and 
wear with ductile fracture of surfaces take place. All 
the intermediate values of the components are 
associated with quasi-brittle or quasi-ductile 
fracture of solids. 
 
In the most general case, the energy balance at dry 
friction (1) should be written as 
 

  321321 QQQUUUW eeef 
.           (7) 

 

In the special case, where the friction is localized 
into volume of the "third body" [32] (secondary 
structures [33]) equation (7) develops into 
 

33 QUW ef




.                                     (8) 
 

According to thermodynamic theory of strength 
[23,25], the damageability parameter and the 
fracture criterion are defined in terms of the 
internal energy density u  accumulated within the 
strained element of a solid body. A solid body is 
assumed to suffer fracture if the internal energy 

density has reached a critical value 
u  in at least a 

single macrovolume that is responsible for fracture. 
 
According to thermodynamic theory of strength 
[23,25] too, the true, structure process parameter 
should be related to the portion of the 
accumulated plastic deformation that is 
responsible for strain hardening.  
 

With this in mind, if we neglect the heat effect Q  of 
friction, one will infer [16] from the 
thermodynamic analysis of friction of equations 
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(1)-(6) that the Amontons (Leonardo da Vinci) 
friction coefficient is 
 

N

F

Nl

Ue 







; l

U
F e


;  0Q ,   1 .    (9) 
 

Consequently, the coefficient of friction has a very 
deep physical sense. On the one hand, it is the 
parameter which generally characterizes the 
resistance of relative displacement (movement) of 
surfaces, for it reflects the portion of energy, which 
«is done by friction away» as accumulated latent 

energy eU , by relation to parameter of external 

forces work Nl  (energy of external relative 
movement). On the other hand, it is the generalized 
characteristic of damage, for it is defined of the 

latent energy density eu   as integral characteristic 
of the structure defectiveness measure, because 
this energy is the generalized parameter of damage. 
Here too, coefficient of friction generally reflects the 
structural order (disorder) of deforming contact 

volume, since the parameter fee VuU 
 is 

defined of the energy of defects and damages of 
different types, that are accumulated into contact 

volumes fV
 solids. 

 
Therefore, coefficient of friction is a true and 
generalized parameter of tribosystem state. From 
this conclusion we can say that the analysis of the 
evolution of the states of a tribosystem is primarily 
an analysis of the latent deformation energy 
accumulated within the contact friction volumes. 
 
Tribosystem evolution presented as a diagram 
(Fig.4), has adaptive-dissipative character (5) and 
reflects competitive (dialectical) nature of friction. 
Evolution curve has a set of principal points (1-5) of 
transitive states of tribosystem, which strongly 
obeys a balance principle of friction [16,21]. The 
most characteristic areas between these points 
reflect general properties of its non-linear 
dynamics. 
 
So, in the diagram (Fig.4) it is possible to see the 
following conventionally designated points and 
stages: 0-1 – a stage of static friction and strain 
strength hardening; 1 – a point of ultimate strain 
hardening; 1-2 – a stage of pumping of excess 
energy; 2 – point of highly excited state - seizure 
and transition of external friction to internal 
(critical instability); 2-3 – a stage of forming 
dissipation structures (formation of heat 

fluctuation in friction volume); 3 – a point of 
minimum compatibility (maximum frictionness); 
1-2-3 - a stage of selforganization; 3-4’ – a stage of 
compatibility; 4 – a point of wearlessness (anormal-
low friction); 5 – a point of thermal seizure. 
 

 
 
Fig. 4. Structural-energy diagram of the evolution of 

rubbing surfaces [16,18-22]. Marking on the axes: vN ,  - 

load and speed; plelastdynstatic  ,,,
 - static, dynamic, 

elastic, plastic coefficients of friction; Sf TT ,
 - flash point in 

the contact volume of friction in p. 3 and the melting point. 

 
An ideal evolution of tribosystem is symmetrical. 
The process starts and finishes within areas of 
elastic behavior. A plastic maximum (a 
superactivated condition) exists between them as a 
condition of selforganisation and adaptation. 
 
In the most general case evolution (adaptation) 
regularities of tribosystems may be presented as a 
2-stage (Fig.4). At the first stage (0-2) of adaptation 
the evolution of friction contact rushes to form 

some critical volume of friction 

fV

 (point 2). It is 
elementary tribosystem that is the elementary and 
self-sufficient energy transformer. The first stage - 

latent energy density growth eu  to a limited 

magnitude 
 eu  within critical friction volume 


fV

. 
 

This friction volume 

fV

 is constant at the second 
stage of evolution, but here it is evolutionary 
developed owing to structural transformation; by 
this one may realize wide spectrum of compatibility 
friction structures (Fig. 4). 
The second stage (2-4) – structural transformation 
of critical friction volume (elementary tribosystem) 


fV

 into adaptive adaptV
 and dissipative disV  

volumes. The limit (point 4) of this stage is 
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characterized by a full transformation of adaptive 

critical volume 

adaptV

 into 

disV  dissipative. 

 
The volumes mentioned above characterize 
different regularities of transforming energy of 
outer mechanical movement at friction. Adaptive 

volume adaptV
 is connected with non-reversible 

absorption of deformation energy. It is in this 

volume where latent deformation energy eu  
accumulates and where the centres of destruction 

initially emerge (birth). Dissipative volume disV  is 
capable of reversible transformation (dissipate) of 
outer movement energy. It doesn’t accumulate 
latent deformation energy owing to reversible 
elastic-viscous-plastic deformation. 
 
Suggested theoretical and calculation assessments 
[16, 18-22] showed that dissipative friction volume 
performs reversible elastic energy transformation 

of outer mechanical movement with density 
q


 

equal to critical density of latent energy 

eu . 

 
Culmination of tribosystem evolution is its final and 
limited condition of point 4 – a state of anomalously 
low friction and wearlessness (maximum efficient). 
 
Calculation show [16] that at an ideal tribosystem 
evolution an adaptive (Amontons) friction 

coefficient adapt
 in a point 2 of a diagram falls 

abruptly down, reaching in a point 4 the value of 

elastic friction coefficient elast . For point 4 of 
compatibility area 3-4 an equation of energy 
balance (5) showed to be put in the following way: 
 

 
disadapt 

  
elastplastdis   01

;  0,1 .          (10) 
 

Thus, point 4 (Fig. 4) stands for an ideal evolution 
of contact friction volume a condition of ideal 
elastic-viscous-plastic deformation. Equation (10) 
shows as a matter of fact exactly it, i.e. Amontons 

friction coefficient adapt
 being in its essence 

plastic friction coefficient plast
 has a minimum 

value equal to zero. It follows then, that plastic 
friction became elastic with friction coefficient 

elast . It means that plastic deformation of contact 
volume friction is implemented with the maximum 

dynamic dissipation ( maxQ


) of accumulated 

latent energy. That is why the value of accumulated 

energy in point 4 is equal to zero ( 0 eU ). This 
fact proves an ideal condition at most full evolution 
of contact volume. From the physics point of view 
this state may be explained by the full dissipation of 

accumulated energy 
 eU  in point 2 and by newly 

emerged structures of point 4 in the form of elastic 
energy of interaction between them (dynamic 

dissipation energy 
Q



). Here 0,1dis . The 
structural elements themselves are defectlessness - 

0adapt
, and friction is elastic - elast  . 

 
It has been demonstrated [16] that value of 

minimum adaptive friction volume 
min
adaptV

 
corresponding to the zero meaning of plastic 

friction component adapt
 is not equal to zero, but 

is equal to some minimum structural element of 
deformed solid body - the mechanical (nano) 
quantum. 
 
This mechanical quantum, as a unique elementary 
nanostructure, is the result of the most ideal 
evolution of the elementary tribosystem-the 
friction contact (see below). 

 
 
3. ROLLING MODEL BASED ON THE ANALYSIS 

OF THE CARTER DIAGRAM OF TANGENTIAL 
FORCES ON THE CONTACT 

 
To move the center of the wheel and start the 
rolling process, a certain limit equilibrium, 
elastic state is necessary. The elastic state of the 
wheel contact creates an instability that 
precedes the beginning of the rolling process – 
turning around the instantaneous center of 
rotation A and moving the wheel's center of 
gravity from the point of initial equilibrium to a 
new position. The reason for rolling is the fact 
that plastic deformation occurs on the contact. 
 
The view of the Carter’s diagram [7] of changes 
in tangential forces at the rolling contact 
resembles the curve of stretching test metals to 
the state of destruction (loss of stability). In the 
Carter’s diagram [7], taking into account the 
stretching test diagram of materials, the 
following stages can be distinguished (Fig. 5): 1 
– area of elastic deformation (or elastic 
displacement on the contact); 2 – area of plastic 
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deformation by the mechanism of conservative 
dislocation sliding (strain hardening); 3 - 
respectively, the site of the neck formation; this 
is the localization of the process (concentrated 
deformation) and the growth of stresses in a 
certain hydrostatic region of deformation 
(scheme of all-round irregular compression); 
point A is the point of the critical state 
preceding failure or loss of stability in this local 
critical volume of deformation. 
 

 
 
Fig. 5. To interpretation the Carter diagram of 
tangential rolling contact forces. 
 

In general, Carter calls this entire area the 
"stick" area. This area can also be designated as 
the area of joint elastic-plastic deformation of 
the contact volumes of the wheel and the plane 
(rail). 4 - this is the Carter area of slip. 
According to the stretching diagram of metallic 
materials, this area can correspond to the 
behavior of metals in the area of neck formation 
- failure (stress relaxation) - either by a brittle 
sudden fracture mechanism and the separation 
of the sample into parts, or by a viscous fracture 
mechanism. 
 
It is noteworthy that in the Carter tangential 
force diagram, the drop in tangential stresses 
occurs up to zero – to the initial elastic area. 
This indicates the possible state of the 
deformable contact volume in the second 
rolling stage - here there is a drop in the sliding 
friction resistance to the maximum level - to the 
state of abnormally low, almost zero friction. 
The fact that the stresses here do not drop 
instantly indicates that there is no brittle 
separation of the contact area, and there is a 
loss of stability in the form of relaxation of 
internal stresses of pre-hardening and 
relaxation (restructuring) of the structure of 
the contact volume. It can be assumed that in 
this region, the stresses fall due to the 

conversion of the energy accumulated at the 
first stick stage into heat energy and further 
dissipative structure formation. Here, the 
stress drops down to zero, i.e., the absolutely 
elastic state – the ideal dissipative viscoplastic 
behavior of the contact volume with minimal 
friction (viscosity). This state corresponds to a 
point 4 in accordance with the structural-
energy diagram of sliding friction proposed in 
the framework of triboergodynamics [16-22] 
(Fig. 4). 
 
 
4. THERMODYNAMIC INTERPRETATION OF 

THE CARTER DIAGRAM OF TANGENTIAL 
FORCES ON THE ROLLING CONTACT 

 

At the wheel contact (Fig.6), the friction force 

(coefficient of friction) obeys the equation of the 

energy balance of friction [17]. The equations of the 

energy balance of friction taking into account the 

regularities of accumulation have the form: 
 

 dynstatic 

HHHH
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,     (12) 
 

where HHH lAp ,,  - respectively, the specific 

normal load, area and length of the Hertz rolling 

contact; eU   and eU   - components of changes 

in latent (potential) energy that differ in the 

patterns of their accumulation; the first is related 

to dislocation-type mechanisms (strain 

hardening), and the second – with mechanisms of 

the vacancy type (super-activated state); TU
 - 

change in the thermal (kinetic) component of 

internal energy; Q


 - power of dynamic energy 

dissipation. 

 

In Fig. 6, points 1,2,3,4 correspond to similar 

points in the diagram in Fig. 4. 
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Fig. 6. Energy interpretation of the Carter diagram of 

tangential forces on the rolling contact. 

 
 
5. CONVERT THE DIAGRAM OF THE CARTER 

TANGENTIAL FORCES AT THE CONTACT 
ROLLING TO THE DIAGRAM OF THE 
COEFFICIENT OF FRICTION AT THE ROLLING 
CONTACT 

 

We turn the Carter diagram to 
180 , which 

does not change its fundamental essence. 
Divide the values of the tangent stresses   of 
the diagram line by the corresponding normal 
stresses   described by the radius of this 
diagram. 

 
The appearance of this transformed diagram 
(Fig. 7) characterizes the regularities of the 
evolution of elastic-plastic deformation of the 
contact volume, which provides in general 
equilibrium elastic state of the rolling contact. 
 
In the diagram (Fig. 7), the friction coefficient 
curve has two most characteristic stages. The 
first one shows the increase of the coefficient 

of friction adapt
 to a critical state at the point 

C, and the second one shows the constancy of 

the coefficient of friction diss  with a 
characteristic balance value equal to one. 
Point C, respectively, divides the two stages of 
the evolution of the elementary rolling contact 
(tribosystem) into the static rolling contact 
and the dynamics – the actual rolling process 
– the rotation of the wheel around the 
instantaneous center of rotation. 
 

 

 
 
Fig. 7. Transformation of the Carter diagram of 
tangential forces on the rolling contact (a) to the diagram 
of the coefficient of friction on the rolling contact (b). 

 
Accordingly, the appearance of this transformed 
diagram fully corresponds to the structural-
energy diagram (Fig. 4) of the evolution of 
rubbing surfaces under sliding friction. 

 
In accordance with the energy balance equation 
for the coefficient of friction on the rolling 
contact, we have the most complete 
transformation-energy cycle of the evolution of 
this contact. At the first stage, the contact 

accumulates energy eU  to a critical level 
 eU  at 

the point C, and then, at the second stage, this 

energy is released into the energy 
 eUQQ



 of 
dynamic dissipation. 
 
In this case, the level of accumulated energy falls 
to a minimum level equal to the level of the initial 
elasticity, i.e., the plastic dissipative component 
of friction at the second stage characterizes the 
quasi-ideal viscoplastic state of contact with a 
minimum coefficient of viscosity (friction) - 
rotational modes of developed plastic 
deformation-abnormally low friction. 
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Therefore, the coefficient of friction equal to 
one in the second section of the diagram is the 
essence of the dissipative coefficient of friction. 
The adaptive (Amonton) coefficient of friction 

adapt
 at a point C drops sharply, reaching the 

value of the elastic coefficient of friction elast , 
i.e. (see (10)).  
 
Consequently, the equilibrium rolling process 
begins in the elastic region and ends in the 
elastic region, realizing the full cycle of 
evolutionary adaptation of the contact 
structure. Therefore, in general, we have an 
equilibrium process of rolling the wheel at 
Hertz contact, in which between two elastic 
regions there is an intermediate highly 
activated equilibrium state (equilibrium away 
from the equilibrium state) with the maximum 
possible degree of reversibility. 

 
As a result of this evolution of the elementary 
rolling contact, there is a minimal loss - wear in 
the form of a single mechanical quantum. As 
shown in the framework of the model of 
dynamic dissipation under friction [16], for any 
elastic critical interaction, including during 
rupture (destruction), when the formation of 
surfaces takes place, it is necessary to 
reversibly expend or reversibly return to the 
environment an amount of energy equal in 
value to the energy of one mechanical 
quantum.  

 
At the point C, equating the expressions for the 
coefficients of friction of the two stages - 

21   , we obtain the condition of the contact 
state for elastic rolling in the presence of a 

plastic component, namely - elast  21 , 
since 
 

  QQUU ee


 

. 

 

Thus, despite the presence of a plastic contact 
state during rolling, in general, the rolling 
contact state can be elastic. This is due to the 
possibility of implementing a full evolutionary 
cycle of motion energy transformation on the 
rolling contact, which actually characterizes 
the state of the most fully developed contact 
deformation as the main mechanism of motion 
energy transformation. 

6. MECHANICAL (NANO) QUANTUM AND AN 
IDEAL DYNAMIC DISSIPATIVE FRICTION 
STRUCTURE 

 
As a result of the most complete evolution of the 
elementary tribosystem (Fig. 4, point 4), a unique 
contact nanostructure is formed, which is based on a 
mechanical (nano) quantum (Fig. 8). This 
elementary nanostructure is most interesting from 
the point of view of analyzing the state and 
properties of dissipative dynamic friction structures. 
 

 
Fig. 8. Model of an ideal crystal of the elementary 
nanostructure of the friction contact [16,22,34]. 

 
A mechanical quantum [16,22,34] is the 
minimum number of atoms capable of providing 
such a configuration distribution (structure) that 
has the property of reversibly perceiving and 
dissipating (returning) the energy of external 
mechanical motion (impact). It also represents 
the smallest structural formation under 
conditions of plastic deformation and is formed 
when the tribosystem (deformable volume) 
passes through an extremely activated (critical) 
state (area 1-2-3 on Fig.4) due to the 
development of self-organizing processes of 
tribosystem adaptation. This is a structural 
attractor of the limit cycle for plastic deformation. 
 
The mutual rotational-vibrational motion of 
these mechanical quanta relative to each other 
within an elementary tribosystem determines 
the state of the most perfect dynamic dissipative 
friction structure. In fact, such a state is described 
by the equation of state quasi-perfect solid 
[16,22,35], the interaction between the elements 
of the structure (mechanical quanta) is 
minimized – a state of perfect elasticity quasi-
viscous flow. The calculated coefficient of friction 

between mechanical quanta is approximately - 
810 . 

 
The contact volume of friction (an elementary 
tribosystem) with an equilibrium size of about 
2.85 microns contains 65659969 mechanical 
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(nano) quanta [16,22,34]. Actually, a thin self-
organized layer of dynamic dissipative friction 
structures is formed. This is the effect of perfect 
structural scattering of stored energy. Inside this 
layer (the third body - solid lubricant), the 
friction process is implemented with a minimum 

resistance of the order of 
0022,0adapt

 [19,22] 
and the least wear – one mechanical (nano) 
quantum of losses per contact load act. 
 
 
7. EQUATION OF THE ENERGY BALANCE OF 

THE ROLLING PROCESS 
 

It can be shown that the two-stage rolling process 
(stick and slip), from the point of view of the 
general analysis of friction and from the point of 
view of triboergodynamics [16,17], corresponds 
to the general dual laws of external friction and 
reflects the adaptive component of the friction 
process at the first stage, and the dissipative one 
at the second stage. 
 
Therefore, for the first stage of the rolling 
process, the stage when the wheel surface comes 
into contact (stick), you can write 
 
 

eRR UvNvT    .            (13) 
 
 

Here T  is the pulling force on the wheel friction 

contact; RvR   - the speed at which the wheel 

makes contact with the rail; 
R,

 - angular 

velocity of the wheel and its radius; eU  - the rate 
of accumulation of latent (potential) energy by 
the deformable contact. 
 
Accordingly, for the right side of the Carter 
diagram (Fig. 5,6), we have one coefficient of 
friction 
 

1



R

e
adapt

vN

U


.            (14) 
 

For the second stage of the rolling process, the 
slip stage, we write 
 

.            (15) 
 

Here TT  is the tractive force in the center of the 

wheel; 0v  - speed of the carriage (wheel center); 

Q


 - power of dynamic energy dissipation by 
contact. 
 
Actually, the second stage of the rolling process is 
a dynamic dissipative state of contact, the 
movement of the center of mass of the wheel with 
sliding (creep). 
 
Accordingly, the second stage of friction is 
characterized by its own coefficient of friction, 
which, in fact, is the coefficient of sliding friction, 
but the dissipative coefficient of friction 
 

1
0




 diss
vN

Q




.            (16) 
 

In an ideal rolling process, the amount of energy 

eU  accumulated by the volume of friction at the 
first stage of rolling is equal to the amount of 

energy Q


 performing rolling work at the second 

stage ( QUe


  ), or the rate of energy eU  

accumulation is equal to the rate of its Q


 release 
 

QUe
  .            (17) 

 

Thus, we can have: 
 

0vTvT TR  ;             (18) 
 

            (19) 
 

and 

.              (20) 
 

In the real rolling process, taking into account 

that the speed difference 0vvR   is not equal to 

zero and this is the amount 

SLv  of slippage 

(creep) of surfaces, we can write the following 
chain of transformations of the ratio (20): 
 





SLdiss vv

v

0

0









; 

  00 vvv SL    ; 

diss
SL

v

v
 


















0

1

.             (21) 
 

In equation (21), we perform the following 
mathematical procedure in parentheses: 

QvNvT RT


 00 

0vNvN R  

Rv

v0



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diss
SL

v

v
 
































0

1

. 
 

Multiply both sides of the last ratio by the 

normal load N , and denote the negative speed 

ratio in parentheses by the parameter   
 

        

  T
SL T
v

v
NN 
































 11
0

.      (22) 
 

And as a result, we get the following equations 
for the rolling process of the wheel: 
 

  1TTT ;                                              (23)  
 TTTT ,                                           (24) 

 

which, in fact, are the energy balance equations 
of the rolling process. 
 
The resulting equations are similar to the 
Carter’s equation [7] 
 





































2

2
11

H

X
T

p

E
NT






,             (25) 
 

If the value 

2

2
1






















H

X

p

E





 in this equation is 

denoted by  a letter, we get the equation of 
the energy balance of the rolling process (23): 
 

   1NTT .                         (26) 
 

Thus, there is a complete correspondence 
between the obtained equation of the energy 
balance of the rolling process (23) and the 
Carter’s equation [7]. Moreover, it should be 
noted that the thermodynamic analysis of the 
sliding friction process leads to the Carter 
equation. 
 
Here it is necessary to note one fundamental 
circumstance of an essential property. If we use 
equations (21) and (22) to analyze the Carter 
curve, we can get a somewhat contradictory 
result. The fact is that these equations are 
obtained from the analysis taking into account 

the dissipative coefficient of friction - dissR  

. To better match the Carter curve, equations 
(21) and (22) should be presented taking into 
account the adaptive coefficient of friction - 

adaptdisR  
 at the second stage of rolling, 

converting equality (20). As a result, we get 
equations similar to equations (21) – (24), but 
with an essential difference. Namely: 
 

adaptdisR   )1(
.                  (27) 

 

After making the transformations [4], we get 
the following record forms: 
 

  11  adaptdiss 
;           (28) 

  11  elasttdiss  ;           (29) 

  NTTTN Tadaptdiss   1
;         (30) 

  NTTTN Telastdiss   1 .           (31) 

 

In the left part of these equations, there is a 

coefficient of friction 
0,1 adapt

 that 
characterizes the first stage of the rolling 
process – creating prerequisites for shifting the 
center of mass of the wheel, and in the right 
part there are coefficients of friction 

elastadapt  
 (see (10)) and - 0,1diss , which 

characterize the second stage of the rolling 
process, the actual rolling process itself 
(moving the center of mass of the wheel). 
 
From the relations for traction (30), (31), the 
following conclusions follow: 

1. The maximum traction force TT  is equal to 

the normal load - N ; 

2. Traction consists of two components: adaptT
 - 

coupling, which determines the resistance to 

movement and pulling dissT  - inertia component 
of traction. 
 
These equations should be used to analyze the 
Carter curve and consider the patterns and 
causes of changes in the traction force when the 
speed of movement of the crew (carriage) 
changes. Equations (21) – (24) in this analysis 
will act as auxiliary, allowing you to see the 
second side of the dual phenomenon of the 
friction process and the rolling process. 
Together ((21) and (27)) these two ways of 
writing the energy balance equations of friction 
(rolling) allow us to understand the essence of 
sliding friction (creep) on the rolling contact. 


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8. ON THE THERMODYNAMIC CYCLE OF THE 
ROLLING PROCESS UNDER ELASTIC 
CONTACT 

 
The phenomenology of the Carter equation for 
wheel rolling under conditions of elastic 
reversible contact and the Carter’s diagram [7] of 
tangential stresses on the Hertz rolling contact 
should be analyzed using thermodynamic 
concepts of the process as a thermodynamic 
cycle. 
 
The analysis of the Carter’s diagram and the 
analysis of the Carter’s equation for the elastic 
behavior of the contact, performed above, allow 
us to present the Carter’s diagram as a diagram of 
the thermodynamic cycle of energy 
transformations on the contact and give it an 
essential thermodynamic assessment. 
 
The thermodynamic cycle of the rolling process, 
taking into account the Carter diagram, can be 
represented in Fig. 9. This figure shows that the 
Carter process of elastic rolling of the wheel is 
completely reversible and in this case we have no 
contact losses. There is an absolutely perfect and 
reversible thermodynamic cycle. The process 
starts in the elastic region (point 0) and ends in 
the same elastic region (point 4). Point 4 lies at 
the level of point 0 and, in fact, we return again to 
the original point 0. 
 

 
 
Fig. 9. Scheme of imaginary, ideal and reversible 
thermodynamic cycle in the crankcase diagram of 
elastic rolling contact. 

 
All the energy accumulated at the first stage (path 
0-e-1-2) by the rolling contact system is 
completely converted into the released energy of 
the system (path 2-3-4). As a result, there is no 
energy loss, and the system works perfectly - 
Perpetuum mobile. Here it is quite possible to 
apply the molecular model of friction of G.A. 
Tomlinson [36,37], who believed that the forces 
of attraction between surfaces are negligible and 
the load is completely balanced by the repulsive 
forces of oscillating and energy-dissipating 
molecules. 

On the other hand, the model of a perfectly flat 
surface of the Carter, but at the same time operating 
under elastic contact conditions, is a surface model 
that we can imitate from the point of view of nano-
quantum representations of dynamic, structural 
energy scattering [16,19-22], as the ground state of 
the system in which all mechanical quanta are 
directed against the field. In such a state, the system 
cannot give energy to any other system simply 
because it (the system) does not accumulate energy 
in this state [16]. Almost a complete analogy with 
the Tomlinson model, except, of course, that in the 
nano-quantum model of surface damping, one 
quantum is still able to behave differently from the 
others – it is lost (wear standard [35]). And this is 
the whole point of the difference between the real 
and the ideal. 
 
Thus, the thermodynamic cycle of Fig. 9 is the ideal 
representation of Carter, taking into account his 
formula and his diagram, which, for example, can be 
interpreted by the Tomlinson friction model. 
 
What do we actually have in real practice? Real 
practice, together with the classical 
thermodynamics of irreversible processes, gives a 
more specific answer regarding the degree of 
reversibility of thermodynamic cycles. In real 
practice, we are dealing with a certain degree of 
irreversibility or pair-related reversibility with it. 
 
The scheme of the real minimally irreversible 
rolling process of the wheel under the conditions of 
elastic contact deformation can be considered in 
Fig. 10. In accordance with the structural-energy 
diagram of rubbing surfaces [16] and the analysis of 
the minimum state of friction under the conditions 
of plastic deformation of the tribocontact 
[19,22,34], the process of energy transformation on 
the contact does not have complete reversibility. 
The process ends at a certain point 4, which 
characterizes the minimum (zero) value of the 
adaptive component of friction, but which is equal 
to the value of the initial elasticity-the level e-4. 
 
The nano-quantum model of dissipative damping of 
surfaces [16,21] allowed us to show that this 
minimum value is one mechanical (nano) quantum. 
In any real thermodynamic process, at its very 
beginning, we must spend (lose) some minimum 
amount of perogative (energy), which is equal to 
the amount of energy returned from the operating 
system to the external environment, i.e., to the 
activating factor. 
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As a result, this is the principle of the impossibility 
of creating an absolutely perfect process. 
 
The actual scheme of the real minimally 
irreversible (maximally reversible) process of 
such energy transformation is shown in Fig. 10.  
The process ends at point 4, which does not lie at 
the initial zero level of point 0. The process ends 
with a minimum loss equal to the value of the 
initial elastic energy that was spent on activating 
the transformation process itself. The value of 
this lost energy in one elementary elastic (quasi-
ideal) rolling act is equal to the energy of one 
mechanical quantum – the energy potential of 
one J. Gibbs cell [38]. 
 

 
 

Fig. 10. Diagram of a real irreversible thermodynamic 
cycle in the Carter diagram of an elastic rolling contact 
based on the energy model of friction. 

 
Consequently, the minimal, elastic behavior of 
surfaces under rolling friction is characterized 
only by the minimum degree of irreversibility or 
actually the maximum degree of reversibility in 
the framework of classical concepts of practice 
and thermodynamics about the impossibility of 
creating a Perpetuum mobile. 
 
 

9. THE PRINCIPLE OF CRITICAL ROLLING 
SPEED OF THE WHEEL 

 
The limit of this speed is determined by the 
principle of filling the entire elementary nominal 
friction area of the sliding system with elementary 
tribosystems (the equilibrium roughness) that 
dampen the process [17]. Above this speed of 
movement of the crew (wagon), the tribosystem 
will be completely unloaded, the wheel will detach 
from the rail surface, since the principle of 
minimum resistance to movement (the principle of 
one elementary tribosystem or the principle of 

irreversibility) will be violated. In this case, all the 
mechanical quanta of the elementary tribosystem 
will repel the wheel, but there will not be a single 
quantum that activates the process of maintaining 
the system in an excited state. After the wheel is 
detached from the rail, the friction system ceases to 
activate (exist) and, of course, work. 
 
The wheel rotates freely (cleanly) and in the next 
moment falls on the rail with a strong seizure, 
scoring and complete melting of the contact zone. 
This is the ultimate-emergency situation. 
 
The calculation will be made in the following order 
for the wheel. The elementary nominal size of the 
dry friction tribosystem is known. It is equal, in 
accordance with [16], approximately, to the area 
with the size of the base length with roughness of 
the equilibrium level (about 1 centimeter). An 
elementary nominal area can simultaneously 

accommodate and operate 
81065659969,0 

TSn  
elementary tribosystems. Each elementary 
tribosystem has a size (for the spherical 
equilibrium roughness model) of 

mD TS
6

1 1085,2   [39] and is capable of providing 
the rolling path of the wheel in an elementary 
rolling act along the length of this tribosystem. 
Thus, if all the elementary tribosystems work in a 
unit of time over the entire elementary nominal 
area of dry friction, then the path traversed by the 
wheel in a unit of time is equal to: 
 

 


86
1

max 1065659969,01085,2TSTSTS nDL

  hкmsm /67,673/13,187  . 
 

This result is close to the current speed 
hkm  574,8  achieved by TGV (France). 

 
 
10. CONCLUSION 
 
As shown by the above reflections on the nature 
of rolling, the rolling contact itself has 
fundamental evolutionary laws. The most 
developed rolling process is almost elastic, due to 
the most fully developed evolution of plastic 
contact deformation. An almost ideal 
thermodynamic cycle of energy transformation is 
realized at the rolling contact from the point of 
view of the structural-energy interpretation of 
the elastic-plastic friction deformation process. 
The friction loss is very small - one mechanical 
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(nano) quantum of the self-organized dynamic 
dissipative structure of an elementary friction 

contact consisting of about 
81065659969,0   

mechanical quanta. At the first stage of the rolling 
process, a pulling force (coupling) and a friction 
force on the contact are created, as a result of the 
accumulated potential energy of defects in the 
contact structure. At the second stage, the 
accumulated energy is released and dissipated as 
elastic surface energy to the newly formed 
contact structural elements (spherical theoretical 
crystals – mechanical quanta). Then these nano-
quanta work together, perform mutual rotations 
- the effect of the Rayleigh-Benard cell type. In 
essence mechanical quanta are molecules of a 
solid body. The result of rotations is an elastic 
shift inside the contact volume (support for 
external relative motion at the internal molecular 
level) and the wheel's center of mass is moved 
(an elementary rolling act) with minimal loss in 
the form of a single mechanical quantum and 
minimal contact shift (creep).  
 
High self-organized properties of the dissipative 
structure of the friction contact determine the 
actual performance characteristics of the Hertz 
contact of real engineering systems. 
 
Such a maximum nano-structuring and quasi-
elastic state of the rolling contact with a 
minimum coefficient of friction naturally 
determines no need for lubrication for the rolling 
process itself. Indeed, lubrication is required [15] 
only to reduce friction between, for example, 
rolling elements in bearings and separators, as 
well as to reduce surface corrosion and thermal 
cycling. 
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