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1. Introduction

A contact interaction between metal rolling elements is 
a rather widespread example of the interaction between con-
jugated parts of various technical systems. For example, the 
interaction of rolling elements with rings in rolling bearings, 
rollers of various tracking mechanisms or drives, steel crane 
wheels with crane tracks, rolling stock wheels of railways 
with rails. Requirements for friction and adhesion charac-
teristics depend on the purpose of a system or a mechanism 
in which rolling of steel elements is used. In some cases, it is 
necessary to minimize friction in order to reduce losses in 
mechanisms, for example in rolling bearings. In other cases, 
such as a “wheel-rail” contact, it is necessary to strive for an 
increase in adhesion coefficient at a contact area limited by a 
deformation magnitude and having small dimensions.

Taking into account a wide application of contact inter-
action of this kind, the actual task is the search for methods 
of friction and adhesion control. The effect of such methods 
should affect characteristics of friction interaction in a certain 
range, which should be rational for a particular type of mech-
anism. Since most of engineering products containing rolling 

elements are made of ferromagnetic materials, the most prom-
ising from the point of view of friction control are the methods 
of influence on tribological contact by a magnetic field. The 
studies that are undertaken in this area are often empirical in 
nature. In addition, proposed solutions are complex for their 
implementation, this fact generally limits their use in practice.

2. Literature review and problem statement

The problem of friction control in a contact of steel roll-
ing elements is a subject of interest to many scientists over a 
long period of time. From the tribology point of view, friction 
as a process consists of a number of physical, chemical, and 
mechanical processes that mainly occur in the surface layers 
of contacting elements. It is also well known that there are 
two main types of interaction ‒ mechanical and molecular 
when the process of friction occurs [1, 2]. The term “molecu-
lar component of friction” was introduced at the beginning of 
the 20th century [2], but, regarding a dry contact of metallic 
elements, it is more correct to operate with the term “atom-
ic ...”. Various factors affect the level and ratio of mechanical 
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and molecular components of frictional force. Such factors 
include a structure and properties of contacting elements 
materials, a presence of a third element and its properties, 
a shape and a size of contacting surface, surface roughness, 
temperature, relative speed of displacement, and so on [1, 2].

By analogy with development of tribology, friction control 
methods also developed. All attention was paid to the effect on 
a mechanical component of a friction at the initial stage. As a 
result, all known methods in this area are aimed at improving 
the geometry of a contact [3, 4], formation of rational microge-
ometry of contacting surfaces [5, 6], providing necessary me-
chanical properties to materials of contacting elements [7, 8], 
optimization of external load, rolling speed, temperature in 
terms of a shape and a size of contact area [3, 9]. The enumerat-
ed methods were sufficiently studied and have been widespread 
in engineering, therefore the main reserves of rolling friction 
control are in the area of molecular and atomic components.

One author proposed a phonon theory of friction in paper 
[10]. The main idea of this theory is that adhesion forces de-
pend on vibrations of atoms (phonons) on the actual contact 
area. A change in vibrations of atoms leads to a significant 
change in the interaction between contacting surfaces. 
Vibrations of these phonons can be influenced by using ad-
ditional external energy, for example, thermal, magnetic, 
or electric energy. The presented work is one of the first to 
reveal physical foundations of atomic friction between steel 
rolling elements, but it is only of a theoretical nature. The 
molecular component of rolling friction (in the presence of a 
third body) was investigated in [11–13]. This experimental 
study indicates an important role of the molecular compo-
nent, but does not disclose possibilities of friction control by 
supply of an external energy of electromagnetic nature.

It becomes clear during detailed examination of the physi-
cal phenomena occurring in a contact of steel rolling elements, 
for example, wheels of a locomotive and a rail, that the reali-
zation of traction force occurs at rather small contact areas. 
The force interaction that occurs when contacting surfaces 
approach to the level of atomic roughness becomes signifi-
cant if one considers large contact pressures. That is, in the 
range where the atomic component of friction force prevails 
[10, 14]. The nature of binding forces will be electromagnetic 
in this case, and this means that the methods of influence on 
connecting forces must be of the same nature. Therefore, it is 
not a coincidence that the development of modern methods of 
control of friction and adhesion in rolling elements are based 
on the use of electric and magnetic fields [15, 16].

An increase in the adhesion coefficient is observed when 
passing directly through a contact of electric current and a 
magnetic field according to the results of studies [15]. This 
method, in contrast to the traditionally applied method 
of adhesion increase by the use of sand, does not lead to 
intensive deterioration of contacting elements. However, it 
apparently requires considerable energy consumption, since 
the density of current, which is passed through the contact, 
increased from 68 A/mm2 to 176 A/mm2, while the magnetic 
field strength changed from 0.6 kA/m to 7.4 kA/m, in order 
to achieve increased adhesion.

Paper [16] shows how the coefficient of adhesion behaves 
when a magnetic field generated by permanent magnets is 
applied to rolling elements. The study implied the following: 
a different number of permanent magnets was placed along 
the side surfaces of one of contact rollers. Further, a testing 
under conditions of different environment, rotation speeds 
and roughness was conducted. The behavior of adhesion 

forces was observed when a contact occurred in the presence 
of water or oil. The effect of the magnetic field caused an 
increase in the coefficient of adhesion in the first and second 
cases. However, it was not possible to achieve the required 
values of the coefficient of adhesion under conditions of dry 
contact. The change in the speed of rotation did not produce 
a particular effect on adhesion parameters. A change in the 
roughness parameter from high to low led to a decrease in 
the coefficient of adhesion by several times.

Expediency of studies in the field of methods of influence 
on the parameters of adhesion in a contact of metallic rolling 
elements is obvious, since it is possible to achieve the desired 
changes [15, 16]. However, high energy consumption and 
complexity of the implementation of these methods necessi-
tate further research in this direction.

3. The aim and objectives of the study

The aim of present study was to examine the effect of 
an external constant magnetic field on a change in the ad-
hesion parameters in a contact of magnetized steel rolling 
elements. This study should provide a possibility to justify 
parameters of the rolling friction control method in various 
machine-building products.

To achieve the objective, the following tasks were set: 
– to conduct theoretical study into effect of an external 

magnetic field on the atomic component of rolling friction 
taking into account magnetostrictive phenomena;

– to determine experimentally dependences of the in-
fluence of an external magnetic field on frictional charac-
teristics in a simulated rolling contact (using a “wheel-rail 
contact” as an example).

4. Materials and methods for studying the effect of  
an external magnetic field on frictional characteristics of 

steel rolling elements

4. 1. Examined materials and the equipment used
The investigations were carried out at a bench (Fig. 1), 

its design and characteristics were described previously in 
paper [17]. The bench was designed to study frictional char-
acteristics of rolling elements according to the “disk-plane” 
scheme. A disk has a spherical shape of a rolling surface, 
which makes it possible to recreate a process of rolling of a 
wheel along a rail under conditions of a single-point contact, 
when the contact area has an elliptical shape.

 

Fig.	1.	Schematic	of	a	laboratory	bench:	1	–	stand;	2	–	column;	
3	–	bracket;	4	–	object	table;	5	–	flywheel;	6	–	contact	plane;	
7	–	power	shaft;	8	–	contact	roll;	9	–	roll	stand;	10	–	loading	
plane;	11	–	springs;	12	–	electromagnet;	13	–	electric	motor;	

14	–	base	of	electric	motor;	15	–	muff	coupling
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In order to create conditions that are maximally close 
to an actual contact, the samples were made of materi-
als used in the production of wheels and rails of rolling 
stock: disc – Steel 2 GOST 398-2010, plane – Steel M76 
GOST R 51685-2000.

4. 2. A method for determining characteristics of the 
contact parameters

The study method consists of the implementation of a 
consecutive set of actions. First, a normal load N is set on 
contact roll 8 using roll stand 9 and loading plane 10. Then, a 
torque moment M is created by turning on electric motor 13 
on a power shaft and this starts translational motion S of 
contact plane 6. The plane is attached to object table 4 rigidly. 
Springs 11 are placed under object table 4, they prevent this 
movement. With the further movement of contact plane 6, 
there comes a moment when the normal load N is not enough 
to contradict forces of springs 11. Then, contact roll 8 slips 
relatively to contact plane 6, resulting in the adhesion break.

Displacements of object table 4 are registered with a 
linear potentiometer, which is attached to stand 1. The po-
tentiometer is connected to a personal computer via a special 
cable. Object table 4, springs 11, the potentiometer, the cable 
and the personal computer are collectively a digital dyna-
mometer. This dynamometer makes it possible to record a 
change in the resistance of the potentiometer in the form of a 
chart that describes the dependence of frictional force on the 
movement of the object table. Frictional force drops sharply 
at the moment when the adhesion failure occurs and its peak 
value is registered at the same time. The coefficient of adhe-
sion in this case can be calculated as the ratio of maximum 
tension force T to the magnitude of normal load N.

A DC electromagnet 12 was used for magnetization 
of steel samples by an external field. It is a solenoid with 
a steel core. A number of measurements of friction rolling 
force were carried out to assess influence of the degree of 
magnetization on characteristics of adhesion between the 
disk and the plane. Further, the coefficient of adhesion was 
calculated according to the procedure given in [17]. During 
the experiment, a voltage in the winding, as a consequence of 
the value of magnetic induction, was changed stepwise from 
zero to the maximum accepted value. The values of magnetic 
field parameters were recorded using a Hall sensor.

5. Results of theoretical and experimental studies

Nodes of crystal lattices start interacting with each 
other when contacting surfaces approach the level of atomic 
roughness. There are metal ions surrounded by a socialized 
electron gas in the nodes of the crystal lattices of metals, ac-
cording to the definition of a metal bond [18]. Then the force 
and energy of interaction of contacting elements depend on 
a type and parameters of the crystal lattice, and also on the 
actual contact area. In a general case, the interaction energy 
can be determined using the Lennard-Jones potential – a 
simple model of the pair interaction of charged particles. The 
model describes a dependence of interaction energy of two 
particles on the distance between them [19]. The model in its 
usual notation takes the form:

  

( )
12 6

4 ,U r
r r

 σ σ   = ε −         
  (1)

where U(r) is the total interaction energy of two particles; 
ε is the depth of a potential well; r is the distance between 
centers of particles; σ is the value of r for which U(r)=0.
The parameters ε and σ are characteristics of atoms of the 
corresponding substance. They were calculated for iron by 
the recommendations of [20]. The essence of the model is 
that it takes into account both attraction forces of particles 
and repulsion forces, which manifest themselves in different 
degrees and essentially depend on the distance between par-
ticles. Also, by employing this model, it is possible to calcu-
late at what value of r the interaction energy will be zero. The 
chart of a change in the energy of interaction of iron atoms 
on the distance between them in a crystal is shown in Fig. 2.

 

Fig. 2. Change in interaction energy U of two iron atoms 
caused by the distance between them, r : 1 – repulsion 

energy; 2 – attraction energy; 3 – total energy

Data on the distance between centers of atoms given 
above are sufficient to calculate the force of interaction be-
tween these particles. The strength of the interaction can be 
calculated from the following formula

( ) ( )
.

dU r
F r

dr
=    (2)

The interaction force between atoms at the nodes of the 
iron crystal lattice was determined by using data from Fig. 2 
and dependence (3). It is shown in the chart in Fig. 3.

 
Fig. 3. Dependence of interaction force F  

of two atoms on the distance r

The obtained values of energy and interaction forces for 
two atoms at the nodes of the crystal lattice of iron make it 
possible to study the total force of interaction between these 
atoms in a unit cell. The total interaction force in this case 
will take the form of the total interaction force between each 
node of the crystal lattice of contacting elements.

Fig. 4 shows how two sides of crystal lattices of con-
tacting elements interact with each other: each node of the 
crystal lattice of the first element has the force of interaction 
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with each node of the crystal lattice of the second element. 
The force of interaction will vary from a maximum to a min-
imum at a distance equal to half the period of the crystal lat-
tice tx, ty (Fig. 4) since it depends on the distance between 
atoms that are at the lattice nodes. Therefore, we assume in 
the calculation that one crystal lattice is displaced along 
the X axis by some distance k from the other. There is no 
displacement along the Y axis.

 

 

Fig. 4. Calculation scheme to determine the total interaction 
force: 1 – iron atom; 2 – a side of the crystal lattice of the 
second element; 3 – a side of the crystal lattice of the first 

element; 4 – distance between contacting elements

In this case, a formula for calculating the total interac-
tion force between two contacting sides will take the form

( ) ( )

( ) ( )
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 + × − + × +∑ ∑     

(3)

where tx, ty are the parameters of crystal lattice; h is the 
distance between contacting elements; k is the displacement 
of lattice nodes relative to each other, 0≤k≤tx/2; n is the 
number of atoms in a side of the crystal lattice of iron, n=4.

A change in the total interaction force from the displace-
ment of crystal lattices relative to each other is shown in the 
chart (Fig. 5). The data obtained in Fig. 3 are accepted for 
the calculation. We assume that tx=ty=h

 
Fig. 5. Dependence of the total interaction force F between the 
sides of crystal lattice on the displacement k along the X axis

Once we have the value of the total interaction force, 
it is possible to calculate specific attraction force between 

contacting surfaces. The formula for its calculation will take 
the form

( ) ( )
.sp

F k
F k

tx ty
=

×
   (4)

Fig. 6 shows the chart of values of specific attraction 
force.

 

Fig. 6. Dependence of specific attraction force Fsp of  
the contacting surfaces on displacement k along the X axis

The dependence for calculating specific friction force 
will take the form

( ) ( )( )
 
 − ×∫ 
  =

2

0
dx

.

2

tx

spF x F tx

Fm
tx

  
(5)

In dependence (5), a denominator is the work of friction 
force, that is, a work done by the friction surface when it is 
displaced by magnitude k relative to the other surface.

The coefficient of adhesion will be calculated as the ratio 
of the maximum specific friction force in the contact area 
to the normal load acting on the contact. The formula for 
calculation will take the form

×
= ,c

l

Fm S
f

G
    (6)

where Sc is the contact area; Gl is the value of normal load.
The above model suggests that the adhesion forces be-

tween two contacting elements can be changed by changing 
the distance between lattice nodes during their interaction. 
Therefore, it is necessary to take into account the phenome-
non of magnetostriction, which is associated with a change in 
the parameters of crystal lattice [21, 22], when considering the 
interaction of crystalline solids during magnetization. This is 
especially important for the steel rolling elements, which are 
brought together to the level of atomic roughness.

Thus, by changing parameters of magnetization, it is pos-
sible to change the values of parameters of the crystal lattice 
of magnetized elements simultaneously, which will lead to 
a change in the interaction force between them during con-
tact. Friction coefficient values for the entire possible range 
of interatomic distance variation in the crystal lattice under 
the influence of an external magnetic field were calculated 
using dependences (5) and (6), as well as the known values of 
magnetostriction of ferromagnets [21, 22] (Fig. 7). The cal-
culation was performed on the example of contact between a 
wheel of a locomotive and the rail, which is why the values of 
Sc and Gl were taken based on data from paper [15].
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Fig.	7.	Dependence	of	adhesion	coefficient	f	on		

the	magnitude	of	magnetostriction	Δb/l

A number of experimental studies were carried out to 
examine effect of a change in the induction of magnetic field 
on the adhesion coefficient between steel rolling elements 
according to the procedure described above. Results of ex-
perimental studies are shown in Fig. 8.

a
  

 

 
 b
Fig.	8.	Dependence	of	the	average	value	of		

adhesion	coefficient	fav	on	the	induction	of	magnetic	field	B:	
a	–	“direct	polarity”	of	electric	current;		
b	–	“reverse	polarity”	of	electric	current

By analyzing the charts shown in Fig. 8, it is possible 
to argue that the coefficient of adhesion varies non-linearly 
depending on a change in the induction of magnetic field. In 
addition, there is a significant difference in the results when 
current is passed with a change in the polarity relative to 
contacts of a solenoid. 

6. Discussion of results of studying the effect of  
an external magnetic field on the adhesion characteristics 

of steel rolling elements

Theoretical studies that we carried out made it possible 
to determine energy and force of interaction of contacting 

metal elements, which are brought together to the level of 
atomic roughness. A mathematical model is proposed and 
calculations of force and coefficient of adhesion in a con-
tact of rolling elements are performed taking into account 
the magnetostriction effects. According to the studies, 
magnetization of metallic elements leads to a change in the 
coefficient of adhesion between them, both to the greater 
and to the lower side, Fig. 7, due to the manifestation of 
a magnetostrictive effect in the crystal lattice of surface 
layers of a metal. Calculations are performed on the exam-
ple of contact “wheel of a locomotive – rail”; the proposed 
model, however, as well as the calculation technique, can 
be applied for analogous tribological systems where rolling 
friction is implemented.

Results of experimental studies show that the impact of 
magnetic field significantly affects the atomic component of 
adhesion forces, which is confirmed by the results of theo-
retical studies. According to Fig. 8, adhesion is increased to 
36.4 % at “direct polarity” and up to 31.8 % with “reverse 
polarity”. Moreover, in the first case the maximum effect is 
observed in the region of high fields, while in the second – in 
the region of low fields. Apparently, this is due to the pre-
dominant location of the sides of iron crystals in the surface 
layers of model rolling elements.

The results obtained could be used to implement the 
method of control over adhesion in rolling elements, howev-
er, in order to implement them, further studies are required 
under conditions of influence from different media (the ap-
plication of so-called “third body”), varying external loads 
and velocities of relative displacement.

7. Conclusions

1. A mathematical model is developed to determine the 
atomic component of force and the coefficient of adhesion 
in a contact between steel rolling elements. In contrast to 
those already existing, the given model takes into account 
a change in the interatomic distance in a crystal lattice 
due to magnetostrictive effects and it could be applied to 
predict rolling friction parameters of a wide range of engi-
neering products.

2. The calculation, based on the developed model, 
shows on the example of contact “wheel of a locomotive – 
rail” the possibility of both increasing and decreasing the 
adhesion coefficient, which agrees well with the physi-
cal concepts of magnetostriction phenomena in ferromag-
nets. The calculation performed also partially confirms 
the available experimental material on the effect of exter-
nal magnetic field on the friction parameters between me-
tallic elements.

3. Experimental studies into process of friction between 
steel rolling elements established that the magnetization of 
rolling elements leads to an increase in the adhesion forces 
to 36.4 %, which is significant from the point of view of 
development and creation of methods for adhesion control in 
similar technical systems.
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