SERBIATRIB ‘19

16" International Conference on
Tribology

Faculty of Engineering
University of Kragujevac

Serbian Tribology
Society

Kragujevac, Serbia, 15 - 17 May 2019

MODELLING OF THERMOELASTIC PROCESSES AND TEMPERATURE
DISTRIBUTION IN METAL TRIBOPAIRS DURING DRY FRICTION

Pavel KOVALENKO"*, Svetlana PEREPELKINA®, Vlada SEMENOVA®
ITmo University, Saint Petersburg, Russian Federation
’peter the Great St. Petersburg Polytechnic University, Russian Federation
*Corresponding author: kovalenko _p.p@mail.ru

Abstract: In this paper, a model for calculation of the temperature distribution in the metal tribopair bar -
plane in the conditions of dry friction is developed. A model for solving of the problem of thermoelasticity for
a metal bar under uniaxial tension-compression is also proposed. A simulation of the interaction between
the bar and the plane was carried out taking into consideration various conditions, such as ambient
temperature and linear dimensions of the contacting pairs. The simulation results showed that the
distribution of the thermal field nonlinearly depends on the linear dimensions of the body, but the frictional
heating in the first counter-body can be compensated by small changes of the linear dimensions.

When calculating the stress-strain state of the bar, a non-linear dependence of the stress in the bar was
obtained, which is due to the presence of contact pressure.

The modelling results were proved experimentally with the use of the friction machine MITU-1.

The results of the work can help us predict frictional heating for metal tribopairs and decrease its negative
consequences.

Keywords: frictional heating, thermoelastic processes, distribution of the thermal field, stress-strain state of
tribopair elements, uniaxial tension-compression.

1. INTRODUCTION sliding bodies can cause thermoelastic

deformation that changes the contact

In the process of friction, a sufficiently
large part of the energy transforms to heat
losses [1]. Energy dissipation processes, as a
rule, lead to negative consequences, such as
catastrophic wear, ignition of lubricant, etc.
The theoretical description of the processes
occurring in this case is extremely difficult,
which is due to the nonlinearity of the
processes, as well as taking into account a
large number of factors affecting both the

pressure distribution. The sliding velocity that
is higher than the critical velocity can cause
the appearance of local high temperature
areas called hot spots. These hot spots with
high local stresses may cause material
degradation, eventual failure and undesirable
frictional vibrations [4-6]. Thermoelastic
processes in composite materials were
investigated in [7]. The results of these
researches made it possible to achieve

friction process and the energy significant success in engineering calculations

transformation [1]. of non-stationary friction modes in brakes and
The thermal problem of friction was friction devices with complex thermal

analyzed in [1-3]. The friction heat between conditions [8-12].
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The development of theories based on
simplified fundamental models that take into
account the influence of wear, elasticity, phase
transitions, etc. is of great importance.

In this paper, we propose a model for
distribution of thermal fields in the volume of
a solid body in dry friction conditions and a
model for thermoelastic processes in a metal
bar under uniaxial tension-compression during
dry friction.

2. DISTRIBUTION OF THERMAL FIELDS

The basis of the simulation is the classical
thermal conductivity equation:

—V-h+b=cT,h=-kVT,-V-h=kAT’, (1)

where h is the heat flux vector, b is the
volumetric heat release, ¢ is the volumetric
heat capacity, k is the thermal conductivity
coefficient. It must be taken into account that
heat will be concentrated on the contact
surface.

The initial conditions for equation (1) are
the following:

ﬂq=1x@ﬂ%=ﬂ=un—T)

(2)
ﬂﬂ:n.

On the contactless surface of the body O,
the ambient temperature is T,. The heat flux
[ is specified on the contact part of the
surface O,. However, it can be expressed in

terms of temperature difference and heat
transfer coefficient 1.
To simplify the model, we assume that the

volumetric heat capacity and thermal
conductivity coefficient are constant.
The differential equation in partial

derivatives with given boundary and initial
conditions can be solved numerically by a
variational method with an approximation by a
system of coordinate functions. The method is
based on a variation equation:

[ (AT +b—cT)oTdV + [(B—ka,T)oTdO=0,(3)

Approximation of the solution with given
coordinate functions:

T=3 0,000 =070 =070

ol =d0¢
We use matrix notation. Functions ¢; are set
by us. Variable functions 0, should be defined.
Substituting (4) into (3) and taking into
account arbitrariness of, we obtain the
following:

(4)

CO+KO=B(t), (5)
where
C= J-Cw(pT dv;
' (6)
K =—[kpApTdV + [kpd,p"dO;
\% o]
B = [bgdV + [ fpdO.

In equation 6, C is the heat capacity matrix,
K is the thermal conductivity matrix, B is the
column of thermal loads.

When calculating the intensity of heat
generation during friction contact, we use a
simplified contact scheme (Fig. 1).

Figure 1. Bar on a rough plane

The bar moves on a plane under the action
of force F, overcoming the force of dry friction
F.. The pressing force is equal to P, the normal
reaction is F, .

According to Coulomb's law:

F=uF,, (7)
where  is friction coefficient. Since
mechanical energy remains constant, all

mechanical power is equal to heat generation.
Thermal power per unit area could be defined

where oOT is an arbitrary temperature as following:
increment.

b=1v, (8)
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where 1 is the tangential stress during
friction, v is the velocity of the body.

In the contact of two bodies of the same
material, the heat release is distributed
approximately equally between both bodies.

The temperature distribution in the
volume of the bar will be obtained by solving
equation (5).

We take steel C22 as counter-bodies for
initial data.

The number of functions N is 7. For steel
C22: k=454, W/ (m-K), c = 460 J / m>. Heat
transfer coefficient between steel and air
A =30 W / (m? - K). Bar dimensions are the
following: L=0,1m, a,=0,1 m, a, =0,03 m.
The pressing force P is 150 N, friction
coefficient is 0,55, the speed v =1m/s.

In Fig. 2, temperature versus time at the
center T (L, t) and at the edges T (0, t) of the
bar is shown.
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Figure 2. Temperature in the center of the bar
(dotted line) and at the edges of the bar (solid line)
versus time for steel C22

The graph shows that the temperature
change is maximum at the beginning of the
simulation, and the temperature graphs have
approximately the same shape both in the
center and at the edges of the bar.

3. EXPERIMENTAL RESEARCH

A set of experiments with samples made of
steel C20E2C was carried out for the
verification of the simulation.

The experiment was carried out with the
use of a friction machine MTU-1 [13, 14]. The

scheme of the experiment was plate-on-plate,
the rotational speed was 150 rpm, the loading
force was 150 N. Friction coefficient obtained
experimentally is 0.55.

The obtained results were used for the
simulation. The simulation results are
presented in Fig. 3.
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Figure 3. Temperature in the center of the bar
(dotted line) and at the edges of the bar (solid line)
versus time for steel C20E2C

In the center of the bar there is a real
contact area where the interaction occurs with
minimal loss of energy. The graph in figure 3
shows that the temperature changes in that
area smoothly, which is probably due to
energy dissipation to mechanical surface
destruction, as well as to the occurrence and
destruction of molecular bridges in tribopairs
of similar materials.

The graph of temperature at the edges of
the sample has a sharp jump at the
beginning of the experiment, which s
explained by the initial stage of running-in.
There is no temperature flash in the contact
zone. The absence of extremum is due to the
fact that the model offers not a point
distribution, but an integral distribution of
the temperature field.

4. THERMOELASTIC PROCESSES

When moving the bar along the base (Fig.
1), we assume that the stress state of the bar
is uniaxial, which means that the bar works for
compression and tension. The equation for a
straight rod with a combined
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thermomechanical action under tension-
compression is well known [15, 16]:
N'+f=p-u;
, _ (9)
N=E,(u -aT);
N(-L) =0;N(L) =T, (10)

where N is the force directed along the x
axis, is the transverse load, u (x, t) is
deflection, is the density of the bar, is the
stiffness of the bar for tension, is the
coefficient of linear thermal expansion, is the
temperature field distribution.

Since the load changes slowly and smoothly,
the inertia forces can be neglected. In this
regard, we obtain a quasistatic solution of the
equation (9):

N(x) = - fdx,
L
L
u= —J{ﬁ + aT]dx.
X El
To obtain the results of simulation, we

substitute to the equation (11) the following
data: tension stiffness E,= 6 - 10° N, linear

(11)

thermal expansion coefficient o = 1.1 - 10° K™
The distribution of the temperature field
T (x) = const =90 °C (Fig. 2, 3).

The simulation results are presented in
Fig. 4.
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Figure 4. Stress distribution in the bar

It can be noticed from the graph in Fig. 4
that the deviation from the linear distribution
is observed at the ends of the bar due to the
presence of excessive contact pressure and,

probably, elastic-plastic deformation at the
edges of the bar.

5. CONCLUSION

When comparing fig. 2 and fig. 3, it can be
concluded that the model can be used for
simulation of the temperature distribution in
the contact area during dry friction of metallic
materials without taking into consideration
the flash temperature rise. The difference
between the results in figure 2 and figure 3
could be explained by the difference in the
conditions of the experiments and initial data.
The shape of the graphs proves that the model
takes into consideration energy dissipation
and temperature distribution in the contact
area. The model uses characteristics of real
metallic materials, such as heat capacity and
thermal conductivity, and allow us to predict
temperature distribution not only on the
surface of the contacting bodies, but also in
their volume.

The model for stress-strain state of the bar
can be used for estimation of the influence of
the frictional heating on the deformation of
the elements of tribopairs during dry friction.
The presence of elastic-plastic deformation at
the edges of the bar can partially compensate
the linear thermal expansion that occurs in the
process of frictional heating during dry friction.
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