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Friction generates thermal dissipation accompanied by heating of the pin-on-disc system, in some cases
this heating can affect the thermomechanical properties of the system. In this paper, transient 3D numeri-
cal simulation by the COMSOL multiphysics software of the thermomechanical behavior during the dy-
namic contact of the pin-on-disc system is presented. A thermomechanical model of friction is adopted from
the literature. The effects of contact delay [0..10] second, pin load variation [1..4] MPa and disc speed vari-
ation [10..15] m/s are discussed. The results of the present paper show that an increase in the contact delay
generates a rapid increase in the temperature of the contact area in the first seconds, starting from the
fourth second, the increase is very small and becomes constant due to the propagation of heat by conduc-
tion in the free areas of the pin-on-disc system. The effect of a gradual increase in pin load is more remark-
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able than that of disc speed on the thermomechanical behavior of the pin-on-disc system.
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1. INTRODUCTION

During dynamic contact, friction generates energy
dissipation in different forms: mechanical dissipation
by deformation, wear, energy of vibration, thermal
dissipation, physicochemical phenomena and light
phenomena. Thermal dissipation is from 95 to 98 %.
The heat formed at the contact is dissipated by conduc-
tion in the solids in contact and by convection or radia-
tion in the environment (Fig. 1). The thermal contact is
a complex problem that is not yet well understood.
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Conduction in the normal direction

Disc pum—— l —

Movement Conduction in the tangential direction

Dynamic contact

Fig. 1 - Heat propagation during the dynamic contact in the
pin-on-disc system [15]

One of the first methods to calculate the heat prop-
agation and determine the thermomechanical behavior
during dynamic contact and arising friction was devel-
oped under the name of heat source theory established
mainly by Block [1] and Jaeger [2]. The studies that
follow this first theory are becoming more and more
complex in order to take into account multiple aspects
of the heat generated during dynamic contact.

The evaluation of the contact temperature has been
established according to different assumptions. First,
the case of perfect static and dynamic contact; then, the
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case of imperfect contact (i.e., taking into account sur-
face defects and, finally, the contact of the pin-on-disk
system). The assumption of perfect contact [1], which
establishes the equality of temperatures of two solids
at the interface, does not take into account the rough-
ness of the surfaces; it is verified in the case of solids of
large dimensions or high pressures.

Previous models did not take into account surface
defects. However, in reality, surfaces have roughness
and contact is not made over the entire apparent area
but only at a finite number of points. Taking into ac-
count the roughness of the surfaces is very complex. A
constriction phenomenon is observed at the level of
solid/solid contacts. At the microscopic scale, the heat
transfer is done by these points of solid/solid contacts
but also by solid-ambient-solid contacts. This phenom-
enon disturbs the contact zone, and the surface tem-
peratures of the solids in contact are not equal [3].

Flash temperatures in the sliding contacts were re-
vealed by Block [1]. These theories have been studied by
Archard [4], Carslaw [5] and improved by Ling [6]. The
flash temperatures are reached at the level of the asperi-
ties in contact. Their amplitude and duration depend on
the normal load, the relative sliding speed and the
roughness of the surfaces in contact. They can transform
the surface (phase transformation, oxidation for exam-
ple). Their duration is very short (a few microseconds)
and their amplitude can be hundreds of times higher
than the average temperature of the contact, they can
reach up to 1200 °C [7]. The volume of material affected
by the flash temperature is of the same order of magni-
tude as the wear debris of the contact concerned [7]. The
calculation of the temperature distribution within pin-
on-disc configuration can be described by the fin thermal
theory which is based on the principle of energy conser-
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vation. It is a global analytical approach that takes into
account convection losses at the pin periphery [8]. The
geometry corresponding to the pin-disc tribometer also
fits the notion of "equivalent conduction length" which is
the conduction distances corresponding to an equivalent
linear problem [3]. This allows simplifying a three-
dimensional problem into a one-dimensional (axisym-
metric) problem. A recent study applied to the pin-disc
system allows to take into account the heat exchange [9].
This study develops an analytical solution that gives the
temperatures in the disc and the pin and the heat flow
distribution coefficient. The application of this method
requires the quantification of the exchanges which de-
pend on the material and the environment. In this pa-
per, we present transient 3D numerical simulation by
the COMSOL multiphysics software of the thermome-
chanical behavior during dynamic pin-on-disc contact.
The numerical simulation is based on the finite element
method; the effects of the contact delay, the pin load and
the disc speed on the temperature evolution within the
pin-on-disc system and its thermomechanical behavior
have been discussed.

2. THERMOMECHANICAL MODEL

A physical model of the pin-on-disc system by
COMSOL Multiphysics software is presented as a 3D
solid with the shape and dimensions as in Fig. 2. The
pin is made of copper, and the disc is made of MoZrN.
The pin is cooled by natural convection, and it is sub-
jected to a normal load P. The disc is also cooled by
natural convection and is driven by a constant sliding
velocity V= wR. The disc has a radius of 0.10 m and a
thickness of 0.005 m, it has a form of two coaxial cylin-
ders; the large cylinder has a radius of 0.02 and a
height of 0.07, and the small cylinder has a radius of
0.015 and a height of 0.006 [10].

LX 01
Fig. 2 — Physical model of the pin-on-disc system

Neglecting drag and other losses during the friction
between the pin and the disc, the energy dissipated as
heat is given by the negative time derivative of the
kinetic energy of the disk [11]:

p=—(d/dt)(0.5(mV*)) =-mV (aV/dt) =-mR*o(t)a (1)

Here m is the mass of the disc, V denotes its veloci-
ty, R is equal to the radius of the disc, » is the angular
velocity, and a is the angular acceleration. The acceler-
ation is constant in this case, so w(f) = wo + at.

This change in kinetic energy is dissipated as a heat
flux per unit contact area:
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4 is the local friction coefficient, V'is the sliding velocity
of the point under consideration and P is the contact
pressure. The application of the contact pressure on the
pin brings it into frictional contact with the disc, whose
rotation speed is kept constant throughout the simula-
tion. The thermomechanical characteristics of the pin-
on-disc system are summarized in Table 1.

Table 1 — Thermomechanical characteristics of the pin-on-
disc system

Disc Pin .
Parameter (MoZxN) (copper) Air
Density p (kg/m?3) 6.490 8742 1.170
Heat capacity at constant
pressure Cp (J/kg.K) 281 300 1100
Thermal conductivity
k (W/m.K) 22.7 110 0.026
Local friction coefficient u 0.3 0.3 —
Angular velocity o (rad/s) 250 - —
Load P (MPa) — 1...4 —

The model also includes heat conduction in the disc
and pin through the transient heat equation:

oC, (BT/at) + V(—kVT) =Q-pCuvT, 3)

where & is the thermal conductivity, C, is the specific
heat at constant pressure, and @ is the heating power
per unit volume (W/m3).

2.1 Initial and Boundary Conditions

The density of a heat flux at the pin-on-disc system
boundaries is specified by a heat transfer coefficient at
ambient air temperature (T,;): h =14 [W/m2-K] (natu-
ral convection for a rotating shaft) [12, 13]:

p=h-(T-T,,). o

The heat flux density at the contact surface is given
by [14]:

p=uV-P. (5)

At the initial moment, the temperature is uniform
within the pin-on-disc system and is equal to the ambi-
ent temperature [14]: T(r, 6, z, 0) = T,;,- = 300 K.

2.2 Mesh Consistency

We have chosen for our numerical simulation with
COMSOL Multiphysics software four meshes with
triangular elements (see Fig. 3).

»  Coarse triangular mesh with 2395 elements,

»  Normal triangular mesh with 3567 elements,

»  Fine triangular mesh with 4936 elements,

»  Finer triangular mesh with 7367 elements.

Fig. 4 shows that the temperature distribution in
the pin-on-disc system during dynamic contact for dif-
ferent times (t=0.1s, t=0.5s, t=0.7s, t=1s) is al-
most identical for four meshes. The choice of a mesh
which requires a reduced calculation time represents
the optimal solution, which allows us to choose a nor-
mal triangular mesh with 3567 elements.
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long. Since the phenomenon is transient, and the time
interval taken is [0 1] s, the heat does not have enough
time to propagate by conduction from the pin-disc con-
tact zone towards the disc body and towards the pin, the
latter are at ambient temperature during contact.

Temperature (0

o .01 002 0.03 0.0¢ 0.0 .
Rayon du disque (m)

Fig. 5 — Distribution of temperatures versus the disc radius
for a time interval t =[0 1] s

Fig. 3 — Different meshes of the mesh consistency X
a)t=0s b)t=0.1s
a)t=0.1s b)t=05s & L ’ " “
= — ¢)t=02s d)t=0.3s
o= |5 N e)t=04s Ht=05s
c)t=0.7s d)t=1s
Fig. 4 - Temperature distribution as a function of the disc
radius at different times for different meshes (coarse, normal,
fine and finer) { i
g)t=09s hyt=1s

3. RESULTS AND DISCUSSION
3.1 Transient Behavior

Fig. 5 shows that the contact zone between the disk
and the pin is the one which shows the highest temper-
atures; temperatures gradually increase in this zone as
the contact time increases. Because of the free convec-
tion of air in the pin-on-disc system, free surfaces
where there is no friction are almost at the same tem-
perature as the ambient air.

Fig. 6 presents the results of the numerical simula-
tion of the thermal behavior during pin-on-disc friction
for a time interval [0 1] s. These 3D figures show that
the contact zones are those with the highest tempera-
tures. The temperatures increase as the contact period is

Fig. 6 —- Numerical simulation of the thermal behavior during
pin-disc friction for a time interval [0, 1] s

3.2 Effect of the Contact Period

As can be seen in Fig. 7, by increasing the contact
time of the pin-on-disc system from 1 to 10 s, we notice
that the temperature of the contact zone increases
rapidly in the first 2 s and it reaches 315 K. From the
fourth second the increase is very weak, in 4 s it equals
318 K due to heat propagation in the contact zone to-
wards the disc body and towards the pin. In 6 s and
more, the temperature of the contact zone reaches
319 K, and the pin-on-disc system gradually warms up,
keeping the temperature of the contact zone constant.
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g)t=9s h)t=10s

Fig. 7 — Effect of the contact period on the temperature evolu-
tion within the pin-on-disc system for a time interval [1 10] s

3.3 Load Effect

Fig. 8 shows the effect of the progressive increase in
the pin load from 1 to 4 MPa on the generation of a
rapid increase in the temperature of the contact zone at
a rate of 19 K for each 1 MPa, followed by a rapid prop-
agation of heat by conduction in the free zones of the
pin-disc system.

b) P=2 MPa

a) P=1MPa

¢) P=3 MPa d) P=4 MPa

Fig. 8 — Effect of the pin load on the temperature distribution
within the pin-on-disc system at the time t=9 s
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3.4 Effect of the Contact Period

As can be seen in Fig. 9, the progressive increase in
the disc speed from 10 to 15 m/s generates a slower
increase in the temperature of the contact zone than
the effect of the load discussed above. The increase is
9K for each 2 m/s, always accompanied by a rapid
propagation of heat by conduction in the free zones of
the pin-on-disc system.

a) Vo=10 m/s

Eprr—

-~
~

c¢) Vo=14 m/s d) Vo=15m/s

Fig. 9 — Effect of the disc speed on the temperature evolution
within the pin-on-disc system at the time t=9 s

4. CONCLUSIONS

This study presents a transient 3D numerical simu-
lation under COMSOL Multiphysics software of the
thermomechanical behavior during dynamic contact of
the pin-on-disc system. This numerical simulation is
based on the effect of a moving heat source coupled
with free air convection in a state of friction between
the disc and the pin.

By adopting a thermomechanical friction model
from the literature and by using a normal triangular
mesh with 3567 elements extended over a variable time
interval, it was possible to represent the evolution of
the thermal phenomenon during the pin-on-disc con-
tact. The effects of contact delay, pin load and disc
speed are discussed, and the following conclusions are
drawn:

e The contact delay of the pin-on-disk system of [0-
10] s causes a rapid increase in the temperature of
the contact zone in the first 2 s, which reaches
315 K, and from the fourth second onwards the
increase is very small, reaching 318 K. Due to the
propagation of heat by conduction from the con-
tact zone to free zones of the pin-on-disk system
and beyond the first 6 s, the temperature of the
contact zone reaches 319 K, and the pin-on-disk
system gradually heats up, maintaining a con-
stant temperature of the contact zone.

e The effect of increasing the pin load from 1 to
4 MPa is remarkable on the thermomechanical
behavior of the pin-on-disc system. This causes a
rapid increase in the temperature of the contact
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zone by 19 K for each 1 MPa, accompanied by rap-
id propagation of heat by conduction in the free
zones of the pin-on-disc system.

The effect of the disc speed variation from 10 to
15 m/s on the thermomechanical behavior of the
pin-on-disc system is less compared to the other
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effects cited above. The disc speed effect generates
a low increase in the temperature of the contact
zone than the effect of the pin load discussed
above. The increase is 9 K for each 2 m/s, always
accompanied by rapid propagation of heat by con-
duction in the free zones of the pin-on-disc system.

REFERENCES

H. Block, Proc. Second World Petrol, 471 (1937). 8. N. Coudeyras, Non-linear Analysis of Multiple Instabilities
J.C. Jaeger, Proc. Royal Soc. New South Wales 56, 203 at Frictional Interfaces: Application to Brake Squeal,
(1942). (Ecole Centrale de Lyon-specialty: Mechanics: 2009).

P. Hwang, X. Wu, Y.B. Jeon, J. Eng. Tribol. 223, 1041 (2009). 9. N. Laraqi, N. Alilat, J. M. Garcia de Maria, A. Bairi, Wear
J. Wonng, Analysis of Damage by Thermal Fatigue and 266, 765 (2009).

Modeling of the Thermomechanical Behavior of Disk- 10. COMSOL Multiphysics User's Guide, Protected by US
lining Pairs of the Friction TGV Type (Ecole Centrale de Patents, Version: COMSOL 5.6, (May 2019).
Lille-specialty: Mechanics: 2007). 11. Introduction to the Heat Transfer Module, Protected by US
T. Bouache, A. Bairi, J.G. Bauzin, N. Laraqi, Transient 3D Patents, Version: COMSOL 5.6, (May 2019).

Evolution of the Temperatures of a Brake Dis, Laboratory 12. F.P. Incropera, D.P. De Witt, Fundamentals of Heat and
of Energetics and Energy Economics, (University of Paris Mass Transfer, Fifth Edition (John Wiley & Sons: 2002).
X: 2006). 13. J.F. Sacudura, Thermal Transfers, Initiations and Deepen-
Y. Debard, Finite Element Method: thermal Master Nu- ing (Tec and Doc Lavoisier: 2014).

merical Modeling and Virtual Reality, (University of 14. A. Belhocine, Thermomechanical Study of Brake Discs:

Maine: 2006).
H. Zaidi, J. Fréne, 19th French Congress of Mechanics (2009).

Application of the ANSYS Calculation Code v11.0 (Univer-
sity of Science and Technology of Oran, Algeria: 2012).

Ilepexigue TpuBuMipHE TepMOMEXaHIYHEe MOJEJIIOBAHHA PPUKIINHOI0 KOHTAKTY

cucremu Pin-on-Disc
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TepTsi reHepye PO3CIIOBAHHS TEILIA, IO CYIPOBOKYEThCS HATPIBAHHSM CHCTEMH pin-on-disc, y AesIKux
BUIIQ/KAX Ile HArPIBAHHS MO’Ke BIIMBATH HA TEPMOMEXAHIUHI BJIACTUBOCTI CHCTEMH. Y CTATTI IIpeJICTaBIIe-
HO IIepexiJHe TPUBUMIPHE YKCeJIbHEe MOIEIOBAHHS 34 JOIOMOron mporpaMHoro sabesmevernus COMSOL
multiphysics TepMoMexaHIYHOI MOBEIIHKN i Yac OTMHAMIYHOTO KOHTAKTy crucTeMH pin-on-disc. Tepmome-
XaHIYHA MOJeJIb TepTs 3amo3udeHa 3 jiTeparypu. O6roBopmoerbes BB 3atpuMen kKoHTarty [0..10] ce-
KyHJI, 3MiHM HaBaHTaykeHHsA Ha pin [1..4] MIla ta smiam mBuakocti gucka [10..15] m/c. PeaymbraTu poboTu
TOKAa3yI0Th, 1110 30L/IBIIIEHHS 3aTPUMKHM KOHTAKTY IIPU3BOJIMUTH JI0 IIBHU/IKOTO IIiBUAIIEHHS TEMIIEPATyPH KOH-
TAKTHOI 30HM B MEPII CEKYH/IH, a IOYNHAIYHN 3 YeTBEPTOl CeKYH/IH, 30LJIBITIEHHS Iy’Ke He3HadYHe 1 CcTae Imoc-
TIHUM Yepe3 MOINMPEHHS TeIlIa IIISIXOM IIPOBLIHOCTI y BUIBPHUX OUISHKAX CHCTeMH pin-on-disc. Brutus mo-
CTYIOBOTO 30LITBINTEHH HABAHTAYKEHHS HA PIn € OIBIN ITOMITHUM, HIK BILIMB ITBHIKOCTI JUCKA HA TEPMO-
MeXaHIYHY IIOBEeJIHKY crcTeMu pin-on-disc.

Kmouori crosa: Pin-on-disc, Teprs, Tepmomexanika, Yucensue mogemoBauasa, COMSOL.

04006-5


https://doi.org/10.1243/13506501JET587
https://doi.org/10.1016/j.wear.2008.08.016
https://doi.org/10.1016/j.wear.2008.08.016

