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This study investigates the contact temperatures reached due to frictional heating on TPU (Thermoplastic
polyurethane) and NBR (Nitrile butadiene rubber) seal surfaces during operation. These elastomers present
limited thermal resistance so an excessive temperature rise may affect their tribological performance. Sliding
tests of the elastomers against steel cylinders were carried out and the surface temperature evolution was ac-
quired during the tests using a high precision infrared camera. Frictional behaviour and temperature curves were

analyzed. The influence of the experimental parameters, such as the sealing material, sliding velocity, applied
load and steel surface conditions was examined. Experimental thermal results were compared with those cal-
culated through well-established analytical models, in order to determine the advantages and limitations of the

latter.

1. Introduction

Elastomeric seals can be found within many mechanical devices
such as engines, gearboxes, pumps, flight controllers and a wide range
of actuators, among others. Hence, currently there is a wide range of
seal geometries and materials that enables their use in several industrial
sectors such as automotive, aerospace, manufacturing, and aggressive
environments such as off-shore. However, industry is continuously
seeking higher performance mechanical components which is a chal-
lenge for seal materials researchers due to the limited thermal re-
sistance of the majority of the polymers. In the case of dynamic sealing
applications, the temperature to that in-use materials are exposed, is
the sum of both the environment and temperature rise caused by the
frictional heating. The importance of considering frictional heating ef-
fects on sealing applications has been demonstrated by the author [1].

Most of the frictional energy generated during sliding is converted
into heat resulting in the temperature rise of the rubbing surfaces. In the
case of polymers, their thermal resistance is below 300 °C. The ability to
estimate flash temperatures generated under real working conditions of
elastomeric components is an important technical issue. Unfortunately,
they are still important limitations to continue generating new knowl-
edge concerning the frictional heating phenomena due to the difficul-
ties to measure experimentally the temperatures at the rubbing contact.
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Many authors have previously used conventional thermocouples, multi-
function thin-film thermocouples and techniques involving the detec-
tion of IR radiation, among others, in an attempt to measure the tem-
peratures reached during sliding at the interface [2]. Nevertheless, none
of these techniques allows measuring the temperature rise at the real
contact areas, where the maximum temperatures are reached, and that
is why none of those techniques has been widely accepted.

Due to the complexity of obtaining experimental data, many authors
have made attempts in the last decades in order to develop analytical
models, that resulted in a wide range of equations for estimating the
temperature rise at the interface. Some of the most popular models are:
Archard's average and maximum flash-temperature model (1959),
Holm's average and flash temperature model, Tian-Kennedy's average
and maximum temperature model (1993), Greenwood-Greiner's
average flash temperature model (1991), Ashby flash temperature
model (1991), and Jaeger (1942) and Blok (1937) models, among
others [3-8]. Nevertheless, none of these models are able to accurately
estimate the contact temperatures at the interface. Furthermore, cal-
culations using different models lead to very different results as de-
monstrated by Kalin et al. [9]. The main difficulty to develop reliable
temperature models is that the surface temperature rise during sliding
depends on several factors such as the contact and operating conditions,
in addition to the materials and surface conditions of the components.

Received 18 December 2017; Received in revised form 28 March 2018; Accepted 17 May 2018

Available online 19 May 2018
0301-679X/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0301679X
https://www.elsevier.com/locate/triboint
https://doi.org/10.1016/j.triboint.2018.05.032
https://doi.org/10.1016/j.triboint.2018.05.032
mailto:bihotz.pinedo@tekniker.es
https://doi.org/10.1016/j.triboint.2018.05.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2018.05.032&domain=pdf

B. Pinedo et al.

Moreover, contact conditions will vary considerably during sliding,
while several interfacial properties and phenomena are very difficult to
model [9]. Hence, most of the theoretical temperature models are based
on different physical, dynamic and geometrical assumptions. In parti-
cular, a special care should be taken when selecting the contact area to
be used for calculations. Even if the contact area significantly affects the
results obtained, there are no standard criterion and each model uses
different approaches [9]. In the case of polymers, contact temperature
estimations are even more complex as their thermo-mechanical prop-
erties are strongly influenced by temperature [10-16]. The importance
of considering the evolution of material properties in the case of
Polytetrafluoroethylene (PTFE) polymers has been already demon-
strated [14,15]. In particular, Tzanakis et al. [12] studied the effect of
roughness, friction coefficient, contact pressure and velocity on the
flash temperatures generated on a PTFE composite elastomer tip seal in
contact with a high carbon steel plate under dry sliding conditions. The
authors found a specific value of roughness which leads to a higher
temperature rise, and that the effect of roughness and sliding velocity
was larger than the effect of load. Conte et al. [13] showed the role of
frictional heating on the transfer layer regeneration of PTFE compo-
sites. PTFE is a semi-crystalline polymer with a melting temperature of
about 330 °C and no cross links between the polymeric chains.

The aim of this current study is to investigate how frictional heating
affects the tribological properties of TPU and NBR elastomers (having
cross linked polymeric chains) during industrial relevant dynamic
sealing applications. To this aim, sliding friction tests were carried out
on these elastomers under realistic working conditions and the tem-
perature evolution was experimentally measured through a high pre-
cision thermo-camera. The tests were carried out at different velocities
and surface conditions of the steel mating surfaces, in order to under-
stand to what extent, the different operating parameters affect the
temperature rise during operation. Analytical calculations were carried
out in order to determine which of the existing models correlate better
to the experimental results of these materials as well as their limita-
tions.

2. Experimental procedure
2.1. Test specimens and characterization

In order to reproduce the contact between a stationary elastomeric
seal and the moving steel rod at laboratory scale, the cylinder-on-flat
configuration was chosen, which approximates the line contact between
a differential of seal and its counterface. Fig. 1 presents an image of the
cylinder (steel part) and the flat (elastomer) samples. The cylinder
samples of diameter 10 mm were made from 42CrMo4V (F1252) steel.
The flat samples of L28xW15xT5 mm were made from TPU and NBR.

2.1.1. Thermo-mechanical properties

Prior to the friction tests, the main thermal and mechanical prop-
erties of the elastomeric samples were measured. Thermo-mechanical
properties of the elastomeric samples at ambient temperature (425 °C)
are shown in Table 1 whereas their diffusivity, conductivity and heat

Polymer sample

Fig. 1. Tribo-pair selected for the study of the frictional heating phenomenon at
laboratory scale.
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Table 1
Physical properties of the test samples at room temperature (+25 °C).

Property NBR TPU 42CrMo4V Steel
Density, p (kg/m?) 1166 1102 7830

Specific heat, Cp (J/g °C) 1.49 1.21 0.5

Diffusivity, x (m?/s) 1.5869e 7 1.1005e 7 1.175e7°
Conductivity, K (W/m K) 0.32 0.15 46

Hardness, H 70 ShA 93 ShA 1000 HV

capacity curves are plotted in Fig. 2. The evolution of the heat capacity
(Cp) of samples with temperature was measured using DSC 1-500 de-
vice (Mettler Toledo, Spain). Dry nitrogen was used for venting at the
rate of 50 ml/min. Measurements were carried out in the range between
0 °C and + 250 °C. Thermal diffusivity () of samples which expresses
its ability to conduct thermal energy relative to its ability to store was
measured by means of a high-resolution photopyroelectric calorimeter
available at the UPV/EHU (University of the Basque Country), with a
test velocity of = 0.5 °C/min. Based on the heat capacity and diffusivity
values, thermal conductivity (K) of the samples was calculated as

1)

where p being the density of the samples which was measured using
XP205 precision micro-scale (Mettler Toledo, Spain). Analysis results
showed that for both NBR and TPU, the heat capacity and the thermal
conductivity increase with temperature whereas the thermal diffusivity
decreases. Comparing both plots in Fig. 2, it can be seen that the heat
capacity, diffusivity and thermal conductivity of the TPU are lower than
those of the NBR. This means that for every one degree rise in tem-
perature in NBR, the heat transfer will be quicker as compared to TPU,
i.e. thermal equilibrium will be reached faster in the NBR. In the pre-
vious research on PTFE, the authors highlighted the importance of
taking into account the variation of thermal properties along tem-
perature [14,15]. In this case, it was seen that such variations along the
temperature working range have negligible effect on the calculations.
Regarding the steel samples, their properties are also presented in
Table 1.

K=pCpx

2.1.2. Surface properties of the test samples

In regard to the steel test samples, cylinders with three different R,
roughness (0.1, 0.2 and 0.5 um) and surface treatments (chromed and
non-chromed plated) were manufactured. Following the recommenda-
tions of seal manufacturers, the steel samples were hard chromed-
plated with the coating hardness of 1000 HV.

Two and three dimensional surface profiles of the elastomeric
samples were measured using a white light interferometer (Zygo
Corporation, USA) and the analysis results are presented in Fig. 3.
Hardness of the elastomeric samples was measured using a Shore A
durometer and its results along with those for steel samples are pre-
sented in Table 1. It is acknowledged that the wear of materials and
their hardness are related, however, this dependence varies from one
material to another. Most of the analytical models for wear estimation
predict that the harder the material, the lower is the wear, but in the
case of polymers this is not necessarily true [16,17].

2.2. Experimental setup

Tribological sliding tests of the elastomeric flat samples against steel
cylinders of different roughness and surface conditions were carried out
using TE77 high-frequency sliding machine (Plint Tribology Limited,
England) reproducing as close as possible to the common operating
conditions of seals made from these materials. The lower sample
(elastomer flat) is mounted on a reciprocating arm connected to an
electric motor which provides linear motion. The upper sample (steel
cylinder) is connected to a load cell that records instantaneous kinetic
friction force generated during motion at prescribed time intervals.
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Fig. 2. Thermal properties of the test samples: (a) NBR and (b) TPU.

Fig. 4 shows a view of the cylinder-on-flat configuration and test as-
sembly. The elastomeric sample is loaded against the steel cylinder
(held in a holder) by means of a spring loading mechanism.

Friction tests were carried out under dry sliding conditions at room
temperature. A stroke length of 5mm and a normal load of 15N were
used. The maximum operating velocity recommended by manufacturers
for seals made from these materials is 0.5 m/s, and the main reason for
the velocity constraint is the low temperature resistance of these ma-
terials (approximately 100 °C). In this study, tests were carried out at
sliding velocities of 0.1 and 0.25 m/s. During each test coefficient of
friction and surface temperatures were recorded, and each test was
repeated at least two times. Test conditions are summarized in Table 2.

During the sliding tests the temperature field on the tribo-pair was
measured and acquired by means of a Flir SC300 high precision thermo-
camera (FLIR systems, Inc.). In Fig. 5 a complete image of the TE77 test
rig and the infrared camera assembly is shown. The camera measures
and visualises the infrared radiation emitted from an object which
varies with temperature and radiation wavelength. As the radiation is a
function of the surface temperature of objects, it is possible for the
camera to calculate and display this temperature. The radiation
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measured by the camera also depends on the object emissivity. The
camera used in this investigation operates within the spectral range of
8-9 um and has a measurement range from —20 °C to + 2000 °C.

The camera was installed at a distance of 100 mm from the contact
interface of the tribo-pair to maintain focus. The accuracy of the camera
is of = 1% or = 1°C for the measurement range used in the current
study (25 °C to 150 °C). The infrared camera system has a sensitivity of
20 mK at 30 °C and a resolution of 320 x 240 pixels. Calibration of the
camera was carried out following the procedure described by its man-
ufacturer. In particular, the system was calibrated by determination of
emissivity (e) of the target objects and calibrating to the environmental
temperature for each test. For this purpose, the emissivity of the sam-
ples was measured using the Fourier Transform Infrared spectroscopy
(FTIR) using FT/IR-4700 Spectrometer (Jasco). At room temperature,
TPU and NBR presented emissivity of 0.89 and 0.85, respectively.
Emissivity of the samples was also measured at 125 °C and was noted to
remain almost constant. In order to avoid possible errors arising from
reflections, all the metallic parts of the test assembly were properly
insulated. All the tests were performed at relative humidity levels of
50%.
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Fig. 3. 3D roughness profile of the reference (a) TPU and (b) NBR samples.

3. Experimental results and discussion
3.1. Friction measurements

The friction coefficient curves obtained from the tribological tests
carried out on TPU and NBR samples for different test sliding velocities
and cylinder roughness profiles are presented in Fig. 6 and Fig. 7. Re-
garding the effect of sliding velocity on the friction coefficients re-
corded, it was found that the friction generated increases with velocity
in all the cases. During the running-in period a rapid friction rise occurs
due to topographical changes on the surfaces, and this response is faster
at high velocities. After this stage a transient zone appears where the
friction is maximum, and then friction usually reaches a steady stage.
However, results evidence that the behaviour of both elastomers is very
different, among others because the tribological response of both
samples depend to a great extent on their particular viscoelastic prop-
erties (such as hysteresis, stress relaxation and creep, among others). In

Table 2
Test conditions.

Material

Cylinder length
Cylinder diameter
Cylinder roughness (Ry)
Materials

Polymer sample thickness
Normal load

Stroke length
Oscillation frequency
Sliding velocities

Test duration

Upper sample

Lower sample

Test conditions

42CrMo4V

15 mm

10 mm

0.1, 0.2 and 0.5 um
TPU, NBR

5.8 mm

15N

5mm

10 and 25Hz

0.1 and 0.25m/s
10 min

general, TPU samples led to higher friction coefficients than the NBR
samples under the same test conditions. The TPU presented friction
coefficient values in the range of 1-1.2 at 0.1 m/s, and approximately

Load cell

(a) (b)

Fig. 4. (a) Cylinder on flat assembly, (b) test assembly overview.
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Fig. 5. TE77 test rig and FLIR SC300 infrared camera assembly.

1.4-1.6 at 0.25m/s, whereas the NBR presented friction coefficients
between 0.8 and 1 at 0.1 m/s, and approximately 1.2 at 0.25m/s.

Friction coefficient curves of the TPU samples continuously increase
with the sliding distance until reaching steady-state values whereas
friction curves of the NBR present a peak during the running-in and
afterwards decrease until becoming stable. These friction peaks are
characteristic of rubber materials and appear during the inception of
the relative motion between the mating surfaces [18]. Results also
evidenced that the friction curves of the TPU samples are less stable
throughout the tests due to stick-slip effects.

Regarding the effect of steel cylinder roughness on friction, in the
case of the NBR steel cylinders of 0.1 um roughness profile are the ones
leading to slightly higher friction coefficients under both test velocities.
In the case of the TPU samples, however, cylinders with a roughness of
0.5 um exhibit the highest friction at 0.1 m/s, and those with a Ra of
0.2 um the highest one during the tests at 0.25 m/s. As sliding velocity
increases, the roughness effects become more negligible while the ac-
cumulation of thermal effects become more important.

In order to evaluate the effect of the chromium-plating process on
friction, Fig. 8 and Fig. 9 present the friction coefficient curves of the
elastomeric samples while sliding against both chromed (C) and non-
chromed (NC) steel cylinders at different velocities. Results revealed
that, in general, chromed cylinders lead to higher friction coefficients
than the non-chromed ones during the tests with the TPU samples. This
effect, however, is more appreciable within the tests carried out at low
velocities and with low roughness cylinder profiles. At 0.1 m/s, and
with non-chromed and low roughness (0.1-0.2 um) cylinders, steady
friction coefficients of approximately 1.0 were reached. Under the same
conditions but with chromed cylinders, friction coefficients in the range

1.2 4
< 1.0
]
1]
[}
= 0.8
Q
3 0.6
s 7
o ——NC, Ra=0.1um
2 04 ——NC, Ra= 0.2um
] ——NC, Ra= 0.5um
0.2 4
0.0 T T T T T 1
0 100 200 300 400 500 600
Time (s)

Fig. 6.

Friction coefficient (-)
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between 1.3 and 1.4 were obtained. It was found that during high ve-
locity tests or/and those tests carried out with cylinders with a R,
roughness of 0.5 um, test conditions were again so aggressive for the
elastomeric samples that the chromium plating process had no sig-
nificant influence on friction. In the case of the NBR samples (Fig. 9), it
was found that the effect of the chromium coating on friction is almost
negligible in all the cases.

3.2. Surface temperature measurements

In this section, the surface temperature evolution curves measured
on the elastomeric samples are presented together with the calculated
friction coefficient curves. Measurements were taken from the interface
of the contacting samples in relative motion. A thermal image of the
assembly is shown in Fig. 10.

Fig. 11 and Fig. 12 present the variation of friction coefficients and
average temperatures at the surface of the TPU and NBR samples during
the tests at a velocity of 0.1 m/s. Results showed that the tendencies of
the surface temperature curves are similar for both elastomers and
under the different test conditions. During the running-in period, the
temperatures at the surface of the polymeric samples increase pro-
gressively as the friction does, until a near steady state value is reached.
Hence, it was found a direct correlation between friction coefficient
curves and the measured temperature values. This correlation is in good
agreement with the existing analytical models. The temperature curve
trends are also in close agreement with those obtained by Tzanakis
et al. [12] through in that study tests were performed with PTFE.

Temperature measurements also revealed that the surface tem-
peratures registered at the surface of the TPU samples are higher than

0.6 4 ——NC, Ra=0.1um
——NC, Ra=0.2um
0.4 ——NC, Ra=0.5um
0.2
0.0 T T T T T 1
0 100 200 300 400 500 600
Time (s)

Friction coefficient curves of Non-Chromed TPU (left) and NBR (right) samples of various roughness at a sliding velocity of 0.1 m/s.
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Fig. 7. Friction coefficient curves of Non-Chromed TPU (left) and NBR (right) samples of various roughness at a sliding velocity of 0.25 m/s.

those reached at the surface of the NBR samples under the same con-
ditions. Moreover, large dispersion of the temperature curves with
distance in the TPU samples is observed, in the range of 40-60 °C,
possibly due to large fluctuations of the friction coefficient. In contrast,
in the NBR samples the temperature curves converge to the same
temperature range between 40-45 °C having smoother friction coeffi-
cient curves.

Results evidenced that the chromium plated (C) surfaces lead to
higher temperatures at the surface of the TPU samples than non-
chromed (NC) surfaces showing similar tendency to friction. In parti-
cular, with chromed cylinders, steady state temperatures between + 55
and + 60 °C were registered, whereas with non-chromed cylinders
these temperatures were in the range of about +45 °C to +50 °C.
Nevertheless, chromium plating does not influence the temperature
values measured close to the contact between the steel cylinder and the
NBR samples, by contrast. Regarding the effect of roughness on tem-
perature, for both elastomers the highest temperatures were registered
for chromed cylinders of 0.1 pm. Nevertheless, it is important to
mention that TPU samples are considerably more affected by the
roughness of the counterfaces than the NBR ones as also observed for
friction.

In general, results do not reveal a clear trend of friction and tem-
perature curves with roughness for this specific case, but they do with
the effect of chromium at low test velocities, where it was found that in
general it increases both the friction and temperature on both NBR and
TPU.

In Fig. 13 and Fig. 14 friction coefficient and average surface tem-
perature curves are presented as a function of the sliding distance for a
velocity of 0.25 m/s. A good agreement between friction and thermal
results was also found in this case. Results showed that at this velocity
more time is required to reach a steady-state temperature regime than
at lower velocities, mainly due to the instabilities presented by the
friction curves. The TPU presented stable temperatures in the range of
+66 °C and +77 °C in all the cases, and it was found that the effect of
surface conditions of the steel parts on the temperatures reached on the
TPU samples is almost negligible. In the case of the NBR, under steady-
state conditions, all the tribo-pairs showed similar temperature values
in the range of +55 and + 60 °C. In general, at this velocity it is dif-
ficult to establish any relation between the surface conditions of the
steel cylinders, the friction and temperature. As Blau et al. reported in
Ref. [21], in some cases wear quickly alters the contact surfaces so that
any attempt to correlate the frictional performance with the initial
surface conditions may be inappropriate.

Regarding the effect of velocity on temperature, the TPU samples
presented, surface temperatures between +40 °C and +60 °C at 0.1 m/
s, and temperatures between +60 °C and +77 °C to 0.25 m/s. In the
case of the NBR samples, they presented surface temperatures between
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+40 °C and +45 °C at 0.1 m/s, and between +56 °C and +62 °C at
0.25 m/s. Here, the experimental study on the frictional heating within
elastomers is influenced more by velocity than by the steel counterface
characteristics. Furthermore, it can be also observed that the NBR
samples presented lower friction and surface temperature values than
the TPU samples under the different test conditions. The friction curves
of the rubber samples were more stable in all the cases than the curves
obtained with the polyurethane materials. It is thought that the main
reason for those instabilities in the friction curves of the TPU samples
may be the high hardness of the material (93 Shore A).

In general, the frictional heat generated during sliding results in two
antagonistic effects on the friction coefficient. On the one hand the
shear strength of the elastomers decreases and so does the friction
coefficient. On the other hand, the elastic modulus of the composite
decreases, assisting the formation of multiple adhesion joints by the
asperities impaction which resulted in more contact spots due to the
larger contact area and then the associated friction coefficient increase.
Therefore the resultant friction coefficients are determined by these two
competitive aspects [20].

Another important factor for the frictional heating investigation is
the temperature reached in the bulk of the tested samples. Fig. 15
presents the evolution of the temperature in the bulk of the elastomers
during the tests. These temperatures were measured at the centre of the
contact of the elastomeric samples at a distance of 4mm from the
surface. Measurements demonstrate that the bulk of the tested elasto-
mers is also affected by the frictional heating, not only the surface. As
can be seen, bulk temperatures increase gradually during motion until
reaching steady temperature conditions. These results are in good
agreement with Tian and Kennedy [7,8], who found that in the case of
bodies with a finite thickness subjected to heat sources moving over the
same path continuously, there is a temperature rise known as nominal
temperature rise that affects the entire contact area. Moreover, results
revealed that the temperatures reached in the bulk of the NBR samples
are higher than those measured in the TPU samples while the surface
temperatures were higher on the latter. The main reason is that the
thermal diffusivity of the NBR is higher so that the heat moves more
rapidly (see Fig. 2). Additionally, the temperature inside the samples
stabilises faster during the tests carried out at low velocity (0.1 m/s)
rather than at those performed at higher velocities (0.25 m/s), where
temperatures did not reach a steady value even if friction and contact
temperature did as shown in Fig. 15.

3.3. Wear and surface observations

In order to evaluate the wear mechanisms of the elastomers, SEM
micrographs were taken and analyzed. Fig. 16 presents the surface
profiles of the elastomeric samples, before and after the tests. As can be
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seen, Schallamach waves are present within all the wear scars. These
waves are characteristic of rubber-like materials and its stick-slip mo-
tion, and they are oriented perpendicularly to the sliding direction since
they are the result of periodic fluctuations between compression and
tension along the contact surface. In other words, Schallamach waves
are the result of consecutive contact adhesions occurring at the surface
during sliding due to the visco-elasticity of elastomers and their ability
to extend giving local recoverable strains [16].

In order to evaluate the wear of the samples, their mass was mea-
sured before and after each test. Confocal microscopy was used for mass
loss visualization and profile measurements of the wear scars (Fig. 17).
Results evidence that the applied load is distributed in a different way
in both elastomers, thus, their wear scar profile is also different. As can

®

Fig. 8. Effect of the chromium-plating process on the friction of the TPU samples at 0.1 m/s (a, b, ¢) and at 0.25m/s (d,e,f).
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be observed, the depths of the wear scars of the NBR samples are
considerably bigger than those of the TPU samples (more than 3 times).
Furthermore, TPU samples tend to wear more at the extremes of the
wear scar rather than at the centre.

In order to compare the samples from a tribological point of view,
both friction coefficients and wear rates need to be considered because
samples exhibiting the same friction may present very different wear
rates depending on how the energy is partitioned within and between
the rubbing material surfaces. Thus, Fig. 18 presents the frictional en-
ergy of the samples under different test conditions compared with the
mass loss. In particular, three values have been plotted per test condi-
tion, one for each cylinder roughness. The specific wear energy can be
calculated as the ratio of the friction work to the mass loss due to wear
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Fig. 9. Effect of the chromium-plating process on the friction of the NBR samples at 0.1 m/s (a, b, ¢) and at 0.25m/s (d, e, f).

(Eq. (2)):
5= £ _ VN mDdt S wodt
Y Am Am 2

where E,, is the specific wear energy, E is the energy dissipated by
friction, v is the mean relative sliding velocity, N is the normal load, u
is the coefficient of friction, ti the initial time, tf is the time at the end of
the test, and Am is the total mass loss. As can be seen, both materials
present similar frictional energy at every velocity, however, the specific
wear energy of the TPU is considerably higher i.e. the abrasive
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resistance of the TPU is considerably higher under the selected test
conditions since it requires more energy to be worn out than the NBR.

4. Analytical flash temperature calculations

In this section different temperature analytical models were applied
to investigate the capability of these models to predict the temperatures
reached at the contact of the tested elastomers, and for the considered
test conditions. Contact temperatures were theoretically calculated and
compared with the experimental values measured using the thermo-
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Fig. 10. Thermal image example from the tribo-system.

camera. The temperature at the contact (Eq. (3)) is expressed as the sum
of two components [19]:

Tomax = Tp + Tfma.x 3

where T, is the maximum contact temperature [°C], T, is the bulk
temperature of the mating bodies before entering the contact [°C] and
Tinax 1S the temperature rise that takes place at the contact spots [°C]
which is a local temperature rise that occurs between asperities.
However, Equation (2) is only applicable to a body with a semi-infinite
size, and when the heat source does not repeat the same path over the
surface so that there is no heat storage within the body. Tian, Kennedy
et al. [7,8], found that under certain circumstances an additional
temperature rise over the localized flash surface temperature rise at the
contacting asperities must be considered. This temperature rise will
affect the entire contact area and it is known as “nominal contact
temperature”. Some examples in which this nominal temperature rise
should be considered include cases such as: when the heat source moves
continuously over the same path of a finite body, when there is in-
sufficient convective cooling, or/and under dry sliding conditions.
Thus, the local surface temperature rise is only affected by a small area
while the nominal temperature rise affects the entire finite body.
Taking into account these aspects, the temperature at the contact may
be expressed theoretically as (Eq. (4))

T.=T, + ATyom + A4T; (C))

where AT, as the average temperature of all the points at the contact,
ATy as the flash temperature rise that takes place at the contact aspe-
rities and T, as the environment temperature. The existing theoretical
models are based on different assumptions, they all assume steady and
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quasi-steady conditions since they consider that the maximum flash
temperatures are reached in a very short time after sliding initiates.

The heat rate “q” originated during sliding can be estimated as
follows:

q=Q/A )

where Q is the heat generated and A is the contact area.

Considering that the origin of this heat flux is the relative motion
between the bodies A and B, the frictional heat generated may be ex-
pressed as:

Q = u Fylva — vl (6)

where p is the friction coefficient between surfaces, Fy is the normal
load, and v, and vp are the sliding velocities of the bodies A and B,
respectively.

It is already known that temperature rise calculations depend up to
a great extent on the considered real contact area, friction coefficients
and thermal properties [9]. Even if a broadly accepted criteria set
considers the calculation of the real contact area by dividing the load by
the hardness of the softer material, in this case this criterion is not
applicable since the hardness of elastomers must be measured by means
of Shore A and Shore D durometers. Hence, even if in Ref. [12] some
authors used the Bowden and Tabor model for theoretical calculations
of the contact temperature on PTFE (polyfluorethylene), this could not
be applied in this study as it involves introducing the hardness of the
softer material which is not applicable for elastomers. Hence, in this
investigation, two of the most popular analytical models have been
applied for flash temperature calculations: Jaeger model [5] and Tian &
Kennedy model [8]. The equations of these models are shown in
Table 3. It is important to highlight that the Jaeger equations estimate
the average flash temperature along the contact area whereas Tian &
Kennedy's equations predict the maximum one. Both models were ap-
plied in order to find out which model performs better for these par-
ticular test conditions and materials. Most of the analytical models use
different formulations depending on the velocity regime. For determi-
nation of the velocity regime [19], the dimensionless “Peclet number,
Pe” is used which is an indicator of the heat penetration into the bulk of
the solid and could be expressed as Pe = "b/2 P

Here the contact width 2b was measured at the end of each test and
those values were considered for calculations (Table 4). The theoretical
models assumed that the real contact area is similar to the apparent
contact area. This assumption is justified since the materials under
study are elastomers. For calculations, the friction coefficient evolution
measured during the tests was used and the thermal properties from
Fig. 2 were considered. In Ref. [14] it was demonstrated the importance
of taking into account the variation of material thermal properties with
temperature, however, in this case some calculations were performed
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Fig. 11. Friction and temperature curves of the TPU samples sliding against steel mating surfaces with different roughness and surface conditions at 0.1 m/s.
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Fig. 12. Friction and temperature curves of NBR samples sliding against steel mating surfaces with different roughness and surface conditions at 0.1 m/s.
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Fig. 14. Friction and temperature curves of the NBR samples sliding against steel mating surfaces with different roughness and surface conditions at 0.25m/s.

and it was found that thermal properties variation is so small within the
operating temperature range that it does not significantly influence the
results.

Fig. 19 presents a comparison between the flash temperatures cal-
culated analytically applying the equations in Table 3 and those values
calculated from the experimental data. The experimental flash tem-
perature curves have been calculated indirectly as the difference be-
tween the surface temperatures and those temperatures measured in the
bulk (Eq. (7)):

Tfexp = Lsurf — E)ulkexp

)
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where Ty, is the temperature measured at the surface of the elastomers
through the infrared camera, Thukexp is the bulk temperature of the
elastomer experimentally measured and T;,,, is the experimental flash
temperature.

In general, a good agreement was found between the experimental
flash temperature curves and the analytical curves calculated using the
model of Tian & Kennedy for maximum flash temperature calculations
[8]. Hence, it was found that Tian & Kennedy's model shows a better fit
in comparison with Jaeger which approximates the flash temperatures
reached at the surface of the TPU and NBR elastomers under the studied
operating conditions. Furthermore, results revealed that a better
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investigation on the influence of frictional heating on the temperature
rise and tribological behaviour of TPU and NBR elastomers. The main
conclusions of the investigation can be summarized as follow:

matching was achieved at low velocity conditions.

5. Conclusions

® The frictional behaviour of both elastomers is completely different.
In general, TPU presents higher friction coefficients under the same
conditions and less stable friction curves due to stick-slip effects.

Temperature rise during operation is especially important in ap-
plications dealing with elastomers due to their limited thermal re-
sistance. The aim of this research was to carry out an experimental
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e Friction coefficient and temperature curves tend to stabilize almost

simultaneously, showing the surface
the generated frictional energy.

temperature association with

e Even if the frictional energy generated on both elastomers is similar,
the way of dissipating this energy differs. In general, the tempera-

tures reached at the surface of the TP

U are higher whereas the heat
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accumulation in its bulk is lower than in the case of the NBR. Wear
energy of the TPU is about four times that of the NBR i.e. the
abrasive resistance of the TPU is higher under the selected test
conditions.

e Sliding velocity is the most influential parameter affecting the
temperature rise on elastomers. The effect of surface conditions
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becomes negligible as the test velocity rises.

® Good correlation was found between experimental temperature
measurements and the values calculated theoretically using the
equations suggested by Tian&Kennedy. The theoretical predictions,
however, become less accurate as the sliding velocity decreases.

® Jaeger flash temperature model underestimates the temperatures
reached at the interface between sliding bodies for the elastomers
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under study and the selected test conditions.

Viscoelasticity of the materials under test and its dependence on

temperature is still a topic under study as well as its influence on tri-
bological characteristics. Future developments may address the re-
search on the effect of viscoelastic properties on the frictional heating.
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