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Abstract—The aim of this study is an experimental-based analysis of the effect of surface treatment, leading
to the formation of carbonized layers, on the coefficient of sliding friction of two polyurethane materials that
differ in mechanical and rheological properties. The properties were determined by the results of indentation
on a NanoScan-4D scanning nanohardness tester. A ceramic ball with a diameter of 2.1 mm was used as an
indenter, which was pressed into the samples at a given linear velocity. The indentation curves at low and high
indentation velocities were used to calculate the longitudinal and instantaneous reduced modulus of elasticity.
It was found that the longitudinal elastic moduli differ by more than seven times, and the rheological prop-
erties of a more rigid material are weak. Tribological tests were performed on a UMT-3 friction machine in
the mode of unidirectional sliding friction at a constant load and velocity. Based on the data, regression equa-
tions were calculated and the dependences of the friction coefficient on the load and sliding velocity were
obtained. The influence of the surface treatment fluence on the surface roughness, adhesion, and deforma-
tion friction force is analyzed, data are correlated with the known experimental and theoretical results. It is
shown that surface treatment with a relatively small fluence gives fundamentally different effects for the two
studied materials: a slight change in roughness and decrease of friction coefficient for the more rigid polyure-
thane; a significant increase in roughness and a consistently high coefficient of friction, which varies slightly
in the considered ranges of loads and velocities. Thus, surface treatment can be used for controlling the coef-
ficient of friction of polyurethane and ensuring its consistently high frictional properties.
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INTRODUCTION

Polyurethanes are classified as elastomers due to
their ability to undergo large deformations and the
presence of rheological properties. The use of polyure-
thane materials in various applications is due to their
inherent wide range of different characteristics
(including mechanical and tribological), which, in
turn, depend on the functional groups they contain
(simple, ester, urea, amide, and others). Extrusion
and injection molding are the main production pro-
cesses for structural polyurethane products. In this
study, we used polyurethane samples made by injec-
tion technology, which is convenient for the manufac-
turing of products of complex shape and coatings on a
rigid base [1]. When manufacturing by varying the
ratio of the prepolymer-hardener and temperature
regimes, a variety of properties is achieved. The tech-
nology of ion-plasma surface treatment, leading to the
formation of a nanosized carbonized layer, also affects
the characteristics of polyurethane, in particular,
roughness [2], mechanical, and rheological properties
[3]. These and other parameters affect the friction
process. Imperfect elasticity is one of the reasons for
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the occurrence of resistance during sliding of deform-
able bodies. Energy dissipation, which occurs when a
material is deformed, is a source of friction. Surface
properties, in particular roughness, significantly
affect the adhesive component of the sliding friction
force [4].

The polyurethane materials studied here are pri-
marily attractive for their high coefficient of friction,
which is useful for some applications. The most obvi-
ous example of the use of a material, where high
demands are placed on it in terms of grip, is the sole of
a shoe [5]. Similar materials with a different set of
characteristics and under completely different friction
conditions may already be intended for biomedical use
as implants [6].

The technique of ion-plasma treatment of the sur-
face of polyurethane materials [2] was originally devel-
oped to improve the biocompatibility of implants, but
it also has prospects for use in tribology, since the hard
nanolayers formed on the surface have a high degree of
adhesion to the base material and also do not change
the integral mechanical properties of the material.
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Table 1. Surface roughness parameters before and after testing
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Roughness parameter, nm
Specimen S, R,
initial surface friction track initial surface friction track
No. 1-0 2.7 4.4 4.2 6.6
No. 1-1 2.5 6.2 3.9 10.0
No. 1-2 9.0 21.3 9.8 23.2
No. 2-0 4.4 18.9 6.8 20.5
No. 2-1 12.7 38.5 20.8 22.0
No. 2-2 22.1 68.0 29.7 62.2

Objective—Experimental study and analysis of the
influence of surface treatment, leading to the forma-
tion of carbonized layers, on the coefficient of sliding
friction of two polyurethane materials differing in
mechanical and rheological properties.

MATERIALS AND METHODS

The study was carried out on samples of polyure-
thane materials of two compositions, No. 1 and No. 2,
the formulations of which differ in the concentrations
of the hardener and prepolymer components. Poly-
urethanes are made using injection technology, the
surface of which was treated with nitrogen ions with an
energy of 20 keV at different exposure times correspond-
ing to a fluence of 10" (samples No. 1-1 and No. 2-1)
and 10'° (samples No. 1-2 and No. 2-2) ions/cm? [12].
To compare and determine the mechanical characteris-
tics (elastic modulus), samples without surface treat-
ment were also used (samples No. 1-0 and No. 2-0).

The elastic modulus was calculated using experi-
mental data obtained by instrumental indentation
using a NanoScan-4D scanning nanohardness tester
(TISNUM, Russia). This technique makes it possible
to obtain the dependence of the load on the depth of
penetration of the rigid tip into the material under
study during loading and unloading. In this study, a
ceramic (Al,O;) ball with a diameter of 2.1 mm, which
was pressed into the samples at a given linear speed.
Since the modulus of elasticity for a viscoelastic mate-
rial is not a constant, for indentation we used penetra-
tion rates close to the maximum and minimum values
allowed by the device: 1000 mN/s and 4 mN/s. At the
same time, maintaining the speed for different types of
materials was achieved by varying the load and time
during testing. In this case, the exposure time under
maximum load (before the unloading process) did not
change and was 2 s. For material No. 1-0, a load of up
to 1000 mN was carried out in 1 s, and for material
No. 2-0, up to 200 mN in 0.2 s; in another case, up to
1000 mN in 250 s and up to 200 mN in 50 s, respec-
tively. For each speed/material, three repetitions were
performed.
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Tribological tests were carried out on a UMT-3
friction machine (Cetr, United States) in the unidirec-
tional friction mode when a rigid ceramic ball with a
diameter of 1.5 mm slid along the surface of the mate-
rials under study at constant load and speed. The
experiments were carried out in accordance with the
methodology of a two-factor planned experiment [8].
The desired dependence of the friction coefficient was
found on the basis of a series of tests, in which the lim-
its of load change (from 5 to 100 g) and sliding speed
(from 0.1 to 1 mm/s) were set at three levels: mini-
mum, average, and maximum. For each selected com-
bination of parameters, the experiment was repeated
three times. In order to reduce the influence of ran-
dom factors on the dependence under study, the
sequence of tests was chosen randomly. Based on the
data obtained, regression equations were calculated
and the dependence of the friction coefficient on the
load and sliding speed was plotted. Figure 3 shows iso-
lines of the friction coefficient for all six materials
under study.

For non-destructive and fast assessment of surface
nanogeometry, a noncontact optical 3D profilometer S
neox (SENSOFAR-TECH, Spain) was used,
equipped with 5X, 20X, and 150X confocal objectives
and a motorized object stage for obtaining images
from large areas by stitching several images. Table 1
presents the surface roughness parameters of all stud-
ied materials before and after tribological tests. The
surface roughness of the friction tracks is given only for
qualitative comparison with the original surface since
the values were obtained with the missing length of the
base segment to obtain a reliable value of the rough-
ness parameters according to the standard. Friction
paths corresponding to maximum load values and
minimum speed were studied.

RESULTS AND DISCUSSION

Figure 1 demonstrates good repeatability and con-
vergence of results in the experimental load-indenta-
tion depth diagram. Figure 2 shows the effect of inden-
tation speed on the loading and unloading curves
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Fig. 1. Loading (/) and unloading (2) curves of load-pen-
etration dependence for material 1-0 at an indentation
velocity of 1000 mN/s (3 tests).

using material No. 1-0 as an example. For material
No. 2-0, a similar behavior is observed, but with a
more significant divergence of the curves at different
speeds, which indicates that the rheological properties
of this material are more pronounced.

The indentation curves at low and high indentation
velocities were used to calculate the long-term and
instantaneous reduced modulus of elasticity based on
relationship [7]:

al?= 3L _ g E
4JRE* 1-v’

Calculated instantaneous and long-term reduced
moduli of elasticity £* for material No. 1-0 were 52.5
and 45.9 MPa, for material No. 2-0, 8.8 and 6.1 MPa,
respectively. Thus, the first material is practically elas-
tic, while the second is viscoelastic and significantly
more pliable.

Carbonized layers formed as a result of surface
treatment are relatively hard and not always continu-
ous [2, 3]. The greater the fluence, the greater the
rigidity of the nanosized surface layers.

Data on the viscoelastic properties of materials,
combined with information on surface microgeometry
and surface treatment conditions, provide sufficient
information to analyze and explain the results pre-
sented in Fig. 3.

It is known that under normal conditions, rough-
ness reduces or even makes adhesion forces between
surfaces negligible due to the discreteness of contact,
since adhesion forces depend on the area of actual
contact. The adhesion interaction of rough surfaces
was studied in [9], where it was shown that an increase
in roughness leads to a significant decrease in adhe-
sion forces. In this case, each protrusion was consid-
ered in isolation from the others, and their mutual
influence and the possibility of transition to saturated
contact were not taken into account. However, exper-

(1)
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Fig. 2. Comparison of load-penetration dependences
during loading (curves /, 1') and unloading (curves 2, 2")
for material 1-0 at indentation velocities of 1000 mN/s
(solid lines) and 4 mN/s (dashed lines).

iments conducted on highly elastic and polymeric
materials [10] showed that with a gradual increase in
roughness, the forces of adhesion and adhesive fric-
tion first increase compared to the case of a smooth
surface, and only then decrease. Thus, the maximum
value of the adhesion force is achieved not for a
smooth surface, but for some, relatively small, rough-
ness. This is explained by the fact that for a smooth
surface, the contact is continuous, and with a small
increase in roughness, the continuity of the contact is
maintained (provided that the material is sufficiently
soft and the surface energy is sufficiently high), while
the effective contact area increases. With a further
increase in roughness, the contact becomes discrete,
and the adhesive attraction decreases. The solution to
the contact problem for an indenter and a half-space
with a small waviness applied to one of the surfaces,
when the contact area remains simply connected, was
obtained analytically [11]. It has been established that,
under conditions of continuous contact, the applica-
tion of a relief increases the effective adhesive proper-
ties of the surface, as well as the magnitude of adhesive
hysteresis [12], which correlates with the magnitude of
the adhesive friction force.

Material No. 1-0 is practically elastic; the deforma-
tion component of the friction force in this case may
not be taken into account. All three samples of the
material, regardless of surface treatment, demonstrate
the independence of the friction coefficient from
speed in the studied range of loads and speeds
(Figs. 3a, 3c, and 3e). Since polyurethane materials
have significant surface energy, it must be assumed
that adhesion is the main cause of frictional forces. If
the surface roughness is relatively small (which is the
case for samples No. 1-0 and No. 1-1, without surface
treatment and with low-fluence treatment), the con-
tact remains continuous, and the friction force due to
the adhesive interaction does not depend on the load,
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Fig. 3. Isolines of friction coefficient u for material 1-0 (a), material 1-1 (c), material 1-2 (e), material 2-0 (b), material 2-1 (d),

material 2-2 (f).

this was shown for the case of regular sinusoidal
roughness in [13]. In this case, the coefficient of fric-
tion, which is the ratio of the friction force to the load,
will be inversely proportional to the load (Figs. 3a, 3c,
and 3e). The difference in the absolute values of the
friction coefficient for samples No. 1-0 and No. 1-1 is
probably due to a change in surface energy due to the
formation of nanosized carbonized layers that partially
screen adhesion. With an increase in roughness, the
contact becomes discrete, in this case, the actual con-
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tact area and both components of the friction force
increase rapidly with increasing load [13], as a result,
the dependence of the friction coefficient on the load
increases, as happens in the case of material No. 1-2,
where the surface fluence processing 10'¢ ions/cm?
leads to a significant, more than threefold, increase in
roughness. It can be assumed that for some intermedi-
ate roughness values this dependence will be close to a
constant in the range under study.
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Fig. 4. Dependence of the friction coefficient on the load
for material 1-0 without surface treatment (curve /), mate-

rial 1-1 with a layer of fluence 101 (curve 2), material 1-2
with fluence 10 (curve 3).

In the case of a viscoelastic material, the friction
force is significantly affected by its deformation com-
ponent, which manifests itself in the dependence of
the friction force on speed. Study [14] is devoted to the
experimental study and modeling of the deformation
component of the friction force for rubber using a
technique that levels out adhesion forces, where it is
shown that there is an indenter sliding speed at which
the deformation component of the friction force
reaches a maximum; the speed value depends on the
load. Isolines in Fig. 3b (material No. 2-0 without sur-
face treatment and with low roughness) correspond to
a combination of adhesive, decreasing with increasing
load, friction force, and deformation component,
demonstrating a nonmonotonic dependence on
speed. The speed providing the maximum value of the
deformation component at a fixed value of the load
drops slightly with increasing load. The presence of a
rigid surface layer reduces the deformation compo-
nent of the friction force [3, 15]. In our case, this effect
can be traced for material no. 2-2 processed with a
large fluence, for which there is no dependence of the
friction coefficient on speed, and the load effect cor-
responds to the variant of relatively high roughness,
similar to the effect obtained for material No. 1-2,
processed with the same fluence. For material No. 2-
1, the surface of which was treated with a low fluence,
a significant, almost threefold, increase in roughness
was obtained. It can be assumed that in this case the
carbonized layer is not continuous and has little effect
on the adhesive forces, and also does not reduce the
deformation component of the friction force. As a
result, the dependence of the friction coefficient on
the load at low speed is characteristic of continuous
contact (i.e., a decrease in the friction coefficient with
increasing load), and at high speeds this dependence is
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Fig. 5. Dependence of the coefficient of friction on the
load at a fixed velocity of 0.1 mm/s (curves I, 2),
0.55 mm/s (curves 7', 2') and 1 mm/s (curves 1", 2") for
material 2-0 without surface treatment (curves 1, 1', 1"),

material 2-1 with fluence 10" (curves 2, 2', 2""), material
2-2 with a fluence 10'° (curve 3).

smoothed out due to the floating effect for a viscoelas-
tic material at a high sliding speed [12], leading to the
discreteness of contact.

The roughness of the friction paths in all cases is
greater than the roughness of the initial surface, its
change is more significant for materials No. 2-0,
No. 2-1, and No. 2-2, which demonstrate less large
values of the friction coefficient compared to the first
group of materials. However, the roughness remains at
the nanoscale.

Figures 4 and 5 show the dependences of the fric-
tion coefficient on the load at a fixed speed for mate-
rials of the first (Fig. 4) and second (Fig. 5) groups.
Materials for which there is no dependence on speed
are represented by one line, otherwise the speed is
fixed at three values.

These results allow us to analyze the influence of
surface treatment on the friction coefficient values.
For the first group of materials, surface treatment, in
general, leads to a decrease in surface energy and
adhesion forces due to the appearance of carbonized
layers. The exception is material No. 1-2 at high load
values, when the friction coefficient is slightly higher
than that recorded for the untreated material at the
same parameter values. The most interesting result
presented in Fig. 5 is the consistently high value of the
friction coefficient obtained for material No. 2-1,
which varies slightly in the studied load and speed
ranges (from 1.82 to 2.44).

CONCLUSIONS

The influence of surface modification (treatment
with nitrogen ions with an energy of 20 keV at various
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fluences that differ by ten times) on the change in the
surface microgeometry and frictional properties of two
polyurethane materials obtained by injection technol-
ogy has been studied. The indentation results showed
that the materials differ significantly in stiffness and
rheological properties.

It has been established that the friction forces aris-
ing when a ceramic ball slides over the polyurethane
surface are of an adhesive nature, and also, in the case
of a material with pronounced viscoelastic properties,
a deformation component of the friction force is
added. Surface treatment leads to the appearance of
relatively hard nanosized carbonized surface layers,
which, in the case of high fluence, reduce the surface
energy responsible for adhesion forces, and also com-
pletely neutralize the deformation component of the
friction force. Processing with a relatively small flu-
ence gives fundamentally different effects for the two
studied materials: a slight change in roughness and a
drop in the friction coefficient for more rigid polyure-
thane; a significant increase in roughness and a con-
sistently high coefficient of friction, which varies
slightly in the considered ranges of loads and speeds.

Thus, surface treatment can be used as a means of
controlling the coefficient of friction of polyurethane
and ensuring its consistently high friction properties.

NOTATION

penetration, m

load, N

ball radius, m

reduced modulus of elasticity, Pa
modulus of elasticity, Pa
Poisson’s ratio

coefficient of friction

arithmetic mean area roughness

R L ERE

~

IS}

arithmetic mean profile deviation
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