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Introduction

Friction of elastomers or, speaking more generally, tribological
properties of elastomers, is a complex issue. It may be considered from
the viewpoint of elastoplastic features, adhesion-cohesion mechanism
or hysteresis mechanism [1 +3].

One of the important problems accounted in many applications
of rubber products is the reduction of their frictional wear occurring
as a result of friction against mating parts. Such products include, for
instance, packing elements (glands), among them rotating shaft pack-
ing. In order to reduce rubber wear, the coefficient of kinetic friction
should be decreased, reducing thereby the force acting in the friction
area and the corresponding mechanical energy that is responsible for
the increase of the temperature of materials in frictional contact.

One of the basic methods of lowering the friction coefficient is by
modifying the surface (outer layer) of rubber products. This way the
frictional properties of rubber products are improved and their life
span is extended. A method often applied to lower the friction coef-
ficient is the modification of products made of various rubbers by chlo-
rination, chlorosulphonation, sulphonation, bromination, iodination or
fluorination of the outer layer of rubber products [4+9]. Products
made of some types of rubber, e.g. fluorocarbon rubber or silicone
rubber, cannot have their surfaces modified chemically. Products made
of such materials (but also of those, which can be chemically modi-
fied) may be modified using physical methods. An interesting example
of that is modification by radiation. Growing in use are high-energy
X-rays, electron or ion beams (bremsstrahlung) [, 9+ 1]. Tribologi-
cal properties of rubber vulcanizates can also be improved by adding
carbon nanotubes and silica to the rubber compound [12].

A combination of several methods of improving frictional prop-
erties provides better results than applying these individual methods
alone, particularly in the case of decreasing initial friction coefficient of
NBR vulcanizates [13].

The diversity of methods applied to improve tribological prop-
erties indicates that the problem is complex and that one versatile,
“good-for-all” method has not been invented yet. Perhaps a combina-
tion of many methods should be sought, as suggested in [13].

Another method of modifying a rubber compound is adding to it

a substance, which will subsequently migrate towards the surface and
form a layer that reduces the friction coefficient [I, 14]. The draw-
back of this method in the case of rubber packing is that the migrating
substance may dissolve in the medium which is in contact with the
packing.

One method of lowering the friction coefficient is the addition of
graphite or molybdenum disulphide to the rubber compound. There
is, however, little literature data on this subject, except for papers
published in China [15, 16]. These publications indicate that graphite
and molybdenum disulphide have little effect on the friction coefficient,
but nevertheless they reduce frictional wear of parts made of NBR
rubber and PU. On the other hand, it is known from [17], that only
finely powdered graphite is able to confer good properties, including
reduced friction coefficient, to vulcanizates.

The method of modifying HNBR rubber compound presented
in this paper (addition of molybdenum disulphide and/or micronized
graphite to the rubber compound) is part of a larger research pro-
ject, wherein rubber compounds and vulcanizates were modified using
various methods. The paper presents results of the study of the effect
of micronized graphite and molybdenum sulphide on the tribological
properties of HNBR vulcanizates used in the manufacture of special
purpose packings. The study also included the determination of the
areas of synergy between these two additives.

Experimental
Materials used in tests

The paper presents test results of a modified rubber compound,
designated with the symbol IRP 1078M, which contains hydrogenated
butadiene-acrylonitrile rubber vulcanized with organic peroxides.
The modification consisted in replacing carbon black in the rubber
compound with micronized graphite (up to |0 phr) or molybdenum
disulphide (up to 5 phr). The tested rubber compounds included also
those, where carbon black was replaced with both micronized grap-
hite and molybdenum disulphide (total content up to 15 phr). Rubber
compounds containing 0, 4, 6 and 10 phr of micronized graphite and
2, 3 and 5 phr of molybdenum disulphide were prepared. The manner
of preparing these compounds was in all cases identical.

Table |
Rubber compound curing characteristics and basic physical properties of vulcanizates for samples with no modifiers and with maximum content
of modifiers.

Item Property Test method IRP 1078M IRP 1078M-M5* | IRP 1078M-G10** | IRP 1078M- G10-M5***

| Mmax, dNm PN-ISO 3417:1994 106 108 108 108

2 Mmin, dNm PN-ISO 3417:1994 21 22 23 23

3 M90, dNm PN-ISO 3417:1994 97,5 99,4 99,5 99,5

4 Del M, dNm PN-ISO 3417:1994 85 86 85 85

5 T2, min PN-ISO 3417:1994 42 49 4,2 43

6 T90, min PN-ISO 3417:1994 10 10,2 I 10,9

7 Hardness, °Sh A PN — 80/C-04238 8l 77 82 8l

8 Wytrzymato$¢ na rozciagania, MPa PN-ISO 37:2007 23,1 24,1 22,3 22,1

9 Ultimate elongation, % PN-ISO 37:2007 175 255 172 227

10 Modulus @ 100% elongation, MPa PN-ISO 37:2007 13 9,5 14,2 10,2

* 5 phr of molybdenum disulphide, ** 10 phr of micronized graphite, *** 5 phr of molybdenum disulphide and 10 phr of micronized graphite
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The correctness of preparing these compounds was verified by
checking curing characteristics and basic physical properties of the vul-
canizates. Table | shows the results obtained for the compound con-
taining no modifiers and for compounds with the maximum content of
modifiers (used in this study). The data presented indicate that replac-
ing carbon black with molybdenum disulphide and with micronized
graphite does not alter in any significant degree the curing characteris-
tics and physical properties of the vulcanizates. Results obtained for the
other rubber compounds (with intermediate content of molybdenum
disulphide and/or micronized graphite) were similar to those above.

Study of tribological properties

Tribology is the science of processes occurring on interacting sur-
faces of solid bodies in relative motion. It includes the study of fric-
tion, wear and lubrication of moving assemblies. The main focuses
of the paper are the friction coefficients and their consequences, i.e.
temperature increase. As “friction” is not an unambiguous term (it
may refer to the physical phenomenon, as well as to the rubbing of
bodies against each other) its definitions are cited here followed by
the description of methods of friction measurement with the use of an
instrument acquired for the purposes of this project.

According to [1], friction is defined as “the resistance encountered
when attempting to move one body on the surface of another body.
Usually between the elements of a friction pair there is a lubricat-
ing substance. Even in the case of the so-called dry friction (with no
lubricant used) the friction zones may contain products of wear and
contaminants. In most cases friction is accompanied by wear of mate-
rial.”

The forces occurring in a system of interacting bodies with a hori-
zontal contact plane are shown in the drawing. Fig. | [4].

Fig. 1. Forces (vectors) acting in the case of friction between a block
and ground: W - weight of bodies, N - normal force (perpendicular to
the surface of contact) created in response to force W, force F setting
the body in motion, F - force of kinetic friction, equal to the coefficient

of friction times the normal force [4]

When the values of the force of friction and of the normal force are
known, the friction coefficient can be calculated from the formula:

p=FN

In the case of elastomers, friction is a complex phenomenon
because of the viscoelastic nature of elastomers and because of the
various other phenomena that accompany friction. It is not only the
effect of uneven surface of the bodies in contact, but it is associated
with adhesion and other phenomena that occur during the deforma-
tion and wear of an elastomer. It has both an adhesive and hysteretic
nature [1]. During friction a “Schallmach wave” is formed in the outer
layer of elastomer. This wave travels in the area of contact between
the bodies at a speed higher than the relative speed of the bodies in
contact [1]. In effect the value of force F, changes rapidly, sometimes in
awide range (e.g. ca. 50% of its initial value), and the surface becomes
uneven upon friction.

The friction coefficient is determined empirically, and in the case of
elastomers it depends not only on the materials in contact and lubrica-
tion, but also on the force applied, movement speed, area of contact
and temperature.

The friction coefficient was determined using a T-1 | device (pin-
on-disk apparatus), fabricated by the Institute for Sustainable Tech-
nologies (ITeE) in Radom. A steel ball, A of an inch in diameter, served as
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Fig. 2. Shape and dimensions of sample used in tribological tests

the counter-sample. The material tested was fixed in a special holder
on a table rotating at a controlled speed. The instrument measures
continuously the force of friction F,, linear displacement, temperature
inside the chamber and temperature of the ball.
The sample used in the tests was of the shape shown in Fig 2.
Upon initial measurements the following test conditions were ad-
opted:
e linear velocity of ball relative to sample - 0.03 m/s and 0.1 m/s
o force applied - 5 N
o ball diameter - 1/4 inch (counter-sample)
e ball movement radius - 6 mm and 10 mm
e test duration - 300 s
e ambient temperature

The following quantities were measured (recorded) during the

test:

o force of friction

e ball displacement

e temperature of the ball
The results of measurements were used to calculate:

o coefficient of friction at the start of test (initial friction coefficient)
and after 60 s and 300 s from the start of test,

e ball temperature increase (corresponding approximately to the
increase of sample temperature)

Molybdenum disulphide - test results

Test results for vulcanizates containing molybdenum disulphide are
shown in figures 3 and 4, and those for vulcanizates containing micro-
nized graphite are shown in Fig. 5 and Fig. 6.
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Fig. 3. Tribological properties of IRP 1078M vulcanizates at friction ve-
locity 0.03 m/s for samples of various molybdenum disulphide content

The recorded value of the force of friction alters rapidly (“vi-
brates”), often forming a wide band on the chart. For this reason mean
values were calculated for a number of measurement points at the
start of the chart, after 60 seconds of test duration and near the end of
the test (after 300 seconds).

The changes in the friction coefficient of the IRP 1078M compound
measured at the friction speed of 0.3 m/s (Fig. 3) confirm the observa-
tions reported in the literature [I5, 16]. Changes of the initial friction
coefficient after 300 seconds are similar in characteristics (slight initial
increase, then a drop near the value close to that obtained for an un-
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modified compound), whereas values of friction coefficients after 300
seconds are higher. The value of friction coefficient after 60 seconds
of test duration of the sample with 2 phr carbon black replaced with
molybdenum disulphide, increased twofold; of the sample with 3 phr
replaced - decreased slightly, while of the sample with 5 phr replaced
fell below the value for the sample with no molybdenum disulphide
added.

Temperature increases, like the friction coefficients, instead of be-
ing lower, as would have been expected, show a tendency to rise with
growing content of molybdenum disulphide in the rubber compound.

The friction coefficients in this case increase with the duration time
of the test.

As was the case with the 0.03 m/s friction speed, the friction coeffi-
cients at the friction speed of 0. m/s at the start and after 300 seconds
of test duration change only slightly with the change in molybdenum
disulphide content in the rubber compound.
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Fig. 4. Tribological properties of IRP 1078M vulcanizates at friction
velocity 0.1 m/s for samples of various molybdenum disulphide content

However, the friction coefficient measured after 60 seconds of test
duration indicates that the friction of these vulcanizates is a complex
phenomenon. As was the case of test illustrated in Figure 3, the friction
coefficient increases initially with growing content of molybdenum
disulphide, and eventually at 5 phr decreases (quite rapidly) to below
the initial value. The friction coefficient measured after 300 seconds of
test duration decreases steadily with growing content of molybdenum
disulphide. The friction coefficients measured at the friction speed of
0.1 m/s of samples containing 2 and 3 phr of molybdenum disulphide are
higher after 60 seconds of test duration than those after 300 seconds.
The last two observations are important, as they may suggest that the
frictional properties of products made of these rubber compounds will
improve with operation time.

Changes in temperature vary little with the change in molybdenum
disulphide content, except for the 2 phr sample, where an increase
is observed, which correlates with the increase in friction coefficient
observed in the sample of same molybdenum disulphide content.

Micronized graphite

Replacing part of the carbon black in the IRP 1078M rubber
compound with micronized graphite only slightly improves (lowers)
the friction coefficients of the vulcanizates measured at the speed of
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Fig. 5. Tribological properties of IRP 1078M vulcanizates at friction
speed 0.03 m/s for samples of various micronized graphite content
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Fig. 6. Tribological properties of IRP 1078M vulcanizates at friction
speed 0.1 m/s for samples of various micronized graphite content

0.03 m/s, and has no significant effect on temperature increase of the
ball in contact with the rubber surface during the test.

The changes in the values of friction coefficients after the introdu-
ction of micronized graphite into the rubber compound are beneficial,
although lower than expected. These changes, as was the case with
molybdenum disulphide, are in line with literature reports [15, 16]. In
this case the friction coefficients increase with increasing test dura-
tion time (the worn surface probably shows more resistance when the
sample is in motion relative to the counter-sample).

The friction coefficient of the IRP [078M compound measured at
the speed of 0.1 m/s decreases distinctly with increasing content of
micronized graphite, and the temperature increase caused by friction
in the case of vulcanizate containing 10 phr of graphite is significantly
lower than that of the compound with no graphite added. Replac-
ing part of carbon black with micronized graphite in this compound
improves its tribological properties. However, the effect of graphite
addition on frictional properties, up to the content of 6 phr, is small;
only at higher concentrations of graphite the lowering of friction coef-
ficients and of temperature increases is significant.

Molybdenum disulphide and micronized graphite

The complex and substantially different interrelations of tribologi-
cal properties in the case of micronized graphite and molybdenum di-
sulphide suggest that the mechanisms of the improvement of tribologi-
cal properties differ for each of these materials. It therefore seemed
sensible to verify whether the use of both these substances together in

Table 2

The results of determining tribological properties of IRP 1078M compound vulcanizates containing micronized graphite and molybdenum
disulphide at friction speed of 0.03 m/s

Content of graphite/molybdenum disulphide (phr)

Property
| Initial friction coefficient 0,28 0,30
2 Friction coefficient after 60 s 0,30 0,33
3 Friction coefficient after 300 s 1,12 0,73
4 Indentation, um -62 -48
5 Temp. increase °C 0,65 0,45
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Table 3

The results of determining tribological properties of IRP 1078M compound vulcanizates containing micronized graphite and molybdenum
disulphide at friction speed of 0.1 m/s

H Property
| Initial friction coefficient 0,38 0,41
2 Friction coefficient after 60 s 0,76 1,05
3 Friction coefficient after 300 s 1,38 1,39
4  Temp. increase °C 2,15 2,28

the rubber compound would amplify the effect of enhancing tribologi-
cal properties (synergy).

The results of determining tribological properties of IRP 1078M
compound vulcanizates containing molybdenum disulphide and mi-
cronized graphite are shown in Tables 2 and 3.

The results presented indicate that some combinations of grap-
hite/molybdenum content in the rubber compound confer advanta-
geous values to friction coefficients and temperature increases. The
evaluation of test results is not easy when dealing with two variables,
particularly when at least one variable has nonlinear characteristics.
For this reason an OPTY computer software was used to evaluate the
results. OPTY makes use of an approximation method (a full second-
degree polynomial) to process experimental data. The software en-
ables plotting contour diagrams and calculation of content of compo-
nents the determined property of which attains maximum or minimum
values. Calculations were made on all experimental results obtained
for compounds containing various quantities of graphite, molybdenum
disulphide and both these components.

Contour diagrams, with lines joining points of the same values, en-
able assessing the effect of two variables on the property under study.
These diagrams are shown in Figures 7 to 10 for properties measured
at the friction speed of 0.03 m/s, and in Figures | | to 14 for properties
measured at the friction speed of 0.1 m/s.
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Fig. 7.Changes of the initial friction coefficient of IRP 1078M vulca-
nizates measured at the friction speed of 0.03 m/s vs. the content of
graphite ( 0 to 10 phr, X axis) and molybdenum disulphide
(0 to 5 phr, Y axis)

The area where molybdenum disulphide and micronized graphite
act in concert and the tribological properties are improved can be seen
in Figure 7. However, as the results presented above implies, the effect
of the improvement of the tribological properties of HNBR vulcani-
zates (designated IRP 1078M) has complex characteristics (clearly non-
linear). At low content levels of graphite (up to ca. 3 phr), molybdenum
disulphide has little effect on the initial friction coefficient at the friction
speed of 0.03 m/s (friction coefficient dependant on graphite content:
the higher the graphite content the lower the friction coefficient). At
high levels of graphite content (above 5 phr) and ca. 2 phr content
of molybdenum disulphide, the value of the initial friction coefficient
basically does not depend on graphite content. Increasing or decreas-
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ing molybdenum disulphide content in this area causes reduction of
the friction coefficient value. The most advantageous area, where the
initial friction coefficient attains the lowest values, is at 6-7 phr graphite
content and high molybdenum disulphide content.
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Fig. 8. Changes of the friction coefficient of IRP 1078M vulcanizates
measured after 60 s at the friction speed of 0.03 m/s vs. the content of
graphite (0 to 10 phr) and molybdenum disulphide (0 to 5 phr)

The area where molybdenum disulphide and micronized graphite
act in concert shown in Figure 8 for friction coefficient measured after
60 s is even more distinct than that shown in Figure 7, and the changes
of the friction coefficient are greater.

At 2-3 phr molybdenum disulphide content in the IRP 1078M com-
pound the friction coefficient measured after 60 s attains the highest
values. Addition of graphite, up to 6-7 phr, causes reduction of the
friction coefficient value measured after 60 s. The most advantageous
area, where graphite-molybdenum disulphide synergy is observed, is
at 5-7 phr graphite content and high molybdenum disulphide content
(above 3.5 phr). Optimum graphite content is lower than in the case
of initial friction coefficient, and it has decreased from ca. 7-8 phr for
the initial friction coefficient to 5-7 phr.

As was the case presented in Figures 7 and 8, at low graphite
content levels in IRP 1078M compound, molybdenum disulphide has
no significant effect on the value of friction coefficient. The coefficient
decreases with increasing graphite content up to 3 phr (up to 4 phr in
the case of friction coefficient measured after 300 s). At graphite con-
tent above 4 phr and high molybdenum disulphide content (above 3.5
phr), a clear synergetic effect appears and substantial decrease occurs
in the value of friction coefficient measured after 300 s (Fig. 9).

The synergy of micronized graphite and molybdenum disulphide in
IRP 1078M vulcanizates is also observed with regard to temperature
increases measured at the speed of 0.03 m/s (Fig. 10) in the same area
as for friction coefficients. The area of synergy confers to the improve-
ment of tribological properties of the IRP 1078M compound.

The initial friction coefficient of the IRP 1078M vulcanizates mea-
sured at the friction speed of 0.1 m/s attains the lowest value when
graphite content is ca. 5 phr and molybdenum disulphide content is
above 4 phr (Fig. | 1). However, synergy of graphite and molybdenum
disulphide is observed only within a limited range: at low to medium
graphite content (up to ca. 6 phr) and at medium to high molybdenum
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Fig. 9. Changes of the friction coefficient of IRP 1078M vulcanizates
measured after 300 s at the friction speed of 0.03 m/s vs. the content
of graphite (0 to 10 phr) and molybdenum disulphide (0 to 5 phr)

Fig. 10.Changes of the temperature increases of IRP 1078M vulcani-
zates measured at the friction speed of 0.03 m/s vs. the content of
graphite (0 to 10 phr) and molybdenum disulphide (0 to 5 phr)

Fig. 1 1. Changes of the initial friction coefficient of IRP 1078M vulcaniza-
tes measured at the speed of 0.1 m/s vs. the content of graphite (from 0
to 10 phr, X axis) and molybdenum disulphide (0 to 5 phr, Y axis)

disulphide content. This is similar to the behaviour of the initial fric-
tion coefficient measured at friction speed 0.03 m/s. Unexpectedly, at
low molybdenum disulphide content (below 2.5 phr), the initial fric-
tion coefficient increases with growing graphite content. This increase,
however, is not large.

The data shown in Figure 12 indicate that the highest values of the
friction coefficient measured at the speed of 0.1 m/s after 60 seconds
are attained in samples containing 2 to 2.5 phr of molybdenum disul-
phide. The changes in the friction coefficient measured after 60 s are
surprising, as the addition of graphite in excess of 7 phr aggravates the
situation, and the friction coefficient is even higher. The lowest values
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Fig. 12. Changes of the friction coefficient of IRP 1078M vulcanizates
measured after 60 s at the friction speed of 0.1 m/s vs. the content of
graphite (0 to 10 phr) and molybdenum disulphide (0 to 5 phr)

Fig. 13. Changes of the friction coefficient of IRP 1078M vulcanizates
measured after 300 s at the friction speed of 0.1 m/s vs. the content of
graphite (0 to 10 phr) and molybdenum disulphide (0 to 5 phr)

Fig. 14. Changes of temperature increases of IRP 1078M vulcanizates
measured at the friction speed of 0.13 m/s vs. the content of graphite
(0 to 10 phr) and molybdenum disulphide (0 to 5 phr)

of the friction coefficient are attained at high molybdenum disulphide
content levels (ca. 5 phr) and graphite content within the range of
0-5 phr. The area of low friction coefficients measured after 60 s is
similar to that of initial friction coefficient, with a slight shift towards
lower graphite content values.

The value of the friction coefficient of the IRP 1087M vulcanizates
measured after 300 s at the friction speed of 0.1 m/s depends mostly
on the graphite content. The friction coefficient attains the lowest val-
ues when graphite content is above 8 phr with low molybdenum di-
sulphide content. The optimum additive content range for this friction
coefficient differs from the optimum ranges determined for the initial
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Table 4

Micronized graphite and molybdenum disulphide content at which minimum test values were obtained at friction speed of 0.03 m/s for IRP
1078M vulcanizates

Additive content corresponding to minimum test value

Property
| Initial friction coefficient 6,6 5 0,2
2 after 60s 52 5 0,05
3  after 300 s 7 5 0,82
4  Temperature increase (°C) 7,6 5 0,48

Table 5

Micronized graphite and molybdenum disulphide content at which minimum test values were obtained at friction speed of 0.1 m/s for IRP 1078M
vulcanizates

It P rt Additive content corresponding to minimum test value
em rope
perty m Molybdenum disulphide Measurement result

Initial friction coefficient
Friction coefficient after 60 s
Friction coefficient after 300 s

W N -

Temp. increase (°C)

friction coefficient and that measured after 60 s. The determination
of optimum ranges of additive (graphite/molybdenum) content in the
IRP 1078 compound is not easy, as these ranges vary depending on the
measurement time.

It was found (Fig. 14) that the optimum (with regard to tempera-
ture increase due to friction) range of graphite and molybdenum disul-
phide content differs from the optimum range determined for friction
coefficient measured at friction speed of 0.1 m/s. In this case there is a
maximum in the temperature increase of the IRP 1078M vulcanizates
(measured at the friction speed of 0.3 m/s) within the graphite content
range of 2-5 phr (at molybdenum disulphide content within the range
of 2-3 phr).

Increasing the graphite content to above ca. 2.5 phr lowers the
temperature increases due to friction, and the most advantageous
result (lowest temperature increase) is expected at high graphite
(10 phr) and molybdenum disulphide (5 phr) content.

Summary

The tests performed and analysis thereof with the use of contour
diagrams enabled the assessment of the effect of rubber compound
components on the tribological properties of the IRP 1078M rubber
compound vulcanizates. Despite the complex nature of interrela-
tions, this method enables the determination of the ranges of addi-
tive content, where the synergetic effect of molybdenum disulphide
and micronized graphite improves the tribological properties of the
vulcanizates.

It was also found that the ranges of molybdenum disulphide and
micronized graphite content, where the synergetic effect is observed,
do not cover the entire range studied, but only include small areas,
with high (above 5 phr) graphite content.

Despite the large differences in the characteristics of the influence
of molybdenum disulphide and graphite on the measured tribological
properties (Fig. 7—14), in most cases the optimum range could be de-
termined. To facilitate the determination of this range, we determined
the values of molybdenum disulphide and graphite content at which
the tribological properties studied attained minimum values. (Tables
4 and 5)

On the basis of diagrams (Figs. 7+ 14) and calculations of micro-
nized graphite and molybdenum disulphide content corresponding to
minimum friction coefficients and temperature increases, it was found
that the best results for an IRP 1078M compound may be expected
when 10 phr carbon black in the compound is replaced with 6 phr
graphite and 4 phr molybdenum disulphide.
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Conclusions

The effect of molybdenum disulphide and micronized graphite
on tribological properties of IRP 1078M vulcanizates was found to be
small. Only the addition of both these substances in appropriate pro-
portions causes a synergetic effect and improves tribological proper-
ties of the vulcanizates.

The tests performed, and particularly analysis thereof with the
use of contour diagrams, enables the assessment of the effect of rub-
ber compound components on the tribological properties of the IRP
1078M rubber compound vulcanizates. This method enables the de-
termination of the ranges of additives content, where the synergetic
effect improves the tribological properties of the vulcanizates. The
application of this method is sensible in the case of nonlinear effect
produced by many factors (not only by the components of the rubber
compound).

It was also found that the ranges of molybdenum disulphide and
micronized graphite content, where the synergetic effect is observed,
do not cover the entire range studied, but only include small areas,
with high (above 5 phr) graphite content.
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