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ABSTRACT

The paper discusses the influence of type dispersed phase on value of rolling contact fatigue of bearings lubri-
cated with selected lubricating compositions. The compositions, which were produced on the mineral base oil were
thickened of lithium stearate, calcium stearate, aluminum stearate, lithium complex soap and modified silica,
montmorillonite, and polytetrafluoroethylene were evaluated.

Were carried out the investigations of rolling contact fatigue (pitting) of bearings, which were lubricated of the
compositions prepared on the above-mentioned thickeners. Then was evaluated the influence of various thickeners
on changes of rolling contact fatigue. The tribological tests were carried out using T-03 four-ball machine under

high load conditions.

On the basis of obtained results it may be concluded, that used of thickeners such as: modified amorphous sili-
ca, montmorillonite and polytetrafluoroethylene to produce of lubricating compositions, positively affected on the
change of rolling contact fatigue of tribosystems lubricated with the above-mentioned compositions in comparison
to the compositions, when as a dispersed phase were used a soap thickeners.

Keywords: dispersed phase, thickener, lubricating grease, rolling contact fatigue, pitting, Weibull curve.

1. Introduction

One of the components of lubricating grease is a thick-
ener. It is a substance, which was provided a spatial struc-
tural arrangement and suitable rheological and tribological
properties of prepared lubricating grease. The content of
thickener in the lubricating grease was from 5% to 30% and
depends on the type of thickener and consistency of lubri-
cating grease [1]. From the type of thickener will depend a
series of operational characteristics of lubricating greases
such as: texture, mechanical stability, temperature stability,
rheological properties or resistance on action of water and
acids [2].

One of the generally used classifications of lubricating
greases is a classification based on the type of the thickener.
On this basis were stand out the greases: soap (e.g.: on the
lithium stearate), mixed (e.g.: on the lithium-calcium
soaps), inorganic (e.g.: on the silica or bentonite) and poly-
meric (e.g.: on the polyurethane or terephthalates) [3].

Nowadays increasingly meaning at production of lubri-
cating greases has a complex and organic thickeners. The
complex compounds, which were used as a thickeners of
lubricating greases were increased the dropping point of
the produced lubricating composition, thereupon was
raised the maximum temperature of the applicability of
such product. The incorporation of these types of thicken-
ers in the structure of lubricating greases was increased of
the resistance on action of water, improved the mechanical
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and structural stability and lubricating properties
(especially antiseizure). Therefore increasingly the complex
thickeners were displaced from field of conventional thick-
eners such as e.g. the simple soaps [4].

However the organic thickeners such as a metal salts of
I and II groups of the periodic table and highlymolecular
fatty acids are strong oxidizers and has a high thermal sta-
bility, and the lubricating greases thickened with these sub-
stances has a high of durability of exploitation [5]. An im-
portant meaning has inorganic thickeners, which may in-
clude the colloidal silica and montmorillonite. They im-
proved the chemical stability and lubricating properties of
produced lubricating compositions, thereupon on the
worlds fields were followed an increase of interest in this
type of thickeners [6-12].

The one of the most frequent forms of wear, which dete-
riorates the working elements of machines and devices is
surface fatigue wear, so-called pitting. This type of wear is
caused by the cyclic stresses in the areas where the material
is in contact with the lubricant. The cause of pitting is the
fatigue of the surface layer. The process of spall wear con-
sists of three phases: the early formation of cracks due to
fatigue, the extension of the cracks due injection of the lu-
bricating grease, and finally pulling out the particles of ma-
terial from the surface layer. The surface fatigue wear de-
pends on many factors, e.g. the properties of the material,
the conditions of working, the construction of the tribosys-
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tem or physicochemical properties of the lubricating com-
positions [13-19]. This form of wear is characteristic for
rolling friction with the sidle, as well as for dry friction and
leads to the loss of properties of the lubricated elements.

The aim of this work was the analysis of influence of
the type of the dispersed phase used to prepare of lubricat-
ing compositions on the rolling contact fatigue of bearings
in food industry developed at the Research Network
LUKASIEWICZ - Institute for Sustainable Technologies in
Radom.

2. The subject and methodology of research

A group of model lubricating compositions made of
non-toxic components were prepared to determine of dis-
persion and dispersed phase. As a dispersion phase was
used a paraffin oil about the pharmaceutical grade [20].
However as a solid phase (dispersed) were used: the lithi-
um stearate [21-24], the calcium stearate [25], the alumi-
num stearate [23-24,26], the 12-hydroxystearate-adipate
(1:0,25) of lithium [27], the amorphous silica Aerosil has a
particle size of 7 - 40 nm [28], montmorillonite [29] and
polytetrafluoroethylene [30].

Each of the above-mentioned thickeners was intro-
duced to the base oil in an amount of 12% m/m. So formed
lubricating compositions was determined of symbols A, B,
C, D, E, F and G. In the early phase of the experiment was
taken the research to the above an amount of the thickener
to be introduces into to the lubricating composition. The
tests were carried out with the compositions containing
from 5% to 30% of thickener. The so-prepared lubricating
compositions were tested on their tribological properties.

The tribological properties of the lubricating composi-
tions were evaluated according to a standardized proce-
dure described in IP 300/82 on a modified four-ball ma-
chine T-03. The evaluation procedure was based on the
estimation of surface fatigue wear of the rolling tribosys-
tem during 24 runs under constant load of 5886 N and con-
stant speed of 1450 rpm. The actual test elements were the
12" bearing balls made of 100Cr6 steel, which surface
roughness was 0,032 mm and hardness was about 60-65

Table 1. The chemical composition of lubricating greases

Marking of the Dispersion

tested grease phase Dispersed phase

A Paraffin oil Lithium stearate

Paraffin oil Calcium stearate

C Paraffin oil Aluminum stearate
... 12-hydroxystearate-adipate
D Paraff 1
arattmot (1:0,25) of lithium
E Paraffin oil Modified Aerosil
F Paraffin oil Montmorillonite
G Paraffin oil ~ Polytetrafluoro-ethylene
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HRC. The test set-up was constantly measured for vibra-
tions and the test was automatically intermitted when the
permissible level of vibrations reached the defined limit.
The run was accepted, when crumbling appeared on the
top ball. If chipping occurred on one of the lower balls, the
run was rejected. The result of each run is defined by the
time in minutes. The results of individual runs were
ranked from the shortest to the longest. Each result re-
ceived the percentage value of probability of the ball dam-
age. According to the IP 300/82 [31] standard method, the
time vs. probability of damage were marked on the
Weibull graph. Such prepared graphs provided the values
of L10 and L50, defining the durability of the tribosystem
at 10% and 50% probability of damage, respectively [32-
35]. On the basis of pitting time values, the accumulated
percentage of damages was calculated as follows:

the probability of damage =i/ (n+1)*100%
where:

i - the run number,
n - the number of runs terminated with pitting (n=24).

The XPS analysis was carried out using a spectrometer
by PREVAC. In order to remove from the surface of the
specimen the adsorbed foreign substances and products
the oxidation, initial surface cleaning of the specimen was
conducted using the ion mill Ar+. To induce excitation in
the specimen, an X-ray lamp equipped with the standard
achromatic source of X-rays, accompanied by a double an-
ode Al/Mg, were used. The main ion sputtering (for creat-
ing depth profiles) was conducted with 5 kV beam, with a
current of 10 mA, and current density at 147 pA/cm?2. Sur-
vey analyses after each cycle of ion sputtering were con-
ducted using radiation Al Ka energy 1486.6 eV, with a
transition energy of 200 eV and an increment of 200 meV.
The parameters for creating a detailed spectrum for each
element were selected individually, taking into account the
power of the X-ray excitation, the element, sampling densi-
ty, transition energy, and slits of the analyser lenses. These
parameters were set in such a way so that the quality of the
obtained spectra was the highest. The recorded spectra
were subjected to a detailed digital analysis, based on
which the quantitative composition of elements in subse-
quent layers was established [36,37].

A confocal dispersive Raman NRS 5100 microspectome-
ter (Jasco Corporation, Japan) equipped with an excitation
laser with a wavelength of 532.12 nm and a CCD detector
was used to test the chemical composition of lubricating
greases after tribological tests. The parameters of the spect-
rometer were as follows: diffraction grating 2400 lines/
mm, laser power 3.6 mW, numerical aperture 3000 pm,
spectral range 3700+200 cm-, resolution 2.1 cm-!, magnifi-
cation of the lens 20x, exposure time 40 s. The test material
were steel balls after tribological tests [38].

3. Results and discussion

On Fig.1-7 presents theWeibull graphs obtained for the
lubricating compositions based on mineral base oil and
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thickened of the lithium stearate, calcium stearate, alu-
minum stearate, 12-hydroxystearate-adipate (1:0,25) of
lithium, amorphous silica Aerosil about the size particles of
7-40 nm, montmorillonite and polytetrafluoroethylene. The
formulas and the R2 correlation coefficients are included.

On the basis of obtained results the author calculated
the time, after which 10% and 50% of the tested tribosys-
tems were damaged - L10 and L50, respectively. These
results are shown in Fig. 8-9.

Analyzing the presented above graphs it should be as-
certained, that the rolling contact fatigue of tribosystem
lubricated of tested lubricating compositions were submit-
ted a essential changes in depending on the use of
thickener. At the probability occurrence of damage, which
was 10% (L10) the time of occurrence of pitting for the
lubricating compositions, in which the dispersed phase
were a soap thickeners was accordingly: 47.52 min for the
composition thickened of lithium stearate, 43.21 min for
grease thickened of calcium stearate and 38.73 min for a
composition, wherein the dispersed phase was aluminum
stearate. Thus, there weren’t observe a significant differen-
ces of durability fatigue for the composition, in which were
used a soap thickeners. A higher value of this parameter
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Fig.1. Dependence probability of failure of the upper ball for
tribosystem lubricated grease thickened of lithium stearate
from time of pitting
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was observed for composition, which was thickened of 12-
hydroxystearate-adipate (1:0,25) of lithium. In this case,
coefficient L10 was 70.44 min. However, in lubricating
compositions, in which a dispersed phase were used a
amorphous silica Aerosil, montmorillonite and polytetraf-
luoroethylene the coefficient L10 was accordingly: 110.58
min; 94.88 min and 104.71 min. It was observed more than
a twice increase of durability of tribosystem at 10% proba-
bility occurrence of damage for the composition, in which
were used the thickeners such as: amorphous silica, mont-
morillonite, polytetrafluoroethylene in compared to com-
positions, in which as a dispersed phase were used a soap
thickeners.

It has been reported, that an increase of durability of
tribosystem at 10% the probability of occurrence of damage
after using a complex lithium soap (about 48.2%),
amorphous silica (about 132.7%), montmorillonite (about
99.7%) and polytetrafluoroethylene (about 120.3%) as a
dispersed phase of tested lubricating greases in compari-
son to the composition, wherein the thickener was lithium
soap.

The application of the above-mentioned thickeners as a
dispersed phase of lubricating greases used in the experi-
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Fig.3. Dependence probability of failure of the upper ball
for tribosystem lubricated grease thickened of aluminum
stearate from time of pitting

100
90 f
80

70—yttt
60 RZ
50
40

30
20

10 f
4

0
0 50 100 150

The time to occurrence of pitting [min]

=
P

P

b 7
©
[

damage [%]

The probability of occurrence of

200

Fig.4. Dependence probability of failure of the upper ball for
tribosystem lubricated grease thickened of lithium 12-
hydroxystearate-adipate (1:0,25) from time of pitting

TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 37 /2020



R. Kozdrach. The influence of type of dispersed phase on rolling contact fatigue of lubricating greases on mineral base oil

100 ,
. g
80 Y= 0.0842x-34]38F A

70 R?=0.9718 ¥

60

50

40 s

30

20

10 "l

*

o

damage [%]

The probability of occurrence of

0 50 100 150
The time to occurrence of pitting [min]

Fig.5. Dependence probability of failure of the upper ball
for tribosystem lubricated grease thickened of amorphous
silica Aerosil from time of pitting

_ 100 |
§ 90 f
£ 80
E 70 y-+-0:8584x—27.07
X 60 RP =0.994
<% 50
ZE 40 3
23 39 (Y
S y,
= 20 7
2 10 VP(
a 0
0 50 100 150

The time to occurrence of pitting [min]
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for tribosystem lubricated grease thickened of montmoril-
lonite from time of pitting

ment was induced an increase of durability of tribosystem
respectively: 63.0%; 155.9%; 119.6% and 142.3% in relative
to the lubricating composition, wherein as a dispersed pha-
se was used a calcium stearate.

It has been observed, that the use of a complex lithium
soap, modified silica, montmorillonite and polytetrafluo-
roethylene as a dispersed phase of tested lubricating grea-
ses were caused an increase the durability fatigue of tri-
bosystem at 10% the probability of occurrence of damage,
respectively: 81.9%; 185.5%; 145.0% and 170.4% in compa-
red to the lubricating composition, wherein the dispersed
phase was aluminum stearate.

Thus, the used of complex lithium soap, modified silica,
montmorillonite, and polytetrafluoroethylene as a disper-
sed phase of lubricating greases an increasing the durabili-
ty of tribosystem in compared to the compositions prepa-
red on the soap thickeners.

However at 50% the probability of occurrence of dama-
ge (L50) the time, after which it come to the pitting was:
90.34 min for composition thickened of lithium stearate,
89.83 min for grease thickened of calcium stearate and
86.07 min for composition prepared on aluminum stearate.
The level of durability fatigue, which was expressed a coef-
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ficient L50 for compositions, which has been produced
with the participation of soap thickeners were similar. The
difference between the value of the parameter L50 for
lithium and aluminum grease was only 4%. The analysis of
graphs were showed, that the rolling contact fatigue of
tribosystem lubricated the composition, in which as a
thickener was used a 12-hydroxystearate-adipate (1:0,25) of
lithium at the probability of occurrence of damage was
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50% was 109.16 min. In the case of lubricating compositi-
ons thickened of amorphous silica, montmorillonite, poly-
tetrafluoroethylene the coefficient L50 was respectively:
140.82 min; 123.35 min and 147.72 min. It has been obser-
ved an increase of durability of fatigue at 50% the proba-
bility of occurrence of damage respectively about 56%, 37%
and 64% in compared to the lubricating composition, whe-
rein as a thickener was used a lithium stearate.

The data, which were presented in the graphs indica-
ted, that the use of complex lithium soap, modified silica,
montmorillonite and polytetrafluoroethylene as a disper-
sed phase of tested lubricating greases were caused an
increase of rolling contact fatigue life of tribosystem at 50%
the probability of occurrence of damage respectively about:
21.5%; 56.8%; 37.3% and 64.4% in compared to the com-
position, where the dispersed phase was calcium stearate.
It has been observed also an increase of rolling contact fati-
gue at 50% the probability of occurrence of damage about
26.9%, when was used a lithium complex soap as a
thickener of tested lubricating composition, in the case of
amorphous silica was noted an increase about 63.6%, in the
situation of using of montmorillonite as a dispersed phase
to produce of lubricating grease an increase was 43.3%,
and in the case of using of polytetrafluoroethylene an
increase of durability fatigue was 71.6% in compared to the
lubricating composition, where as a thickener was used the
aluminum stearate.

On the basis of obtained results it may be concluded,
that the thickeners, which were used to produce of lubrica-
ting compositions participating in the experiment were
affected variously on changes of durability fatigue of grea-
ses were produced on the basis of mineral oil. The change
of durability fatigue of tested lubricating greases were de-
pends on the type and chemical structure of used disper-
sed phase. The coefficients L10 and L50 were characterized
the level of durability of tribosystem were indicating, that
the lubricating compositions, which were prepared on mi-
neral base oil, in which the dispersed phase were soap
thickeners were shown the lower level of rolling contact
fatigue than the lubricating compositions, which were
thickened of amorphous silica, montmorillonite and poly-
tetrafluoroethylene. It was observed, that the change of
durability fatigue wasn’t regular in all cases. The change
size of rolling contact fatigue of tested lubricating composi-
tions were depends from the chemical structure of used
dispersed phase and the interaction between the dispersion
and dispersed phase, which were connected to create a
lubricating composition.

The various chemical structure of used thickeners was
allowed ascertain, that for the tested lubricating compositi-
ons the protection against pitting was derivative of para-
meters which characterized the physicochemical properties
of dispersed phase. The differentiation of physicochemical
properties of dispersed phase was result with its different
chemical structure. On the basis of this assumption it may
accept the existence of the dependence between intermole-
cular interaction of dispersion phase (base oil) with the
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dispersed phase, and the tribological effectiveness of lubri-
cating compositions, including the protection against rol-
ling contact fatigue so called pitting.

The used of amorphous silica and montmorillonite as a
thickeners of lubricating greases were an innovative met-
hod to improve of tribological characteristics. The silica is a
substance with a high melting point and the boiling point
and is extremely chemically resistant, moreover is non-
toxic, which is extremely important at composing of biode-
gradable lubricants. It was used as an excellent thickener,
thixotrope and anti-settling medium. The through of its
polar character was easily connected with the oil molecules
by van der Waals forces. The developed surface of the par-
ticles of amorphous silica was provided a high absorbabili-
ty of phase oil, which was favour the efficiency of
thickened and effectively modifying of the tribological pro-
perties.

The montmorillonite modified by means of quaternary
ammonium salts becomes hydrophobic and organophilic,
thus provided the efficient incorporation of particles the
thickener in the structure of lubricating grease, even at the
smooth mixing conditions. The modified was compatible
in relative to the lubricating greases and used as a
thickener, which effectively modifying theirs tribological
properties, mainly by creating on the surface steel of low
friction surface layer resistant on high load, as resulting an
increased of durability fatigue.

As a dispersed phase used an electrically neutral of
PTFE, which was a capability of creating on the coopera-
ting surfaces of coating of high durability and good adsor-
bed on the metal surfaces. The friction was occurred in
connection of metal-teflon-metal. This combination was
protected lubrication of coating of teflon of microareas
with cooperating surfaces without the coatings of lubrica-
ting film.

The high effectiveness action of polytetrafluoroethylene
was resulted of the low temperature its decomposition,
and the easier decomposition this the greater improving of
durability fatigue. The thickened of the mineral oil of poly-
tetrafluoroethylene whether amorphous silica or montmo-
rillonite of tested lubricating compositions were caused a
substantial plastification of surface, which was associated
with a large reduction of stress consequential from the af-
fects of surface roughness and was caused a increase of the
durability fatigue. The use of such type thickeners was pro-
vided the creation of the limiting layers, which were effi-
cient to regeneration, and the high degree of protection
against the wear.

The reduction of durability fatigue for the composition,
which was prepared on soap thickeners in comparison to
other compositions used in the experiment might be
caused by products of tribochemical reactions between the
lubricating composition and the surface of tribosystem.

The results of testing the friction surfaces covered with
mineral lubricating grease with various thickeners by
means of X-ray photoelectron spectroscopy (XPS), connec-
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Fig.10. The XPS spectrum of steel ball before tribological

ted with ion sputtering into the surface layer, are presented
in Table 2, and the example of the spectrum recording from
XPS - in Fig.10. In the Fig.10 shows the relative content of
the basic elements contained in the bearing steel, obtained
as a result of ion sputtering and quantitative XPS analysis
of the initial surface of the steel ball (before the tribological
tests). As a result of the analysis, the atomic percentage of
individual elements in the surface layer of steel were deter-
mined. Most likely, some of these elements were pollution
from the ball production process (no presence of phospho-
rus was detected). In the surface layer (before the ionic
sputtering), the carbon (66.70%) and oxygen (22.80%) do-
minated quantitatively, while the iron and copper constitu-
ted for just over 4%. After sputtering, there were found no
other elements than the bearing steel components, among
which the iron and copper had the largest atomic participa-
tion. The sputtering of analysed surface was effectuated
with argon ions with 2 keV energy. Then sputtering of the
tested area was continued with higher energy ions (4 keV).
At this time, the composition of the analysed surface layer
did not change significantly.

It was found, that even though, that the ball was not
subjected of tribological tests and was cleaning before ana-
lysis in n-hexane, its surface layer was modified by oxygen
and carbon. Probably at the stage of production of the balls
and during their contact with the atmosphere, the surface
layer of the steel reacted with the components of the envi-
ronment with which it was in contact. In order to obtain of
information about the chemical environment of the ele-
ments have a present in the surface layer of steel, a detailed
analysis of XPS spectra was carried out. Probable chemical
structures were determined on the basis of registered bond
energies (Table 2). In Table 2 presents the results of the
analysis of the state of the steel ball surface after tribologi-
cal tests for mineral greases with different of thickeners.
During the sputtering, a 285eV band of carbon (Cls) was
observed. This energy is characteristic for the C-O bond in
organic compounds, especially for carbides occurring in
bearing steel. The "clean" surface layer of bearing steel is
very reactive and reacts with compounds situated in its
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environment, hence the presence of organic compounds. In
the range of oxygen photoelectrons (O1ls) in the XPS spect-
rum, a 530 eV band (characteristic of oxygen in oxides) can
be extract. The oxygen intensity of the signal is gradually
decreases (along with the depth of ion sputtering), but its
presence in the deeper layers proves about the penetration
of the surface layer and the creating of the iron and copper
oxides. Probably the oxide layer was created in the produc-
tion process of the balls.

On the band with 710 eV binding energy, occurring
in the spectrum of iron (Fe2p) photoelectrons, may consist
of signals characteristic for carbides and oxides. A similar
studies has been the trace of wear, which created under
friction conditions on the ball lubricated with mineral
grease with lithium soap thickener. From the analysis of
the spectrum of Grease A shows, that the carbon, as with of
steel surfaces before friction (Fig.10), was in a large amount
in the surface layer. The oxygen was occurred also in sub-
stantial quantity. In order to examine the composition of
the deeper layers, further sputtering was continued with
argon ions of 4 keV energy. The oxygen content after 40
min of ion sputtering was comparable to the oxygen con-
tent in the initial steel ball after 5 min of sputtering. The
studies carried out provide, that the surface layer was mo-
dified by this element during the friction process. The
spectra of carbon photoelectrons, recorded on the surface
of the initial ball and the ball subjected of tribological tests,
were similar course, although in the case of initial surface
steel the organic compounds having contamination charac-
ter, and in the case of steel after friction tests, these com-
pounds came from the lubricant (the compounds deposited
in the surface layer the balls in the contact zone were remo-
ved by counter-specimen). The XPS spectra of zinc (Zn2p)
photoelectrons (greases B,C, E, F and G) had a characteris-
tic signal of zinc sulphides (1045.5 eV). This band disap-
peared with the depth of sputtering. The analysis of Fls
photoelectrons showed that, the fluorine was present in the
tested layer in the form of lithium, calcium and aluminium
fluorides (grease G). Provides the signal binding energy of
689,9 eV. The intensity of this band gradually decreased
with the depth of sputtering until it completely disap-
peared. In the range of oxygen photoelectrons in the XPS
spectrum, there was a band signal with a binding energy of
530.3 eV, which was characteristic for oxygen present in
oxides (greases A,B,C,D,E,F,G).This band was more intense
than similar ones recorded on the initial steel surface and
did not disappear after several sputtering cycles. The pre-
sence of this band provides about the modification of the
surface layer by oxygen compounds. In the case of molyb-
denum, in the recorded XPS spectra of Mo3d photoelect-
rons there was a band with 235 eV energy, which quickly
disappeared (characteristic for molybdenum in sulphates).

The carried out analyses showed, that the dominant
form in which molybdenum was present in the analysed
sample were sulphates, present in surface layers (greases
A,B,C,D,EF and G). A similar band analysis was also car-
ried out for antimony. In the spectra of photoelectrons of
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Table 2. The results of analysis of steel ball surface after tribological tests for tested lubricating compositions

The
elements
present in
surface layer

The sur-
face condition
of steel ball
before tribo-

The surface condition of steel balls of tested lubricating greases after tribological tests

of analysed Grease A Grease B Grease C Grease D Grease E Grease F Grease G
] logical tests
samp?es The bindingenergy/ description
285eV - 285eV - 285eV - 285eV - 285eV - 285eV - 285eV -
Carbon 285eV- |.... . . . .. o A . . . .
. lithiumcarbid | calciumcarbi | aluminium |lithiumcarbid |siliconcarbide| aluminium | fluorinecarbi
-Cls carbides . .
es des carbides es s carbides des
Iron — 710 eV - 710 eV - 710 eV - 710 eV - 710 eV - 710 eV - 710 eV - 710 eV -
Fe2 carbides and | carbides and | carbides and | carbides and | carbides and | carbides and | carbides and | carbides and
P iron oxides | iron oxides iron oxides | ironoxides | iron oxides iron oxides | ironoxides | iron oxides
530ev - | 530 eV - . 530 eV - . 530 eV - . 530 eV - . 530eV - . 530eV - 530 eV -
Oxygen . iron, copper | iron, copper | iron, copper | iron, copper iron and iron, copper .
iron and o . . s - iron and
-Ols copper oxides and lithium | and calcium | and alumini- | and lithium | copper ox- | and alumini- copper oxides
PP oxides oxides um oxides oxides ides um oxides PP
Zinc - 1045,5 eV 1045,5 eV 1045,5 eV 1045,5 eV 1045,5 eV 1045,5 eV
Zn2p zincsulphides zincsulphides | zincsulphides zincsulphides | zincsulphides | zincsulphides
689,9 eV -
Fluorine ) ) ) ) . . ) lithium, alu-
-Fls minium and
calcium fluo-
Molvbde 235¢eV - 235V - 235eV - 235¢eV - 235eV - 235eV - 235eV - 235eV -
num — 1\31703 d molybdenum | molybdenum | molybdenum | molybdenum | molybdenum | molybdenum | molybdenum | molybdenum
sulphates sulphates sulphates sulphates sulphates sulphates sulphates sulphates
. 525V - 525 eV -
Antimon . .
_Sbad antimonysulp |antimonysulp - - - - - -
y hates hates
. 397 eV - 397 eV - 397 eV - 397 eV - 397 eV - 397 eV - 397 eV -
Nitrogen | . . . . . . . . . - . . . .
_Nls nitrogenoxide | nitrogenoxide - nitrogenoxide | nitrogenoxide | nitrogenoxide | nitrogenoxide | nitrogenoxide
s s s s s s s
350 eV - 350 eV - 350 eV - 350 eV - 350 eV - 350 eV - 350 eV - 350 eV -
Calcium calcium ox- | calciumox- | calciumox- | calciumox- | calciumox- | calciumox- | calciumox- | calcium ox-
_Ca2 ides, sul- ides, sul- ides, sul- ides, sul- ides, sul- ides, sul- ides, sul- ides, sul-
P phates and | phates and phatesand | phatesand | phatesand phatesand | phatesand | phates and
phosphates | phosphates | phosphates | phosphates | phosphates | phosphates | phosphates | phosphates
" 102,7ev-|  1032e¥ =
Silicon - - . aluminosili-
. - - - - - silicon oxides o -
Si2p and sulphates cates, silicon
P sulphates and
55,6 eV - 55,6 eV -
Lithium } lithiumsulph ) } lithiumsulph } } )
- Lils ates, ates,
phosphates phosphates
Sodium 107.1'3 eV
_Nals - - - - - - - - sodium
sulphates and
1304,7 eV 1305,8 eV
Magnesi ) } - magnesium } } } } - magnesium
um - Mgls oxides and sulphates,
sulphates phosphates
74,6 eV - 74,6 eV - 74,4 eV -
. aluminium aluminium aluminium
Alumini . . .
um - AI2 - - - oxides, phos- - - oxides and | oxides, phos-
P phates and aluminosili- | phates and
sulphates cates fluorides
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Fig.11. The Raman spectra of tested lubricating greases after tribological tests in the range of the Raman frequency shift 3700
cm - 200 cml, the greases: thickened of lithium stearate (green), thickened of calcium stearate (brown), thickened of alumi-
nium stearate (dark green) and thickened of lithium 12-hydroxystearate-adipate (blue)
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Fig.12. The Raman spectra of tested lubricating greases after tribological tests in the range of the Raman frequency shift 2150
cm-1 - 980 cm-l, the greases: thickened of lithium stearate (green), thickened of calcium stearate (brown), thickened of alumi-
nium stearate (dark green) and thickened of lithium 12-hydroxystearate-adipate (blue)
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Fig.13. The Raman spectra of tested lubricating greases after tribological tests in the range of the Raman frequency shift 3150
cm-1- 2620 cm-l, the greases: thickened of lithium stearate (green), thickened of calcium stearate (brown), thickened of alumi-

nium stearate (dark green) and thickened of lithium 12-hydroxystearate-adipate (blue)

this element (Sb3d) it was found, that antimony was pre-
sent in the tested layer in the form of sulphates. Proved
about this a strong binding energy signal about 525 eV
(grease A). Similarly as discussed previously cases, the
intensity of this band gradually decreased with the depth
of sputtering, until complete disappearance. In the case of
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nitrogen, in registered XPS spectra of N1s photoelectrons,
the 397 eV band (attributable to oxides) was occurred. The
analyses showed, that the dominant form, in which nitro-
gen occurred in the analysed sample were oxides present
in the surface layers (greases A,C,D,EF and G). In the
spectra of iron (Fe2p) photoelectrons, a band with 710 eV
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Fig.15. The Raman spectra of tested lubricating greases after tribological tests in the range of the Raman frequency shift 3150
cm-! - 2610 cm-l, the greases: thickened of lithium stearate (green), thickened of modified Aerosil (brown), thickened of
montmorillonite (dark green) and thickened of polytetrafluoroethylene (blue)
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Fig.16. The Raman spectra of tested lubricating greases after tribological tests in the range of the Raman frequency shift 2170
cm1- 920 cml, the greases: thickened of lithium stearate (green), thickened of modified Aerosil (brown), thickened of mont-
morillonite (dark green) and thickened of polytetrafluoroethylene (blue)

binding energy can be distinguished. This band probably
had a complex character and could be composed of signals
characteristic of iron in carbides (708.1 eV), oxides (709.7
eV), as well as sulphates and phosphates (711 eV). In the
composition of the surface layer after 30 minutes of ion
sputtering was not found of the presence of sulphur and
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phosphorus, while - outside the elements characteristic for
steel - oxygen was also present. Would lead to the conclusi-
on, that the iron was also present in the form of oxides
(greases A,B,C,D,EF,G). A similar band analysis as for the
iron was carried out for calcium. In the spectra of pho-
toelectrons of this element (Ca2p), a band with binding
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energy of approx. 350 eV (greases A,B,C,D,E,F,G) was pre-
sent, derived from calcium in oxides, sulphates and
phosphates. This band was recorded in the XPS spectrum
only after several sputtering cycles. In the case of silicon, in
registered XPS spectra of Si2p photoelectrons, the 102,7 eV
band (attributable to oxides and sulphates in grease E) and
the 103,5 eV band in greases F, derived from silicon in
sulphates, carbides and aminosilicates were occurred. The
analyses showed, that the dominant form, in which silicon
occurred in the analysed sample were oxides, sulphates
and aminosilicates present in the surface layers. In the
spectra of photoelectrons of this element (Lils), a band
with binding energy of 55,6 eV (greases A and D) were
present, derived from lithium in sulphates and phosphates.
This band was recorded in the XPS spectrum only after
several sputtering cycles. On the band with 1071,3 eV bin-
ding energy, occurring in the spectrum of sodium (Nals)
photoelectrons, may consist of signals characteristic for
sulphates and fluorides was present in surface layer of
grease G. The XPS spectra of magnesium (Mgls) pho-
toelectrons (greases B and G) had a characteristic signal of
magnesium oxides and sulphates (1304.7 eV) and the mag-
nesium sulphates, phosphates and fluorides (1305,8 eV).
This bands disappeared with the depth of sputtering. In
the case of aluminium, in the recorded XPS spectra of Al2p
photoelectrons there was a bands with 74,4-74,6 eV energy,
which quickly disappeared (characteristic for aluminium in
oxides, sulphates, fluorides, aminosilicates and phospha-
tes). The carried out analyses showed, that the dominant
form in which aluminium was present in the analysed
sample were oxides, sulphates, phosphates and fluorides
present in surface layers (greases C,F and G).

In conclusion, in the surface layer of the steel wear trace
after tribological tests with the involving of mineral greases
thickened of different thickeners under friction conditions,
the presence of organic and inorganic compounds (i.e. zinc
sulphides and phosphates, sulphates, oxides and carbides
of the metal components included in the steel and the
lithium, aluminium and calcium fluorides, aluminosilica-
tes, silicon sulphates and carbides, lithium sulphates and
phosphates, sodium sulphates and fluorides, magnesium
sulphates, phosphates and fluorides and aluminium
phosphates and sulphates derived from transformation of
used thickeners) were found. Together with the depth of
sputtering, the amount of inorganic compounds decreased
until the complete disappearance of sulphides, phosphates,
fluorides and sulphates.

For tested lubricating greases after tribological tests a
Raman spectroscopy analyses were performed. The in-
fluence of the used thickeners on the chemical structure of
lubricants were presented in Fig.11-16. The spectra reveal
that on the surface of steel element after tribological tests
for mineral lubricating greases containing the various
quantity of thickeners, the presence of organometallic com-
pounds in the top layer were recorded. The bands at 3010
and 3008 cm!was assigned to the -CH group involved in
the formation of intermolecular hydrogen bonds of the
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carbon chain of the used oil base. The bands at 2902, 2895,
2860 and 2856 cm!were created as a result of overlapping
bands characteristic for symmetrical and asymmetric vibra-
tions of the methyl and methylene groups (-CH3, -CH2-)
derived from the carbon chain of the oil base of the tested
lubricants. The band at 2730 cm?are derived from the
stretching vibrations of the -CH2 and -CH3 groups of the
carbon chain. In contrast, the 2090 and 2084 cmband is
most likely to group stretching vibrations - C=O - charac-
teristic of aerobic oxidation products. The band appearing
at 1752 cm!may be attributed to oscillations of the C=O
group characteristic for esters. The band at 1658 cm1is as-
signed to the C=C group present in the carbon chain of the
oil base. On the other hand, the bands at 1444 and 1446
cmr! can be attributed to the -COO- vibrations or the sym-
metrical and asymmetric deformations of the -C-H group
or groups occurring in this range -C=C-H present in the
carbon chain of the oil base and the used thickeners. The
bands at 1310, 1304 and 1274 cm-present in composition
thickened of polytetrafluoroethylene is characteristic of the
skeletal vibrations of -CF2=CF2- group in the polytetraf-
luoroethylene. The band at 1088 cm-is characteristic of the
deformation vibrations of the -C-C group in soap
thickeners, and at 980 cm-! can be attributed to the defor-
mation vibrations of the -Si-O- group in Aerosil.

The carried out tests showed, that during tribological
processes some of the components undergo oxidation,
which results in organo-oxygen compounds forming an
organic layer on the metal surface, counteracting the wear
of the lubricated friction pair. Some compounds come to a
close contact with the surface layer, increasing its resistan-
ce to wear and shearing. The analysis of the results of rol-
ling contact fatigue tests along with the analysis of the
change in the structure of lubricants allows to state that the
lubricating properties are not only the effect of the used
thickeners but also oxidation products and tribochemical
reaction products with the friction pair working surface.
The activity of the used thickeners is based on the produc-
tion (during friction) a thin film strongly chemically bon-
ded to the substrate, characterized by low shear strength
and high plasticity and high resistance on the wear proces-
ses. As a result of the thermal decay of thickeners, chemical
reactions take place between components of the substrate
material and greases. The complex compounds penetrate
the working surfaces of the friction pair forming layers
resistant to wear processes. The boundary layers are for-
med due oxidation of greases components to polar organic
compounds and their interactions with metals or metal
oxides. The chemical reactions cause the fragmentation of
the hydrocarbon chains of oil base and result in production
of polar compounds. The final products of the processes
occurring in the friction zone are compounds forming
boundary layers on the tribosystem’s surface.

In my other works on the influence of lubricants on the
rolling contact fatigue of steel tribosystems, the author
described in detail the results of fatigue tests in the presen-
ce of ecological lubricating greases. In the article [35], the
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fatigue tests were carried out for lubricating compositions
based on vegetable oils, i.e. rapeseed, sunflower, soybean
and castor, as well as synthetic (PAO 8) and mineral
(paraffinic). The modified silica Aerosil was used as a
thickener. The research results obtained in the article are
characterized by much lower values of L10 and L50 coeffi-
cients than for lubricating compositions based on paraffin
oil and thickened with lithium, calcium and aluminum
soaps, as well as montmorillonite and polytetrafluo-
roethylene. In publication [39] the fatigue tests were car-
ried out the compositions based on paraffin, rapeseed and
polyalphaolefine oil, thickened with lithium stearate and
modified with silica additive. In this case, the results achie-
ved are weaker than in the case of the lubricating composi-
tions discussed earlier. Much higher values of parameters
characterizing the level of resistance to fatigue durability
were achieved for compositions thickened with aluminum
stearate, calcium, montmorillonite or polytetrafluo-
roethylene. However, in publication [40] describes the re-
sults of fatigue stability tests for compositions based on
sunflower oil, thickened with lithium stearate and mo-
dified with various amounts of polytetrafluoroethylene.
The values of the L10 and L50 coefficients characterizing
fatigue life are lower for compositions based on vegetable
oil than for compositions based on mineral oil. The type of
used oil base have a great importance here. The vegetable
oils have a much lower resistance on rolling contact fatigue
than mineral oils, because the much better results for com-
position based on mineral oil.

4. Conclusion

The results of the study of rolling contact fatigue were
allowed to the conclude, that:

sthe used of soap thickeners to produce of lubricating
compositions based on the mineral oil were carried out to
the reduction in relative to the silica thickeners and poly-
tetrafluoroethylene of values coefficient of L10 and L50,
which were characterized the level of resistance of lubri-
cating grease on rolling contact fatigue,

ethe used of amorphous silica and montmorillonite as a
thickeners of tested lubricating compositions produced
on the basis of mineral oil were results an increase in rela-
tion to the lithium complex thickener of values of coeffi-
cient L10 and L50, which were characterized the level of
resistance of lubricating grease on rolling contact fatigue,

o the change of the durability fatigue of tested lubricating
greases it depends from the chemical structure of the dis-
persed phase and the interactions between the com-
ponents of the lubricating composition,

o the products of tribochemical reaction between the
components of the grease composition and the surface of
tribosystem were affected significantly on the value of
rolling contact fatigue,

o the type of used base oil, and its synergistic or anta-
gonistic interaction of the effects of used thickeners in the
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tested lubricating compositions has a capital meaning on
the value of rolling contact fatigue,

e the high effectiveness action of polytetrafluoroethylene
thickener was resulted of its low temperature decom-
position, and the easier decomposition this the greater
improving of durability fatigue,

e in the surface layer of the steel wear trace after tribolo-
gical tests with the involving of mineral greases
thickened of different thickeners under friction conditi-
ons, the presence of organic and inorganic compounds
were found. Together with the depth of sputtering, the
amount of inorganic compounds decreased until the
complete disappearance of sulphides, phosphates, fluori-
des and sulphates,

ethe analysis of the results of rolling contact fatigue tests
along with the analysis of the change in the structure of
lubricants allows to state that the lubricating properties
are not only the effect of the used thickeners but also oxi-
dation products and tribochemical reaction products
with the friction pair working surface. The activity of the
used thickeners is based on the production (during fricti-
on) a thin film strongly chemically bonded to the substra-
te, characterized by low shear strength and high plastici-
ty and high resistance on the wear processes.

Research funding

Project co-financed from the European Fund of Regi-
onal Development as part of the POIR Intelligent Develop-
ment Program 04.01.02-00-0004 / 16.

References

[1] J. Mucha, L. Starikowski L, ‘Smary plastyczne - cz.2
(The lubricating greases-part 2)’, Paliwa, Oleje i
Smary w Eksploataciji, no. 5, pp. 22-23, 1993.

[2] R.Czarny R, Smary plastyczne (The lubricating
greases). Warszawa: WNT, 2004.

[3] ’‘Smary plastyczne: Wiadomosci ogélne (cz.I) (The
lubricating greases: General information (part I)’,
Paliwa, Oleje i Smary w Eksploatacji, no. 30, pp. 10-
14,1996.

[4] E.Trzaska, ‘'Kompleksowe smary litowe (The com-
plex of lithium greases)’, Nafta-Gaz, no. 11, pp. 528
-535, 2003.

[5] A. Zajezierska, P. Kowalski, ‘Organiczne
zageszczacze smaréw plastycznych (The organic
thickeners of lubricating greases)’, Nafta-Gaz, no.
12, pp. 785-791,1999.

[6] E. Morefield E, Colloidal silicon dioxide, in A.H.
Kibbe (Ed.): Handbook of Pharmaceutical Excipi-
ents. London: The Pharmaceutical Press, pp. 143-
145, 2000.

[7]  ‘Aerosil R - Manifacture, properties and applica-
tions’, Technical Bullettin Pigments, no.11, Degussa

TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 37 /2020



(8]

[9]

[10]

[11]

[12]

[13]

[14]

[17]

[18]

[19]

R. Kozdrach. The influence of type of dispersed phase on rolling contact fatigue of lubricating greases on mineral base oil

-Huls AG, Frankfurt am Mein, 1997.

S. Jonat, S. Hasenzahl, M. Drechsler, P. Albers, K.G.

Wagner, P.C. Schmidt, ‘Investigation of compacted
hydrophilic and hydrophobic colloidal silicon di-
oxides as glidants for pharmaceutical excipients’,
Powder Technology, no. 1-2, pp. 31-43, 2004.
https:/ /doi.org/10.1016/j.powtec.2004.01.020

M. Olejnik, ‘Nanokompozyty polimerowe - rola
nanododatkéw (The polimer nanocomposites - the
role of nanoadditives)’, Techniczne Wyroby
Wiékiennicze, no. 5, pp. 25-31, 2008.

S. Sinha Ray, M. Okamoto, ‘Polymer layered sili-
cates a nanocomposites are view from preparation
to processing’, Progress Polymer Science, no. 28,
pp. 1539-1549, 2003. https:/ /doi.org/10.1016/
j.progpolymsci.2003.08.002

M. Kacperski, "Nanokompozyty polimerowe. Cz.
II. Nanokompozyty na podstawie polimeréw ter-
moplastycznych i krzemianéw warstwowych (The
polimer nanocomposites. Part II. The nanocompo-
sites on base of thermoplastic polimer and strati-
fied silicate)’, Polimery, no. 2, pp. 83-90, 2003.
https:/ /doi.org/10.14314 / polimery.2003.085

E.P. Giannelis, R. Krishnamoor, E. Manias,
‘Polymer silica nanocomposites: model systems for
confined polymers and polymers brushes’, Ad-
vance Polymer Science, no. 118, pp. 108-122, 1999.
https:/ /doi.org/10.1007/3-540-69711-X_3

M. Hebda, A. Wachal, Trybologia (Tribology).
Warszawa: WNT, 1980.

Z. Lawrowski, Tribologia. Tarcie, zuzywanie i
smarowanie (Tribology. Friction, wear and lubrica-
tion). Warszawa: PWN, 1993.

S. Pytko, M. Szczerek, ‘Pitting - forma niszczenia
elementéw tocznych (Pitting - the form of destruc-
tion of rolling elements)’, Tribologia, no. 4/5, pp.
317-333, 1993.

E. Pawelec, J. Drabik, ‘Mozliwos¢ zastosowania
nietoksycznych olejéw do smarowania tozysk
tocznych i élizgowych (The possibility of applica-
tion of non-toxic oils for lubricating the rolling and

sliding bearings)’, Tribologia, no. 5, pp. 57-66, 2006.

M. Szczerek, Metodologiczne problemy sys-
tematyzacji eksperymentalnych badan tribo-
logicznych (The methodology problems of system-
atization experimental tribological tests). Radom:
ITeE, 1996.

H. Krzeminski-Freda, Lozyska toczne (The rolling
bearings). Warszawa: PWN, 1989.

W. Waligoéra, ‘Warstwa wierzchnia elementéw ze
stali tozyskowej, a jej odpornos¢ na zmeczenie
powierzchniowe (The surface layer of elements
from bearing steel, and its resistance on surface

TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 37 /2020

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

fatigue)’, Tribologia, no. 2, pp. 199-219, 1993.

R. Kozdrach, “Wplyw wymuszerh mechanicznych
na zmiane wlasciwosci tribologicznych smaréw
plastycznych wytworzonych na bazie mineralnej’,
(The influence of mechanical forces on the change
of the tribological properties of lubricating greases
produced on mineral base oil)’, Nafta-Gaz, no.1,
pp- 50-57, 2016, https://doi.org/10.18668/
NG2016.01.07

E. Pawelec, ]J. Drabik, “Wplyw komponentéw na
charakterystyki tribologiczne ekologicznego smaru
plastycznego (The influence of components on the
tribological characteristics of the ecological
grease)’, Tribologia, no. 5, pp. 109-117, 2007.

J. Drabik, E. Pawelec, J. Janecki, ‘Modelowanie
wilasciwosci oraz technologii ekologicznych
smaréw plastycznych (The model ling of proper-
ties and technology of ecological greases)’, Prob-
lemy Eksploatacji, no. 2, pp. 67-79, 2001.

E. Pawelec, ]. Bajer, J. Drabik, ]. Janecki, ‘Bialy smar
plastyczny PB do fozysk tocznych i élizgowych.
(The white lubricating grease PB for rolling and
sliding bearings)’, in VIII Krajowy Kongres Ek-
sploatacji Urzadzen Technicznych, Krynica, Polska,
1997.

E. Pawelec, ]. Drabik, J. Bajer, J. Janecki,
‘Nietoksyczny érodek smarowy - SMAR PB.(The
non-toxiclubricant - Grease PB)’, in IV
Miedzynarodowe Sympozjum Forum
Chemiczne’98, Warszawa, Polska, 1998.

J. Bajer, “‘Wplyw wymuszeri mechanicznych i wody
na charakterystyki tribologiczne smaru plastyczne-
go (Influence of the water and mechanic load on
tribological characteristics of greases)’, Tribologia,
no. 6, pp. 63-73, 2007.

‘Program Wieloletni PW-004 pn. Doskonalenie sys-
temoéw rozwoju innowacyjnosci w produkgji i ek-
sploatacji w latach 2004-2008 (Multiannual Pro-
gram PW-004 “Improving innovation development
systems in production and operation in 2004-
2008)’. Radom: ITeE, 2009.

R. Kozdrach, J. Skowronski, “The application of
chitosan as a modifier for lubricating greases based
on vegetable o0il’, Tribology in Industry, vol. 41,
No.2, pp. 212-219, 2019, https://
doi.org/10.24874/ti.2019.41.02.07

R. Kozdrach, J. Skowronski, “The application of
polyvinylopirrolidone as a modifier of tribological
properties of lubricating greases based on linseed
oil’, Journal of Tribology, vol. 140, no.6, pp. 1801-
1807, 2019, https://doi.org/10.1115/1.4040054

R. Kozdrach, “Wplyw montmorylonitu na wartos¢
granicy plyniecia smaru plastycznego wytwor-
zonego na bazie roslinnej,’(The influence of mont-

44



[30]

[31]

[32]

[33]

[34]

[35]

[37]

[38]

[39]

45

R. Kozdrach. The influence of type of dispersed phase on rolling contact fatigue of lubricating greases on mineral base oil

morillonite on the value of yield point lubricating
grease produced on vegetable base oil)’,Nafta-Gaz,
no. 9, pp. 698-706, 2017, https://
doi.org/10.18668/NG.2017.09.10

R. Kozdrach, “Wplyw rodzaju fazy zdyspergow-
anej na wlasciwosci tribologiczne smaréw plas-
tycznych wytworzonych na oleju Inianym’, ‘(The
influence of dispersed type phase on tribological
properties of lubricating greases to form on the
linseed oil)’,Nafta-Gaz, no. 6, pp. 471-478, 2018,
https:/ /doi.org/10.18668 /NG.2018.06.08

IP 300/ 82:1987 - Determination of rolling contact
fatigue failure - modified four ball machine meth-
od, Institute of Petroleum, UK, London, 1987.

J.E. Rico, A. Battez, D.G. Cuervo, ‘Rolling contact
fatigue in lubricated contacts’, Tribology Interna-
tional, no. 36, pp. 35-40, 2003. https:/ /
doi.org/10.1016 /S0301-679X(02)00097-X

W. Piekoszewski, M. Szczerek, W. Tuszyriski,

‘Modyfikacja czterokulowego testu tribologicznego

(The modification of four-balls tribological tests)’,
Tribologia, no. 5, 6, pp. 818-825, 1997.

R. Michalczewski, W. Piekoszewski, ]. Wulczyniski,
‘Metoda badania powierzchniowej trwatosci
zmeczeniowej elementéw z powtokami prze-
ciwzuzyciowymi (The method for investigation of

rolling contact fatigue of coated elements)’, Tribo-
logia, no. 4, pp. 91-99, 2003.

R. Kozdrach, J. Molenda, ‘Testowanie wtasciwosci
eksploatacyjnych ekologicznych smaréw plas-

tycznych modyfikowanych dodatkiem polimerowo

-krzemionkowym (The testing of exploitation
properties of ecological greases modified with po-
limer-silica additive)’, Tribologia, no. 6, pp. 99-111,
2012.

Wang, Z., Xia, Y., Liu, Z. et al., Conductive Lubri-
cating Grease Synthesized Using the Ionic Liquid.
Tribology Letters, 46, pp. 33-42, (2012), https://
doi.org/10.1007 /s11249-012-9915-x

Fan, X., Xia, Y. & Wang, L., Tribological properties
of conductive lubricating greases, Friction, 2, pp.
343-353, (2014), https://doi.org/10.1007/s40544-
014-0062-2

J. Drabik, R. Kozdrach, M. Wrona, J. towska, Zas-
tosowanie techniki DWS i spektroskopii Ramana
do oceny emulsji parafinowych formowanych
metoda homogenizacji (Use of diffusing wave and
Raman spectroscopies for evaluation of paraffinic
emulsions formed by homogenization), Przemyst
Chemiczny, no.12, pp. 2544-2549, 2017, https://
doi.org/10.15199/62.2017.12.3

Kozdrach R.: The influence of different vegetable
dispersion phases on the rolling contact fatigue of
biodegradable lubricating greases, Tribology, 6,

2016, pp. 57-67 https:/ /
doi.org/10.5604/01.3001.0010.6716

[40] Kozdrach R.: The tribological properties of lubri-
cating greases produced on vegetable base and
modified of polytetrafluoroethylene, Tribologia:
Finnish Journal of Tribology, 1-2, 2020, pp. 4-15.
https:/ /doi.org/10.30678 /£jt.84884

TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 37 /2020



