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Abstract

The paper discusses the influence of the vegetable dispersion phase on the
rolling contact fatigue of bearings lubricated with ecological lubricating
compositions. Four vegetable oils were used for the production of lubricating
greases: rapeseed, sunflower, soybean, and castor. For comparison purposes,
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the synthetic and mineral oils were used as well. The rolling contact fatigue
(pitting) of bearings lubricated with particular compositions were investigated
and evaluated for each base oil. The tribological tests were carried out using
T-03 four-ball machine under high load conditions.

Based on the obtained results, it may be concluded that vegetable oils, such
as rapeseed, sunflower and castor, as the base of lubricating grease positively
affected the rolling contact fatigue of tribosystems lubricated with the above-
mentioned compositions in comparison to the control lubricated with greases
based on mineral or synthetic oil. There is no favourable change in rolling
contact fatigue of tribosystems lubricated with greases based on soybean oil.

INTRODUCTION

Nowadays, the constantly growing attention on environmental protection is
observed. EU legislation and policy puts emphasis on a reduction in the use of
environmentally harmful petroleum lubricants [L. 1-3]. As the alternative for
the paraffin base oils, the readily biodegradable and non-toxic vegetable bases
are frequently mentioned [L. 4-7]. The lubricating compositions for food
industry should demonstrate the ecological character understood as containing
as little toxic chemicals as possible. The production of lubricants revealing
suitable properties requires the use of base oils that guarantee no danger for the
natural environment [L. 8—15].

At present, there is a strong demand for lubricating greases based on
vegetable oils, combining good lubricating properties with their harmlessness to
the environment. There is a tendency to replace petroleum-based lubricants
with non-toxic readily biodegradable vegetable counterparts [L. 16—18]. The
vegetable oils have a very good viscosity-temperature as well as lubricating
properties, which determine their suitability as a base for lubricating greases.
The major disadvantages of these products are low resistance to hydrolysis, low
thermal stability, and susceptibility to oxidation [L. 19-23].

The one of the most frequent forms of wear, which deteriorates the
working elements of machines and devices, is surface fatigue wear 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 consists of three phases: the early
formation of cracks due to fatigue, the extension of the cracks due to the
injection of the lubricating grease, and finally the pulling out of the particles of
material from the surface layer. The surface fatigue wear depends on many
factors, e.g., the properties of the material, the conditions of working, the
construction of the tribosystem, and physicochemical properties of the
lubricating compositions. [L. 4-10]. This form of wear is characteristic for
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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 various types of vegetable oils as
a base for lubricating compositions and their influence on the surface fatigue
wear of bearings in food industry.

THE SUBJECT AND METHODOLOGY OF RESEARCH

A group of model lubricating compositions made of non-toxic components
were prepared. As the dispersion phase, the author used the vegetable base oils
of the best tribological and physicochemical properties. The base oils used for
the preparation of greases were refined prior to the processing. For comparison,
paraffin and polyalphaolefin oils (PAO-8) were used as a control [L. 19-20, 22,
24-26]. In the role of dispersed phase, the amorphous silica Aerosil (particle
size 7-40 nm) was used. The lubricating compositions were prepared to comply
with the second class of consistency for the use in the food industry. The
consistencies of prepared compositions were investigated according to the
requirements of ISO 2137:2011, using a laser penetrometer developed by
ITeE — PIB.

The lubricating compositions were marked as follows: Grease A — based
on rapeseed oil, Grease B — based on sunflower oil, Grease C — based on castor
oil, and Grease D - based on soybean oil. As a control, Greases E and F were
based on mineral (paraffin) and synthetic (polyalphaolefin) oils, respectively.
The prepared lubricating compositions were tested for their tribological
properties.

The tribological properties of the lubricating compositions were evaluated
according to a standardized procedure described in IP 300/82 on a modified
four-ball machine T-03. The evaluation procedure was based on the estimation
of the surface fatigue wear of the rolling tribosystem during 24 runs under
a constant load of 5886 N and a constant speed of 1450 rpm. The actual test
elements were the '4" bearing balls made of 100Cr6 steel, which had a surface
roughness of 0.032 mm and a hardness of about 60-65 HRC. The test set-up
was constantly measured for vibrations, 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 received the percentage value of
the probability of the ball damage. According to the IP 300-82 standard method,
the time vs. probability of damage were marked on the Weibull graph. Such
prepared graphs provided the values of L,y and Ls,, defining the durability of
the tribosystem at 10% and 50% probability of damage, respectively [L. 12,
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27-32]. Based on pitting time values, the accumulated percentage of damages
was calculated as follows:

The probability of damage = i/(n+1)*100 [%],

where: 1 — the run number, and
n — the number of runs terminated with pitting (n = 24).

The viscosity-temperature characteristics of oils used as a base for the
tested lubricating compositions are shown in Table 1. Their chemical
composition is listed in Table 2.

Table 1. The viscosity-temperature characteristics of oils used as a base of lubricating
compositions

Tabela 1. Charakterystyki lepko$ciowo-temperaturowe olejéw bazowych uzytych do wytworze-
nia kompozycji smarowych

The base oils

Th ter t The test .
e parameter to e tes The unit o

be tested method soybean qeed | caStOr sunflower | PAO 8 | paraffine

The kinematic PN-EN ISO
viscosity in 40°C | 3104:2004
The kinematic

mm?%/s 31.87 | 36.24 | 266.4 32.44 46.84 73.67

viscosity in I;Té?;ég? mm?/s 7.522 | 7.754 | 14.93 7.657 7.963 8.762
100°C )
The viscosity PN-ISO
index 2909:2009 - 217 192 19 218 141 89
. PN-ISO o
The pour point 3016:2005 C -18 -20 -32 -11 -62 -14

Table 2. The chemical composition of vegetable oils used as a base for lubricating compositions
[L. 33]

Tabela 2. Sklad chemiczny ro$linnych olejow bazowych uzytych do wytworzenia kompozycji
smarowych [L. 33]

The content of saturated The content of The content of
The tested oil fatty acids monounsaturated fatty acids | polyunsaturated fatty acids
[%] [%] [%]
rapeseed 7.4 63.3 28.1
sunflower 10.3 19.5 65.7
castor 12.9 27.6 54.7
soybean 15.7 22.8 57.7
RESULTS AND DISCUSSION

Figures la—f presents the Weibull graphs obtained for the lubricating
compositions based on vegetable as well as based on synthetic and mineral base
oils. The formulas and the R” correlation coefficients are included.
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Fig. 1. The probability of damage of the upper ball of the tribosystem lubricated with
greases based on: a) rapeseed oil, b) sunflower oil, ¢) castor oil, d) soybean oil,
¢) mineral (paraffin) oil, f) synthetic (polyalphaolefin) vs. time of pitting

Rys. 1. Zalezno$¢ prawdopodobienstwa wystapienia uszkodzenia na kulce gornej dla wezta
tarcia smarowanego smarem plastycznym wytworzonym na oleju: a) rzepakowym,
b) stonecznikowym, c) rycynowym, d) sojowym, e) mineralnym (parafinowym), f) synte-
tycznym (polialfaolefinowym) od czasu wystapienia pittingu

Based on obtained results, the author calculated the time after which 10%
and 50% of the tested tribosystems were damaged — L;, and Ls,, respectively.
These results are shown in Figs. 2-3.
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Fig. 2. The comparison of durability of particular tribosystems at 10% probability of
damage — Ly

Rys. 2. Poroéwnanie trwatoéci wezta tarcia przy 10% prawdopodobienstwie wystapienia uszko-
dzenia tozyska dla badanych smaréw plastycznych — Ly
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Fig. 3. The comparison of durability of particular tribosystems at 50% probability of
damage — Ls,

Rys. 3. Poréwnanie trwalos$ci wezta tarcia przy 50% prawdopodobienstwie wystapienia
uszkodzenia tozyska dla badanych smarow plastycznych — Ls,

The analysis of data presented in Figs. 2 and 3 indicate that the rolling
contact fatigue of the tribosystem depends on the oil base of the lubricating
composition. The compositions based on rapeseed oil revealed the Ly and Ls
values at 45.08 min and 107.00 min, respectively. In the composition where
sunflower oil was used as the dispersion phase, the durability of the tribosystem
was 72.08 min for L;, and 118.71 min for Ls,. Castor oil as the base resulted in
Lip at 50.34 min and Lso at 105.83 min. Finally, the composition based on
soybean oil Lj, was 14.08 min and Ls, was 59.75 min.
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To compare the obtained results with petroleum counterparts, additional
test runs were performed for the tribosystems lubricated with compositions
based on mineral (paraffin) and synthetic (polyalphaolefin) oils. In this case,
the durability of tribosystem represented by L,y was 43.34 min and 0.13 min
respectively. The values of Lsy were 105.65 min and 82.99 min, respectively.

One of the crucial factors causing pitting is the kinematic viscosity of the
lubricant (oil). The increase in viscosity delays pitting that leads to smaller
defects formed on the surface. Sometimes it happens that the Iubricant of
suitable viscosity efficiently protects from pitting.

Based on physicochemical properties of vegetable base oils, it was
assumed that their differentiation certainly affects their efficiency against
pitting, which was actually observed during the tests. Such diversity in the
physicochemical properties of vegetable dispersion phases is caused by their
different chemical structure and is the consequence of different intermolecular
interactions, especially van der Waals forces. This assumption proves the strict
dependency between the intermolecular forces and the tribological properties
such as protection against pitting.

The tests performed on the mentioned lubricants did not lead to a simple
correlation between the kinematic viscosity or pour point of the oil base and the
Lio and Ls, values that is the stability of tribosystem at 10% and 50% the
probability of damage. However, the physiochemical parameters of base oils
have an essential influence on the evaluation of the effectiveness against rolling
contact fatigue (pitting).

The several hundred-fold increase in stability of the tribosystem defined by
L1y was observed for lubricating compositions based on rapeseed, castor,
sunflower, and soybean base oils when compared to the synthetic oil. The
increase of tribosystem durability was about 66.31% for sunflower oil, about
16.15% for castor oil and about 4.01% for rapeseed oil as the dispersion phase
of lubricating greases used in the experiments. In contrast, the lubricants based
on soybean oil caused a decrease in tribosystem durability of about 67.5% in
comparison to the control, where a mineral oil was applied.

The use of rapeseed, sunflower, or castor oil as a base oil increases the
tribosystem durability in relation to the compositions prepared on mineral or
synthetic oils. The analysis of graphs indicated that the rolling contact fatigue
of tribosystem at 50% of the probability of damage increased by about 28.9%,
43%, and 27.5% for rapeseed, sunflower, and castor base oil, respectively,
when compared to the synthetic base oil. In contrast, the use of soybean oil as
a base showed a significant decrease in tribosystem durability of about 28%
when compared to synthetic oils. In comparison to the control lubricated with
mineral-based greases, there was also an increase in rolling contact fatigue of
tribosystem of about 12.36%, for sunflower oil, about 1.28% for rapeseed oil
and about 0.17% for castor oil. The lubricating composition based on soybean
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oil caused a decrease in tribosystem durability of about 43.44% in comparison
to the composition composed of the mineral base oil.

The use of vegetable oils as a dispersion phase of lubricating greases, in
most cases (without a composition based on a soybean oil), indicated a positive
impact on susceptibility to rolling contact fatigue. The significant improvement
of tribosystem durability at 50% of the probability of damage (Ls,) of more
than 20% was observed. This remark refers to the controls where both mineral
and synthetic base oil were applied. However, the tribosystem durability at 10%
of the probability of damage (L)) for most vegetable-based compositions
(except soybean oil) revealed higher values of this parameter when compared to
the composition based on mineral base oil. It should be admitted that the Lo
values for all lubricating compositions were several hundred-fold higher than
for the compositions based on synthetic base oil.

SUMMARY

Based on obtained results, it may be assumed that the use of rapeseed,
sunflower, or castor oils as a dispersion phase of lubricating greases has
a positive effect on changes in the rolling contact fatigue of the tested
lubricating compositions. No favourable changes of rolling contact fatigue for
the lubricating composition based on soybean were observed. The change of the
fatigue durability of tested greases depends on the chemical structure and
physicochemical properties of base oils used as their bases. The fatigue
durability of tribosystems characterized by the of L;, and Ls, parameter
indicated that the vegetable-based lubricating compositions, in most cases
(except from soybean oil), revealed much higher resistance on the rolling
contact fatigue than the compositions based on mineral or synthetic oil.

The effectiveness against pitting is strongly dependent on the chemical
structure and physicochemical characteristics of particular vegetable base oil,
and it is caused by various intermolecular interactions like van der Waals
forces.

The type of base oil used to form the particular lubricating composition,
and partially its viscosity and pour point, significantly affects the susceptibility
to rolling contact fatigue. However, the clear relationship between the viscosity
or pour point of the dispersion phase and the fatigue durability of tested
lubricating compositions was not observed. Notwithstanding, the
physiochemical parameters of base oils have a fundamental meaning for the
estimation of the effectiveness against pitting.

The poor resistance to rolling contact fatigue of lubricating composition
based on soybean oil may result from a higher content of saturated fatty acids
than in other oils used in the experiment.
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The decrease in fatigue durability of compositions based on
polyalphaolefin oil, which typically creates very durable lubricating layers,
might be caused by tribochemical by-products rising within the tribosystem.

More accurate explanation of such effectiveness of vegetable base oils in
comparison to ‘classic’ petroleum counterparts requires more research on the
surface layer and changes that occurred after the tribological tests. It may be
done using X-ray photoelectron spectrometer (XPS). Additional research
should also include different grease thickeners, such as lithium
12-hydroxystearate or calcium stearate.
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Streszczenie

W publikacji przedstawiono wyniki badan dotyczacych wplywu roslinnej
fazy dyspergujacej na warto$é trwalosSci zmeczeniowej tozysk smarowa-
nych ekologicznymi kompozycjami smarowymi. Ocenie poddano kompo-
zycje wytworzone na nastepujacych olejach roslinnych: rzepakowym, sto-
necznikowym, rycynowym i sojowym, a takze dla poréwnania na oleju
syntetycznym i mineralnym. Wykonano badania powierzchniowej trwalo-
$ci zmeczeniowej (pitting) lozysk smarowanych kompozycjami sporzadzo-
nymi na wyzej wymienionych olejach. Nast¢pnie oceniono wplyw poszcze-
golnych olejéw bazowych na zmiany powierzchniowego zuzycia zmecze-
niowego lozysk. Badania przeprowadzono na aparacie czterokulowym —
typ T-03. Na podstawie analizy uzyskanych wynikéw stwierdzono, Ze za-
stosowanie olejow roslinnych takich jak: rzepakowy, slonecznikowy
i rycynowy jako bazy olejowej wytworzonych kompozycji smarowych
wplywa korzystnie na zmiany powierzchniowej trwalosci zmeczeniowej
wezléw tarcia smarowanych wyzej wymienionymi kompozycjami w po-
réwnaniu z kompozycjami smarowymi, gdzie jako faze dyspergujaca za-
stosowano olej mineralny badz syntetyczny. Nie zaobserwowano tak ko-
rzystnych zmian powierzchniowej trwalosci zmeczeniowej w przypadku
kompozycji wytworzonej na bazie oleju sojowego.








