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Abstract. Approximately a half of all consumed lubricants, in one or another way, end up in the environment.
Some countries put forward recommendations or even requirements for the use of environmentally friendly bio-lubri-
cants the purpose of which is to reduce a negative influence of lubricants. The priority areas of using environmentally
friendly lubricants cover water transport, hydraulic systems in forestry machinery, railway applications, road building
machines etc. Particularly it is the case when an increased possibility of putting a lubricant in the environment occurs.
Regarding good lubricity and excellent biodegradability, vegetable oils are widely used as environmentally friendly lu-
bricants. The biggest disadvantage of vegetable oils as base stock for lubricants is pure oxidation stability. This article
deals with the influence of thermal oxidation on tribological properties of rapeseed oil. The obtained results show that
oxidation decreases lubrication ability due to structural changes in oil. The greatest negative influence of oxidation is

obtained at the end of the induction period.
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1. Introduction

In the pursuit of alternative mineral oils and reduction
in environment pollution, the use of environmentally
friendly biological origin lubricating materials are fore-
most promoted. Considering the properties and cost
of using environmentally friendly lubricating materials
to be of paramount importance, it is expedient to ap-
ply them where they have the greatest potential to fall
directly into the environment, namely, water transport,
hydraulic systems of forestry machines, the lubrication
of railway mechanisms, road building machines, agri-
cultural machines, etc. (Barz 2006; Wessol, Pirro 2001;
Kumar et al. 2010; Patel, Deheri 2009; Sari et al. 2010;
Kellaci et al. 2010; Jankauskas, Belyaev 2010). Oils of
biological origin have a tendency to fast oxidation (Su-
zuki et al. 2009).

Hydroperoxides developing during oil oxidation
affect its lubricating properties. With an increase in the
amount of hydroperoxides, oil ability to reduce wear and
friction frequently declines; nevertheless, a contrary ef-
fect is also observed. The use of radical scavengers and
peroxide decomposers slows down both an increase in

oxidation products and a decrease in lubricating ability
(Fox, Stachowtak 2003; Newley et al. 1980).

Research carried out when lubricating with oxi-
dized sunflower oil under boundary lubrication condi-
tions has shown that the increasing amount of hydrop-
eroxides reduces reduction properties of oil wear (Fox,
Stachowiak 2003).

When estimating lubricating properties of oxidized
vegetable oil, it should be kept in mind that an increas-
ing amount of hydroperoxides causes both changes in
triglyceride structure and an increasing amount of free
fatty acids. The application of certain hydroperoxides
typical of triglycerides might reveal their impact on lu-
bricating properties which is of great importance at the
initial oxidation stages (Fox, Stachowiak 2007).

When hydroperoxides split at the propagation
stage, short chain volatile and longer chain non-volatile
materials are formed. To estimate impartially the impact
of oxidation products on lubrication, the products re-
placing hydroperoxides are to be remembered during
this stage of development. Most researchers consider
that volatile materials have no greater impact on lubri-
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cating properties because their molecules are short and
of rather insignificant polarity (Cao et al. 2000; Fox, Sta-
chowiak 2007).

During the process of oil oxidation, an immense
variety of non-volatile products the life cycle of which
is frequently very short are formed. Therefore, it is inex-
pedient to determine all their influence on lubrication.
Long living oxidation products having an unmistakable
impact on lubrication are epoxides (Wu et al. 2000; Adh-
varyu, Erhan 2002). Epoxidized vegetable oil is of higher
viscosity, resistant to oxidation and less inclined to form
sediments, lacquers and burnings; nevertheless, it retains
similar boundary lubrication properties as appropriate
fresh vegetable oil. Due to above mentioned reasons, oil
epoxidation is used for improving its properties (Wagner
et al. 2001).

At the final stage of oxidation during the polymeri-
zation process, high-molecular weight compounds are
formed. When oil polymerized resin and lacquers are
formed, viscosity increases. Consequently, the oil aging
process is unwelcome.

Experiments on the thermal oxidation of sunflow-
er oil have proved that when oxidation takes longer oil
polymerizes and acids emerge inside it. However, when
lubricating with this oil is under limited conditions,
friction and wear decreases on the interacting surfaces
(Fox, Stachowiak 2003). Polymerization may take place
under EP conditions lubricated with vegetable oil. Oil
containing a great amount of polyunsaturated fat acids
is found to possess good lubricating properties at high
temperatures because it forms friction polymers on the
interacting surfaces (Murakami, Sakamoto 2003).

The aim of this research is to analyze the impact
of thermal oxidation on tribological properties of rape-
seed oil.

2. Materials and Methods

Conventionally refined, bleached and deodorised rape-
seed oil (RO) was obtained from an oil manufacturer.
Its oxidation was carried out using the Rancimat 743
apparatus.

The procedure was performed according to the ISO
6886:2006 method using the Rancimat 743 apparatus
(Fig. 1).

A 20 ml oil sample was placed into a glass reaction
vessel (no metals or catalysts) and heated up to 100 °C.
A glass tube was inserted from the top to bubble dry air
at the flow rate of 10 L/hr. The exiting air, including vola-
tile oxidation products, was directed to bubble through
the measuring vessel with deionised water, the electrical
conductivity of which was monitored by a measuring
cell. With the beginning of oxidation, the rapid produc-
tion of volatile degradation products starts during the
so called induction period (IP). Volatile products dis-
solve in water under this test, which results in a rapid
increase in electrical conductivity monitored by the
Rancimat apparatus. The period between the samples
was determined during primary experiments according
to IP time.

Reaction
_vessel

Fig. 1. A principle view of Rancimat 743 oxidation
performing cell

10 11

Fig. 2. The schemes of the four-ball tribotester: 1 - load
transfer lever; 2 — vertical centre bearing; 3 - oil sample
compartment; 4 — oil heater; 5 - thermocouple; 6 — electric
motor; 7 - clutch; 8 — upper rotary ball; 9 — lower stationary
balls; 10 - torque transfer lever; 11 - force transducer

The four ball test rig was used for measuring tribo-
logical properties of samples (Fig. 2). The load of 150 N
was used. The test ran for 1 hour. Prior to each experi-
ment, all appropriate parts of the machine, i.e. bottom
and upper ball holders, oil vessel and test balls were
washed in an ultrasonic bath and then dried. The testing
procedure was adapted from the standard DIN 51350
Part 3 (DIN 51350-3:2010).
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The diameters of wear scars on friction surfaces
were measured and analyzed employing an optical mi-
croscope. For each run, scar measurements were report-
ed as an average of the Wear Scar Diameter (WSD) of
three balls in millimetres.

The profile of wear scars was measured using pro-
filometer Mahr GD 25 with a scanning resolution of
0.5 pm.

3. Theoretical Approach

Oils modified by both basic and functional additives are
aging, i.e. their physical and chemical properties, friction
and wear reducing characteristics are changing. Oxida-
tion is affected by oil operating conditions and environ-
ment factors. Oil in operation is subjected to changing
temperature, the materials of lubricated machine parts
and by products of the process (Mang, Dresel 2007).

Temperature has the greatest impact on oil oxida-
tion. The increasing temperature accelerates the forma-
tion and decomposition of peroxides and hyper-perox-
ides and increases the catalytic effect of metal. The oxi-
dation of hydrocarbons and other organic components is
explained by a mechanism of free radicals through alkyl-
and peroxy-radicals. This process is described consider-
ing three stages: initiation, propagation and termination.
These stages consist of complex consecutive and incon-
secutive reactions (Gunstone 2004; Frankel 2005).

At the initial oxidation stage, oxygen adsorbs hy-
drogen from unsaturated hydrocarbon (RH), thus free
alkyl-radical is formed (R-) (Mang, Dresel 2007):

RH—22 LR .. (1)

Splitting alkyl-hydroperoxides present in oil is
stimulated by the temperature (Eq. 2) and metal ions of
various valences (Eq. 3 and 4). Acids present in oil and
water on the metal surface form free ions stimulating
oxidation (Frankel 2005):

ROOH—""€ ,RO-+-OH; )
ROOH + M2+ - RO-+ OH™ + M3*; (3)
ROOH + M3+t 5> ROO-+H™ + M2+, (4)

The initial oxidation stage is slow; its rate depends
on the intensity of the above mentioned factors. At this
stage, primary antioxidants neutralize newly formed
oxidation products. The further oxidation stage comes
when either primary antioxidants are used or due to
very intensive oxidation when antioxidants cannot neu-
tralize all forming radicals (Frankel 2005).

During the oxidation propagation stage, alkyl-radi-
cal (R-) reacting with oxygen forms alkyl peroxy radicals
(ROO-) (Mang, Dresel 2007):

R-+0, >ROO-. (5)

The latter reaction proceeds very fast and at a suf-
ficient amount of oxygen a great quantity of alkyl peroxy
radicals are formed. The following reaction at a propaga-
tion stage proceeds much slower - alkyl peroxy radicals
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take hydrogen from hydrocarbons and form alkyl hydro
peroxides (ROOH) and new alkyl radicals (R-):

ROO-+RH —-ROOH +R-. (6)

During this process, more and more radicals are
formed and oxidation development accelerates, i.e. a
chain of reactions begins (Gunstone 2004). The alkyl
hydro peroxides formed during oxidation are unstable;
they split and form volatile and unstable materials.

During the oxidation of vegetable oil, polyunsatu-
rated fat acids are the first to split. They comprise the
major part of volatile materials. Linolenic acid (18:3)
splits into 2.4 - heptadienal and propanal; then splitting
linoleic acid (18:2) forms C5...C7 chains. Monounsatu-
rated fatty acids split much slower and form significantly
less volatile materials compared to the polysaturated
ones. Then, splitting oleic acid (18:1) forms C7...C9
carbon atom chains.

At high temperatures, volatile materials intensively
evaporate emitting specific odour. At low temperatures
(220 °C), they are liquids and possess acid characteris-
tics causing the corrosion of lubricated surfaces (Mang,
Dresel 2007).

Since the conversion of peroxides into hydroper-
oxides is comparatively a slow process, peroxides pro-
liferate when oil is oxidizing. When their accumulation
reaches a sufficient amount, peroxides start combining
into non-radical products. This is the beginning of the
final termination stage (Frankel 2005). When oil inten-
sively oxidizes, non-radical compounds may be formed
by two joined alkyl radicals (Mang, Dresel 2007).

At the final stage of oxidation during poly-con-
densation, large molecular weight products are formed.
Therefore, viscosity in oil increases. Further poly-con-
densation and polymerization of these blends induce
the formation of insoluble polymers, residues and resins
(Gunstone 2004; Pospisil, Klemchuk 1990).

4. Results and Discussion

Research into the impact of thermal oxidation on tri-
bological properties of RO indicates that time (oxidiz-
ing degree) highly affects wear and friction reduction
properties of this lubricating material (Figs 3 and 4). In
our case, both the disintegrating structure of triglycer-
ides and the newly formed compounds are assumed to
influence tribological properties of RO (Fox, Stachowiak
2007). Some of the compounds are formed to improve
these properties; some of them act on the contrary and
impair them, while in most cases thermal oxidation dis-
cussed in this research has a negative effect on lubricat-
ing characteristics of rapeseed oil.

Lubricating properties of RO oxidized to the end
of IP deteriorate within a stretch of oxidation time. In
10 hours, wear reduction properties of oxidized RO
slightly decrease; moreover, when oxidized for 18 hours,
RO much less protects the lubricated surfaces against
wear. When lubricating with rapeseed oil oxidized at this
stage, friction and wear are directly proportional to oxi-
dation time, i.e. longer oxidized rapeseed oil possesses
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Fig. 3. The results of wear measurement when lubricating
with non-oxidized (RO) and oxidized rapeseed oil
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Fig. 4. Mean torque when lubricating with non-oxidized
(RO) and oxidized rapeseed oil

rather poor friction and wear reduction characteristics.
Linear dependence between oxidation time and lubricat-
ing properties has been also noticed by other researchers
(Fox, Stachowiak 2003; Suzuki et al. 2009).

The compounds formed during the decomposi-
tion of the triglyceride structure of oxidized rapeseed
oil influence not only wear reducing ability and average
torque but also friction variation during the test. When
lubricating with non-oxidized RO, friction gradually in-
creases at the outset of the conducted tests (Fig. 5). At
a later stage, following approximately 1300 s, its value
settles down and remains constant with a slight varia-
tion in the end of the experiment. Up to the end of IP,
an increasing amount of peroxides cuts the initial as-
similation of lubricated surfaces: when lubricating with
10 hours oxidized RO, friction settles down after 800 s
while lubricating for 18 hours it takes 400 s (Fig. 5).
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Fig. 5. Torque variation when lubricating with non-oxidized
and up to IP end oxidized rapeseed oil

Furthermore, with an increase in the amount of pero-
xides, torque increases more abruptly at the beginning
of the experiment. The rate of an increase in the torque
of non-oxidized and 10, 18 hours oxidized rape oil is 2.5,
4.4 and 9 mNm/min respectively. When lubricated with
non-oxidized and oxidized RO, torque distinguishes for
its quite strong variation which increases along with
longer oxidation. Such variation of torque reveals un-
stable lubricating conditions indicated by growing wear
and friction.

When estimating the obtained results of wear and
friction, it is obvious that the peroxides formed in the
initial oxidation period worsen lubricating properties of
rapeseed oil. A great amount of peroxides stimulates the
decomposition of a fatty acids chain thus affecting the
ability of decomposed oil to lubricate surfaces. The anal-
yses conducted by other researchers confirm a negative
impact of peroxides on lubricating properties. Peroxides
formed during the oxidation of sunflower oils reacting
to the lubricated surface are considered to increase wear
(Fox, Stachowiak 2003). The input of hydroperoxides
into basic mineral and motor oil deteriorated its wear
reduction characteristics actually intensified by a further
increase in peroxide concentration. Under high loading
conditions, a positive effect of hydroperoxides on lubri-
cation is observed (Rounds 1993; Mang, Dresel 2007).

Lubricating properties of 20 hours of oxidized RO
were improved comparing with the results of those RO
oxidized for 18 hours (Figs 3 and 4). The number of per-
oxides at this point has substantially grown comparing
with the previous ones; nevertheless, the compounds
formed after IP have improved lubricating properties of
RO. The most likely influence is that free fatty acids were
formed during hydrolysis, because they are known as
friction reduction additives used under boundary lubri-
cating conditions (Fox et al. 2004; Mang, Dresel 2007).

When lubricating longer with IP oxidized rape-
seed oil, friction variation partially changes during the
experiment. A tendency towards torque increase at the
start remains while an increase in rate continues to grow.
When lubricating with 30 and more hours of oxidized
RO, a site of constant moderate friction is formed at the
beginning of the experiment, whereas the friction torque
of all RO oxidized longer than IP reaches the maximal
value and decreases during the remaining experimental
period (Fig. 6).
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Fig. 6. Torque variation when lubricating with after the end
of IP oxidized rapeseed oil
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The formation of constant friction at the beginning
of the experiment may be influenced by saturated free
fatty acids which are the last at separation from glycerol
during oil oxidation. It is assumed that stearic acid satu-
rated at a rather low temperature in the beginning of
the experiment, forms a friction reducing an adsorption
layer on the interactive surfaces. When contact temper-
ature increases during the experiment, the adsorption
layer disintegrates and friction starts to grow (Fox et al.
2004). As mentioned above, the friction growth rate in-
creases along with the elongation of oxidation time.

Lubricating properties of 30 hours of oxidized RO
compared to those oxidized for 20 hours deteriorate
again. At this point, the values of wear and friction of
lubricated balls are the highest ones obtained in this
research. This deterioration of lubricating properties is
related to an extremely high number of peroxides and
likely reaches the maximal value at this point.

Further RO lubricating properties start improving
when prolonging thermal oxidation time. When estimat-
ing wear reduction, this improvement is not that strong,
but reduction in friction is evident. 40 hours oxidized
RO improves the friction of lubricated surfaces 1.3 times
compared to that lubricated by non-oxidized RO (Fig. 4).
Improvement in RO lubricating properties is related to
high molecular weight compounds - polymers, ketons
and epoxides formed at this stage. The most likely is the
influence of epoxides because they can promote the for-
mation of friction polymers (Fox, Stachowak 2003). The
formation of high molecular weight compounds during
the late state of RO oxidation increases kinematic vis-
cosity. Growing viscosity might have influence on the
improvement of lubricating properties, because the lu-
bricants with higher viscosity more readily separate lu-
bricated surfaces. However, this phenomenon is more
typical of hydrodynamic lubrication and is less probable
under present experimental conditions. A decrease in
the average torque might have been influenced by free
fatty acids. This long oxidized RO could contain only
saturated fatty acids. In our case, saturated stearic fatty
acids have likely had an influence, as mentioned above,
on friction variation during research.

In estimating worn surfaces lubricated with oxi-
dized and non-oxidized RO, it is determined that the
oxidation period affects not only the extent of wear trace
but also has a great influence on the micro-geometry of
the surface (Fig. 7) (Kreivaitis et al. 2009).

When lubricating interacting surfaces with non-
oxidized RO, a relatively smooth stain surface is formed,
which is typical of triglycerids (Fig. 7 a). If lubricating
with RO oxidized for 35 hours, strips are formed on the
interacting surfaces and when oxidation time is pro-
longed, these strips thicken and deepen (Figs 7 b-d).
Enlarging irregularities of interacting surfaces are fairly
correlating with friction, i.e. at stronger friction, larger
strips are expected. 40 hours oxidized rapeseed oil bet-
ter protects lubricated surfaces, i.e. the worn surface is
smoother (Fig. 7 e). When lubricating with 40 hours
oxidized rapeseed oil, friction is also lower.
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Fig. 7. Images of the worn surfaces obtained by lubricating
with: a - non-oxidized RO; b - 10 h oxidized RO; ¢ - 20 h
oxidized RO; d - 35 h oxidized RO; e - 40 h oxidized RO
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In order to estimate visible micro-irregularities on
the worn surfaces, their profiles (across the strips) have
been measured, and the obtained profiles are shown in
Fig. 8. The measured profiles affirm the strips visible in
photographs and make it possible to estimate their size
and distribution. In the middle of a trace, the formed
strips are found while its periphery is smooth without
any strips. It is assumed that in the beginning of the ex-
periment until the balls touch each other on a smaller
area, high contact pressure is established, thus oxidiz-
ing deteriorating oil cannot withstand and then abrasive
wear occurs.

The test shows that when the area of contacting
balls increases, pressure decreases; therefore, strips do
not form at the wear scar periphery (Figs 8 b, c). Strip
formation can be related to the sudden growth of torque
at the start of the test (Vekteris, Moksin 2002). Deeper
strips require greater energy and accordingly stronger
friction is recorded. 40 hours oxidized rapeseed oil
shows less friction; consequently wear scar is smoother
without any deeper groves (Fig. 8 c). Some researchers
have also noticed a negative influence of prolonged oxi-
dation on the structure of the lubricated surfaces (Mi-
nami, Mitsumune 2002).

R. Kreivaitis et al. The influence of oxidation on tribological properties of rapeseed oil

5. Conclusions

The performed research has arrived at the following

conclusions:

1. The great influence of oxidation on tribological prop-
erties of rapeseed oil was observed at all stages of
oxidation. At the initial stage, lubricity depends on
oxidation time - longer oxidation causes worse lubric-
ity. The propagation stage, which begins just after the
induction period, has the greatest negative influence
on reduction in wear and friction. Oxidation prod-
ucts formed at the final stage soften negative effect but
wear reduction properties are still worse than those of
non-oxidized oil.

2. Even long time oxidized rapeseed oil does not cause a
significant increase in wear.
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