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Abstract

This study compared the tribological performance of castor oil (CO), its transesterified (TCO), and
aminolyzed (ACO) forms. A limited number of research articles are available regarding the tribological
properties of these modified forms, especially the aminolyzed. Assessments included film thickness,
piezoviscosity, Stribeck curve, and scuffing resistance. The film thickness followed the same order of the
dynamic viscosity, i.e.: CO > ACO > TCO. The chemical modifications reduced the piezoviscosity, which
was estimated as following: CO > TCO > ACO. ACO exhibited the lowest coefficient of friction (CoF) in
the mixed and boundary regimes. ACO with a strong adsorbed film and lower piezoviscosity (consequently
stable viscosity and reduced heating) demonstrated superior tribological properties (higher scuffing
resistance and lower CoF).
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1. Introduction

Lubricants play a critical role in the proper functioning and maintenance of machinery and equipment
across various industries. Traditionally, mineral and synthetic oil-based lubricants have been widely used
due to their good lubricating properties. However, the use of those lubricants results in negative
environmental impacts, as well as potential health risks [1,2]. As a result, there has been growing interest
in the use of biolubricants, since they are derived from renewable resources, they are biodegradable [2,3],
and have good lubricity and lower volatility than the mineral and synthetic ones [4]. Although biolubricants
offer significant environmental and health benefits over the conventional (mineral and synthetic) lubricants,
they are also known to have some drawbacks, as their low thermal and oxidative stability, i.e., low
resistance to degradation [2]. This low resistance to degradation is related to considerable changes in
viscosity with temperature, as well as undesirable oxidation processes [2,5-7]. Several techniques can
enhance these undesirable traits, including modifying the fatty acid profile of vegetable oils genetically,
modifying chemically the base oil or adding additives to it, such as antioxidants, viscosity modifiers and
pour point depressants [2,8,9]. Of these techniques, chemical modification of the base oil stands out as the
most promising, showing significant potential in enhancing chemical stability over a wide temperature
range [2,9].

Chemical modification mainly involves the modifying of the acyl (C=0O) and the alkoxy (O-R)
functional groups. One example of chemical modification is transesterification. This process rearranges the
acyl moieties to form new triesters from triglycerides. Different vegetable sources have been developed
through transesterification like soybean [10,11], castor oil [12—16], karanja [17], rice bran [17], rape seed
[14,18] and Jatropha curcas [18,19] for being used as biolubricants. However, few works have focused on



their tribological behavior or have done an in-depth analysis of the sliding performance of those chemically
changed biolubricants. Aminolysis is another chemical modification that can be used to rearrange the acyl
moieties by forming new amides from triglyceride. This process has been used in various applications, such
as polymers [20,21], lubricant additives [22,23], adhesives [24] and biodiesel production [25,26].
Moreover, to the best of the authors knowledge, there is only one study where aminolysis is used to produce
an aminolyzed base-oil [13]. However, in this study the researchers did not evaluate the tribological
properties of the resulting biolubricant.

Among the vegetable oils, castor oil (CO) stands out as one of the most versatile and interesting option
due to its high hydroxyl index, viscosity, low toxicity, biodegradability and it is not edible (i.e. it does not
compete with production for food) [12—-16]. Although castor oil seeds make up to only 3% of the global
plant oil seed production, the extraction of non-edible castor oil is readily achievable from castor plants that
flourish even in arid regions, such as Brazil [13,15].

Despite the existing research on castor oil (CO) [27] and transesterified castor oil (TCO) [12-16,28],
still a complete tribological characterization of those oils is missing. For instance, the friction and wear
performance of these biolubricants are reported in the literature [27,28], but tested in limited conditions, or
in a single testing machine. Therefore, the film thickness and the lubrication regimes of CO and TCO have
only been superficially explored. Besides, regarding the aminolyzed castor oil (ACO), there are no reports
of its tribological performance. Only a single study was found [13], where just the physico-chemical
properties of ACO are reported.

Considering the above-mentioned research gaps and issues, this work is dedicated to provide a more
complete tribological description and comparison between a base vegetable oil (castor oil) with two
modified biolubricants, i.e. transesterified castor oil and aminolyzed castor oil. An extensive experimental
work (film thickness measurement, Stribeck curve and scuffing resistance) was performed aiming to obtain
a wide database, thereby allowing a detailed investigation on the tribological performance of the
biolubricants selected in this study.

2. Methodology

2.1. Lubricants production and properties

Three samples of lubricants were evaluated. Among the samples, one is the castor oil (CO) base itself.
The others two oils were subjected to chemical processes (chemical modifications), i.e. aminolysis (ACO),
and transesterification process (TCO). Transesterification is a chemical process where esters are
synthesized by reacting vegetable oils or animal fats with alcohol. During the process, the alcohol reacts
with the triglyceride, breaking the ester bonds and forming glycerol and fatty acid alkyl esters. Then,
glycerol is removed from the reaction mixture. This process leads to the modification of the lubricant's
properties, such as its viscosity, pour point, and oxidative stability [2,13,29]. Aminolysis is a chemical
process which involves the conversion of triglycerides into amides. The process occurs when amines react
with triglycerides, causing the triglyceride molecule to break down and then forming amides. The glycerol
by-product is removed, and the purified fatty acid amides are used as biolubricant. The lubricants produced
by this process can exhibit improved thermal and oxidative properties [13].

The castor oil was purchased from a commercial source (Azevedo 6leos). ACO and TCO were provided
by SINPOL (Laboratory of Synthesis of Polymer - Federal University of Rio Grande do Sul, Brazil). A
complete chemical analysis of these three biolubricants was made, and it is described elsewhere [13]. A
schematic view of the molecules structures and transformations is shown in Figure 1. CO is a
triacylglycerol, while ACO and TCO have only one long alkyl chain derived from ricinoleic acid attached
to an ester (TCO) or an amide group (ACO). It is also important to note that the chemical reactions used
introduce new polar groups into the molecules of TCO and ACO [13]. This new polar groups are
represented as the amide carbonyl (green part of the molecule, as seen in Figure 1) for the ACO and as the
new hydroxyl group (red part of the molecule) for the TCO.
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Figure 1. Schematic of (a) aminolysis, and (b) transesterification process applied to castor oil base.

Prior to the tribological tests, physical properties (viscosity and the density) of the three biolubricants
were measured. The dynamic viscosity of the three oils was determined with a rheometer ARES-G2 — TA
Instruments® equipped with an Advanced Peltier System (APS). The 2° degrees 40 mm cone-plate
geometry was used under a shear rate of 0.1 s™! for 300 s according to the flow ramp method. The dynamic
viscosities were measured according to SAE J300 [30] at 40 and 100 °C. Additionally to this procedure, a
third measurement at room temperature (27 °C) was performed. The resulting viscosities at the three
temperatures as well as the densities are showed in Table 1. All the three biolubricants exhibited a reduction
in dynamic viscosity as the temperature of analysis increased. Comparing the three oils, CO presents the
highest values, followed by ACO and TCO.

Table 1. Physical and rheological properties of the biolubricants.

Dynamic viscosity [Pa-s] Density
Sample &
27°C 40 °C 100 °C [g/em?]
co 0.5727 0.2358 0.0192 1.0134
ACO 0.4553 0.1918 0.0164 1.0953
TCO 0.2118 0.1136 0.0119 1.0230
2.2. Tribological tests and film thickness measurement

An EHD2 Ultra-Thin Measurement apparatus (PCS Instruments) was used for the film thickness
measurement. A 100 Cr 6 steel ball was loaded against a glass disc using a normal force of 30 N (0.56 GPa
maximum Hertz pressure), with the rolling speed varying between 1.49 to 0.04 m/s in 11 acquisition steps
at 27 °C. Two different slide-to-roll ratios (SRR) were evaluated, one with SRR = 0 (pure rolling) and the
other with SRR = 1 (sliding and rolling), performing two repetitions per test. Figure 2 presents the scheme
of the EHD2 apparatus, while Table 2 summarizes the test conditions.

Interferometer

Glass disc

1__Lubricant

Steel ball
Load

Figure 2. Diagram of the EHD2 Ultra-Thin Measurement apparatus (PCS Instruments).



Table 2. Ball-on-disc test conditions for film thickness measurement.

Ball Disc
Radius — Ry [mm] 9:525 ©
Average roughness — R, [nm] =20 -
Material [-] 100 Cr 6 steel Glass
Elastic modulus — E [GPa] 210 64
Poisson coefficient — v [-] 0.3 0.2
Normal force — F [N] 30
Rolling speed — U [m/s] 1.49 - 0.04
Slide to Roll Ratio — SRR [-] 0% and 100%
Equivalent elastic modulus — E* [GPa] 51.7
Maximum Hertz pressure — p, [GPa] 0.56
Hertzian radius —a [pum] 160.61

Other two different tribological tests were performed with the oils. The first one was a block-on-ring
(BoR), where a fluid film lubrication was employed aiming to measure the Stribeck curve. For the BoR
test, the diameter of the ring and the roller (used as a block) was 60 mm and 4 mm, respectively. Both the
ring and roller have a length of 15.4 mm, and are made of SAE 52100. A linear contact area was assumed.
A representation of the BoR specimens and their relative positions are made in Figure 3-a. Through the
block-on-ring tests, the Stribeck curve of the three oils was measured. In this equipment, the normal load
was applied by a mechanical actuator and monitored with a load cell and an acquisition system. The friction
force was measured directly as a reaction force, and also recorded with a load cell and an acquisition system
(Figure 3-b). It is worth noting the oil reservoir, which is filled with oil in order to provide a fluid film
lubrication during the tests. More details of this test rig can be seen in [31]. The tests were performed with
a normal force of 30 N, which results in a 153 MPa average Hertzian contact pressure. The total sliding
distance was set as 188 m and the angular speeds varied as 13, 32, 80, 159, 318 and 474 rpm, corresponding
in linear sliding speeds of 0.04, 0.1, 0.25, 0.5, 1.0 and 1.49 m/s respectively. Data were measured and
acquired using a National, model NIUSB6009, at a sampling rate of 3 kHz. Then a moving average filter
was performed and the sampling rate was reduced to 150 Hz. The mean square roughness (Rq) of both, the
ring and the roller, was measured using a Mitutoyo SJ-201, resulting in an average of Rq =0.145+0.01 um
for the ring and Rq = 0.015+0.01 pum for the roller. An overview of the testing parameters is showed in
Table 3.
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Figure 3. Block on ring apparatus: (a) representation of the specimens and (b) simplified schematic
of the equipment.



Table 3. Parameters of the block-on-ring test.

Number of

Sliding speed Rotation . Distance . Normal Average Hertz
[m/s] [rpm] revolll_lltmns [m] Time 5] force [N] contact stress [MPa]
1.49 474 127
1.00 318 188
0.50 159 377

1000 188 30 153
0.25 80 754
0.10 32 1885
0.04 13 4712

The second tribological test was a Pin-on-Disc (PoD), where a starved lubrication was used in order to
determine the scuffing resistance of each oil. For this test, the disc has 55 mm in diameter, whereas the pin
has a diameter of 12 mm with a spherical face with radius of 200 mm. This spherical face helps to ensure a
good contact of the pin with the disc. These specimens are also made of SAE 52100 and a representation
of the PoD specimens and their relative positions are made in Figure 4-a. The test was carried out in a
multifunctional tribometer (Figure 4-b) developed by Neis, 2012 [32]. In this equipment, the normal force
is applied by a pneumatic actuator that forces the pin against the disc for a fixed sliding distance. Using a
torque transducer installed at the machine’s shaft, the torque generated by friction is measured. Then, the
coefficient of friction (CoF) (p) is calculated through Equation (1), where the 7, is the torque, Fn is the
normal force and the r is the sliding radius (radius of the contact point in the disc). A schematic view of the
equipment is showed in Figure 4-b.
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Figure 4. Pin-on-disc setup: (a) representation of the specimens and (b) simplified diagram of the
equipment.

In order to reproduce the starved lubrication, 0.4 mL of oil was applied in the disc and pin (0.2 mL in
each) prior to the pin-on-disc tests. A sliding radius of 17.5 mm was used. The initial force was set 50 N
(98 MPa average Hertzian contact stress), with an increasing rate of 0.2 N/s. The test duration was one hour
(3600 s), which means that the final force was 770 N (245 MPa average Hertzian contact stress). The
rotation was maintained fixed at 272 rpm (sliding speed of 0.5 m/s).

To produce a uniform surface texture, the discs and the pins of the PoD were polished in a bench
polisher for 1 minute using a 400 mesh sandpaper. After that, the mean square roughness (Rq) of the discs
were measured (3 measurements spaced at an angle of 120°) using a Mitutoyo SJ-201 rugosimeter. An
average of Rg = 0.23£0.01 pm was found for the pins and discs. An overview of the testing parameters are
shown in Table 4. Prior the beginning of all tests (PoD and BoR), the tribological pairs were cleaned with
a solution of 90% of xylene and 10% of ethylic alcohol to ensure that the surface was free of contaminants.

(1)



Table 4. Parameters of the pin-on-disc tests.

Parameter Value Note
Angular speed [rpm] 272 Constant
Sliding speed [m/s] 0.5 Constant
Slip radius [mm] 17.5 -
Initial normal force [N] 50 Increases with the F/T
F/T (Normal force/time rate) [N/s] 0.2 -
Final normal force [N] 770 Final value [SON+0.2N/s:3600s]
Duration [s] 3600 -
Disc lubrication [mL] 0.2 Applied at the beginning of the test
Pin lubrication [mL] 0.2 Applied at the beginning of the test
Mean square roughness (Rq) of the discs [um] 0.23+0.01 -

3. Results and discussion

3.1 Film thickness measurement and prediction

The average film thickness results and the dynamic viscosity at 27 °C for the three lubricants, are
summarized in Figure 5. The dynamic viscosity values are also included aside to the graph solely for
facilitating the understanding. In both SRRs, a higher dynamic viscosity corresponds to the formation of a
thicker film by the lubricants. Consequently, the order of dynamic viscosity (from highest to lowest) aligns
with the film thickness, namely CO, ACO and TCO. Notably, as the SRR transitions from SRR = 0 (pure
rolling) to SRR =1 (rolling and sliding), the film demonstrates a slight reduction in thickness along with
an increase in temperature. This demonstrates that the form relative motion (observed through SRR) and
the generated heat have influence on the film thickness [33-36]. As the sliding ratio increases from SRR=0
to SRR=1, the lubricant film becomes thinner, which is an indicative of reduced lubrication in the contact
area [37,38]. It is worth noting that both the BoR and PoD tests represent pure sliding conditions, which is

the worst case scenario for lubrication.
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In order to have a complete characterization of the three oils, the experimental results of film thickness
with SRR = 0 were used to estimate the piezoviscosity coefficient («) of each biolubricants. To this end,
from Equation (2) proposed by Hamrock and Dowson [39], it was possible to employ the Least Squares

Method to determine the best fitting value for piezoviscosity () (m?/N).
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Where h. is the central film thickness (m), Ry, is the effective radius (m), 79 is the dynamic viscosity
(Pa-s), u is the surface velocity (m/s), E” is the effective elastic modulus (N/m?) and F is the force applied
(N). The constant Cy in Equation (2) is equal to 0.712 for the circular contact and was also calculated
according with Hamrock and Dowson [39]. It is important to mention that only values of SRR = 0 were
chosen to adjust the constants to mitigate thermal effects in the adjustment. From the current analysis, it
was possible to determine the piezoviscosity coefficient of each biolubricant (Table 5). CO presents the
highest o followed by TCO and ACO. This shows that the chemical modifications not only alter the
dynamic viscosities but also influence their response to changes in pressure (i.e. piezoviscosity).

Table 5. Piezoviscosity results for SRR = 0.
CO  ACO  TCO
1641 569 8.8

Piezoviscosity
o [GPa]

For the purpose of validate the values obtained for piezoviscosity (o) in the SRR = 0, they were applied
in the film thickness prediction to the condition of SRR = 1 and compared with the values obtained
experimentally in the test. In this case, the film thickness was corrected, according to Equations (3) and (4)
using the Gupta thermal parameter presented in Equation (4) [40]. This correction is necessary due to the
variation of the viscosity with the temperature as the SRR changes. In Equations (3) and (4) /.r represents
the central film thickness thermally adjusted (m), @ris the thermal reduction factor and p; is the Hertzian
pressure (Pa).

hCT = (pT X hC

1-132(5P%) - 14

D =
T~ 1402131942 (1 + 2.23 - SRRO83)

The constant Lt and the lubricant’s thermal conductivity kr (W/(m-k)) are presented in Equations (5) and
(6), respectively.

L= one\ U?
b <0T) ke

0.12-(1—1.667 X 1074 T)
I Pt
In these equations, U is the mean rolling velocity (m/s), T'is the temperature (K) and pr is the density of the
lubricant (kg/m?).
The results from this evaluation are shown in Figure 6. As one can see, using the estimated

piezoviscosity coefficients and the thermal correction, it was possible to predict the film thickness with
correlations of 99.70% for CO, 99.89% for ACO and 99.94% for TCO.
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Figure 6. Film thickness experimental measurement versus predictions (4.7 calculated) for each
biolubricant in the SRR =1 condition.
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In summary, the CO showed the thicker film thickness followed by ACO and TCO, which follows the
same order as the dynamic viscosity. Also, it was seen that the piezoviscosity can be determined by the
equation proposed by Hamrock and Dowson [39]. Besides, results from this section showed that the
chemical modifications selected in this study reduced the piezoviscosity of the base vegetable oil (castor
oil) in an average of 58%. The importance of piezoviscosity in the behavior of the lubricants is appointed
by [41], where the authors reported that the variation of viscosity with pressure (piezoviscosity) is, in some
occasions, more important than the actual values of dynamic viscosity.

3.2. Stribeck curve

The Stribeck curves obtained from the BoR equipment for the biolubricants are illustrated in Figure
7. The curves are plotted as a function of speed to a better distinguishment of the biolubricants. Two dashed
lines are added to the graph to indicate the changes from mixed to elastohydrodynamic (EHD) lubrication
regimes.
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Figure 7. Stribeck curves measured in the BoR test and viscosity in the right side.

For higher speeds the biolubricants reach the EHD regime and the friction response is predominantly
a function of the viscous behavior of the lubricant. It is important to observe that ACO reached this change
in the lubrication regime a point earlier (at lower speed) than CO and TCO (these two reached the EHD
regime at the same speed). So, in the EHD regime, CO exhibited the highest CoF, followed by ACO and
TCO, which are in the same order than the dynamic viscosity.

When the sliding speed is reduced (in boundary and mixed lubrication regimes) the viscous behavior
is not dominant, since the film thickness decreases, not being able to fully separate the asperities of the
matching surfaces. In such conditions, it is interesting to note that ACO exhibited the lower value of CoF
(0.104) while TCO and CO showed higher values, 0.122 and 0.135, respectively. This lower CoF of ACO
towards lower sliding speeds may be due to the fact that ACO has more polar groups in its molecule (amide
group, green part of the molecule, as seen in Figure 1) and therefore could have a better adsorption in the
metal surface (SAE 52100). According to the literature, the adsorption is extremely important in boundary
lubrication, since in this regime the lubricant is not capable of forming a hydrodynamic layer [6,42]. The
adsorbed lubricant forms a strongly attached layer in the surfaces [42—44], preventing severe contact
between them.



3.3 Scuffing resistance results

For the PoD tests, the occurrence of scuffing in the tribological pair was adopted as an end-of-test
criterion. It is well known that the occurrence of scuffing is often related to the end of life of a mechanical
component. Figure 8 shows typical examples of contact materials (pin and disc) that underwent scuffing
(Figure 8-a and Figure 8-b), as well as contact materials where only abrasion can be seen on their surfaces
(Figure 8-c and Figure 8-d).

Figure 8. Examples of contact materials showing (a,b) scuffing and (c,d) abrasion.

From Figure 8 one can observe that scuffing is seen as a severe adhesion and can be observed
macroscopically. In a test with starved lubrication, where only a very low amount of lubricant is used, the
lubricant is unable to form a full film and therefore cannot reach the EHD regime [45].

Figure 9 shows the friction profile (line graphs, in the left) and the test duration (bar graphs, in the
right) of all eight runs for each lubricant. The friction peaks indicate the time the lubricant film has failed
and scuffing has occurred, i.e. the end of the test. Arrows are used to show the CoF magnitude when it is
out of the graph scale. Moreover, the CoF curves plotted until the end of the test (3600 s) correspond to the
unfailed runs. The bars lower than 3600 s (graph in the right) indicate the corresponding time where scuffing
occurred.
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Figure 9. Friction profile versus time and test duration for: (a, b) CO, (c, d) ACO and (e, f) TCO.



From Figure 9-a and Figure 9-b, it can be observed that 4 out of 8 runs measured for the CO biolubricant
have failed, which are seen as 4 peaks in CoF. Besides, those failures are spread along the test duration, i.e.
they are widely different. Figure 9-c and Figure 9-d shows that only 2 failures out of 8 runs have occurred
with ACO, which are indicated as peaks in friction during runs 07 and 08. Both failures occurred at the
beginning of the test, before 400 seconds. It is also possible to see, in Figure 9-¢ and Figure 9-f, that TCO
had 4 failures out of 8 runs. All those failures in lubrication occurred before 900 seconds.

From Figure 9, it is also noticeable that ACO showed a higher wear resistance, with 25% of the runs
failing by scuffing, while both CO and TCO, had 50% of the runs resulting in scuffing failure. These results
showed a good agreement with the Stribeck curve, where ACO also showed the lowest CoF in the boundary
regime, meaning that the lubrication was more effective.

The main reason to explain the superior scuffing resistance of ACO involves the ability of the lubricant
to adhere and maintain itself attached to the metallic surface i.e., its adsorption capacity [23,42,46,48].
Since only a small quantity of lubricant was applied to the surfaces in the PoD test, there is only a thin layer
of lubricant between the metallic surfaces. This microscopic layer is the responsible for preventing direct
contact between the pin and disc [23,42,48], where their desorption leads to the scuffing failure [42,46].
The better adsorption capacity of ACO may explain its superior tribological performance, which is seen
through its better resistance to scuffing, as well as its reduced CoF in lower sliding speed (Stribeck curve —
Figure 7). The lubricant's ability to adhere to a metallic surface is often associated with its polarity [6,48].
In case of the three biolubricants selected in this investigation, the ranking of polarity in descending order
is: ACO > TCO > CO, as reported elsewhere [13].These results are in good agreement with [49], where the
lubricant (not specified by the authors) with more polar groups in its molecule showed a higher resistance
to scuffing. Therefore, these properties (polarity and adsorption capacity) are especially important in
boundary and mixed lubrication regimes.

Another hypothesis that might explain the better resistance to scuffing of ACO could be due to its lower
value of piezoviscosity. Bowman and Stachowiak [46] reported that as the pressure in Hertzian contacts
increases, due to the piezoviscosity properties, the lubricant viscosity increase almost to the point of
behaving like a solid. At the same time, this increase in viscosity promotes an increase in viscous friction,
therefore leading to a heating of the system, which in turns reduces the lubricant viscosity. This continues
until a “critical temperature” is reached, at which point the viscosity suddenly falls, causing the lubricant
film to collapse and resulting in the occurrence of the scuffing [46]. This theory was proposed by Dyson
[47] and earlier was also described by Blok in a series of papers in 1973 [46]. Although the lower
piezoviscosity explains the superior resistance to scuffing of ACO, the same cannot be used to explain the
results of TCO and CO. In this case, there must be another reason to explain all the scuffing results, which
is the polarity of the biolubricants.

4. Conclusions

The present study investigated the film thickness, the piezoviscosity, the Stribeck curve and the
scuffing resistance of three different variations of a biolubricant (castor oil). The following conclusions can
be formulated:

e The film thickness increased with the higher dynamic viscosity. So, castor oil (CO) showed the
thicker lubricant film, followed by aminolyzed castor oil (ACO) and transesterified castor oil (TCO). Also,
the film thickness decreased as slide-roll ratio (SRR) changed from pure rolling (SRR = 0) to a
rolling/sliding condition (SRR = 1);

e The piezoviscosity can be estimated by the equation proposed by Hamrock and Dowson. Also, it
was seen that the chemical modifications carried out in the castor oil reduced the piezoviscosity of the
resulting biolubricants (ACO and TCO) in an average of 58%. The order of the estimated piezoviscosity
was: CO>TCO > ACO;

e Regarding the Stribeck test, it was seen that at higher speeds (in the elastohydrodynamic regime -
EHD) the ranking of Coeficient of Friction (CoF) coincided with the order of the dynamic viscosity (N:CO
> ACO > TCO), i.e. only a viscous behavior was observed. At lower speeds (in boundary and mixed
lubrication regimes) this rank changed and ACO exhibited the lowest CoF, followed by TCO and CO;



e Regarding the scuffing resistance, both CO e TCO have failed in 50% of the runs, while the ACO
failed in 25% of the runs. A primary reason that could explain the superior scuffing resistance of ACO is
the presence of more polar groups in its molecule. This led to a better adsorption of the lubricant on the
metallic surfaces, thereby preventing direct contact between them. A secondary reason is that the lowest
piesoviscosity of ACO led to lower heating in the contact region under high pressure, allowing it to keep
the dynamic viscosity stable;

e Aminolysis presents as a promising chemical modification for the development of biolubricants,
as it was able to reduce CoF and improve the scuffing resistance of a base vegetable oil (castor oil).
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