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The effects of zinc dialkyl dithiophosphate (ZDDP) concentration on
tribological behavior of the Refined, Bleached, and Deodorized (RBD) palm kernel were
analyzed using a pin-on-disk tribotester.
lubricant due to its availability, low price, renewability, and being environmentally friendly.
Commercial mineral oil (SAE 40) was used for comparison. The tests were performed at
2.5 m/s sliding speed under 9.8 N applied load for 60 minutes at 25°C temperature (£2°C).
Worn surface of the pin was measured by the optical microscope to understand the wear
mechanism involved. Compared with SAE 40, experimental results show that the addition

RBD palm kernel was selected as a base

of 5 wt% of ZDDP reduced the coefficient of friction to 21%. However, the anti-wear
property was still lower, approximately at 23%. Besides, the tribological behavior of RBD
palm kernel was improved with ZDDP additive concentration above 1 wt% where the best
performance was at 5 wt%. At this concentration level, ZDDP additive was able to protect
the surface against wear and oxidation and, at the same time, reduce coefficient of friction,

wear rate, and surface roughness values.
(© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Lubricants are used widely in many industries to
lubricate contact surfaces in machineries in order to
minimize friction and wear, improve efficiency, and
extend their life-time [1]. Mineral and synthetic
oil-based lubricants are extensively used in various
applications such as industrial gears and hydraulic
systems, automotive engines, transmission and hy-
draulic systems, metalworking applications, and many
others [2]. However, those lubricants are not readily
biodegradable and are highly toxic, since they contain
many types of additives where, generally, mineral oil
consists of about 70% to 99% base oil and 1% to 30%
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additives [3]. Environmental issues and depletion of
world petroleum reserves have buzzed the alarmed to
find alternative lubricants to replace these mineral oil-
based lubricants.

For the past few decades, vegetable oils have
received much attention to use as a lubricant base
stock. It is preferred due to its advantages such as being
nature friendly, renewability, non-toxicity, biodegrad-
ability, high lubricity and viscosity level, high viscosity
index, high flash point, low volatility, and high shear
stability [4-6]. There have been relatively few recent
studies on palm oil to be used as additive mineral oil-
based lubricants, biodiesel production, and lubricant
base stock [7-10]. Palm oil is one of the economical
vegetable oils in Malaysia, and Malaysia is the one of
the world’s largest producer of palm oil [11]. Palm
oil is currently used in food and biodiesel production.
Nevertheless, very few studies have been conducted on
palm oil as a lubricant base stock. Optimizing the
usage of palm oil will promote its potential as lubricants
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in order to fulfill the worldwide demands in the near
future and, at the same time, contribute to Malaysia’s
economic growth.

Vegetable oils are well known as good lubri-
cants as compared to mineral oil; however, additional
additives are still required to improve lubricity and
control friction and wear. There are several types of
additives that can be used depending on the specific
demands and additional performance on the charac-
teristics needed for the lubricants. These include
detergents and dispersants, anti-wear agents, anti-
foams, emulsifiers, Extreme Pressure (EP), pour point
improvers, Viscosity Index (VI) improvers, corrosion
inhibitors, antioxidants, and friction modifiers [12].
Vegetable oils have high solubilizing power for po-
lar contaminants and additive molecule [13]. Zinc
dialkyl dithiophosphate (ZDDP) are widely used as
an additive in formulating lubrication oils due to its
multifunctional as anti-wear, Extreme Pressure (EP),
and antioxidants additives [14].

There are several findings on the performance
of vegetable oils as a base lubricant formulated with
ZDDP additive. Mahipal et al. [15] revealed that
ZDDP functions effectively in Karanja oil to reduce
friction and wear. An experiment was conducted using
a four-ball tester as per ASTM D4172 B. It was found
that Karanja oil is a better lubricant than commercial
mineral oil (SAE 20W 40) at a concentration of 2.0 wt%
of the ZDDP. Another research done by Jayadas et
al. [16] proved that ZDDP functions well as an anti-
wear and Extreme Pressure (EP) agent in coconut oil.
Tribological properties of coconut oil were tested using
a four-ball tester as per ASTM D2783. It was also
found that there is a positive improvement to tribolog-
ical properties of coconut oil when added with 2 wt%
of the AW/EP additive. Moreover, Asadauskas et
al. [17] reported that ZDDP performs more effectively
as EP additives in soybean oil, compared with mineral
oil.

Previous researches conducted an experiment on
palm oil to use as an additive in mineral oil-based
lubricants, as biodiesel production, and as lubricant
base stock [7-10]; however, there are limited references
to the Refined, Bleached and Deodorized (RBD) palm
kernel as a base lubricant formulated with ZDDP
additive. In this study, tribological properties of
RBD palm kernel with various concentrations of ZDDP
additive were evaluated using a modified pin-on-disk
tribotester. Commercial mineral oil (SAE 40) was used
for comparison. RBD palm kernel was selected as
the base lubricant since palm oil is widely produced
in Malaysia and low in price. It was also selected
due to its renewable properties and environmentally
friendly characteristics. ZDDP additive was selected
to determine their effectiveness in reducing friction and
wear of the base lubricant.

2. Experimental details

2.1. Pin-on-disk tribotester

Tribological properties of the tested lubricants were
evaluated using a pin-on-disk tribotester (see Figure 1).
Normal force was applied using dead weight that has
been suspended at one end of the lever. The friction
force between stationary pin and rotating disk was
measured using load cell, while wear was measured us-
ing a Linear Voltage Differential Transformer (LVDT)
sensor. The disk was designed to have a groove in order
to ensure that the tested lubricants do not flow out
during the rotation of disk. The disk was cleaned with
acetone before each test. To ensure good repeatability
of the results and a more precise evaluation of the
tribological properties, each test was repeated twice
under the same conditions.

2.2. Materials

The pin used in this research was made up of pure
aluminum A1100, and the disk was made up of tool
steel SKD11. The density of A1100 was 2.71 g/cm?,
and SKD11 was 7.85 g/cm®. The dimensions of the
pin were 6 mm in diameter and 30 mm in length, while
the geometry of the disk was 160 mm x 10 mm. A
schematic diagram of hemispherical pin and grooved
disk is shown in Figure 2.

2.3. Lubricants

The refined, bleached and deodorized (RBD) palm
kernel was used in this study, with and without ZDDP
additive. Concentrations added into the RBD palm
kernel were 1%, 3%, and 5% in weightage. Commer-
cial mineral oil (SAE 40) was used as a benchmark.

LVDT
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Figure 1. Schematic diagram of pin-on-disk tribotester.
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with depth in 1 mm:
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(2.5 ml)

Hemispherical
pin

Figure 2. Schematic diagram of hemispherical pin and
grooved disk.
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Table 1. Physical properties of SAE 40 and RBD palm kernel.

Lubricant SAE 40 RBD Palm Kernel Test method
Specific density at 25°C (g/cm?) 0.86 0.89 ASTM D1298-85 (90)
Dynamic viscosity at 40°C (mPa s) 114.0 29.4 ASTM D2983
Dynamic viscosity at 100°C (mPa s) 17.8 10.0 ASTM D2983
Viscosity Index (VI) 181.0 354.5 ASTM D2270

The contact point of the pin and rotating disk was
lubricated with only a limited amount of lubricant
(2.5 ml). Table 1 shows the comparison of some general
properties of RBD palm kernel and mineral oil (SAE
40). A mixture of RBD palm kernel and ZDDP additive
was prepared in volumes of 100 g. The two substances
were mixed using a mixer at a high speed for about
1 hour and heat at 40°C — 50°C in order to gain a
homogeneous mixture.

3. Experimental procedure

The friction reduction property and anti-wear property
of ZDDP in RBD palm kernel were evaluated using
a pin-on-disk tribotester. The stationary pin was in
contact with the disk at a constant vertical force, while
the disk was rotated at a specified speed, creating a
sliding contact. All tests were carried out with a sliding
speed of 2.5 m/s for 60 minutes under 9.8 N load
with a mean contact Hertz pressure of 0.62 GPa at
25°C temperature (£2°C). The pins were cleaned with
acetone before and after each test. The mass loss of
the pin will be measured by electronic balance for wear
rate calculation.

3.1. Friction analysis

The resistance to the motion (frictional force) was
measured using a load cell connected to the pin, and
the values were taken directly from the software with
an installed image acquisition system. The coefficient
of friction was calculated by dividing the normal force
which is pressing the pin against the disk, as shown in
Eq. (1) [18]:

u=Fy/F,, (1)

where FF is frictional force due to two contacting bodies
in motion (in unit N), and Fj, is normal force pressing
the same two bodies together (in unit N).

3.2. Surface analysis

3.2.1. Wear measurements

The effectiveness of ZDDP additive in wear reduction
was identified by measuring the wear scar diameter on
the pins. The wear scar diameter on the pins was
measured by an optical microscope to calculate the
wear volume (V) as in Eq. (2) [19]. The mass loss of
the pin was measured before and after the test with

an electronic balance (minimum 0.1 mg). The pin
volume loss was obtained to calculate the wear rate
using Eq. (3) [10]:

V = mr/4R, (2)

where 7 is radius of pin wear scar (in unit mm), and R
is original pin radius (in unit mm):

Q= AV/S7 (3)

where @ is wear rate (in unit mm?®/m), AV is volume
loss (in unit mm?), and s is sliding distance (in unit
m).

3.2.2. Worn surface

The worn surface of the pins was analyzed after each
test and was measured using an optical microscope.
The surface analysis of the worn pins was important to
prove that ZDDP additive can improve the anti-wear
performance of the RBD palm kernel. To ensure that
there is no excess oil on the pin’s surface, the pins were
cleaned carefully after each test.

3.2.8. Surface finish measurement

Surface roughness of the pins was measured at the
end of the experiment by a surface profiler. Surface
roughness parameter, Ra, was used to describe the
surface features of the wear components and, at the
same time, to analyze the influence of the lubricants
used. The initial pin surface roughness value was below
Ra 0.02 pm.

4. Results

4.1. Determination of lubrication regime

In order to determine the lubrication regime of the
operating lubrication system, the minimum film thick-
ness was calculated using elastohydrodynamic film
thickness calculations, and the equation was given in
Eq. (4) [20]. All information with respect to geometry
and calculated lubricant constants is given in Table 2:

Hmin = 3'63U0'68G0'49W_0'073(1 _ 6—0.6816)’ (4)
0.68 —0.073
= oV 0.49 F
Hmin =3.63 (E’Rx> (OKEI) (E,Ri>
(1 _ 670'681‘:). (5)
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Table 2. Geometry and calculated lubricant constants.

0.003 m
6.169 x 10'° Pa

Curvature of the pin, R,
Effective elastic moduli, B’

Dynamic viscosity at 27°C, no:

N0(SAE40) 0.198 Pa.s
70(RBD palm kernel) 0.0397 Pa.s
Surface velocity of the disk, V' 2.5 m/s
Normal load, F 9.8 N
Pressure viscosity coefficient, a 2.1 x10°% Pa
Elliptical parameter, k 1.0339

Dimensionless speed parameter, U:
2.675 x 107?
5.363 x 1077

Usag40)
L“Y(RBD palm kernel)
Dimensionless material parameter, GG 1279

Dimensionless load parameter, W 1.77 x 1075

WSD (mm)

'SAE 40 without ZDDP addition p

ZDDP concentration (wt%)

Figure 3. The effect of ZDDP additive concentration on
wear scar diameter.

Then, the lubrication regime can be calculated by
determining the dimensionless film parameter, also
called lambda ratio, as seen in Eq. (6):

Hlnill‘RZ
\/ R+ R2,
where R, and R, are the root mean square rough-
nesses of the two solid surfaces. In the present study,
the values of rms roughness of pin and disk are 0.43 ym
and 0.35 um, respectively. The calculated lambda
ratios for SAE 40 and RBD palm kernel were 1.0869
and 0.3645, respectively, which clearly indicate that

this lubrication system operates in the boundary and
mixed lubrication regime.

A= (6)

4.2. Anti-wear performance

Figure 3 indicates that with an increase in additive
concentration, the Wear Scar Diameter (WSD) of RBD
palm kernel increases slightly; when the concentration

80
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40T
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Wear rate, Q@ (x107° mm?®/m)

ZDDP concentration (wt%)

Figure 4. Wear rate at different ZDDP concentrations.

of ZDDP additive is lower than 1 wt%, it then reduces
rapidly. The smallest value of WSD was observed when
5 wt% of ZDDP was added into RBD palm kernel,
where a large reduction of about 63% occurred when
5 wt% of ZDDP was added into RBD palm kernel
compared with the oil without ZDDP. However, RBD
palm kernel with 5 wt% ZDDP still has a lower anti-
wear performance compared with SAE 40. SAE 40
performed better with a lower 23% WSD than RBD
palm kernel did, with 5 wt% ZDDP.

The effectiveness of ZDDP additive in wear reduc-
tion was clearly identified by calculating both volume
loss and wear rate of the pins. The volume of the pin
wear was calculated as per Eq. (2) analytically after the
measurement of wear scar diameter on the pin surfaces.
Then, the wear rate was calculated as per Eq. (3) after
measuring the mass loss of the pins with an electronic
balance. The wear rate is defined as the volume loss
per sliding distance. Figure 4 presents the plot data
of wear rate. The results exhibit that the presence of
ZDDP additive greatly affects the wear rate. These
data also show a similar pattern with the WSD wvalue,
as in Figure 3, in which RBD palm kernel has the best
anti-wear performance when ZDDP additive added is
5 wt%. Reduction in wear rate with an increase in
ZDDP concentration after 1 wt% concentration also
proves that the ZDDP additive can effectively control
wear in RBD palm kernel since ZDDP is able to protect
a metal-to-metal contact.

4.3. Friction-reducing performance

The curves in Figure 5 show the distribution of Coeffi-
cient Of Friction (COF) for all tested lubricants against
the sliding time. Asshown in Figure 5, PK + 1%ZDDP
has high and unsteady coefficient of friction until 1800
s sliding time, and then, it comes down and becomes
stable after 2400 s. For PK + 3% ZDDP, it has a
progressively increasing peak of COF when the sliding
time is below 600 s. However, PK + 3% ZDDP has
almost similar COF with SAE 40 after 1200 s sliding
time and reaches a steady condition. The COF curves
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Figure 5. Coefficient of friction against sliding time.
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Figure 6. The effect of ZDDP additive concentration on
coefficient of friction.

of SAE 40, PK and PK + 5% ZDDP are smoother and
steadier after 600 s sliding time. This indicates that
the presence of ZDDP additive in RBD palm kernel
will make this lubricant perform well as an anti-friction
property at the certain concentration.

The friction properties of ZDDP additive in RBD
palm kernel at 9.8 N load as the function of concentra-
tion are shown in Figure 6. The results show that this
additive greatly increases Coefficient Of Friction (COF)
of RBD palm kernel when the additive concentration
is less than 1 wt%. However, COF reduced when the
additive concentration increased above 1 wt%. ZDDP
additive shows better an anti-friction performance
when the concentration is 5 wt% (0.041). The trends
observed were consistent with the wear rate data, in
which the presence of 5 wt% ZDDP in RBD palm kernel
gave the lowest friction force, compared with other
concentration and pure PK. Figure 6 also illustrates
that RBD palm kernel + 5 wt% ZDDP has a better
friction performance compared with SAE 40, where the
difference is approximately at 21%.

4.4. Surface roughness analysis
Surface roughness of the pin was measured using
surface profiler after completion of each test. The

SAE 40

PK

PK1%

PK3%
PK5%|_|

0.00 0.05 0.10 0.15

Lubricant

0.20 0.25 0.30 0.35 0.40
Surface roughness parameter, Ra (pum)

Figure 7. Surface roughness value on the pin surface
after each test.

measurement was taken perpendicular to the direction
of sliding. Figure 7 plots the pin roughness values,
while Figure 8(a)-(e) show the surface topographies of
the surface roughness on the pin surface. According to
the results in Figure 7, surface roughness value, Ra,
has a direct relationship with coefficient of friction.
The pin runs in RBD palm kernel with 1 wt% ZDDP
concentration, which has the highest surface roughness.
Surface roughness of the pin becomes smoother as
the concentration of ZDDP increases, and the same
applies to the trend in friction performance. This
result indicates that 5 wt% ZDDP additive in RBD
palm kernel can also maintain the surface finish of the
rubbing surfaces.

4.5. Worn surface analysis

The surface analysis of the pin was conducted using
an optical microscope to deduce the effects of ZDDP
concentration on the wear behavior. The pin surfaces
were cleaned by acetone before taking the photomicro-
graph to ensure that there is no excess oil and debris
deposited on the surfaces. The photomicrograph of
the worn surface at low magnification (20x) and their
slider profile are shown in Table 3. Figure 9 shows
the photomicrograph of the worn surface using high
resolution microscope with 200x magnification. From
these results (Table 3 and Figure 9), it is clearly shown
that severe abrasive wear has occurred on the worn
surface of PK and PK+ 1% ZDDP. The increase in
ZDDP concentration showed an improvement on the
worn surfaces where light groove is detectable on the
worn surface of PK + 3% ZDDP. Further increase in
ZDDP concentration gives minimum wear, where the
worn surface of PK + 5% ZDDP only shows slight
frictional tracks. Worn surface of SAE 40 also shows
slight frictional tracks. Smooth slider profiles of both
SAE 40 and PK + 5% ZDDP point to the evidence
that they have slight frictional tracks.
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Figure 8. Surface topographies of pin surface: (a) SAE 40, (b) RBD palm kernel (PK), (c¢) PK + 1% ZDDP, (d) PK +

3% ZDDP, and () PK + 5% ZDDP.

Table 3. Photomicrograph and slider profile of the pin worn surfaces.
Slider profile” Photograph

Lubricant WSD, =z (mm)

SAE 40 1.12
PK 3.95
PK+1% ZDDP 4.17
PK+3% ZDDP 1.93
PK+5% ZDDP 1.46

——t

*Slider profile refer to profile view across the track;
PK = RBD palm lernel;

ZDDP = Zinc dialkyldithiophosphate;

WSD = Wear Scar Diameter.
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Fully protected
by ZDDP
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Figure 9. Wear worn surfaces of the pins: (a) SAE 40,
(b) RBD palm kernel (PK), (¢) PK 4+ 1% ZDDP, (d) PK
+ 3% ZDDP, and (¢) PK + 5% ZDDP.

5. Discussion

Figure 3 suggests that ZDDP additive increases wear
scar diameter when the concentration is below 1 wt%.
Castro et al. [21] stated that the effectiveness of the
additives depends on the chemistry of the base oil and
additives; the number of active sites on the surface
will affect the rate of reactivity of the base oils and
additives with the surface. It is possible that, at 1 wt%
concentration, ZDDP only plays a secondary role in
the formation of tribofilm which causes high wear scar
diameter. However, further increase in concentration
reduces wear scar diameter since ZDDP is able to form

a low-shear strength surface film that can protect the
surfaces from contact [22]. At high concentration,
ZDDP additive can be adsorbed onto the metal surfaces
effectively and form a thin film between the contact
surfaces to protect the surfaces against wear [1].

From Figure 5, it can be seen that stable anti-
friction layers of SAE 40, PK, and PK + 5% ZDDP are
developed on the surface after 600 s. PK + 5% ZDDP
has a stable coefficient of friction through the operation
time after 600 s because ZDDP additive is able to
be adsorbed on or react with the metal surfaces and
function effectively to form a protective layer. The
thick film was also formed on the surfaces when the
additive reacts with oxide layer on the aluminum
surface [23,24]. On the other hand, fatty acid contents
in RBD palm kernel are able to form monolayers of
metal soaps on the interface surfaces and create a stable
film to reduce a metal-to-metal contact [5]. RBD palm
kernel has probably high polarity where it is able to
form a close-packed monolayer and a stable adsorbed
film to prevent the metal-to-metal contact. This is
in agreement with a statement made by Zhang et
al. [25], stating that a polar lubricant would generally
improve the stability of the surface-adsorbed film, thus
minimizing coefficient of friction.

Figure 5 also shows that PK + 3% ZDDP peaks
at 600 s, and then coefficient of friction becomes stable
after 1200 s. This state is attributed with the slower
rate formation of ZDDP tribofilm at which it is unable
to prevent high friction. At such a state, shear stress
of the tribofilm also might be high, hence contributing
to high coefficient of friction. This is because ZDDP
additive can function effectively as friction-reducing
property depending on the shear strength of the pro-
tective film formed [16]. Besides, coefficient of friction
of PK + 1% ZDDP is higher at the beginning until
1800 s, because the asperities of the sliding surfaces
are flattened at that time, but the values seem to
drop and become stable after the equilibrium friction
force conditions are realized. PK 4+ 1% ZDDP has
high coefficient of friction for a long period of time
(until 1800 s) because the competitive adsorption and
reaction occurs between the additive and base oil [26].
This competitive adsorption makes ZDDP unable to
physically be adsorbed onto the metal surfaces to
provide a thin film on the interfaces’ surfaces to reduce
friction.

Figure 6 indicates that the additive will exert
antagonistic effect on the anti-friction performance
when the concentration of ZDDP is below 1 wt%,
making the coefficient of friction increase rapidly. This
was attributed to the competitive adsorption between
additive and the base oil on the surface since both
additive and base oil have high polarity [26]. At
this concentration, the shear strength of the adsorbed
film is high where high shear strength will result in
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high coefficient of friction [25]. On the other hand,
when the concentration of ZDDP further increases, the
friction appears to reduce, since ZDDP is adsorbed
onto the metal surfaces chemically, forming a protective
and stable film that can reduce friction. This means
that the formation of lubrication layers depends on
the concentration of ZDDP additive on the metal
surface.

Surface roughness of pin surface was analyzed to
find the relationship between finished surfaces after
each test with coeflicient of friction. It was found that
the coefficient of friction has a direct relationship with
surface roughness. The pins that were run in PK +
1% ZDDP had the highest surface roughness, while
pins in PK + 5% ZDDP had the lowest. Figures 7
and 8 clearly show that lower Ra value has small
variations in asperity height, indicating that it has less
metal-to-metal contact. These results also exhibit that,
after 1 wt% of ZDDP concentration, ZDDP additive
functions effectively as an anti-wear agent to form a
protective tribofilm which leads to lower shear strength
between metallic friction pairs. The tribofilm will
penetrate into the surface which makes the surface
smoother and reduces coefficient of friction at the same
time, thus preventing a direct metal-to-metal contact
to improve the wear resistance of the metallic friction
pairs [27].

The abrasive groove on the pin surface (Table 3)
increases the surface roughness. From the observation,
when the abrasive groove on worn surface of the pin is
deeper, it will increase friction and surface roughness
value. The small value of surface roughness indicates
that the pin surface is smoothened, where the best lu-
bricant will provide smoother surface. Further analysis
on the worn surface is shown in Figure 9. It can be seen
that there is a darker region on worn surface of PK and
PK + 1% ZDDP. This darker area represents oxidation
which occurs on that surface. Triglyceride structure
in the vegetable oil is already known to have good
lubricity; however, this structure brings the drawbacks
to the vegetable oil. Poor oxidation stability is one of
the main problems in vegetable oil that occurs due to
the rapid reactions of unsaturated double bonds in the
fatty acids and strong intermolecular reactions to form
a lubricant film [28].

Oxidation will eventually weaken the metal sur-
face and cause more material removal or wear debris [9].
These wear debris will cut directly into the soft surface
(aluminum), hence creating deep groove (PK and PK
+ 1% ZDDP). Without ZDDP additive, RBD palm
kernel will undergo oxidation since the presence of
oxygen (Oy) will eventually affect the reactions within
the lubricant [29]. Based on Figure 9, PK + 5%ZDDP
shows a smooth wear pattern compared to the other
tested lubricants. At this concentration, ZDDP is
believed to be competing for the available oxygen to

reduce oxide formation. ZDDP is able to protect the
metal surface from rapid oxidation and wear since
ZDDP can form a low shear strength layer of iron
compounds (iron sulphide and iron phosphide) [16]. In
addition, ZDDP seems to be a good anti-wear agent due
to phosphates content which is very reactive towards
metal surface to form a polymer-like layer on the
surface during friction [30]. Smooth surface on the
worn area, no darker region, and reduction in wear
scar diameter, collectively, prove that ZDDP plays an
effective role as an anti-wear and anti-oxidant additive.

6. Conclusion

The effectiveness of ZDDP additive in RBD palm ker-
nel was evaluated using the pin-on-disk tester in terms
of tribological performance (anti-wear property and
friction reducing property). The following conclusions
are made based on the discussion above:

e The tribological tests showed that RBD palm kernel
with 5 wt% ZDDP had better coefficient of friction
(about 21%) than SAE 40 did. However, the anti-
wear property is much lower (about 23%);

e The results also indicate that both anti-wear and
anti-friction properties of RBD palm kernel im-
proved with ZDDP addition at concentration above
1 wt%;

o 5 wt% ZDDP concentration showed the best tri-
bological performance, compared to other concen-
trations. At this concentration, ZDDP is able
to protect the surface against wear and oxidation.
Therefore, the coefficient of friction, wear rate, and
surface roughness values were reduced.
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