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HIGHLIGHTS 

 Coefficient of friction and wear scar diameter of RBD palm stearin are larger than commercial 

mineral oil. 

 The addition of ZDDP additive showed an improvement in lubrication performance of RBD palm 

stearin. 

 RBD palm stearin blended with 5wt% ZDDP shows a better friction-reducing performance than that of 

commercial mineral oil. However, it still creates a slight larger wear scar diameter. 

 

ABSTRACT 

 

The lubrication performance of refined, bleached and deodorized (RBD) palm stearin as an alternative 

lubricant was evaluated using pin-on-disk tribotester. Zinc dialkyl-dithiophosphate (ZDDP) additive with 0 

wt%, 1 wt%, 3 wt% and 5 wt% concentration was added to improve the lubrication performance of RBD 

palm stearin. The experiment was repeated using commercial mineral oil (SAE 40) for comparison 

purposes. The lubrication performance of lubricant was evaluated in terms of friction-reducing and anti-

wear performance. The results reveal that when RBD palm stearin was stand alone, it has higher coefficient 

of friction (COF) and wear scar diameter (WSD) than that of SAE 40. The addition of ZDDP shows an 

improvement in both friction-reducing and anti-wear performance of RBD palm stearin. It shows that PS+5 

wt% ZDDP gave better friction-reducing performance than SAE 40. 
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1.0 INTRODUCTION 

 

Today, petroleum-based lubricants have given rise to several problems, of which 

the main issues are environmental problems, thus giving rise to serious concerns about 

finding alternative lubricants. This is because it has been shown that petroleum-based 

lubricants have a very high level of toxicity and are non-biodegradable. The spilling of 

these lubricants is harmful to the ecological system, especially to fishes, plants and 

wildlife (Rani et al., 2015). In response to this issue, vegetable oils have gained 

worldwide attention recently due to their environmental benefits including renewability, 

biodegradability, non-toxicity and environmental friendly (Shahabuddin et al., 2013). 

Some vegetable oils, such as soybean oil, castor oil, rapeseed oil, palm oil, 

coconut oil, canola oil and Jatropha oil, are being studied extensively by researchers due 

to their availability. Among these vegetable oils, palm oil has the largest production in 

the world at about 38.5 million tonnes, with more than 40% of it being produced by 

Malaysia (Lam et al., 2009). Palm oil is a versatile vegetable oil that can be used for both 

food and non-food products. Different types of oils are produced such as palm fatty acid, 

RBD palm olein, palm stearin, and RBD palm kernel. RBD palm olein is used 

extensively for cooking oil production but the other oils are not widely commercialized. 

It has been reported that there is still an excess supply of palm oil (Lam et al., 2009), and 

it has been suggested that alternative applications for palm oil be sought. Some previous 

researchers have demonstrated that palm oil can be used as a lubricant in various 

applications, including engine oil (Cheenkachorn and Fungtammasan, 2010), biodiesel 

(Haseeb et al., 2010), industrial-cutting lubricants (Rahim and Sasahara, 2011), metal-

forming process (Syahrullail et al., 2012), hydraulic fluids (Wan Nik et al., 2007) and as a 

source of lubrication in the biomedical industry (Razak et al., 2015). They suggested that 

palm oil has the potential to be used as a lubricant in the near future. 

Although palm oil has excellent environmental benefits, direct applications of this 

oil are less favourable due their limitations in oxidative stability. The poor oxidative 

stability may limit their lubrication performance. The inherent limitations of palm oil 

should be overcome to improve their suitability as an alternative lubricant. One approach 

towards overcoming this limitation in order to provide excellent lubricant performance is 

to blend the palm oil with the selected additive. This is because when palm oil is able to 

compete with the performance and price of petroleum oils, then their environmental 

benefits will make them a more favourable choice for lubricant applications. 

This research focused on improving the lubrication performance of refined, 

bleached and deodorized (RBD) palm stearin by blending with a selected additive. Zinc 

dialkyl-dithiophosphate (ZDDP) additive was selected because it is the most successful 

lubricant additive ever invented, and it has displayed very good antioxidant and anti-wear 

properties (Nicholls et al., 2005; Ito et al., 2007). The experiments were conducted using 

pin-on-disk tribotester at different applied loads. Commercial mineral oil (SAE 40) was 
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used for comparison purposes. The lubrication performance was demonstrated in terms of 

friction-reducing and anti-wear performance. The results show that the addition of ZDDP 

additive have improve the lubrication performance of RBD palm stearin. 

 

2.0 MATERIALS AND METHODS 

 

2.1  Materials and Lubricants 

 

A pin-on-disk tribotester was used to evaluate the lubrication performance of the 

tested lubricants as per ASTM G99. The disk and pin used in this research are made up 

from tool steel SKD11 and pure aluminium A1100, respectively. The geometry of the 

disk was 160 mm × 10 mm with a density of 7.85 g/cm3 and it was designed to have a 

groove to ensure the tested lubricants did not flow out during the rotation of disk. The 

disc surface was polished using abrasive paper to obtain the arithmetic mean surface 

roughness (Ra) value below 0.3 μm. The dimensions of the pin were 6 mm in diameter 

and 30 mm in length with a density of 2.71 g/cm3 and an initial surface roughness of 

Ra=0.01 μm. 

Refined, bleached and deodorized (RBD) palm stearin (PS) was used in this 

study. To improve the lubrication performance of PS, zinc dialkyl-dithiophosphate 

(ZDDP) was added at different concentrations of 0 wt%, 1 wt%, 3 wt% and 5 wt%. For 

comparison purposes, the test was repeated on commercial mineral oil SAE 40. Figure 1 

shows the tested lubricants used in the experiment. The contact point of the pin and 

rotating disk was lubricated under a limited amount of lubricant (2.5 ml). Both pin and 

disk were cleaned with acetone before each test. The details of other experimental 

conditions were shown in Table 1.  

 

 
Figure 1: Tested lubricants used in the experiment 
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Table 1: Experimental conditions 

Properties Value 

Load 1 kg, 2 kg, 3 kg 

Sliding speed 2.5 m/s 

Temperature 27°C 

Test duration 60 minutes 

 

2.2  Friction and Wear Evaluation 

 

After 60 minutes of experimentation, the frictional force was obtained directly 

from the data acquisition system. Then, the coefficient of friction (COF) was calculated 

by dividing the frictional force by the normal load. In this study, the value of the COF 

was referred to as the steady state COF. The effectiveness of ZDDP additive in wear 

reduction was identified by measuring the wear scar diameter on the pins. The wear scar 

diameter of the pins was measured by a low-resolution optical microscope. Archard’s law 

equation was used to characterize the tribological response of the pin and disk contacts as 

shown in Equation (1) (Chen et al., 2009).  

k =
V

SF
 (1) 

 

Where k is the wear rate (in unit mm3/Nm), V is the volume of material removed by wear 

(in unit mm3), S is the sliding distance (in unit m) and F is the applied force (in unit N). 

In order to determine the surface roughness of the samples, a surface profiler was used. 

The surface roughness parameter, Ra of the pin surfaces was measured perpendicular to 

the direction of sliding. The surface roughness parameter, Ra was used to describe the 

surface features of the wear components and at the same time analyse the influence of the 

lubricants used. The worn surface of the pins also was analysed after each test and it was 

measured using an optical microscope.  

 

3.0 RESULTS AND DISCUSSION 

 

3.1 Viscosity Analysis 

 

Before conducting the experiment, the physical properties of the tested lubricants 

were obtained by measuring their density and kinematic viscosity. The density is defined 

as the mass per unit volume of the lubricant and it was determined as per the ASTM 

D1298-85 (90). The kinematic viscosity, measured in accordance with the ASTM D2983, 

is defined as the resistance to the flow of the fluid. The viscosity index (VI) indicates the 

change in the viscosity with changes in the temperature, and it was determined as per the 

ASTM D2270. The physical properties of commercial mineral oil SAE 40, RBD palm 
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stearin (PS), PS+1 wt% ZDDP, PS+3 wt% ZDDP and PS+5 wt% ZDDP were tabulated 

in Table 2. From this table, it is clear that PS possess higher VI compared to SAE 40. 

This is due to the presence of the triglyceride structure in PS that can maintain stronger 

intermolecular interactions with increasing temperature than the branched hydrocarbons 

or esters in SAE 40 (Masjuki et al., 1999; Ahmed et al., 2014). 

 

Table 2: Some physical properties of the tested lubricants 

Properties SAE 40 PS PS+1 wt% PS+3 wt% PS+5 wt% 

Specific density (g/cm3) 0.86 0.88 0.90 0.90 0.90 

Kinematic viscosity at 

40°C (mm2/s) 

114.00 38.01 34.49 37.37 35.73 

Kinematic viscosity at 

100°C (mm2/s) 

17.80 8.55 9.42 10.74 12.05 

Viscosity index (VI) 173.14 212.56 270.94 294.90 351.60 

 

A relatively low kinematic viscosity was obtained for PS+1 wt% ZDDP (34.49 

mm2/s) compared to PS (38.01 mm2/s) at 40°C, but then the value increased from 8.55 

mm2/s to 9.42 mm2/s at 100°C. The results also show that the addition of ZDDP in PS 

gave a slight reduction in kinematic viscosity at 40°C and shows an increment in 

kinematic viscosity at 100°C. It can be stated that the VI increased remarkably with 

increasing concentrations of the ZDDP additive. The percentage increase in the VI was 

about 22% for PS+1 wt% ZDDP, 28% for PS+3 wt% ZDDP, and 40% for PS+5 wt% 

ZDDP, compared to PS, which had a VI of 212.56. These findings indicate that the 

presence of ZDDP additive in PS will form a more stable film with changes in the 

temperature, thus resulting in higher VI values. 

 

3.2 Friction-Reducing and Anti-Wear Performance 

 

It has been widely reported that the lubrication performance is highly dependent 

on the applied load, sliding speed, hardness of materials, mechanical properties of contact 

materials and surface topographies. In the present study, only the effects of the applied 

load on the lubrication performance were investigated.  

Figure 2 shows that PS (0.136) had a substantially high COF compared with SAE 

40 (0.063), especially at low applied loads. The finding was consistent with the findings 

of previous studies by (Masjuki et al., 1999), which found that mineral-based oil exhibits 

better friction-reducing performance than palm oil. This phenomenon was attributed to 

the high palmitic acid content (43.7%) in palm oil, which makes them easily exposed to 

corrosive wear, which might cause corrosion on the contact surface, thereby increasing 

the friction. Another plausible reason was the unsaturation level of the fatty acid content 

in PS, which is mainly composed of oleic acid (39.9%) and linoleic acid (10.3%). 
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Unsaturated fatty acids may be considered as contributing to the weaker and unstable 

film thickness on the metal surfaces. This was supported by the study by (Quinchia et al., 

2014) which revealed that vegetable oil, which has a high level of unsaturation, 

apparently forms a thinner film. 

 

 
Figure 2: Effects of applied load on coefficient of friction (COF) of RBD palm stearin 

with various ZDDP concentrations 

 

Surprisingly, the COF of PS was reduced sharply as the applied load increased. 

This was in line with the finding by Chowdhury et al. (2013), which indicated that the 

reduction in the COF as the applied load increased was related to the higher amount of 

wear debris between the rubbing surfaces. Another plausible reason was the formation of 

low shear strength tribofilms between two moving surfaces resulting from an increase in 

the surface temperature at the interfaces. At an applied load of 1 kg, the presence of the 

ZDDP additive in PS resulted in a considerable reduction in the COF, where the PS+5 

wt% ZDDP was found to produce the best friction-reducing performance with a value of 

0.038. It was evident that the ZDDP supplemented the PS to reduce friction by preventing 

oxidation in the lubricating oil. This was supported by Jayadas et al. (2007) which 

revealed that the sulphur and phosphorus content in the ZDDP would form a layer of iron 

compounds (iron sulphide and iron phosphide) that is low in shear strength to prevent 

rapid oxidation, thus resulting in low friction. The ZDDP also acts as an antioxidant agent 

to prevent oxide formation on the metal surface. 

Interestingly, a different trend was found at applied loads of 2 kg and 3 kg, where 

there was a slight increase in the COF of PS when the ZDDP additive concentration was 

at 1 wt%, and a decrease in the COF with an increase in the additive concentration. It is 

commonly known that the polarity of vegetable oil may influence its affinity towards the 

surface. According to Suarez et al. (2010), a lubricant that has a high polarity of 



Jurnal Tribologi 10 (2016) 1-15 

 

 7 

molecules will have a high affinity towards the steel surface and vice versa. In their study, 

they concluded that the additive molecules and the high affinity of the polar-based oil 

molecules might compete to attach on the surface to form a protective film. A polar 

lubricant will generally generate a compact and low-shear-strength film on the surface to 

minimize friction and wear (Zhang et al., 2014). This means that when the additive 

concentration is low, there will be competitive adsorption between the additive and the 

vegetable oil. However, when the additive concentration is increased, the additive 

becomes dominant and attaches to the surface to form a protective film, thereby 

improving the friction-reducing properties. It was also found that PS+5 wt% ZDDP 

exhibited good friction-reducing performance with a value of 0.066 compared to SAE 40 

(0.071) at an applied load of 3 kg. 

The WSD and wear rate of PS and its formulation with different concentrations of 

ZDDP additive under applied loads of 1 kg, 2 kg and 3 kg are shown in Figure 3 and 

Table 3, respectively. In general, Figure 3 shows that there was an increase in the WSD 

with an increase in the applied load, but no clear trend was found for the wear rate, as 

shown in Table 3. An increase in the applied load will usually lead to an increase in the 

real contact area between the two rubbing surfaces, therefore causing a high loss of the 

metal and increased wear. It was obvious that the unformulated PS had a significantly 

larger WSD and wear rate than the reference lubricant at all the applied load conditions. 

 

 
Figure 3: Effects of applied load on wear scar diameter (WSD) of RBD palm stearin with 

various ZDDP concentrations 
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Table 3: Wear rate of the tested lubricants under different applied loads 

Tested lubricants 
Wear rate (mm3/Nm) ×10-5 

1 kg 2 kg 3 kg 

SAE 40 0.03 1.57 0.42 

PS 5.19 4.92 2.51 

PS+1 wt% ZDDP 0.94 7.94 3.65 

PS+3 wt% ZDDP 1.11 2.72 2.21 

PS+5 wt% ZDDP 0.14 1.59 1.46 

 

 

The unformulated PS resulted in poor friction-reducing performance and anti-

wear performance compared to SAE 40 due to the presence of double bonds in the fatty 

acids of PS. The fatty acids with double bonds in PS, especially those with multiple 

double bonds (linoleic acid), will accelerate the oxidation rate on the metal surfaces. 

Whenever the oxidation rate is accelerated, the metal surfaces will be weakened, hence 

causing greater material removal and the creation of a larger WSD. In addition, these 

polyunsaturated fatty acids resulted in poor anti-wear performance due to the chemical 

reaction during the process, whereby the protective film on the surface was destroyed. 

The same trend as for the COF was found at an applied load of 1 kg for PS 

blended with ZDDP, where an increase in the ZDDP concentration improved the anti-

wear performance of PS. The presence of ZDDP was believed to provide additional 

protection to the metal surfaces by minimizing the oxidation rate of PS, thereby reducing 

the material removal and the WSD. Meanwhile, at applied loads of 2 kg and 3 kg, it could 

be observed that the formulation of PS with 1 wt% ZDDP additive impaired the anti-wear 

performance of the lubricating oil due to the increase in the WSD and the wear rate.   

However, a further increase in the ZDDP concentration fortified the anti-wear 

performance of PS by exhibiting a lower WSD and wear rate. Although PS+5 wt% 

ZDDP had better friction-reducing performance than SAE 40 at an applied load of 3 kg, it 

still resulted in a larger WSD with a difference of 27% (the values were 3.92 mm and 

2.87 mm, respectively). Bongfa et al. (2015) indicated that SAE 40 provided better anti-

wear performance than vegetable oil since it contains strong anti-wear additives that can 

form both physisorbed and chemisorbed films on the metal surfaces even under high 

applied load conditions. When the physisorbed film is eliminated, then the chemisorbed 

film will protect the surfaces against wear.  

 

3.3 Surface Analysis 

 

The worn surfaces of the pins were examined and the surface roughness values 

were measured by surface profiler. The values for the surface roughness and the worn 

surfaces of PS formulated with ZDDP additive under various applied loads are shown in 
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Figures 4, 5 and 6. PS was unable to withstand loads, showing deep abrasive grooves, 

oxidation and plastic deformation at the edges of the worn surface. PS easily underwent 

oxidation due to its high content of unsaturated fatty acids, which affected the reactions 

within the lubricant. Oxidation may have caused the metal to be oxidized and weakened 

the metal surface (Ing et al., 2012). It can be seen from Figures 5 and 6 that the edge of 

the worn surface of PS and its formulation have been plastically deformed which it is 

normally cause by the irregular abrasive particles. The results showed that PS+5wt% 

ZDDP have lower degree of deformation as well as lower surface roughness value. 

It was clearly shows that PS had a significantly rougher surface than the SAE 40, 

and that the surface became smoother as the applied load increased. This is because PS 

remained in a semi-solid state at room temperature, its viscosity was very high, and it is 

possible that the wear debris were trapped in it. In this case, as the applied load was 

increased, it raised the temperature between the metal surfaces, which may have reduced 

the viscosity of PS. The reduction in viscosity enabled the lubricant to carry away the 

wear debris from the wear surfaces and prevent its penetration into the metal surface, thus 

reducing the surface roughness. The reduction in the surface roughness was also due to 

the preservation of the lubricant between the rubbing surfaces. Moreover, it is possible 

that the PS formed finer wear debris at the high applied load, which minimized the 

penetration into the surfaces, thus reducing the removal of the material as well as the 

surface roughness. The 2D surface profiles obtained by using an optical microscope 

shows that the pin surface lubricated with PS at low applied load (Figure 4b) formed a 

deep valley with a relatively high surface roughness value of Ra=0.601 μm. The deep 

valleys indicated that high material removal of the pin surfaces and leads to high 

coefficient of friction (Figure 2). It is found that the slider profile of the pin surface was 

smoothing and only some deeper valleys formed with increasing applied load (Figures 5b 

and 6b), resulting in reduction of surface roughness value. Results of coefficient of 

friction also shows similar behaviour since it was influenced by the surface roughness of 

the pin surface. These results indicated that with increasing the applied load, the finer the 

wear debris formed. 
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Figure 4: Wear worn surface and surface profile of (a) SAE 40, (b) PS, (c) PS+1 wt% 

ZDDP, (d) PS+3 wt% ZDDP, (e) PS+5 wt% ZDDP under an applied load of 1 kg 
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Figure 5: Wear worn surface and surface profile of (a) SAE 40, (b) PS, (c) PS+1 wt% 

ZDDP, (d) PS+3 wt% ZDDP, (e) PS+5 wt% ZDDP under an applied load of 2 kg 
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Figure 6: Wear worn surface and surface profile of (a) SAE 40, (b) PS, (c) PS+1 wt% 

ZDDP, (d) PS+3 wt% ZDDP, (e) PS+5 wt% ZDDP under an applied load of 3 kg 
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The result also exhibited that the surface roughness of the pin became smoother as 

the concentration of ZDDP increased, likewise the trend in the friction-reducing 

performance. The wear characteristics also were further reduced with an increase in the 

concentration of the ZDDP additive. It was found that the ability of PS+5 wt% ZDDP to 

maintain the surface finish of the rubbing surfaces was comparable to that of SAE 40. 

The ZDDP additive in PS functioned effectively as both an anti-wear and an antioxidant 

agent to minimize the formation of deep grooves or material removal on the pin surface. 

As an anti-wear agent, the ZDDP was able to form a protective tribofilm on the metal 

surface that acted as a barrier to prevent the rubbing surfaces from coming into contact. 

Meanwhile, as an antioxidant agent, the ZDDP was able to protect the protective thin film 

from breakage by preventing the oxidation of the unsaturated fatty acids. 

 

CONCLUSION 

 

In this research, RBD palm stearin (PS) was considered as potential alternative 

lubricant. ZDDP was used to improve the lubrication performance of the lubricant. The 

experiment was repeated using commercial mineral oil (SAE 40) for comparison 

purposes. It can be concluded that, without ZDDP additive PS showed high coefficient of 

friction (COF), wear scar diameter (WSD), wear rate and surface roughness value 

compared to SAE 40 at all applied load conditions. The presence of ZDDP has improved 

both friction-reducing and anti-wear performance of PS. It was found that PS+5 wt% 

ZDDP gave lower COF value than that of SAE 40 but still have a slight larger WSD. 
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