
 

 1 

  DOI: 10.24874/ti.2065.11.25.02 
 

Tribology in Industry 
 

www.tribology.rs 

  

 
 

Optimization of Palm Oil Ester-Based Bio-lubricant 
Composition as Automotive Engine Oil by WASPAS 

Method 

 
Norhanifah Abdul Rahmana , Mohamad Ali Ahmadb,* , Jaharah A. Ghani c ,  
Muhamad Aidil Tasnim Roslanb , Nor Husna Mislanb  
 
aFaculty of Mechanical Engineering, Universiti Teknologi MARA Terengganu Branch, Bukit Besi Campus, 23200 
Dungun, Terengganu Darul Iman, Malaysia, 
bFaculty of Mechanical Engineering, Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia, 
cDepartment of Mechanical and Manufacturing Engineering, Faculty of Engineering and Built Environment, 
Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia. 
 

Keywords: 

Optimization  
Palm oil ester 
Biolubricant 
Automotive  
Wear 
Friction 

 

 A B S T R A C T 

The growing demand for sustainable alternatives to petroleum-based 
lubricants has accelerated interest in bio-lubricants derived from renewable 
resources. Palm oil has emerged as a promising bio-lubricant alternative due 
to its renewable sourcing, biodegradability, and advantageous 
physicochemical properties. Although palm oil esters are suitable for 
automotive engine oil applications, they have constraints and limitations that 
can be improved with appropriate additives. This study aims to identify the 
optimal composition of palm oil ester-based oil blended with lubricating 
additive oil (OA) for automotive engine oil using the Weighted Aggregated 
Sum Product Assessment (WASPAS) method. The palm oil ester base oil used 
in this study is trimethylolpropane trioleate (TMPTO), with an OA and 
ethylene-vinyl acetate copolymer (EVA). The kinematic viscosity results were 
determined using a Cannon-Fenske viscometer at temperatures ranging from 
40°C to 100°C. The coefficients of friction (COF) and wear scar diameter 
(WSD) were measured using a four-ball tribometer. From the WASPAS 
method, TMPTO with 8 wt.% OA provided the optimum performance with the 
lowest COF and WSD. The sample was further improved by EVA with additives 
range from 0.5 wt.% to 3.0 wt.% concentration. The composition of 8 wt.% OA 
and 1 wt.% EVA was identified as the optimal formulation of the blended palm 
oil ester with additives, as it complies with the Engine Oil Viscosity 
Classification (SAE J300) standard. 
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1. INTRODUCTION 
 
The global push toward environmental 
sustainability has intensified research into 

renewable and eco-friendly alternatives to 
petroleum-derived products, particularly in the 
lubricant industry. Most of the lubricants on the 
market today are mineral oils that come from 

R
E

SE
A

R
C

H
 

mailto:mohama9383@uitm.edu.my
https://orcid.org/0000-0001-9208-1028
https://orcid.org/0000-0001-8064-0902
https://orcid.org/0000-0002-0777-5437
https://orcid.org/0009-0003-7079-8265
https://orcid.org/0000-0002-4741-3852


Norhanifah Abdul Rahman et al., Tribology in Industry, DOI: 10.24874/ti.2065.11.25.02 

 2 

petroleum. Although these conventional oils are 
effective, their poor biodegradability and reliance 
on finite fossil resources highlight the necessity 
of pursuing sustainable, renewable, and 
commercially viable substitutes [1]. These 
limitations have driven research efforts toward 
renewable alternatives, with vegetable-based oils 
developing as particularly promising options for 
sustainable lubrication applications.  
 
Vegetable oils are increasingly recognized as 
promising substitutes for petroleum-based 
lubricants due to their renewable, non-toxic, 
economic, and environmentally friendly nature. 
Their advantageous physicochemical properties, 
including high viscosity index, excellent lubricity, 
low volatility, high flash point, low coefficient of 
friction, and superior shear stability, make them 
highly suitable for lubrication compared to 
conventional mineral oils. Furthermore, their 
structural similarity to the long-chain 
hydrocarbons in mineral oils enhances their 
potential as sustainable feedstocks for lubricant 
production [2]. Vegetable oils have demonstrated 
superior biodegradability as lubricants, as 
reported in numerous studies on coconut oil [3], 
soybean [4], sunflower [5, 6], jatropha [7], castor 
oil [8], palm oil [9, 10], etc. 
 
Palm oil demonstrates excellent lubrication 
characteristics and is widely recognized for its 
potential to serve as a substitute for mineral oil 
lubricants. Despite these advantages, palm oil 
encounters major limitations as a lubricant. Its 
thermal oxidative stability is relatively poor due 
to the presence of unsaturated bonds in the fatty 
acid structure and the hydrogen atoms located at 
the β position of the glycerol backbone [11]. In 
addition, palm oil exhibits poor low‑temperature 
fluidity, which further restricts its lubrication 
applications [12, 13]. To address this issue, the 
oxidative stability of palm oil can be enhanced by 
modifying its molecular structure through the 
chemical modification of the transesterification 
and esterification processes [14]. 
 
Trimethylolpropane trioleate (TMPTO), 
synthesized through the esterification of polyol 
esters of trimethylolpropane (TMP) and oleic 
acid (OA), has significant potential as a base stock 
to produce bio-lubricants due to its low melting 
point [15]. Several studies have demonstrated 
improved lubrication performance for chemically 
modified palm oil-based TMP esters. Palm oil-

based Trimethylolpropane Trioleate (TMPTO) 
offers advantageous properties such as high 
lubricity, good viscosity-temperature behaviour, 
and oxidative stability due to its branched ester 
structure [16].  
 
Rahman et al. [17] highlight the potential of palm 
oil esters as alternative engine oils, demonstrating 
their ability to provide competitive tribological 
performance. Palm esters exhibited good viscosity 
behaviour at temperature and, when blended with 
additives, effectively reduced friction and wear, 
indicating their suitability as sustainable 
substitutes for petroleum-based lubricants in 
engine oil applications. Mustaffha et al. [18] study 
the palm oil esters blended with mineral oil as 
alternative engine lubricants. Results showed that 
incorporating palm esters improved friction and 
wear performance, with PE exhibiting favourable 
low-temperature properties, demonstrating their 
potential as eco-friendly engine oil base stocks. 
Norazman et al. [9] evaluated oleic acid-based bio-
lubricants with different antioxidants to enhance 
lubrication performance. The results showed that 
additives greatly reduced friction and wear, with 
TBHQ being the most effective. This shows that 
palm-derived esters could be used as sustainable 
and efficient lubricant base oils. Yunus et al. [19] 
demonstrate that blending palm oil and TMP ester 
with semi-synthetic engine oil improves 
lubrication performance. Palm ester blends 
reduced friction and wear, with further 
enhancement from nano-glass additives, 
highlighting their effectiveness and potential as 
eco-friendly lubricants for engine oil applications. 
 
The selection of appropriate base oils and 
suitable lubricating oil additives is essential for 
minimizing wear and friction, as these represent 
the key performance criteria for automotive 
engine lubricants. Multi-Attribute Decision-
Making (MADM) techniques and mathematical 
modelling have been applied to assess and 
identify the most appropriate base lubricants 
[20]. More than 200 MCDM methods have been 
developed and commonly used. Among the 
methods, the Weighted Aggregated Sum Product 
Assessment method (WASPAS) is one of the 
modern MADM techniques that integrates the 
Weighted Sum Model (WSM) and Weighted 
Product Model (WPM). This combined approach 
has shown that it makes decisions more 
accurately than using just one WSM or WPM 
method [21]. 
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The WASPAS method enables flexible weighting 
and averaging of criteria, providing comprehensive 
evaluations that support effective decision-making 
between objectives required [21, 22]. Several 
studies have applied the WASPAS method as a 
decision-making tool in lubricant formulation and 
process optimization, which demonstrates its 
versatility as a multi-criteria optimization approach 
for selecting the best alternatives across various 
industrial applications [16, 23-26]. 
 
Several studies have applied the WASPAS method 
as a decision-making tool in lubrication and process 
optimization. Kathamore and Bachchhav [20] 
identify the most suitable bio-based lubricants for 
metal cutting operations, particularly tapping 
challenging materials, by evaluating fourteen 
vegetable oils based on nine key performance 
criteria using MADM techniques. The WASPAS 
method confirms that coconut oil, palm oil, and 
Jatropha oil are the most suitable bio-based 
lubricants, with coconut oil demonstrating the 
highest performance ranking. Kandi et al. [23] used 
the WASPAS method to optimize heat treatment 
conditions for steel, showing that temperature had 
the greatest effect on improving its mechanical 
properties. Sahoo et al. [24] applied the Taguchi-
based WASPAS method to improve the tribological 
performance of industrial ceramic coatings, 
showing that pressure was the key factor in 
reducing wear and friction.  
 
Zalas [25] demonstrated that the WASPAS method 
is an effective tool for optimizing technological 
process parameters, enabling accurate selection of 
optimal conditions to improve overall performance 
and efficiency. Perec and Zalas [26] showed that the 
WASPAS method is a useful tool for optimizing 
machining parameters and improving process 
performance in advanced manufacturing. From 
previous research, it indicates that the WASPAS 
method is widely used as an optimization approach 
for systematically ranking and selecting the best 
alternatives among multiple competing criteria in 
diverse industrial decision-making applications, 
including lubricant selection, heat treatment, and 
process parameter optimization. 
 
This study aims to identify the optimal composition 
of palm oil ester-based oil blended with lubricating 
additive oil for automotive engine oil using the 
WASPAS method. The optimization results 
obtained from the WASPAS analysis were validated 
through experimental findings. 

2. EXPERIMENTAL PROCEDURE 
 
2.1 Materials and sample preparation 
 
Palm oil ester used in this study, 
Trimethylolpropane Trioleate (TMPTO) was 
supplied by KLK OLEO (Malaysia). The 
lubricating oil additives (OA) and the viscosity 
modifier of ethylene–vinyl acetate copolymer 
(EVA) were supplied by Chevron Oronite 
(Malaysia) and Sigma-Aldrich (Malaysia), 
respectively. The OA consists of barium (B), 
calcium (Ca), magnesium (Mg), molybdenum 
(Mo), phosphorus (P), silicon (Si), strontium (Sr), 
and zinc (Zn). The benchmark engine oil used was 
Shell Helix HX5 15W-40. The properties of the 
lubricating oils and EVA are presented in Table 1 
and Table 2. 
 
Table 1. Properties of lubricating oils. 

Parameter TMPTO 15W-40 

Kinematic Viscosity (mm2/s)   

40°C 57.76 109.78 

100°C 11.41 14.46 

Flash Point C.O.C (°C) 321.33 231.33 

Pour Point (°C) -39 -45 

Viscosity Index 195.92 134.564 

 
Table 2. Properties of EVA. 

Parameter EVA 

Density (g/cm) 0.941 

Autoignition temp (°C) 340 

Melting point (°C) 75  

Composition Vinyl acetate (wt. %) 40  

 
The first step is to obtain the optimum 
percentage of OA through the WASPAS method. 
The TMPTO was mixed with OA at compositions 
of 2 wt.%, 4 wt.%, 6 wt.%, 8 wt.%, and 10 wt.%. 
The mixtures were stirred for 45 minutes at a 
temperature of 50-60°C using an overhead stirrer 
equipped with a rotary motor at 200 rpm. The 
summary of the blend composition of TMPTO 
with OA is shown in Table 3. Each sample was 
tested for kinematic viscosity using a viscometer 
and for wear preventive (WP) performance using 
a four-ball tribometer. Data obtained from the 
process were tabulated and optimized through 
WASPAS to obtain the best percentage ratio. 
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Table 3. Blend composition of TMPTO with OA. 

Sample Material 

A1 TMPTO + OA 2 wt.% 

A2 TMPTO + OA 4 wt.% 

A3 TMPTO + OA 6 wt.% 

A4 TMPTO + OA 8 wt.% 

A5 TMPTO + OA 10 wt.% 

 

In the next step, the optimum percentage ratio was 
subsequently blended with EVA at compositions of 
0.5 wt.%, 1.0 wt.%, 1.5 wt.%, 2.0 wt.%, 2.5 wt.%, 
and 3.0 wt.%. The blending process involved 2 
hours of continuous stirring at a temperature of 
110–120°C. The optimum TMPTO:OA:EVA ratio 
was selected with reference to the Engine Oil 
Viscosity Classification (SAE J300) standard, based 
on kinematic viscosity, COF, and WSD parameters. 
 

2.2 WASPAS method 
 

The process flow of the WASPAS method is 
illustrated in Fig. 1. 
 
The first step of the WASPAS method is to identify 
and create the decision matrix, X by equation (1), 
 

𝑋 = [𝑥𝑖,𝑗]𝑚𝑥𝑛
   (1) 

 
Where 𝑥𝑖,𝑗is the performance of the ith variant 

with respect to the jth criterion, i is the number of 
compared variants, j is the number of evaluation 
criteria, m is the number of variants, and n is the 
number of evaluation criteria. 
 

 
Fig. 1. Flowchart of WASPAS method. 

For the next step, a normalized decision matrix 
was constructed by equations (2) and (3). 
 

𝑋̅𝑖,𝑗(1) =
𝑋𝑖,𝑗

 𝑚𝑎𝑥(𝑋𝑖,𝑗)
  (2) 

 

𝑋̅𝑖,𝑗(2) =
min (𝑋𝑖𝑗)

𝑋𝑖,𝑗
  (3) 

 

Where 𝑋̅𝑖,𝑗(1) is the beneficial criteria, and 𝑋̅𝑖,𝑗(2) 

is the unbeneficial criteria. 
 
From the normalized values, the WSM and WPM 
methods were calculated by equations (4) and (5). 
 

𝑄𝑖
(1) = ∑ 𝑋𝑖𝑗

𝑛
𝑗=1 ∗ 𝑊𝑗  (4) 

 

𝑄𝑖
(2) = ∏ (𝑟𝑖𝑗)

𝑤𝑗𝑛
𝑗=1   (5) 

 

Where 𝑄𝑖
(1) is the relative importance of the ith 

alternative of the WSM method, 𝑄𝑖
(2) is the 

relative importance of the ith alternative of the 
WPM method, and Wj is the weight of relative 
significance of the jth criterion. 
 
The total importance of each alternative is 
determined by using a joint generalized criterion, 
Qi by equation (6). 
 

𝑄𝑖 = (𝑄𝑖
(1)) + (𝑄𝑖

(2))  (6) 
 

Equation (7) was used to enhance the accuracy 
and reliability of the decision-making process. 
 

𝑄𝑖 = 𝜆 ∗ 𝑄𝑖
(1) + ((1 − 𝜆) ∗ 𝑄𝑖

(2)) (7) 

 
Where 𝜆 is the value of 0, 0.1,…, 1. 
 
λ represents the weighting coefficient that 
controls the balance between the two 
components from WSM and WPM methods and 
the highest 𝑄𝑖  is selected as the best option. 
 
2.3 Kinematic viscosity, COF and WSD 
 
Kinematic viscosity was measured using a 
Cannon–Fenske viscometer in accordance with 
ASTM D445 (Fig. 2). In this method, the oil sample 
is placed in a capillary viscometer immersed in a 
constant temperature bath, where the time 
required for the fluid to flow under gravity from 
the start mark to the stop mark is measured. 
Readings were taken at each 10°C temperature 
increment from 40°C to 100°C. The kinematic 
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viscosity, expressed in centistokes (cSt) or mm²/s 
in SI units, is calculated by multiplying the 
measured flow time by the calibration constant 
specific to each viscometer tube.  
 

  
Fig. 2. Schematic diagram of a viscometer.  
 

The four-ball tribometer was used to determine 
the wear preventive (WP) characteristics using 
the standard test procedures described in ASTM 
D4172. The coefficient of friction (COF) was 
recorded during testing. The device consists of 
three alloy steel balls that are held stationary in a 
spherical cup. Approximately 10 mL of the oil 
sample was placed in the spherical cup. One ball 
is mounted on a rotating spindle within the four-
ball tribometer chamber (Fig. 3). The wear scar 
diameter (WSD) of the three stationary balls was 
measured using an optical microscope. The test 
parameters used for the four-ball tribometer are 
presented in Table 4. 
 

       
Fig. 3. Schematic diagram of the four-ball operation. 

 
Table 4. Four-ball test parameters. 

Parameter Value 

Rotating speed 1200±60 rpm 

Load 40±0.2 kg 

Duration 60±1 min 

Temperature 75±2°C 

3. RESULTS AND DISCUSSION 
 

3.1 Optimization by WASPAS method 
 

Kinematic viscosity, COF, and WSD were selected 
as the main parameters. The data obtained are 
presented in Table 5, where v represents the 
kinematic viscosity at 100°C. 
 
Table 5. Kinematic viscosity, COF and WSD results. 

Sample 𝒗 (mm²/s) COF WSD (mm) 

A1 10.76 0.082 443.3 

A2 11.08 0.0864 220.8 

A3 11.5 0.0820 204.3 

A4 11.31 0.0626 200.8 

A5 12.24 0.0741 206.9 

 

The data obtained from Table 5 were arranged 
into a decision matrix according to Equation (1). 
 

From the decision matrix values, the normalized 
matrix values were calculated using Equations 
(2) and (3) and are presented in Matrix 2, which 
combines both beneficial and nonbeneficial 
attributes. 
 

Beneficial attribute (max): v at 100°C 
Max (x1) = 12.24 mm²/s 
 

Non-beneficial attribute (min): WSD and COF  
Min (x2) = 0.0626 
Min (x3) = 200.8 μm 
 
Matrix 1. Decision matrix. 

𝑋𝑖𝑗 =

𝑆𝑎𝑚𝑝𝑙𝑒
𝐴1
𝐴2
𝐴3
𝐴4
𝐴5 [

 
 
 
 
 

𝑣 𝐶𝑂𝐹 𝑊𝑆𝐷
10.76 0.082 443.3
11.08 0.0864 220.8
11.5 0.0820 204.3
11.31 0.0626 200.8
12.24 0.0741 206.9]

 
 
 
 
 

 

 
Matrix 2. Normalized decision matrix. 

𝑋𝑖𝑗 =

𝑆𝑎𝑚𝑝𝑙𝑒
𝐴1
𝐴2
𝐴3
𝐴4
𝐴5 [

 
 
 
 
 
𝑋̅𝑖,1(𝑣) 𝑋̅𝑖,2(𝐶𝑂𝐹) 𝑋̅𝑖,3(𝑊𝑆𝐷)

0.8791 0.7634 0.4530
0.9052 0.7245 0.9094
0.9395 0.7634 0.9829
0.9240 1.0000 1.0000
1.0000 0.8448 0.9705 ]

 
 
 
 
 

 

 
Total additive relative importance for each 
alternative based on the WSM and WPM was 
calculated from the formula (4) and (5) and 
shown in Table 6. 

Start 
mark 

Stop  
mark 

……… 

……… 

Glass beaker 

Applied force 

Rotating Balls 
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Table 6. Total relative of alternative. 

Sample 𝑸𝒊
(𝟏) 𝑸𝒊

(𝟐) 

A1 0.6985 0.6724 

A2 0.8464 0.8418 

A3 0.8953 0.8900 

A4 0.9747 0.9740 

A5 0.9384 0.9360 

 

By using the equation (6), WSM and WPM were 
generalized as an overall weighted criterion and 
shown in Table 7. 
 

A comprehensive equation was developed to 
rank the alternatives more accurately and 
enhance the decision-making process by 

equation (7). Based on the results, the effect of 
the λ parameter on the joint generalized criterion 
was calculated and presented in Matrix 3, while 
the realistic ranking of the alternatives was 
determined according to the ranking accuracy 
value illustrated in Fig. 4. 
 
Table 7. Total importance of each alternative.  

Sample 𝑸𝒊 

A1 0.6854 

A2 0.8441 

A3 0.8926 

A4 0.9743 

A5 0.9372 

 
 

Matrix 3. Effect of λ value on joint generalized criterion. 
 

[
 
 
 
 
 
𝐴𝑙𝑡
𝐴1
𝐴2
𝐴3
𝐴4
𝐴5]

 
 
 
 
 

[
 
 
 
 
 
λ = 0 λ = 0.1 λ = 0.2 λ = 0.3 λ = 0.4 λ = 0.5 λ = 0.6 λ = 0.7 λ = 0.8 λ = 0.9 λ = 1.0
0.6724 0.6750 0.6776 0.6802 0.6828 0.6855 0.6881 0.6907 0.6933 0.6959 0.6724
0.8418 0.8423 0.8427 0.8432 0.8436 0.8441 0.8446 0.8450 0.8455 0.8459 0.8464
0.8900 0.8905 0.8911 0.8916 0.8921 0.8927 0.8932 0.8937 0.8942 0.8948 0.8953
0.9740 0.9741 0.9741 0.9742 0.9743 0.9744 0.9744 0.9745 0.9746 0.9746 0.9747
0.9360 0.9362 0.9365 0.9367 0.9370 0.9372 0.9374 0.9377 0.9379 0.9382 0.9384]

 
 
 
 
 

 

 

 
Fig. 4. Ranking of the alternative.  
 

It can be observed that the line representing 
sample A4 remains consistently at the top, 
indicating the highest performance score and 
confirming it as the optimal selection. In contrast, 
the line for sample A1 remains consistently at the 
bottom, identifying it as the least preferred 
alternative. The results indicated that the mixture 
of TMPTO with 8 wt.% OA (sample A4) is selected 
based on the performance score.  
 
Another method of optimization involves plotting 
each parameter and identifying the best 
performance for each. Fig. 5 shows the kinematic 
viscosity of each sample measured from 40°C to 
100°C. Sample A4 was identified as optimal based 
on its lowest COF and WSD values. However, its 

kinematic viscosity requires modification with 
EVA to comply with the Engine Oil Viscosity 
Classification (SAE J300) standard [27]. 
 
It can be observed that 15W-40, as a commercial 
benchmark engine oil, has the highest kinematic 
viscosity of all samples compared to TMPTO and 
blended TMPTO with OA. The kinematic viscosity of 
samples A3 to A5 increased by 1.00% to 12.70% at 
40°C, whereas samples A1 and A2 showed 
decreases of 5.59% to 8.34% compared to TMPTO.  
 
Samples A1 and A2 show lower kinematic 
viscosity than TMPTO because, as reported by 
Lee et al. [28], the viscosity of vegetable-oil-
derived TMP esters is influenced by molecular 
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structure and intermolecular interactions. 
Therefore, at low additive composition, the 
additives modify ester molecular interactions 
without increasing viscosity. Similar results were 
reported by Rahman et al. [17] and Azman et al. 
[9], where the base oil blended with additives had 
a lower kinematic viscosity value than the base 
oil alone. As for samples A3 to A5, the higher 
additive composition enhances intermolecular 
interactions and increases internal resistance to 
flow, resulting in a higher kinematic viscosity.  
 

 
Fig. 5. Kinematic viscosity of 15W-40, TMPTO and 
samples A1 to A5.  
 

In terms of COF mapping as shown in Fig. 6, 
sample A4 demonstrates the best performance. 
This finding aligns with the WASPAS results, 
which also selected sample A4 as optimal. The 
results show that sample A4 shows the lowest 
COF among all samples, demonstrating a 
reduction of 43.9% and 6.34% compared to 15W-
40 and pure TMPTO, respectively. 
 

 
Fig. 6. The average COF of 15W-40, TMPTO and 
samples A1 to A5. 

There is a similar finding in the study 
conducted by Rahman et al. [17], where the 
addition of approximately 8 wt.% OA to palm 
oil ester resulted in the lowest COF among all 
samples. TMPTO exhibits a lower COF than the 
other samples. This indicates that, although 
vegetable oil-based lubricants generally 
provide low friction, friction behaviour is 
strongly influenced by additive composition. 
The addition of OA containing B, Ca, Mg, Mo, P, 
Si, Sr and Zn to TMPTO affects the tribological 
behaviour of the oil samples. At 2 wt.% OA in 
TMPTO, the COF is higher than that of pure 
TMPTO due to insufficient additive content, 
which limits the formation of a continuous and 
stable boundary layer on the metal surface. As 
a result, incomplete surface protection and 
increased asperity interaction occur during 
sliding [29,30]. Increasing the OA composition 
causes the COF to decrease. At 6 wt.% OA, the 
additives become fully functional, resulting in 
improved friction performance. 
 
Similarly, the WSD results presented in Fig. 7 
show that sample A4 demonstrates the best 
performance among all samples, which is 
consistent with the selection obtained from the W 
ASPAS method. 
 

 
Fig. 7. The average WSD of 15W-40, TMPTO and 
samples A1 to A5. 
 

The commercial 15W-40, which serves as the 
benchmark, shows a WSD of 232.44 μm, 
whereas TMPTO exhibited a WSD of 358.21 μm . 
This indicates that the commercial 15W-40 has 
been formulated with suitable lubricating oil 
additives that more effectively protect the 
contact surfaces compared to pure TMPTO 
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without additional additives. Sample A1 
exhibited the largest WSD, whereas sample A4 
showed the smallest, with reductions of 14.6% 
and 56.36% compared to 15W-40 and pure 
TMPTO.  
 
TMPTO shows a lower COF but a higher WSD 
compared to the other samples. This indicates 
that even though vegetable oil has a lower COF, 
it does not correspond to a low WSD due to the 
presence of fatty acids that chemically interact 
with metal surfaces under sliding conditions 
[31]. At 2 wt.% OA, the WSD is higher than that 
of pure TMPTO due to insufficient additive 
composition to form a protective tribo-film. As 
the OA composition increases from 4 wt.% to 
10 wt.%, the WSD remains nearly constant, 
indicating stable wear scar diameters and 
consistent wear protection. As reported by 
Spikes [32], Zn acts effectively as an anti-wear 
additive by forming a protective layer that 
limits direct surface contact, leading to reduced 
wear and smaller WSD values. 
 
Analysis of the individual results for kinematic 
viscosity, COF, and WSD aligns with the WASPAS 
findings. These experimental outcomes confirm 
the WASPAS analysis, which identified sample A4 
as the optimal composition. 
 
3.2 Kinematic viscosity improvement using EVA 
 
Based on the WASPAS (Weighted Aggregated 
Sum Product Assessment) results, sample A4 
containing 8 wt.% OA (oleic acid) was selected as 
the optimum composition. To meet the Engine Oil 
Viscosity Classification (SAE J300) standard for 
kinematic viscosity, sample A4 was subsequently 
modified with EVA, as presented in Table 8. The 
kinematic viscosity results of samples B1 to B6 
are presented in Fig. 8. 
 
Table 8. Final blend composition of sample A4 with 
EVA.  

Sample Material  

B1 A4 + EVA 0.5 wt.%  

B2 A4 + EVA 1.0 wt.%  

B3 A4 + EVA 1.5 wt.%  

B4 A4 + EVA 2.0 wt.%  

B5 A4 + EVA 2.5 wt.%  

B6 A4 + EVA 3.0 wt.%  

 

Kinematic viscosity of samples B1 to B6 shows 
in Fig. 8 increases consistently with increasing 
additive composition. This trend indicates that 
the addition of EVA effectively enhances the 
viscosity of all samples. Compared to sample 
A4, the addition of EVA increased the kinematic 
viscosity of samples B1 to B6 by 26.52% to 
94.39% at 40°C and by 22.10% to 80.27% at 
100°C.  

 

 
Fig. 8. Kinematic viscosity of 15W-40, sample A4 and 
samples B1 to B6.  

 
Among the samples, samples B1 (0.5 wt.%) and 
B2 (1.0 wt.%) met the required kinematic 
viscosity values of 14.12 mm²/s and 15.77 
mm²/s, respectively, according to the standard. 
 
There are similar outcomes from the studies by 
Dandan et al. [33] and Norazman et al. [9], which 
use EVA as a viscosity improver in palm oil. They 
found that the dispersed EVA molecules 
strengthen intermolecular interactions and form 
thicker boundary films, reducing friction, wear, 
and metal-to-metal contact, thereby improving 
anti-wear performance under high load and 
extreme pressure conditions. 
 
According to Alothman [34], the increase in 
viscosity is due to the introduction of long-
chain polymer molecules. EVA polymer chains 
interact with the oil molecules and physically 
entangle within the fluid, forming a structure 
that makes it harder for the molecules to move 
around. This constraint of molecular mobility 
and reduction of free volume within the system 
makes the mixture more resistant to flow, thus 
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increasing its viscosity. A higher vinyl acetate 
percentage makes the EVA copolymer more 
polar, enhancing its interaction with polar 
components in the oil and further contributing 
to viscosity increase [35]. 
 
Sample A4 with EVA at varying concentration 
percentages was presented in Fig. 9. Sample A4 
exhibits the lowest COF, while commercial 
15W-40 shows the highest COF among all 
samples. Although the addition of EVA 
increased the COF in samples B1 to B4 
compared to sample A4, these samples still 
outperformed the 15W-40 lubricant, with 
reductions ranging from 16.25% to 26.18%. 
COF for samples B5 and B6 was excluded from 
further testing, as its kinematic viscosity 
exceeded the limits specified by the Engine Oil 
Viscosity Classification (SAE J300) standard. 
 

 

Fig. 9. The average COF of 15W-40, sample A4 and 
samples B1 to B4. 

 
A similar outcome was reported by Dandan & 
Samion [33], who found that the addition of 1% 
EVA to palm kernel methyl ester effectively 
reduced friction compared to commercial 
mineral oil. This reduction in the coefficient of 
friction is attributed to the ability of viscosity 
modifier additives to adsorb onto metal 
surfaces and form thick, viscous boundary 
films, thereby enhancing lubrication when EVA 
copolymer is incorporated into PKME.  
 
From the observations, the mixture of OA and 
EVA in TMPTO increases the COF compared to 
TMPTO blended with OA alone. This increase is 
due to the higher viscosity of the blended 

samples, which elevates viscous shear stress 
during the slide. Although EVA is effective as a 
viscosity improver, higher viscosity also raises 
shear stress, thereby increasing the friction 
[36, 37]. 
 
The lower WSD observed in sample A4 is 
consistent with its COF results. Samples B1 to B4 
in Fig. 10 show a consistently smaller average of 
WSD compared to 15W-40. From the figure, 
samples B1 to B4 show a stable smaller average 
of WSD compared to 15W-40 and TMPTO. Sample 
B1 recorded the smallest WSD at 196.30 μm, 
followed closely by B4, B2, and B3, with values of 
198.53 μm, 205.90 μm, and 207.98 μm, 
respectively. Dandan and Samion [33], similarly 
reported that adding EVA reduced WSD and 
improved lubricant performance. 
 

  

Fig. 10. The average WSD of 15W-40, sample A4 and 
samples B1 to B4. 

 
Fig. 11 illustrates the WSD on the steel ball 
surface, measured using an optical microscope. 
The parallel grooves observed on the worn 
surfaces show depth variations indicated by 
colour contrast, where darker regions 
represent deeper grooves and brighter areas 
correspond to shallower wear. According to 
Norazman et al. [9], these grooves were caused 
by wear debris of the oxide layer or worn-off 
adhesion of rigid particles. 15W-40 
demonstrated the darkest wear scar 
morphology, signifying the formation of deeper 
wear tracks among the tested lubricants. 
Sample A1 exhibited the largest WSD at 456 
μm, followed by pure TMPTO at 356.5 μm, 
consistent with its highest average WSD. In 
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contrast, sample A4 displayed the smallest 
WSD with a brighter scar. 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

 

(g) 

Fig. 11. Optical micrograph of wear scars for oil 
samples of (a) 15W-40 (b) TMPTO, (c) A1, (d) A2, (e) 
A3, (f) A4 and (g) A5. 

 
According to the results of COF and WSD, 
samples B1 (0.5 wt.% EVA) and B2 (1.0 wt.% 
EVA) met the kinematic viscosity requirements 
for engine oil specifications. Although samples 
B3 (1.5 wt.% EVA) and B4 (2.0 wt.% EVA) 
present lower COF, its kinematic viscosity 
exceeded the acceptable standard range. 
Sample B2 was identified as the optimal 
blended palm oil ester with additives due to its 

kinematic viscosity being within the required 
range of 12.5 to 16.3 mm²/s at 100°C. 
 
4. CONCLUSION 
 
Palm oil ester demonstrates significant potential 
as a sustainable alternative to 15W-40 for engine 
lubricant applications, and its performance can 
be further improved through the addition of 
suitable additives. In this study, the WASPAS 
method was used as an optimization tool to 
determine the most suitable composition of palm 
oil ester with additives for engine oil applications. 
The main findings are summarized as follows: 
 
(a) From the WASPAS method, TMPTO with 8 

wt.% OA (sample A4) is selected based on 
the performance score. 

(b) Sample A4 provided the optimum 
performance with 43.9% lower COF and a 
14.6% smaller WSD compared to 15W-40.  

(c) Sample A4 was subsequently improved with 
EVA to meet the Engine Oil Viscosity 
Classification (SAE J300) standard for 
kinematic viscosity. 

(d) The addition of EVA in sample A4 increased 
the kinematic viscosity of samples B1 to B6 
by 26.52% to 94.39% at 40°C and by 22.10% 
to 80.27% at 100°C. 

(e) For samples B1 to B4, the COF decreased as 
the EVA composition increased, showing 
improvements with reductions ranging from 
16.25% to 26.18% compared to 15W-40.  

(f) The composition of 8 wt.% OA and 1 wt.% 
EVA was identified as the optimal 
formulation of the blended palm oil ester 
with additives, as it complies with the Engine 
Oil Viscosity Classification (SAE J300) 
standard.  

(g) Analysis of the individual results for 
kinematic viscosity, COF, and WSD aligns 
with the WASPAS findings. These 
experimental outcomes confirm the 
WASPAS analysis, which identified sample 
A4 as the optimal composition. 

 

Acknowledgement  
 
The authors wish to thank KLK OLEO (Malaysia), 
and Chevron Oronite (Malaysia) for providing us 
with the palm oil ester and additives used in this 
study. The authors also would like to 
acknowledge the Faculty of Mechanical 

236.6μm 
 

356.5μm 
 

220.1μm 

 

215.7μm 

456μm 
4 

201.3μm 

209.1μm 

 



Norhanifah Abdul Rahman et al., Tribology in Industry, DOI: 10.24874/ti.2065.11.25.02 

 11 

Engineering, Universiti Teknologi MARA, which 
made this study possible. 
 
REFERENCES 
 
[1] N. A. Zainal, N. W. M. Zulkifli, M. Gulzar, and H. H. 

Masjuki, “A review on the chemistry, production, 
and technological potential of bio-based 
lubricants,” Renew. Sustain. Energy Rev., vol. 82, 
no. June 2017, pp. 80–102, 2018, doi: 
10.1016/j.rser.2017.09.004. 

[2] F. M. Fadzel, J. Salimon, and D. Derawi, 
“Biolubricant production from palm stearin fatty 
acids and pentaerythritol,” in Malaysian Journal 
of Chemistry, 2019, pp. 50–63. 

[3] D. Gasni and I. H. Mulyadi, “Effect of extracting 
method of coconut oils on tribological properties 
as bio-based lubricant,” J. Appl. Eng. Sci., vol. 20, 
no. 3, pp. 831–840, 2022, doi: 10.5937/jaes0-
32294. 

[4] Q. Zhu, X. Chen, H. Gu, and Z. Yun, “Two 
approaches for bio-lubricant production from 
soybean oil with organosilicon,” Sustain. Chem. 
Pharm., vol. 31, Apr. 2023, doi: 
10.1016/j.scp.2022.100965. 

[5] M. A. S. Biswas et al., “Lubrication Performance of 
Sunflower Oil Reinforced with Halloysite Clay 
Nanotubes (HNT) as Lubricant Additives,” 
Lubricants, vol. 10, no. 7, Jul. 2022, doi: 
10.3390/lubricants10070139. 

[6] M. H. Jabal, M. Z. Khlefia, I. S. Ahmed, and H. D. 
Salman, “Performance features of the sunflower 
seeds oil as a hydraulic bio fluid under various 
normal loads,” J. Teknol., vol. 82, no. 2, pp. 1–6, 
Mar. 2020, doi: 10.11113/jt.v82.13354. 

[7] A. M. Sabri et al., “Enhancing the physical and 
tribological characteristics of modified jatropha 
oil via the incorporation of hybrid nanoparticle 
additives,” J. Tribol., vol. 41, pp. 49–67, 2024. 

[8] Q. Zeng, “The lubrication performance and 
viscosity behavior of castor oil under high 
temperature,” Green Mater., vol. 10, no. 2, pp. 51–
58, Feb. 2021, doi: 10.1680/jgrma.20.00068. 

[9] A. M. Norazman, Z. Paiman, and S. Samion, 
“Tribological performances of palm oil derived-
oleic acid biolubricant incorporated with 
antioxidant and viscosity improver,” J. Tribol., 
vol. 43, pp. 217–243, 2024. 

[10] P. Puspitasari, A. A. Permanasari, A. M. H S Lubis, 
M. Z. Ardiansyah, D. D. Pramono, and M. Ilman 
Hakimi Chua Abdullah, “Thermophysical, 
rheological and tribological properties of palm 
oil with hybrid CuO/MWCNT additive 
nanoparticles as cutting fluid on CNC machining,” 

J. Tribol., vol. 45, pp. 268–293, 2025. 

[11] C. Murru, R. Badía-Laíño, and M. E. Díaz-García, 
“Oxidative Stability of Vegetal Oil-Based 
Lubricants,” ACS Sustain. Chem. Eng., vol. 9, no. 4, 
pp. 1459–1476, Feb. 2021, doi: 
10.1021/acssuschemeng.0c06988. 

[12] A. Saka, T. K. Abor, A. C. Okafor, and M. U. 
Okoronkwo, “Thermo-rheological and 
tribological properties of low- and high-oleic 
vegetable oils as sustainable bio-based 
lubricants,” RSC Sustain., vol. 3, no. 3, pp. 1461–
1476, Jan. 2025, doi: 10.1039/d4su00605d. 

[13] Y. Wu, W. Li, and X. Wang, “Synthesis and 
properties of trimethylolpropane trioleate as 
lubricating base oil,” Lubr. Sci., vol. 27, no. 6, pp. 
369–379, Oct. 2015, doi: 10.1002/ls.1287. 

[14] N. Mohd Nor and J. Salimon, “Synthesis and 
Characterization of Palm Oil Pentaerythritol 
Ester-Based Biolubricant from Malaysia Palm 
Oil,” Malaysian J. Anal. Sci., vol. 27, pp. 716–727, 
2023. 

[15] B. Bachchhav, Y. Anecha, and B. Waghmare, 
“Tribological Performance Evaluation of TMPTO 
Based Nano-Lubricants,” J. Manuf. Eng., vol. 18, 
no. 3, pp. 091–095, Aug. 2023, doi: 
10.37255/jme.v18i3pp091-095. 

[16] P. S. Kathamore and B. D. Bachchhav, 
“Tribological investigations of 
trimethylolpropane trioleate bio-based 
lubricants,” Ind. Lubr. Tribol., vol. 73, no. 7, pp. 
1074–1083, Oct. 2021, doi: 10.1108/ILT-05-
2021-0157. 

[17] N. A. Rahman, M. A. Ahmad, M. Azlina, A. Bakar, 
and M. Katon, “Tribological performance analysis 
of palm oil esters as alternative automotive 
engine oil,” J. Tribol., vol. 45, pp. 159–173, 2025. 

[18] S. Mustaffha et al., “Evaluating palm oil ester base 
oils as eco-friendly alternatives in lubricant 
formulations,” J. Tribol., vol. 43, pp. 158–168, 
2024. 

[19] R. Yunus, H. Saeed Rasheed, N. Wahidah, and M. 
Zulkifli, “Wear and friction behavior of semi 
synthetic engine oil blended with palm oil/TMP 
ester and nano glass powder additive,” J. Tribol., 
vol. 26, pp. 16–36, 2020. 

[20] P. S. Kathamore and B. D. Bachchhav, “Grade 
classification of bio-based lube oil by multi-
attribute decision making methods,” Mater. 
Today Proc., vol. 43, pp. 760–768, 2021, doi: 
10.1016/j.matpr.2020.06.027. 

[21] A. Jayant, A. K. Chandan, and S. Singh, 
“Sustainable supplier selection for battery 
manufacturing industry: A MOORA and WASPAS 
Based Approach,” in Journal of Physics: 

https://www.sciencedirect.com/science/article/abs/pii/S1364032117312534
https://www.sciencedirect.com/science/article/abs/pii/S1364032117312534
https://aseestant.ceon.rs/index.php/jaes/article/view/32294
https://aseestant.ceon.rs/index.php/jaes/article/view/32294
https://www.sciencedirect.com/science/article/abs/pii/S2352554122003692
https://www.sciencedirect.com/science/article/abs/pii/S2352554122003692
https://www.mdpi.com/2075-4442/10/7/139
https://www.mdpi.com/2075-4442/10/7/139
https://journals.utm.my/jurnalteknologi/article/view/13354
https://www.emerald.com/jgrma/article-abstract/10/2/51/420711/The-lubrication-performance-and-viscosity-behavior?redirectedFrom=fulltext
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.0c06988
https://pubs.acs.org/doi/full/10.1021/acssuschemeng.0c06988
https://pubs.rsc.org/de-at/content/articlelanding/2025/su/d4su00605d
https://onlinelibrary.wiley.com/doi/abs/10.1002/ls.1287
https://www.google.com/search?q=doi%3A+10.37255%2Fjme.v18i3pp091-095&sca_esv=d9dae8ae9ef8ea53&biw=1280&bih=665&sxsrf=ANbL-n6RhKz8E66rHimmsVNhtvwz1UtyMQ%3A1771906520890&ei=2CWdaaWBNvjqg8UP-5m3YQ&ved=0ahUKEwilzYKWovGSAxV49aACHfvMLQwQ4dUDCBE&uact=5&oq=doi%3A+10.37255%2Fjme.v18i3pp091-095&gs_lp=Egxnd3Mtd2l6LXNlcnAiIGRvaTogMTAuMzcyNTUvam1lLnYxOGkzcHAwOTEtMDk1MgUQABjvBTIFEAAY7wUyBRAAGO8FMgUQABjvBTIFEAAY7wVI3w5QqwZYqwZwAXgAkAEAmAGwAaABsAGqAQMwLjG4AQPIAQD4AQH4AQKYAgKgArsBqAIKwgIXEAAYgAQYigUYkQIY5wYY6gIYtALYAQHCAhcQLhiABBiKBRiRAhjnBhjqAhi0AtgBAcICHRAuGIAEGIoFGJECGOcGGMcBGNEDGOoCGLQC2AEBwgIQEAAYAxiPARjqAhi0AtgBAZgDBPEFADAklbcZv1e6BgQIARgHkgcDMS4xoAfhArIHAzAuMbgHtgHCBwMyLTLIBwiACAE&sclient=gws-wiz-serp
https://www.google.com/search?q=doi%3A+10.37255%2Fjme.v18i3pp091-095&sca_esv=d9dae8ae9ef8ea53&biw=1280&bih=665&sxsrf=ANbL-n6RhKz8E66rHimmsVNhtvwz1UtyMQ%3A1771906520890&ei=2CWdaaWBNvjqg8UP-5m3YQ&ved=0ahUKEwilzYKWovGSAxV49aACHfvMLQwQ4dUDCBE&uact=5&oq=doi%3A+10.37255%2Fjme.v18i3pp091-095&gs_lp=Egxnd3Mtd2l6LXNlcnAiIGRvaTogMTAuMzcyNTUvam1lLnYxOGkzcHAwOTEtMDk1MgUQABjvBTIFEAAY7wUyBRAAGO8FMgUQABjvBTIFEAAY7wVI3w5QqwZYqwZwAXgAkAEAmAGwAaABsAGqAQMwLjG4AQPIAQD4AQH4AQKYAgKgArsBqAIKwgIXEAAYgAQYigUYkQIY5wYY6gIYtALYAQHCAhcQLhiABBiKBRiRAhjnBhjqAhi0AtgBAcICHRAuGIAEGIoFGJECGOcGGMcBGNEDGOoCGLQC2AEBwgIQEAAYAxiPARjqAhi0AtgBAZgDBPEFADAklbcZv1e6BgQIARgHkgcDMS4xoAfhArIHAzAuMbgHtgHCBwMyLTLIBwiACAE&sclient=gws-wiz-serp
https://www.emerald.com/ilt/article-abstract/73/7/1074/173391/Tribological-investigations-of-trimethylolpropane?redirectedFrom=fulltext
https://www.emerald.com/ilt/article-abstract/73/7/1074/173391/Tribological-investigations-of-trimethylolpropane?redirectedFrom=fulltext
https://www.sciencedirect.com/science/article/abs/pii/S2214785320344746
https://www.sciencedirect.com/science/article/abs/pii/S2214785320344746


Norhanifah Abdul Rahman et al., Tribology in Industry, DOI: 10.24874/ti.2065.11.25.02 

 12 

Conference Series, Institute of Physics Publishing, 
Aug. 2019. doi: 10.1088/1742-
6596/1240/1/012015. 

[22] I. Tronnebati, F. Jawab, Y. Frichi, and J. Arif, 
“Green Supplier Selection Using Fuzzy AHP, 
Fuzzy TOSIS, and Fuzzy WASPAS: A Case Study of 
the Moroccan Automotive Industry,” Sustain. , 
vol. 16, no. 11, Jun. 2024, doi: 
10.3390/su16114580. 

[23] B. P. Kandi, S. Jeet, D. K. Bagal, A. Barua, S. Bhoi, 
and S. S. Mahapatra, “Mechanical 
characterization of quenched hardened 
chromoly steel using taguchi coupled WASPAS 
method,” in Materials Today: Proceedings, 
Elsevier Ltd, 2021, pp. 2321–2327. doi: 
10.1016/j.matpr.2021.10.224. 

[24] U. K. Sahoo, S. Jeet, D. K. Bagal, M. K. Sahu, K. 
Kumari, and A. Barua, “Optimization of industrial 
coatings tribological parameters by studying its 
application on mechanical components using 
Taguchi coupled WASPAS method,” in Materials 
Today: Proceedings, Elsevier Ltd, 2021, pp. 1405–
1412. doi: 10.1016/j.matpr.2021.08.326. 

[25] A. Radomska-Zalas, “Application of the WASPAS 
method in a selected technological process,” in 
Procedia Computer Science, Elsevier B.V., 2023, 
pp. 177–187. doi: 10.1016/j.procs.2023.10.002. 

[26] A. Perec and A. Radomska-Zalas, “WASPAS 
Optimization in Advanced Manufacturing,” in 
Procedia Computer Science, Elsevier B.V., 2022, 
pp. 1193–1200. doi: 
10.1016/j.procs.2022.09.175. 

[27] SAE J300, “SAE J300 Engine Oil Viscosity 
Classification,” 2021. 

[28] C. T. Lee et al., “Trimethylolpropane trioleate as 
eco-friendly lubricant additive,” Eng. Sci. Technol. 
an Int. J., vol. 35, Nov. 2022, doi: 
10.1016/j.jestch.2021.09.014. 

[29] K. Tomlinson, S. Davison, P. King, S. Howell-
Smith, T. Slatter, and N. Morris, “On the Role of 
Friction Modifier Additives in the Oil Control 
Ring and Piston Liner Contact,” J. Tribol., vol. 146, 
no. 4, 2024, doi: 10.1115/1.4064302. 

[30] H. Gu, T. Hirayama, N. Yamashita, J. Xu, and M. 
Yamada, “Relationship between friction 
reduction effect and solubility in base oil of 
organic friction modifiers,” Tribol. Int., vol. 202, 
no. October 2024, p. 110304, 2025, doi: 
10.1016/j.triboint.2024.110304. 

[31] N. Farhanah Azman, E. Abd Rahim, and K. 
Shunpei, “The Influence of Zinc-Dialkyl-
Dithiophosphate (ZDDP) Additives on the 
Tribological Performance of RBD Palm Kernel,” J. 
Mech. Eng., vol. 1, no. 1, pp. 65–77, 2017. 

[32] H. Spikes, Mechanisms of ZDDP—An Update, vol. 
73, no. 1. Springer US, 2025. doi: 
10.1007/s11249-025-01968-3. 

[33] M. A. Dandan and S. Samion, “Tribological 
analysis of palm kernel methyl ester containing 
polymeric viscosity improver,” Green Mater., vol. 
7, no. 4, pp. 168–176, Feb. 2019, doi: 
10.1680/jgrma.18.00067. 

[34] O. Y. Alothman, “Processing and characterization 
of high density polyethylene/ethylene vinyl 
acetate blends with different VA contents,” Adv. 
Mater. Sci. Eng., vol. 2012, 2012, doi: 
10.1155/2012/635693. 

[35] M.R.H Rosdi and A.Ariffin, “Evaluation of Flow 
Ability Response in EVA Emulsion Preparation 
with Different Vinyl Acetate Percentage by 
Intrinsic Viscosity Measurement,” Procedia 
Chem., vol. 19, pp. 455–461, 2016, doi: 
10.1016/j.proche.2016.03.038. 

[36] J. Echávarri Otero, E. De La Guerra Ochoa, E. 
Chacón Tanarro, and B. Del Río López, “Friction 
coefficient in mixed lubrication: A simplified 
analytical approach for highly loaded non-
conformal contacts,” Adv. Mech. Eng., vol. 9, no. 7, 
pp. 1–11, 2017, doi: 
10.1177/1687814017706266. 

[37] L. J. M. Jacobs, J. van der Lugt, and M. B. de Rooij, 
“Contribution of viscous shear to friction in cold 
rolling of low-carbon steel,” Tribol. Int., vol. 191, 
no. September 2023, p. 109102, 2024, doi: 
10.1016/j.triboint.2023.109102. 

 

 

https://www.google.com/search?q=doi%3A10.1088%2F1742-6596%2F1240%2F1%2F012015&oq=doi%3A10.1088%2F1742-6596%2F1240%2F1%2F012015&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIGCAEQRRg60gEIMTAxNmowajeoAgiwAgHxBfheeBriNGyQ8QX4Xnga4jRskA&sourceid=chrome&ie=UTF-8
https://www.google.com/search?q=doi%3A10.1088%2F1742-6596%2F1240%2F1%2F012015&oq=doi%3A10.1088%2F1742-6596%2F1240%2F1%2F012015&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIGCAEQRRg60gEIMTAxNmowajeoAgiwAgHxBfheeBriNGyQ8QX4Xnga4jRskA&sourceid=chrome&ie=UTF-8
https://www.mdpi.com/2071-1050/16/11/4580
https://www.mdpi.com/2071-1050/16/11/4580
https://www.sciencedirect.com/science/article/abs/pii/S2214785321067316
https://www.sciencedirect.com/science/article/abs/pii/S2214785321067316
https://www.sciencedirect.com/science/article/abs/pii/S2214785321057710
https://dl.acm.org/doi/10.1016/j.procs.2023.10.002
https://www.sciencedirect.com/science/article/pii/S1877050922010572
https://www.sciencedirect.com/science/article/pii/S1877050922010572
https://www.sciencedirect.com/science/article/pii/S221509862100197X
https://www.sciencedirect.com/science/article/pii/S221509862100197X
https://asmedigitalcollection.asme.org/tribology/article-abstract/146/4/042201/1192673/On-the-Role-of-Friction-Modifier-Additives-in-the?redirectedFrom=fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0301679X24010569
https://www.sciencedirect.com/science/article/abs/pii/S0301679X24010569
https://link.springer.com/article/10.1007/s11249-025-01968-3
https://link.springer.com/article/10.1007/s11249-025-01968-3
https://www.emerald.com/jgrma/article-abstract/7/4/168/441834/Tribological-analysis-of-palm-kernel-methyl-ester?redirectedFrom=fulltext
https://www.emerald.com/jgrma/article-abstract/7/4/168/441834/Tribological-analysis-of-palm-kernel-methyl-ester?redirectedFrom=fulltext
https://onlinelibrary.wiley.com/doi/10.1155/2012/635693
https://onlinelibrary.wiley.com/doi/10.1155/2012/635693
https://www.sciencedirect.com/science/article/pii/S187661961600084X
https://www.sciencedirect.com/science/article/pii/S187661961600084X
https://journals.sagepub.com/doi/10.1177/1687814017706266
https://journals.sagepub.com/doi/10.1177/1687814017706266
https://www.sciencedirect.com/science/article/pii/S0301679X23008927
https://www.sciencedirect.com/science/article/pii/S0301679X23008927

