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Abstract

The adoption of vegetable oil as a basic lubricant has become increasingly prevalent due to growing environmental concerns about the 
harm caused by lubricants made from petroleum. As a result, many researchers are concentrating on developing new, efficient green 
lubricants. This current work evaluates the tribological performance of novel ficus carica (fig oil) combined with Ethylene Vinyl Acetate 
(EVA) viscosity modifier and Tertiary-Butyl-Hydroquinone (TBHQ) nanoparticles as an eco-friendly lubricant. The research employed a 
four-ball tribometer standard test (ASTM D4172-94). Field emission scanning electron microscopy (FESEM) was used for worn surface 
morphology examination. In the study, TBHQ was kept at 0.3 mass%, while EVA concentrations varied from 0.5, 1, 1.5, and 5 mass%. An 
ultrasonic homogenizer was used to combine the samples using the sonication technique. The viscometric study revealed 1 mass% EVA 
as optimal concentration. Thermogravimetric analysis (TGA) results showed that EVA + TBHQ inclusion resisted lubricant degradation, 
while oxidation time shift was at onset of 53.5 min against base oil onset of 14.1 min. The frictional results showed 100 kg of load, adding 
0.9 mass% EVA + 0.3 mass% TBHQ nanoparticles gives the best reduction in wear and the coefficient of friction, although SAE-5W-30 
lubricant performed better. Furthermore, the effectiveness of the added substances was determined by their ability to diffuse into the 
sliding contact, thereby avoiding direct contact between the sliding bodies, which, if not minimized, could result in machine damage.
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1 Introduction

Global environmental concerns have led to an increase in 
the use of biodegradable materials for a number of decades, 
owing to their potential to solve global warming effects [1–3]. 
The advent of product ecolabelling has had a considerable 
impact among many governmental directives addressing the 
preservation of the environment [4]. Fossil fuel consumption 
gives rise to a range of environmental worries since their 
emissions contain different chemicals that exacerbate 
environmental harm [5, 6]. Hence, there is a need to identify 
substitute lubricants made from sustainable sources because 
fossil-based lubricants will eventually run out of supply [5]. 
Vegetable oil-based and other bio-based lubricants can be 
utilized as renewable lubricants [7–9]. When evaluating bio-
lubricants, vegetable oils have some outstanding qualities for 
their prospective usage as lubricants, including a high viscosity 

index, high lubricity, low volatility, and, particularly, both low 
toxicity and high renewability [10, 11]. Vegetable oil's quick 
biodegradability has in particular sped up development to 
the point that harvestable resource-based lubricants are now a 
successful reality in many regions of the world, expanding in 
demand and being widely used for various purposes [12, 13]. 

However, the availability of a narrow range of viscosity 
values, their thermo-oxidative stability, crystallization at 
relatively high temperatures, and other restrictions should 
all be addressed technologically [9, 14, 15]. To overcome 
these constraints, lubricant modification, and the inclusion 
of additives to lubricants with vegetable bases can assist to 
improve tribological characteristics and fulfil the expectation 
of minimize wear and friction. Azman et al. [16] investigated 
the use of CuO and graphite nanoparticles as an anti-wear and 
extreme pressure additive in palm oil. The results revealed 
that adding CuO and graphene nanoparticles reduced wear 
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and friction in comparison to the base lubricant, resulting in 
decreases in coefficient of friction of 3.8 and 15% and wear 
scar diameters of 2.77 and 6%, respectively. Compared to the 
base lubricant, the extreme pressure performances of CuO 
and graphene nano lubricants were improved by 12 and 18%, 
respectively. In addition, the long-chain fatty acids found in 
vegetable oil offer superior inherent boundary lubricating 
characteristics. As a result, the product provides low coefficients 
of friction, thereby exhibiting effective operating properties. 
Much research claims that even when vegetable oil is used as 
the boundary lubricant, friction coefficient sometimes turns low 
and the wear rate high.

In this research, a new lubricant, ficus carica oil (Fig oil), 
was employed as an alternative lubricant along with an Ethylene 
Vinyl Acetate (EVA) viscosity modifier and Tertiary-Butyl-
Hydroquinone (TBHQ). The aim of blending the base lubricant 
with TBHQ and EVA is to act as an antioxidant and viscosity 
improver/modifier, respectively, which the base oil lacks. The 
fig plants are mostly found in tropical areas. Though it has 
long been recognized as a medicinal substance, it is currently 
attracting more interest as a source of bio-products. Due to 
negligence on the part of those involved in the cultivation and 
production, fig oil is an expensive and scarce product as it is 
an invention. As more research on fig oil is conducted and it is 
found to perform effectively, governments and individuals will 
invest in fig oil cultivation, making it a commercial product for 
both lubrication and biofuel production.

2 Methodology

2.1 Materials and preparation
The steel standard balls AISI E-52100 chrome alloy used in 

this experiment have the following characteristics: extra polish 
(EP) grade 25, diameter 12.7 mm, and 64-66 HRC hardness 
(Rockwell C Hardness). The Tertiary-Butyl-Hydroquinone 
(TBHQ) additive, Ethylene Vinyl Acetate (EVA), and Standard 
Base Fig Oil from Sigma Aldrich Company Malaysia were 
utilized in this study. Tert-Butylhydroquinone, often known 
as TBHQ or tertiary butylhydroquinone, is a powerful 
synthetic phenolic molecule with aromatic properties. It is a 
hydroquinone derivative that has had a tert-butyl group added 
with good anti-oxidative strength and other properties, as 
presented by Nazan et al., [16]. Vegetable fig oil was used in 
this investigation because of its new qualities with the hope 
of advancing bio-lubricant research and lowering friction and 
wear. The composition of fig oil, mineral oil, and two additives 
is shown in Table 1.

The mixture (oil + additive) was gradually infused with 0.5, 
1, 1.5, and 2 mass% EVA NPs, as well as 0.3 mass% TBHQ, and 
swirled for 1.5 hours in a magnetic stirrer during preparation. 
Finally, the produced nano lubricants were sonicated for 
two hours in a bath sonicator. Figure 1 shows images of EVA 
and TBHQ (1a). EVA additive contains methoxy groups of 
aldehydes and atone, while TBHQ contains hydroxyl groups 
and carboxylic acid of tylenol (acetomiophen), with the black 

 

Properties Samples 
Ficus carica 

(fig oil) 
Fig oil + 

EVA TBHQ 
Commercial 

engine oil 
Test Method 

Kinematic viscosity (mm2/s) 40°C 30.91 31.32 108.2 DMA 4100M 
Kinematic viscosity (mm2/s) 100°C 9.31 9.51 14.10 DMA 4100M 
Density @ 40°C, g/cm³ 0.8312 0.8146  DMA 4100M 
Specific gravity 0.9236 0.9248 0.8660 DMA 4100M 
Pour Point (°C) 4 2.8 −30 ASTM D97 
°API @ 35°C 0.9206 0.9218 0.9517 DMA 4100M 
Cloud Point (°C) 26 24 21.9 ASTM D2500 
Flash Point (°C) 193 207.5 227 ASTM D93 

 

 

Table 1 Lubricant Rheological Properties

Fig. 1 Image of EVA and TBHQ (1a); and freshly prepared ficus carica oil with different concentrations of 
EVA and TBHQ nanoparticles, stirred for 30 mins (1b)
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arrows pointing to the key functional groups. Images taken 
immediately following sample preparation and ten hours later 
were presented in Fig. 1b. The solution observed no substantial 
nanoparticle sedimentation in the samples even after 10 days of 
preparation.

2.2 Experimental setup
In this study, a four-ball tribo-tester was employed to 

investigate the tribological performance of Fig oil with the 
selected additives. The analysis was conducted in accordance 
with the procedure used by Yadav et al., [17] using the standard 
test (ASTM D4172B) of a four-ball wear machine, the lubricant 
properties are carefully examined before operation. Four balls 
total, three at the bottom and one at the top, are used in this 
instrument as illustrated in Fig. 2. In a ball pot holding the 
lubricant under test, the three bottom balls are securely held 
while the top ball is forced against them. While the bottom three 
balls are pressing against the top ball, the top ball is made to 
rotate at the proper speed.

2.3 Characterization of the samples
2.3.1 FESEM and EDX analysis

The additives morphology was verified utilizing a field 
emission scanning electron microscope (FESEM, HITACHI 
SU6600). The additives particle size assessment was carried out 
applying a Zetasizer Nano ZS; Malvern Instruments, United 
Kingdom.

2.3.2 Viscometric analysis 
The samples' viscosity analysis was assessed in a rotational 

controlled-strain rheometer, model ARES (Rheometric Scientific, 
UK), in a temperature range comprised of 40 and 150°C. Each 
test was run at minimum of two repetitions. By dividing the 
dynamic viscosity by the density, kinematic viscosity values 
were calculated. In accordance with ASTM D 2270, the viscosity 
index (VI) was determined.

2.3.3 D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y ,  F T - I R  a n d 
thermogravimetric analysis (TGA) evaluation

Using 5–10 mg samples enclosed in hermetically sealed 
aluminum pans, differential scanning calorimetry (DSC) 
measurements were carried out with a Q-100 TA instrument. 
According to Azhari et al., [18], 10 C/min cooling and heating 
rates were used for all samples, which is an ideal pace that has 
the advantages of being quick and having more repeatable 
results. The temperature window selected ranged flow rate 
of 50 mL/min. from 65 up to 200°C. To identify the functional 

groups and investigate the compatibility between base fig oil 
as a lubricant, EVA and TBHQ additions, Fourier-transform 
infrared spectroscopy (FT-IR) investigation was carried out. To 
determine the thermal strength of the samples under the EVA 
and TBHQ blends with oil and pure Fig oil, was determined 
using TGA analysis.

2.4 Frictional analysis
The experiment ran under constant temperature at 75°C, 

constant load at 40, 60, 80, and 100 kg (392 N) for a 1 h duration. 
The variables for this experiment were the rotating speeds of 
1200 rpm and 1500 rpm, which were chosen. The temperature 
was set at 75°C, and the speed was set at 1200 rpm and 1500 
rpm. For each test, four brand-new balls were used. The balls 
were cleaned with acetone and dried with a brand-new lint-free 
industrial wipe before each test. According to ASTM D4172B 
standard specification, with speeds of 1200 rpm and 1500 rpm 
using different loads (40, 60, 80, and 100 kg), to ascertain the 
best additive concentrations. Friction tests were conducted three 
times for each sample material during the experiment to ensure 
that the results were repeatable.

Additionally, using a four-ball tester in accordance with the 
ASTM D4172B standard, the coefficient of friction and anti-wear 
properties of the base oils and the nano-lubricants at optimal 
concentrations were calculated. The tests were carried out for 
one hour at 1200 and 1600 rpm with loads of 80, 100, and 120 
kg. A data acquisition system is used to plot the coefficient of 
friction against time. Utilizing FESEM, wear scar studies are 
conducted. 

3 Results and discussion

The characterization of EVA and TQH nanoparticles was 
carried out using FESEM and energy dispersive spectroscopy 
(EDS, HORIBA-EMAX). The FESEM images of the EVA and 
TBHQ nanoparticles at two magnification levels are shown 
in Fig. 3 (a) and (b), clearly indicating their morphology and 
structure. Table 2 reveals the EDX analysis carried out (in terms 
of atomic and weight percent of constituents) on the EVA and 
TBQH nanoparticles, indicating the presence of carbon, oxygen, 
and copper. Using Zetasizer Nano ZS, a Malvern instrument, 
the particle distributions were conducted due to the appearance 
of the samples to determine the actual sizes when dissolved 
in base fig oil. As to know the possibility of the nanofluid 
passing through the machines' orifices when used. The outcome 
revealed that optimum dispersion was 4.2 and 4.5 nm average 
mean size for EVA and TBQH, respectively, as presented in 

Fig. 2 Image of the Four ball tester (a) and the inner component (b) showing the ball arrangement
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Fig. 4. As shown in Fig. 1, 0.5% EVA + 0.3% TBHQ and 1% 
EVA + 0.3% TBHQ concentrations show a similar whitish color 
owing to the little amount of EVA, thereby making 0.3% TBHQ 
dominate the color of the solution compared to 1.5% EVA + 0.3% 
TBHQ and 2 % EVA + 0.3% TBHQ.

Figure 5 shows the viscometric characteristics of base 
lubricant and the blended 0.5 mass%, 1 mass%, 1.5 mass%, and 
2 mass% EVA polymer was tested in this research under specific 
gravities at 25°C and viscosity in centistoke at 40°C to 150°C. 
The viscosity indices of the lubricants are summarized in Table 
3. The results indicate that viscosity decreases as temperature 

increases. At 100°C, the effect is much stronger than at 40°C. 
According to the research, the viscosity index (VI) value 
increases as polymers are mixed into lubricating oil. From the 
calculated VI values, it can be observed that the lubricants with 
EVA and TBHQ possess a higher viscosity index as compared 
to virgin fig oil. Thus, it can be established that the addition of 
the two additives, both single and in combination, enhanced the 
lubricant thermal properties. Lubricating oil's viscosity reduces 
as temperature rises, the polymer molecules increase [19]. The 
micelle becomes larger as a result, the reduced viscosity of the 
polymer-doped lubricating oil is balanced by the larger micelles 

Fig. 3 FESEM characterization of EVA (a) and TBQH (b)

 
  
 
 
 

Sample/Element (mass%) C O Cu 
TBHQ additive 77.8 22 0.2 
EVA additive 88.5 11.5  

Table 2 Elements found EVA and TBQH under EDX analysis

Fig. 4 Particle size distribution of EVA and TBHQ by 
hydrodynamic light scattering

Fig. 5 Effect of temperature on viscosity for all the lubricants 
used

 

Sample Viscosity @ 40°C Viscosity @ 100°C Viscosity 
Index 

Density 15°C 
 (cSt) (cSt) 

Fig. oil 30.91 8.91 258.73 0.8312 
Fig. oil + 0.5% EVA 67.01 16.67 267.07 0.8501 
Fig. oil + 1% EVA 73.34 20.15 298.76 0.8611 
Fig. oil + 1.5% EVA 75.52 18.93 273.58 0.8572 
Fig. oil + 2% EVA 98.21 20.01 230.23 0.8394 
Fig. oil + 0.5% EVA + 0.3% TBHQ 68.01 17.97 285.09 0.8531 
Fig. oil + 1% EVA + 0.3% TBHQ 73.14 21.15 313.52 0.8631 
Fig. oil + 1.5% EVA + 0.3% TBHQ 77.51 20.93 296.64 0.8542 
Fig. oil + 2% EVA + 0.3% TBHQ 85.21 20.31 261.33 0.8384 

 

Table 3 Lubricants physical properties as used in the study
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[19]. This behavior shows that the EVA as well as the inclusion 
of TBHQ exhibit the characteristics of a viscosity improver 
polymer capable of enhancing the tribological property of base 
oil when subjected to heat.

Furthermore, by analyzing the flow curve, the rheology 
of the utilized lubricants was examined (shear rate vs shear 
stress). The flow curve for various oils corresponding to two 
different temperatures (20, 40, and 80°C) is shown in Fig. 6 (a). 
For all of the lubricants employed in the study, it can be seen 
that the variation of shear stress with shear rate is linear and 
supports the Newtonian behavior of the lubricants used. Figure 
6 (b) depicts the changes in lubricant viscosity corresponding 
to various shear speeds. The observations were similar to the 
findings in a previous related study [20]. The viscosity changes 
little with shear rate, supporting the Newtonian behavior of 
the lubricants studied. The implication of the result is that the 
inclusion of the additives resists the deformation of lubricants 
caused by temperature and other thermodynamic properties.

3.1 Samples oxidative stability study applying Differential 
Scanning Calorimetric (DSC)
The oxidative stability analysis of lubricants (fig oil and 

fig + TBHQ) was tested via Differential DSC techniques. The 
oxidative induction time (OIT), onset, and peak maximum 
temperatures are some of the important metrics that the DSC 

study may include. In the current investigation, OIT was used to 
test the impact of TBHQ addition to fig oil, as shown in Fig. 7 (a) 
and (b). The oxidation experiment was carried out in isothermal 
mode, following the steps used in previous works [20]. Using 
a Pasteur pipette, a liquid sample weighing around 12 mg 
was initially placed into the DSC cup. In the analysis, the time 
interval, referred to as the conclusion of the induction period, 
marks the beginning of the oxidation process, or the initiation 
stage, in respect to temperature according to Erhan et al., [21]. 
From the experiment, the base fig oil, a pronounced early 
oxidation on the curve was observed, showing degradation 
in the lubricant used at temperature of 161.3°C, as shown in 
Fig. 7. In the case of base fig oil incorporated with TBHQ, the 
oxidation initiation leading to degradation was extended to 
appear at temperature of 227.7°C. There was lack of much 
oxidation chemical reaction taking place during the operation, 
which in term favor the use of the blended TBHQ lubrication if 
used in lubrication. 

Using FT-IR analysis, Fig. 8 illustrates the functional 
groups found in EVA polymer, TBHQ, base fig oil, and their 
combinations. The samples' aliphatic stretching bands (CH3 + 
CH2) are visible in the samples' spectra at 2907.13 and 2799.74 
cm−1. When comparing the behaviors and functional groups in 

Fig. 6 Shear stress against shear rate (a) and viscosity against 
shear rate (b) of the various lubricants used

Fig. 7 Oxidative temperature for fig oil and fig oil + TBHQ

Fig. 8 FT-IR analysis of base fig oil, EVA polymer, TBHQ and 
oil + EVA + TBHQ
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the spectra of the various samples, a wide and powerful band 
at roughly 3345 cm−1 caused by the O-H/N-H group according 
to Veriansyah et al., [22]. The increase in hydroxyl group due to 
the new molecules from the additives was seen in the new band 
at 3010 cm−1 of fig oil + EVA + TBHQ.

However, the hydroxyl group (OH) at the 3720 cm−1 band 
in the base oil spectrum exhibits a rocking vibration. This is 
supported by the structural formula presented in Fig. 1(b) 
above. When additives were added, the rocking was released. 
This is because, at ambient temperature and without external 
influence, the propagation of oil monomer components inside 
the polymer chains is considered a physical event; as a result, a 
little modification in the structure was detected [23]. With the 
creation of a peak at 1300 cm−1 for base oil, the carbonyl group 
C=O group's stretching vibration in the additives was seen. 

Though, due to a similar and uniform concentration 
of the COO-group in all samples, there was a single strong 
peak at 1750 cm−1. A developed peak between fig oil + EVA + 
TBHQ was found within 1470 cm−1 and was attributable to the 
presence of the C=C group. According to Asep etal., [24], the 
N-H group's vibration and its shared vibration with the C-H 
group result in the creation of peaks at 1098 cm−1 for EVA and 
a new peak at 1235 cm−1 for TBHQ, respectively. Finally, the 
homogeneity, similarity, and presence of key functional groups 
for a suitable lubricant in all the samples merely indicates that 
the formulations are anticipated to produce good results during 
lubrication.

The TGA results for fig oil alone, fig oil + TBHQ, fig oil 
+ EVA, and fig oil + EVA + TBHQ are shown in Fig. 9. Data 
derived from thermogravimetric measurements was used to 
calculate the weight loss percentage [25]. The thermogravimetric 
curve's intersection of two tangents provided the onset 
degradation temperature, which was found shortly before the 
inclination brought on by degradation from the various tested 
samples. Weight loss of 38.5% was observed in fig oil, which 
may be related to pollutants adsorbing during formulation. 
Weight reduction after blending with EVA was 22%. 

The modifications imply that EVA's thermal characteristics 
have been enhanced. A weight reduction of 17% was achieved 
with the modified TBHQ, while 15% was achieved with EVA + 
TBHA. in comparison to the fig oil foundation. Due to the heat 

resistance strength, which prevented lubricant degradation and 
resulted in considerably less weight loss for EVA + TBHQ. Shara 
et al. [23, 26] reported a similar observation, this led to better 
thermal characteristics.

3.2 Frictional characteristics
Figure 10 depicts the frictional characteristics for the various 

lubricants under loads of 60, 80, 100, and 120 kg under a speed 
of 1200 rpm. It can be seen that for base oil, the coefficient of 
friction increases abruptly with the increase in applied load and 
operating speed. Also, after 30 minutes of service in the two-
speed system, a significant variation in the coefficient of friction 
was observed. This could be explained by a lack of effective 
layer development or lubricant breakdown, which would 
prevent direct metal to metal contact friction. With base fig oil 
under 1200 rpm, for 60, 80, 100, and 120 kg, the average COF 
was 0.182, 0.177, 0.186, and 0.247, respectively. For samples with 
additives, the coefficient of friction in the tested conditions was 
comparatively lower than the fig oil but mostly pronounced 

Fig. 9 Result of TGA of fig oil only, fig oil + TBHQ, fig oil 
+ EVA + TBHQ and fig oil + EVA demonstrating the 
weight loss over temperature

Fig. 10 Shows the variation in average coefficient of friction (a); and WSD (b) with time for various concentrations of EVA + TBHQ 
nanoparticles under different loads (60, 80, 100, and 120 kg) at 1200 rpm.
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with the combination of the two additives, indicating synergetic 
effect, supported by the analysis conducted by Opia et al., [27]. 
This may be due to the increased ability of nanofluids to get 
adsorbed on metal surfaces, thereby preventing direct metal to 
metal contact [28]. It can be from rapid response of the additives 
in the formation of tribo film, which makes the sliding smoother 
leading to COF reduction.

For the samples with 1 mass% EVA polymer, frictional 
behavior is similar to that of combined additives. This can be 
attributed to the fact that EVA forms an effective tribo-film 
between moving surfaces through maintaining the viscosity 
when loaded, thereby reducing lubricant deformation, which 
could cause poor lubrication operations. The performance of 
1 mass% TBHQ shows poor COF output; however, it is better 
than base fig lubricant (Fig. 10 (a)). When compared to the 
combined additives, an improved result was generated but 
revealed optimal output when tested with a commercially 
formulated lubricant in terms of COF but lower than the wear 
scar diameter (WSD) result. The COF reduction using 0.5, 1, 
1.5 and 2 mass% EVA + TBHQ was +6%, 4.4%, 2.7%, and 1% 
for 60 kg; at 80 kg, it yielded 3.4%, 2.3%, 1%, and 1%; under 
100 kg, it was reduced by 8.1%, 12.9%, 5.9%, and 4.3%; while 
at 120 kg, it gave 34%, 36%, 34.8%, and 33%, respectively. The 
study observed that the impact of the used additives was more 
pronounced at a higher load (120 kg).

The wear behavior of the tested lubricants exhibited similar 
trends as shown in Fig. 10 (b). For the loads of 60, 80, 100, and 
120 kg under base lubricant, the average WSDs were 0.317, 0.324, 
0.401, and 0.452. According to the lubricant’s behavior, with 
only EVA lubrication exhibits a significant amount of dispersion 
in the average frictional values, which denotes a break in film 
formation. This behavior was more observed with the use of 
fig oil 0.3 mass% additives, which may be attributed to the 
lack of viscosity replenishment during lubrication, resulting 
in abrasives and thereby increase the third body abrasion, 
thus reported similar by Opia et al., [29]. Using the additive 
concentration of 0.5, 1, 1.5 and 2 mass% EVA + 0.3 mass%TBHQ. 
At 60 kg the WSD were reduced by 51%, 52.4%, 52% and 51%; at 
80 kg yielded percentage reduction of 52.8%, 53.1%, 51.5% and 
50.9%; at 100 kg produced 62%, 62.6%, 61.8% and 61.6%; while 
120 kg gives 64.8%, 65.7%, 53.8% and 65.7%, respectively. The 

result indicated that effectiveness of inclusion of additives were 
much noticed at higher load, thus similar to that of COF.

Figure 11 illustrates the effect of nanoparticle concentrations 
on average friction coefficient and WSD under different loads 
(60, 80, 100, and 120 kg) at a speed of 1600 rpm. The operation 
discovered that the average friction coefficient decreases with 
the addition of nanoparticles in comparison to base fig oil, as 
shown in Fig. 11(a). However, at a specific concentration of 
EVA + TBHQ nanoparticles, the friction coefficient mostly rises 
as load increases but shows small variations compared to COF 
under 1200 rpm. At 60, 80, 100 and 120 kg, the COF of base fig. 
oil was 0.183, 0.198, 0.193 and 0.257, the use of 0.5 mass% EVA 
+ 0.3 mass% TBHQ yielded 0.178, 0.175 and 0.177; 1 mass% 
EVA + 0.3 mass% TBHQ produced 0.173, 0.174 and 0.176; 1.5 
mass% EVA + 0.3 mass% TBHQ gave 0.175, 0.178 and 0.179; 
while 2 mass% EVA + 0.3 mass% TBHQ results was 0.189, 0.177 
and 0.182, respectively. However, the use of 2 mass% EVA + 
0.3 mass% TBHQ resulted in poor performance with increased 
COF when compared to the base fig oil. The average reduction 
in friction coefficient caused by the addition of nanoparticles, 
as demonstrated in Fig. 11(a), suggested a good transition 
from sliding to rolling operation by the additive particles at 
the substrate surfaces, along with a recommended resistance 
to rapid viscosity degradation due to the presence of EVA 
copolymer in the formulated lubricant. 

The average WSD as presented in Fig. 11(b), increases with 
increase on applied load. Reduction in WSD was recorded 
with addition of additives in fig oil in relative to base lubricant. 
Accordingly, at 60, 80 and 120 kg, the WSD of base fig.oil were 
0.379, 0.452, 0.454 and 0.532; the use of 0.5 mass% EVA + 0.3 
mass% TBHQ yielded 0.231, 0.250 and 0.252; 1 mass% EVA + 
0.3 mass% TBHQ produced 0.213, 0.195 and 0.233; 1.5 mass% 
EVA + 0.3 mass% TBHQ yielded 0.242, 0.239 and 0.252; while 
2 mass% EVA + 0.3 mass% TBHQ results were 0.328, 0.351 and 
0.353, respectively. The research concluded that the reduction in 
the wear scar was due to the tiny and penetrative nature of the 
additives, which separate the body-body contact and transmit 
the sliding operation into rolling mechanism, which was 
reported also by Wang et al., [30]. 

As the COF and WSD results (optimal result concentration 
(1 mass% EVA + 0.3TBHQ) were not consistent, and the 

Fig. 11 Variation in average coefficient of friction (a) and WSD (b) with time for different concentration of EVA +TBHQ nanoparticles 
under different loads (60, 80, 100 and 120 kg) for speed 1600 rpm
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first showing concentrations were much, the observed best 
concentrations (1 mass% EVA), which were further analyzed by 
forming lower and higher concentrations close to 1 mass% EVA, 
thus working with 0.8, 0.9, 1, and 1.1 mass% EVA, as shown 
in Fig. 12. The friction coefficients and wear behavior of base 
fig oil and 0.8, 0.9, 1, and 1.1 mass% EVA with the inclusion of 
0.3 mass% TBHQ under ficus carica lubricant were tested as 
presented in Fig. 12. The study observed that base fig oil friction 
was quite high, which was about 0.28. However, as shown in 
Fig. 12 (a), fig oil derived from different concentrations of EVA 
and 0.3 mass% TBHQ had lower friction coefficients than the 
base fig oil friction condition.

Among the four EVA additive concentrations tested, 0.9 
mass% EVA produced the best results when blended with 0.3 
mass% TBHQ, followed by 1 mass% EVA and 1.1 mass% EVA, 
while 0.8 mass% EVA showed the least performance. This 
shows COF reduction by 20.4%, 57%, 72.5%, and 28.3% for 0.8, 
0.9, and 1.1 mass%, respectively, while with SAE-5W-30 yielded 
74.7%. The study indicated that fast and better development of 
frictional energy for little tribo-film formation for the reduction 
of friction was obtained with 0.9 mass% EVA + 0.3 mass%TBHQ. 
In addition to the small tribo film that resulted in low COF, 
the strength of the particles for facilitating rolling operation 
contributed an important part. The outcome was similar to what 
was observed from the research conducted by Singh et al., [31]. 

On the side of the wear resisting ability, inclusion of the 
additives yielded wea reduction, but SEA-5W-30 exhibited the 
optimal performance when compared to all the tested lubricants, 
as illustrated in Fig. 12 (b). The wear scar diameter under base 
lubricant was 0.41 mm, while the lowest WSD was 0.15 mm, 
recorded from a commercial reference of SAE-5W-30. The wear 
value of 0.9 mass% was observed to be similar to the commercial 
lubricant of SAE-5W-30, while 0.8 mass% shows the highest 
wear car diameter among the additives used, followed by 1.1 
mass%. The analysis showed that the inclusion of 0.8, 0.9, and 
1.1 EVA + TBHQ was reduced by 41.6%, 61%, 58.1%, and 50.8%, 
while the SAE-5W-30 produced 63% compared to base fig oil.

Figure 13 depicts the effect of nanoparticle concentrations 
on wear scar diameter for a load of 100 kg and speeds of 1400 
rpm under various loads and temperatures. It was noted that 
the average friction coefficient reduces under different additive 

concentrations as load increases relative to the base lubricant, 
as presented in Fig. 13(a). The result displayed when tested 
at various temperatures demonstrated a similar trend with 
different loads investigated. As shown in Fig. 13(b), the average 
WSD increases with increasing temperature for a specific used 
nanoparticle. The research shows that commercial SAE 5W-30 
yielded the lowest SWD, while 0.9 mass% produced the best 
performance among the additive concentrations tested. The 
finding also detected that the percentage decrement in WSD 
was due to the addition of nanoparticles and easy penetration 
within the sliding contact, thereby preventing the direct 
contact via transmission of sliding operation into the rolling 
mechanism.

3.3 Lubricants film behavior during testing
As shown in Fig. 12, the tribological analysis was performed 

on the tested samples so as to explore the lubricant film 
behavior and stability under a load of 100 kg at an operating 
speed of 1400 rpm. Under the motioned working condition, 
the lubricant was observed to display an unsteady film with 
a decrease from the start till about 1500 s, thus witnessing a 
sudden break in the formulated film between 1500 s and 1700 
s and observing the same ununiform film structure till the 
end of the test as illustrated in the graph (Fig. 12). With the 
addition of additives into base oil, some levels of steady film 
were demonstrated during operation, but the best film stability 
was under 1 mass% EVA + 0.3 mass% TBHQ, followed by 0.9 
mass% EVA + 0.3 mass% TBHQ, which gave the best COF. 
Application of 1.1 mass% EVA+0.3 mass% TBHQ and 0.8 mass% 
EVA+0.3 mass% TBHQ indicated unsteady film formation. The 
observation of unsteady film formation was due to the poor 
quality of developed film owing to the lack of frictional energy 
required for the formulation of desired film. The outcome 
from the results shows that lubricant with 0.9 mass% EVA + 
0.3 mass% TBHQ particles exhibits good lubricity through 
maintaining the formulated lubricant film in terms of tribo-film 
stability during sliding compared to the base fig oil.

3.4 Wear surface analysis
To ascertain the nanofluid lubricating mechanism, the 

lubricated worn ball surface was analyzed using FESEM. 

Fig. 12 Performance of various lubricants on COF (a), and WSD (b) at temperature of 75°C and load of 100 kg under uniform speed of 
1400 rpm



Tribology Online, Vol. 18, No. 4 (2023) /111Japanese Society of Tribologists (https://www.tribology.jp/)

Tribological Performance Evaluation of Vegetable Lubricant Incorporated Ethylene Vinyl Acetate (EVA) and Tertiary-Butyl-Hydroquinone (TBHQ) 
Nanoparticles

Figure 14 shows the FESEM images from different lubricated 
surfaces (base fig oil only, 0.8%, 0.9 %, 1%, and 1.1% EVA + 0.3% 
TBHQ). The analysis was conducted using 100 kg of load, 75°C 
temperature, and a speed of 1400 rpm, which was observed to 
be the best performing condition. As shown in Fig. 14 (a), well 
pronounced rough wear can be observed similar to that of Fig. 
14(b), (d) and (e), indicating ineffective lubrication leading to 
abrasive wear. 

When compared to base oil and all other lubricants except 
SAE-5W-30 benchmarks (see Fig. 14(f)), the surface lubricated 
with 0.9% EVA + 0.3% TBHQ appears shallower and smoother 
(see Fig. 14(c)). Some healing effects on the grooves were 
observed, which are from the tribo-chemistry between the EVA 

+ TBHQ and substrate, as seen in Fig. 14(c), (d), and (e), which 
indicate the point of healing by the nanoparticles. The effects 
of heat were seen at 1.1 mass% (Fig. 13(e), with suspected 
lubricant starvation due to the high concentration of additive, 
which is supported by previous work. by Opia et al., [32]. 
On investigating the surface tribo-chemistry on the surface 
lubricated with fig oil alone and best performance solution of 
0.9% EVA + 0.3% TBHQ as shown in Fig. 15. As observed, few 
elements were detected on the surface with fig oil alone with 
high peak of Fe representing much exposure of steel tribo-
pair used as shown in Fig. 15(a), while many elements like Si, 
high peak of oxygen and carbon) were found on the surface 
lubricated with 0.9% EVA + 0.3% TBHQ, indicating formation of 

Fig. 13 Performance of various lubricants different loads at temperature of 75°C (a) and different temperatures at load of 100 kg (b) 
under uniform speed of 1400 rpm

Fig. 14 FESEM images showing the wear scar of surfaces lubricated with different lubricants
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tribo-film. The observation of these elements was in correlation 
with EVA and TBHQ EDX analysis (see Table 2). The formation 
of these elements indicated that surface protections were 
observed during operation, thus reflected on the FESEM image 
as seen in Fig. 15(b), compared to base fig oil alone (Fig. 15(a)).

4 Conclusions

The impact of different EVA and TBHQ concentrations on 
the tribological behavior of fig oil was thoroughly investigated 
under various applied loads and sliding speeds. Analyses of 
worn surfaces and tribo-chemistry studies were used to explore 
tribological phenomena. The investigation came up with the 
following conclusions:

The addition of different chosen concentrations improves 
the tribological behavior of fig oil; as a result, it was found that 
the operation occurred under boundary and mixed lubrication 
conditions because of the type of wear produced. It was shown 
that the EVA + TBHQ with fig oil protected the surfaces from 
serious wear. Some abrasion wear patterns were still observed, 
but they were less severe than those from the base lubricant. The 
combination of 0.9 mass% EVA and 0.3 mass% TBHQ produced 
results comparable to those of commercial SAE-5W-30 and is 
therefore more effective in reducing friction and wear, perhaps 
because of its better hardness and abrasion resistance.

The TBHQ and EVA particles worked synergistically to 
lower the friction coefficient. Additionally, while sliding at 
moderate speeds or when the hydrodynamic influence of the 

oil film was minimal, the mixture showed improved wear 
resistance compared to the base fig oil. However, in high 
concentrations of EVA and TBHQ, no synergism effect was 
found. Designing tribo-components with oil lubrication, such 
as thrust sliding bearings in transmission systems, may benefit 
from the use of EVA + TBHQ.

During the running-in process, the surface of the subtract 
that was lubricated with 0.9 mass% EVA and 0.3 mass% TBHQ 
smoothed out to resemble that of a commercially available 
fully blended lubricant, which was thought to be important 
for reducing asperity-induced metal-metal rubbing in a mixed 
lubrication regime. Due to the inclusion of nano-particle 
additives in the base lubricant, significant tribo-chemical 
reactions took place during sliding as indicated by the EDX 
analysis, showing many elements on the lubricated surface 
(0.9 mass% EVA and 0.3 mass% TBHQ). The tribo-film can 
carry a sizable amount of load between two sliding contacts, 
which enhances the sliding system's boundary lubrication 
performance.
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