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Abstract 

Due to the impending depletion of petroleum reserves and environmental worries, the creation of bio-lubricants is a 

compelling subject of research. With the use of tertiary butylhydroquinone (TBHQ) and Eichhornia crassipes carbon 

nanotubes (EC-CNTs), this work intends to create an effective sunflower oil-based bio-lubricant and analyze its tribological 

performance using a ball-on-disk tribo-meter. Different additive concentrations were blended to create the bio-lubricant. The 

tribological analysis was conducted in terms of coefficient of friction (COF), wear rate, wear scar diameter, surface 

roughness for different speed, load and temperature. The morphology shows good structures of the employed additives, TGA 

revealed good thermal resistance, FT-IR indicated good compatibility with needed functional groups. Under tribological test 

at 1500 rpm, inclusion of additives (SFO + 0.9wt.% EC-CNTs + 0.3wt.% TBHQ) demonstrated good enhancement on 

sunflower lubrication, thus showing COF and wear rate values of 0.058 and 13.5 10-9 mm3.m-1.N-1 against base sunflower 

COF and wear rate values of 0.074 and 15.5 *10-9 mm3.m-1.N-1. Under surface roughness, application of additives lowers the 

roughness on the lubricated surfaces (SFO + 0.9 wt.% EC-CNTs = 0.447 µm), (SFO + 0.3 wt.% TBHQ = 0.453 µm), thus 

shows smoothest when blended the two additives together (SFO + 0.9 wt.% EC-CNTs + 0.3 wt.% TBHQ = 0.244 µm), 

against base SFO value of 0.522 µm. The use of additives in SFO shows synergistic result via nano-lubricant tribo-film 

formation resulting in commended outcome in all the conditions tested. 

© 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction  

The preservation of resources and energy is 

increasingly becoming a major worldwide issue as to 

maintain a sustainable society, foster industrialization, 

development and effective production. In industrial 

processing, mostly for mechanical system, friction is the 

principal source of energy loss [1], that lubrication can 

help to mitigate [2][3][4]. For optimal lubrication, it is 

important to use the right base oil and suitable additives 

[5][6][7], as there is an increased interest in environmental 

issues around the world resulting on formulating a suitable 

eco-friendly lubricant in replacing petroleum products that 

are associated with some toxic constituents [8][5][9]. As a 

result, research into creating and patronizing vegetable oils 

as substitute base-oils for lubricants that are eco-friendly 

has increased [10][11]. In addition to being made from 

renewable raw materials, vegetable oils are also 

biodegradable and non-toxic, making them possible 

replacements for petroleum products [12][11][13]. 

Additionally, they possess majority of lubricant-specific 

qualities, including a high viscosity index, low volatility, 

excellent lubricity, and a remarkable potential to dissolve 

fluid additives [14][5][15].  

Regarding oil content, sunflower oil is one of the most 

significant vegetable oils, and it also ranks highly in terms 

of relevance for human nutrition [16]. In terms of fatty 

acid profiles, sunflower seeds and oils have significantly 

improved [16]. Within the last 20 years, plant breeders and 

geneticists have successfully commercialized mid- and 

high-oleic varieties to address the stability issue. Due to 

* Corresponding author e-mail: mohdfadzli@utem.edu.my. 



 © 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 1  (ISSN 1995-6665) 100 

the high content of oleic acid relative to other vegetable 

oils, modified sunflower oils have been demonstrated to 

have outstanding oxidative stability in both high-

temperature applications and where foods need a long 

shelf life [16][17][18]. Additionally, sunflower has 

favorable tribological properties and a fatty acid content 

that is predominately polyunsaturated [17]. Sunflower oil's 

various fatty acid compositions improve its tribological 

characteristics by reducing wear and friction. However, 

due to the unsaturation nature of sunflower oil, made up of 

less stable monounsaturated and polyunsaturated fatty 

acids, heat and air can rapidly degrade it, accelerating its 

oxidation.  

In addressing the challenge, inclusion of suitable 

lubricant additives can be used to enhance the thermal 

characteristics of sunflower oil [19], or via chemical 

modifications like epoxidation, transesterification, or 

selective hydrogenation [20][21][22]. Liu et al., [23], 

conducted tribological enhancement of base lubricant 

performance and thermal losses of palm oil (PO) using 

tertiary butylhydroquinone (TBHQ) as an additive. The 

results revealed that TBHQ had better antioxidant 

activities at low temperatures (below 135°C), but at high 

temperatures (above 135°C), its antioxidative resistance to 

PO was severely reduced. The reported results were 

similar with Ali et al., [24]. Additionally, losses of TBHQ 

in PO substantially increased when heating temperatures 

rose, and heating periods lengthened.   

Numerous studies on the use of nanoparticles (NPs) in 

the field of lubrication have been conducted recently 

[25][26][27]. The size, shape, and concentration of NPs all 

affect how much friction and wear may be reduced. 

According to recent studies [28][29][30], an important 

factor in the formulation of nano-lubricants is the 

concentration of nanoparticles in the base oils. Ettefaghi et 

al., [29][31], affirmed that base oils can be upgraded to 

have the required quality with only a little concentration of 

nanoparticles. More so, research has confirmed that load, 

speed, temperature, and concentration are often the main 

considerations when assessing the tribological 

characteristics of nano-lubricants [32][28]. Therefore, in 

this study, the effectiveness of a sunflower (SFO) lubricant 

combined with an Eichhornia crassipes carbon nanotubes 

(EC-CNTs) anti-wear additive and an antioxidant agent 

(TBHQ) will be assessed and analyzed in terms of 

coefficient of friction, wear scar rate, surface roughness, 

and the wear scar diameter. The use of EC-CNTs in the 

study was based on the performance seen in the prior 

investigations [27], thus necessary to determine their 

synergetic enhancement with TBHQ during lubrication. 

1.1. Sunflower oil nature and its molecular structure 

Sunflower oil is a non-volatile oil that is extracted from 

the sunflower plant's seeds. It is frequently used as frying 

oil in food and as an emollient in cosmetic applications. It 

is mostly composed of oils from the Oleic Acid 

(CH3(CH2)7CH=CH(CH2)7COOH) (Omega-9 fatty acid) 

and Linoleic Acid 

 (COOH(CH2)7CH=CHCH2CH=CH(CH2)4CH3) (Omega-6 

fatty acid) groups [33][34][35][36], which are both 

monounsaturated and polyunsaturated as presented in 

Figure 1. The unsaturated double bonds in the fatty acid 

chain ruin the oil's characteristics. These very unstable 

unsaturated double bonds lead to chemical processes, such 

as the oxidation process. Analyzing SFO compositions, the 

kernel contains 45–55% oil, while the seed's oil content 

ranges from 22% to 36% (on average 28%) [34]. The 

refined oil is pale yellow, whereas the expressed oil is light 

amber in color and flavor. Significant amounts of vitamin 

E, sterols (C17H28O), squalene ((C5H8)6), and other 

aliphatic hydrocarbons are present in refined sunflower oil 

[34]. 

 
Figure 1. Images showing the sunflower double bond (a); 

linolenic acid (omega-3), linoleic acid (omega-6), oleic acid 

(omega-9) (b). 

2. Materials and experimental procedure 

2.1. Base-oil and additives selected 

Using tribometers, variations in the characteristics of 

sunflower generated in pure state and by inclusion of EC-

CNTs and TBHQ nanoparticles on a weight % basis will 

be investigated in this research. Sunflower oil lubricants is 

chosen in this investigation because, in the boundary 

lubrication regime, vegetable oils typically exhibit good 

lubricating capabilities [37], expected more enhancement 

under anti-wear and anti-oxidant additives. The TBHQ 

ingredient was purchased from Sigma-Aldrich Co. LLC in 

Malaysia together with sunflower oil, while bearing and 

disc were purchased from Atlas Ball and Bearing Co. Ltd. 

Malaysia. In the material laboratory of 

UniversitiTeknologi Malaysia, the organic anti-wear EC-

CNTs was formulated. 
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2.2. Formulation of nano-lubricants 

The TBHQ and EC-CNTs NPs were combined with 

pure sunflower lubricant at varying concentrations. Base-

oilof 500 mL without any additive was used for making 

each nano-lubricant. The EC-CNTs nanoparticles were 

added to the oil on weight percentage basis, such as 0.3, 

0.6, 0.9 and 1.1wt.%, while TBHQ of 0.3 wt.% was 

maintained. The choice of using 0.3wt.% of TBHQ was 

due to the previous study conducted, suggesting little 

concentration [24]. To ensure uniform dispersion and good 

suspension stability, the solution was then stirred using an 

ultrasonic mixer for 50 min under 2500 rpm. This was 

done in order to reduce the van der Waals force of 

attraction between the particles and control their 

aggregation in solution. 

2.3. Characterization of the samples 

In this study, the morphology and nano-size of the 

chosen additive were examined. Field emission scanning 

electron microscope (FESEM) (HITACHI SU6600) 

incorporated with Energy dispersive spectroscopy (EDS) 

(HORIBA- EMAX) were used to characterize EC-CNTs 

and TBHQ. For oxidation resistance of the TBHQ in SFO, 

using 5 mg samples enclosed in hermetically sealed 

aluminum pans, differential scanning calorimetry (DSC) 

study were carried out with a Q–100 TA equipment. All 

samples were subjected to cooling and heating rates of 10 

C/min, which is ideal with advantages of being quick and 

having more repeatable results [38]. The temperature 

window chosen covered a flow rate of 50 mL/min between 

150 and 400 °C. In order to identify the functional groups 

and determine if oil lubricant and specially designed EC-

CNT could coexist, Fourier-transform infrared 

spectroscopy (FT-IR) investigation was carried out. To 

determine the nature of the anti-wear additive (EC-CNT) 

and physio-chemical characteristics of the selected 

additives, thermal strength tests were performed on the 

samples of EC-CNTs, TBHQ and EC-CNT + TBHQ 

blends with oil using Raman spectroscopy and 

thermogravimetric analysis (TGA) analysis, respectively.  

2.4. Rheological studies  

When describing a lubricant for industrial use, 

assessments of the rheological characteristics of the 

formulations are significant. Kinematic viscosity at various 

temperatures is the main rheological parameter that is 

examined in this work. A Redwood Viscometer that meets 

ASTM D-445 requirements is used to gauge the viscosity 

of base lubricant and nano-formulations. Each trial uses 

125 mL of oil, thus generated by the system via excel. The 

viscosity index of the kinematic viscosity from the 

viscometer were determined using viscosity index system 

calculator. Each sample undergoes three trials. At 

temperature range of 30-150 °C, the fluctuations in 

kinematic viscosity were measured. 

2.5. Tribological study  

As shown in Figure 2, a Wind-Ducom instrument 2010 

(USA) ball-on-disc tribometer is used to conduct the 

tribological examinations of the base-oils and nano-

lubricants. The ASTM G 99-05 guidelines were followed 

when conducting tribological studies. By installing an 

appropriate accessory for heating the oil delivered to the 

traditional ball-on-disc tribometer, it was possible to 

measure the differences in the tribological properties of the 

lubricants at higher temperatures. The heating connection 

is made up of a temperature sensor, lubricant holder, and 

heating coil. The disc is made of steel (EN-GJL 250) with 

a hardness of 60 HRC, and the ball material is made up of 

steel AISI 52100 steel (0.98-1.1% C, 1.30-1.60 % Cr, 

0.25-0.45% Mn, 0.025% P, 0.025% S, 0.15-0.30% Si,). 

The ball and disc diameters were 8 mm and 80 mm, 

respectively. 

 
Figure 2. Image of ball on disc set up (unidirectional mode); (a), ball on disc machine; (b), disc; (c), ball; (d), loads; (e), system panel; (f), 

system monitor. 
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The sliding surface of the steel ball was at finished 

polished, similar polishing conditions were used for the 

steel disc. To avoid contamination during preparation, 

acetone was used to clean the surfaces. According to 

measurements from a profilometer, the roughness value 

(Ra) on a ball's surface ranges from 0.025 to 0.050 µm, 

and disk's surface, was between 0.2 and 0.5 µm. The disc 

slides at speeds, normal load as stated in Table 1. 

To maintain boundary/thin film lubrication conditions, 

oil is delivered at the sliding interface between the steel 

ball and steel disc on the Wind-Docom ball-on-disc 

tribometer in small amounts (drop-wise approach). 

Utilizing a load cell, an electronic display, and the 

thickness of the lubricant film, frictional force is directly 

measured. The ball is weighed before and after sliding on 

an electronic weighing balance with a minimum count of 

0.1 mg, and the wear rater is then calculated. Each testing 

sample undergoes three trials in order to ensure the results 

are reproducible. The performance variables COF and 

specific wear rate were assessed based on the average 

results of three trial tests that were run for each input 

parameter. 

Table 1. Test conditions for the pin-on-disc analysis  

Parameter Value 

Load (N) (variable 

parameters) 

60, 80, 100, 120 

Temperature (oC) (variable 

parameter) 

55, 75, 100 

Speed (rpm) 1100, 1300, 1500, 1700 

Test duration 1 hr 

Contact pressure 798 MPa 

Disc (lower test piece) EN-GJL-250, Dia. 165 mm 

Ball (upper test piece) AISI52100, Dia. 10 mm 

2.6. Wear scar diameter and surface topography analyses 

The wear scar diameter (WSD) of the lubricated 

surfaces was measured using FESEM, with magnification 

ranges from 150 to 180 for the ball's friction surface, while 

the surface roughness (Ra) was measured using a surface 

profilo-meter in order to examine the  

surface topography. The disc volume loss was 

calculated using Equation 1.  

However, the linear speed remains constant throughout 

the testing because the sliding speed is translated to RPM 

suitably for each sliding radius of the disc. The wear 

specific rate or wear rate been the amount of material loss 

under a particular sliding distance, thus calculated using 

Equation (2).  Sliding distance = Sliding speed × Test 

duration time  

𝐷𝑖𝑠𝑣𝑜𝑙𝑢𝑚𝑒𝑙𝑜𝑠𝑠, 𝑚𝑚3    =

 
𝜋(𝑤𝑒𝑎𝑟𝑡𝑟𝑎𝑐𝑘𝑟𝑎𝑑𝑖𝑢𝑠,𝑚𝑚)(𝑤𝑒𝑎𝑟𝑡𝑟𝑎𝑐𝑘𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟,𝑚𝑚)3

5 (𝑏𝑎𝑙𝑙𝑟𝑎𝑑𝑖𝑢𝑠,𝑚𝑚)
    (1) 

𝑊𝑒𝑎𝑟 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑟𝑎𝑡𝑒 =
𝑊𝑒𝑎𝑟 𝑉𝑜𝑙𝑢𝑚𝑒,   𝑚3

𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒,   𝑚
               (2) 

3. Results and Discussions 

3.1. Characterization and rheological study 

Figure 3 depicts FESEM illustrations of the surface 

morphology of the newly formulated EC-CNTs anti-wear 

and TBHQ antioxidant additives. Figure 5 (a) shows a high 

resolution of EC-CNTs with a tube-like structure, while 

TBHQ exhibited a gel skeletal like structure. This result 

implies that the additives were effectively prepared. The 

EDS displays the elements found in the samples mentioned 

in Table 2, obtained from the FESEM images. The 

information obtained in the previous research [39] was 

similar to the elements found in this presented study. 

 

 

Figure 3. FESEM images of EC-CNT anti-wear (a) and TBHQ 

antioxidant additive (b) used. 

Table 2. EDX elemental composition in TBHQ and EC-CNTs additives used. 

Sample/Element 
(wt.%) 

C O K Fe Mg Al Si Cl S Mn Na Ca P 

TBHQ 79.7 20 - - - - - - - - - - - 

EC-CNTs 64.3 17.4 5.4 0.4 0.9 0.4 3.7 3.6 0.4 1.4 0.2 1.3 0.2 

  

(a) 

(b) 
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Using a dynamic light scattering (DLS) particle size 

machine, Figure 4 displays the particle size distribution. 

The TBHQ shows an average particle size of 18.8 nm, 

meeting the requirements set for industrial application. The 

data show that polar and non-polar N-Methyl-2-

pyrrolidone solutions, with average mean diameters of 

58.3 nm, for dispersing EC-CNTs. The TBHQ has a bulk 

density of 0.67 103 kg/m3 and a metallic brown shape that 

is generally spherical. 

 

Figure 4. Particle size distributions of TBHQ and EC-CNTs 

additives 

Figure 5. depicts the result of Oxidation analysis of 

SFO only and SFO + TBHQ tested (a) and FT-IR spectra 

of the various lubricants The antioxidant activity of the 

TBHQ additive was investigated in detail on its 

degradation resistance as presented in Figure 5 (a). 

TBHQ's concentration of 0.3 wt.% was used to determine 

its antioxidant capability sunflower base oil. The 

concentration used was chosen based on previous study 

[24]. The concentration of TBHQ added in the base oil 

was 0.3 wt.%. DSC was used to determine the initial 

oxidation temperature (IOT) and oxidation induction time 

(OIT). Better oxidation stability of the sample is indicated 

by a greater IOT and longer OIT. When TBHQ was added, 

the IOT value was 289 oC, compared to base SFO oil, 

which had only 237 oC. The introduction of an antioxidant 

agent, which significantly increases the antioxidant 

potency, as indicated by the significantly higher IOT 

values of the TBHQ addition compared to base SFO. 

Additionally, when the end points of the samples were 

compared, it was clear that the base SFO vanished at 328 
oC, while the addition of TBHQ resulted in elimination at 

367 oC, simply demonstrating the antioxidant ability. This 

indicates that the molecular weights of the compounds in 

TBHQ are well compatible with the SFO lubricant, leading 

to excellent performance. 

As depicted in Figure 5(b), the functional group CH2 

inside a long fatty alkyl chain displayed symmetric 

vibration at 2880 cm-1 and antisymmetric stretching 

vibration peak at 2725 cm-1 for all the samples but more 

pronounced with the SFO + TBHQ +EC-CNTs. Given that 

the absorption peaks formed at the wave numbers of 1842 

cm-1 and 1781 cm-1, and that the smaller wave number 

peak was stronger than the larger wave number peak, can 

infer that EC-CNT and TBHQ were found in the mixture 

of SFO + TBHQ + EC-CNTs. The vibration shift on COO- 

groups seen in base SFO and SFO + TBHQ + EC-CNTs 

with asymmetric and symmetric stretching is responsible 

for the discovery of two additional peaks at 1602 and 1632 

cm-1, which are shorter than formation observed in TBHQ 

and EC-CNTs separately, indicating good binding in the 

presence of SFO.  

Additionally, a notable shift in the SFO + TBHQ + EC-

CNTs sample was seen at 1583 cm-1 due to the poor COO-

group concentration, and the N-H bond of the organic 

complex which brings the absorption peak of SFO and 

SFO + TBHQ + ECNTs so close at 1250 cm-1. The long 

peak (SFO + TBHQ + ECNTs) at 1170 cm-1 was the result 

of aromatic C-H out of plane bends, whereas band 1017 

cm-1 was the result of hidden C-O-C stretch behavior due 

to -OH bending of cellulose, lignin, and hemicellulose 

constituents present in EC-CNTs. As a result of ester 

cleavage and the production of a carboxyl group in EC- 

CNTs, changed and shifted to a new value about 1695 cm-1 

when blended with SFO and TBHQ. In conclusion, the 

same graph train among the SFO and SFO +TBHQ + EC-

CNTs demonstrates compatibility between the additives 

and the base oil, and is commended. Additionally, it was 

found that the functional groups seen in the formulations' 

FT-IR analysis were essential in strengthening the 

tribological characteristics of the lubricant. 

 
Figure 5. Oxidation analysis of SFO only and SFO + TBHQ tested (a) and FT-IR spectra study of SFO, EC-CNTs + TBHQ, EC-CNTs, 

and SFO + TBHQ + EC-CNTs tested (b). 

(a

) 

(b

) 
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Figure 6 display images of the TGA and Raman 

spectroscopy studied, respectively. Fig. 6(a) shows the 

TGA results of SFO, SFO + TBHQ, SFO + EC-CNTs, and 

SFO + TBHQ + EC-CNTs, respectively. The weight loss 

percentage was determined using derivative thermos-

gravimetric data [40]. Before the inclination caused by 

degradation from the various lubricant samples, at the 

intersection of two tangents derived from a thermos-

gravimetric curve, the onset degradation temperature was 

discovered. SFO weight loss was 38.5%, which may be 

attributed to contaminants or features of contents possible 

of fasting degradation. After being modified with EC-

CNT, the weight loss was 18%, according to Fig. 6(a), 

modifications with TBHQ yielded weight loss of 14.7%, 

showing good heat resistance from antioxidant additive.  

The lubricant blended with TBHQ + EC-CNTs shows 

synergistic enhancement with 13.3% weight loss. The 

changes suggest that the thermal properties of SFO have 

been improved due to thermal degradation resistance from 

TBHQ + EC-CNTs. Compared to SFO, the weight loss of 

TBHQ and EC-CNTs were significantly lower, which may 

be attributed to the constituents and the formulations 

procedure, leading to improved thermal properties. The 

Raman spectroscopy study was presented in Figure 6 (b). 

The results show two distinct peaks in the D-band and G-

band at 1375.31 and 1601.37 cm-1, respectively, caused by 

carbon atom vibrations in the graphene layer. The 

treatments led to the accessibility of sp3 carbon 

hybridization [41]. These results are similar to those 

obtained by Nasir et al.,[42]  to investigate carbon 

nanotubes. The prepared sample of EC-CNTs in this 

analysis, revealed that D-band is less than G-band (ID < 

IG), as shown in Figure 6(b), indicated that the G-band 

peak is greater than the D-band, thus proves the product 

carbon nanotubes. 

Figure 7 shows the viscometric properties of SFO alone 

as well as the addition of the EC-CNT (0.3, 0.6, 0.9, and 

1.1 wt. %) and TBHQ (0.3 wt.%) additives that were 

examined in this work. The test used centistoke viscosity 

at temperatures between 40 and 150 °C and specific 

gravities at 25 °C. Tab. 3 provides an overview of the 

results of the lubricants' viscometric properties. The 

findings show that viscosity decreases with temperature in 

all of the samples examined, though the trend varies based 

on the quantity and kind of solution, with little fluctuation 

occurring across concentrations because the evaluated 

additives are not polymeric in nature. This is in line with 

previous report [43]. If there is not enough viscosity 

improver in the lubricant, viscosity will fall more quickly 

when temperature rises, which will damage the lubricating 

property. However, the combination of EC-CNT and 

TBHQ demonstrates good compatibility according to FT-

IR analysis. This is especially true if the additives are 

neither homogenous or well compatible with the basic 

lubricant. With the exception of 1.1 wt.% EC-CNTs + 0.3 

wt.% TBHQ, which demonstrates fast drop, the newly 

formulated SFO + EC-CNTs + TBHQ exhibits some level 

of sluggish decline as temperature rises. In the analysis, 

the SFO + 0.3 wt.% TBHQ sample had the lowest 

performance of all the additives tested. 

Table 3. Lubricants Viscometric properties. 

 
Sample/parameter 

Kinematic 
viscosity 

Viscosity 
index 

(VI) 40 oC 100 oC 

SFO only 34.7 13.3 399.5 

SFO + 0.3 % TBHQ 35.3 13.9 409.4 

SFO + 0.3 % EC-CNTs 36.2 14.7 420.1 

SFO + 0.6% EC-CNTs 36.5 16.1 451 

SFO + 0.9% EC-CNTs 37.7 18.3 486.7 

SFO + 1.1% EC-CNTs 36.8 16.3 452.5 

SFO + 0.3% EC-CNTs + 

0.3% TBHQ  

36.4 17.1 475.4 

SFO + 0.6% EC-CNTs + 
0.3% TBHQ 

36.5 18.5 504.6 

SFO + 0.9% EC-CNTs + 

0.3% TBHQ 

38.3 19.6 506.5 

SFO + 1.1% EC-CNTs + 
0.3% TBHQ 

38.1 16.8 450 

 

 

Figure 6. Results of the TGA of SFO, SFO + TBHQ, SFO + EC-CNTs, and SFO + TBHQ + EC-CNTs, showing the weight loss over 

temperature (a), and Raman spectroscopy of EC-CNTs (b). 

  

(a) (b) 
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Figure 7. ubricants viscosity against temperatures tested. 

The effect of temperature on viscosity is much more 

pronounced between 40 and 90 oC, but close ranges are 

seen between 100-150 oC.Due to the heating effect during 

operation, the additional additives replace the basic 

lubricant's viscosity even if their operations and 

degradation resistance are not as robust as those of 

polymers. At lower temperatures, the viscosity enhancer or 

polymer chains are compressed, occupy a small molecular 

volume, and are tightly packed together. But due of the 

heat impact, the mixed lubricant eventually loses its 

tribological qualities at high temperatures [43]. When SFO 

was combined with EC-CNTs and TBHQ, the lubricating 

oil viscosity index (VI) increases. It can be seen that SFO 

+ TBHQ + EC-CNTs shows the highest VI, followed by 

0.9 wt.% EC-CNT, thus used as the best formulation in all 

the subsequent analysis. 

3.2. Coefficient of friction and wear rate under different 

conditions 

As presented in Figure 8, all of the tested lubricants' 

coefficient of friction and specific wear rate against speed, 

load and temperature were plotted. In comparison to SFO, 

SFO + 0.9 % EC-CNTs, and SPO + 0.3 % TBHQ, SFO + 

0.9 % EC-CNTs +0.3% TBHQ revealed the lowest 

coefficient of friction at all speeds, loads and temperatures 

tested. However, using the additives (EC-CNTs and 

TBHQ), produces better outcomes than using base SFO. 

Analyzing SFO, under different speed (Figure 8 (a1)) of 

1100, 1300, 1500 and 1700 rpm, the COF was highest with 

values 0.068, 0.07, 0.074 and 0.078; for load of 60, 80, 

100 and 120 as in Figure 8 (b1), yielded 0.064, 0.063, 

0.073 and 0.075; while at temperature of 55,75 and 100oC 

as in Figure 8 (c1), gives 0.065, 0.074 and 0.076, 

respectively. This shows that loads and temperature give 

similar results. Following the same sequence, the specific 

wear rate (Figure 8 (a2)) were 14.8, 15.1, 15.5 and 15.9 

10-9 mm3.m-1.N-1 for speed, under load (see Fig. 8 (b2)), 

gives 14, 13.8, 14 and 14.6 10-9 mm3.m-1.N-1, while for 

temperature as in Figure 8 (c2) yielded 11.3, 15.3 and 16.4 

10-9 mm3.m-1.N-1, respectively.  
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Figure 8. Avg. COF and corresponding specific wear rate (flat disc) for different speed (a1-2) using 100 kg and 75 oC; load (b1-2) using 

1300 rpm and 75 oC; and temperature (c1-2) using 100 kg and 1300 rpm. (SFO only; SFO + 0.3 wt.% TBHQ; SFO + 0.9wt.% EC-CNTs; 

SFO + 0.9wt.% EC-CNTs + 0.3 wt.% TBHQ). 

In the operation with SFO + 0.9 % EC-CNTs +0.3 % 

TBHQ, under various speed of 1100, 1300, 1500, 1700 

rpm (Figure 8 (a1)), yielded COF of 0.061, 0.059, 0.058 

and 0.065; under load of 60, 80, 100 and 120 kg (Fig. 8b1) 

gives 0.062, 0.059, 0.058 and 0.063; while temperature of 

55, 75 and 100 oC as in Figure 8 (c1), yielded 0.061, 0.058 

and 0.065, respectively. When investigating the specific 

wear rate under the same trend, the various speed as shown 

in Figure 8 (a2) gives 13.7, 14.1, 13.5 and 14.7 10-9 

mm3.m-1.N-1; loads (Figure 8 (b2))yielded 13.6, 13.7, 13.5 

and 13.9 10-9 mm3.m-1.N-1, while temperature (Figure 8 

(c2)) gives 9.6, 13.5 and 14.7 10-9 mm3.m-1.N-1, 

respectively. The analysis shows that the best results were 

found under 1500 rpm, 100 kg, 75 oC working operations.  

The analysis discovered that both high speed, load and 

temperature, application of additives shows good 

tribological ability in relative to base SFO. This was 

attributed to formation of tribo-firm and penetration of 

NPs between the contacting surface [44] leading to lower 

COF and wear rate. The observation was supported by the 

results from the FT-IR analysis and particle size analysis. 

Furthermore, under different temperatures, the graph 

shows a similar trend showing that increase in temperature 

lead in corresponding increase on wear (Figure 8 (c2)). 

This is due to much generation of friction causing 

lubricant degradation.   Again, the excellent performance 

recorded from nano-lubricant was due to improved film 

formation between sliding surfaces and the generation of 

(a1) (a2) 

(b2) (b1) 

(c2) (c1) 
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frictional energy [25], which improved the lubricant's 

tribo-chemistry[43][44]. Also, the asperities' carrying 

forces have been lessened by the long chain of polar fatty 

acid molecules that firmly connected to the interacting 

surfaces [44]. However, due to TBHQ's capacity for 

resisting oxidation during the process, SFO + TBHQ 

produced superior results at higher speeds than SFO + EC-

CNTs. The solution supports the load with a decreased 

coefficient of friction owing to its outstanding thermo-

oxidation properties. 

Figure 9 presents the selected disk area wear roughness 

after operations in terms of surface roughness (Ra), root 

mean square (Rq) and mean roughness depth (Rz) of disk 

when lubricated with SFO, SFO + EC-CNTs, SFO + EC-

CNTS + TBHQ under best working operation (1500 rpm, 

75oC and 100 kg) corresponding to the results analysis in 

Figure 6 (a). As shown in Figure 9 (a1-d1), addition of 

additives indicates reduction on the wears on the lubricated 

surfaces. The wear nature or healing indicator 

demonstrating the mechanism and performance of the 

various lubricants as presented in Figure 9 (a2-d2).As seen 

in Figures 9(a1 and a2), there was a decrease in surface 

wear, which revealed crushing and the deposition of nano-

additives in the worn areas, causing the surfaces to 

undergo healing. The results demonstrated synergistic 

effect when blended the two additives as in Fig. 9 (a1-a2), 

however, revealed that EC-CNTs (Fig. 9 (b1-2)) gives 

better surface protection than TBHQ (Figure 9 (c1-2)). The 

base SFO shows the worst result due to absence of 

additive, thus expose the balls to direct contact leading to 

higher values (Fig. 9 (d1-2). The outcome on the surfaces 

tested indicated that addition of TBHQ + EC-CNTs 

nanoparticle into the oil can result in less roughness and 

formation of tribo-film which performs healing on the 

sliding contact. However, after the friction test with SFO 

and SFO + TBHQ nanoparticle, roughness of wear scar 

slightly changes but an increase in roughness related to 

SFO + EC-CNTs and SFO + EC-CNTs +TBHQ. The 

observation was due to the anti-wear property of EC-

CNTs. 

 
Figure 9. Roughness of wear scar (Ra, Rq, Rz) on the disk lubricated with SFO, SFO + EC-CNTs, SFO + EC-CNTS + TBHQ under speed 

of 1500 rpm, tempt. 75oC and 100 kg load. 
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The analysis of COF and wear scar diameter was 

further conducted using higher working operation as 

presented in Figure 10. The wear investigation was carried 

out by using high resolution microscope equipped with I-

Lite Solution software. The result revealed that the average 

values generated were higher than the outcome under 

smaller running speed as in Figure 8 (a, b and c). As in Fig 

10 (a), the average COF for base SFO was 0.2779, 

representing the highest COF among all the samples 

tested, but very close to SFO + EC-CNTs. Under SFO + 

EC-CNTs, SFO + TBHQ, and SFO + EC-CNTs + TBHQ, 

COF reduction was 5.9%, 50.5% and 76.8%, respectively 

against base SFO. The excellent performance from the two 

additives when used was due to the compatibility among 

them leading to synergistic effect. Similar result was 

observed on the analysis conducted using organic anti-

wear and ZDDP additive [45]. 

Evaluating the wear effect from the use of the various 

samples as presented in Figure 10 (b) using high resolution 

FESEM machine. The samples exhibited a similar trend, 

however, demonstrated higher results compared to the 

smaller working parameters (see Figure 8). The results 

show that the included additive enhances the tribological 

performance of SFO.  The average WSD under base SFO 

yielded the highest values in all the load tested. For 60, 80, 

100and120 kg load, under base SFO, the average WSD 

were 0.49, 0.52, 0.5 and 0.57 mm, thus resulted in WSD 

reduction with SFO + EC-CNTs + TBHQ by 32.7%, 

16.7%, 34% and 31.6%, respectively. The wear reduction 

with EC-CNTs performed better than the use of TBHQ, 

due to the anti-wear strength of EC-CNTs. Finally, the 

performance of the nano-lubricant was due to the tribo-

film generated and the rolling of the nano particles, which 

protect the direct contact between the sliding bodies 

leading to low wear formation.  

3.3. Evaluation of average wear scar diameter of the tested 

sample 

Figure 11 illustrated the trend of wear scar diameter 

against higher speed 2500 rpm using load of 100kg and 

temperature of 75oC. The result revealed that analysis on 

speed and load gives similar trends when compared to 

temperature graphs. The outcome from the entire testing 

shows that inclusion of additives significantly lowers the 

wear on the sliding contact except with TBHQ under speed 

of 1100 and 1500 rpm, when compared to all the tested 

lubricants.  It was also clearly observed that wear scar 

diameter is having an increasing trend mostly 

proportionally to the speed, load and temperature 

increasing for all tested lubricant. 

However, under the speed of 1500rpm, SFO + TBHQ + 

EC-CNTs show significant decrease on the WSD, while at 

load of 100 kg, SFO + TBHQ + EC-CNTs and SFO + EC-

CNTs indicated decrease on WSD against others lubricant 

graph trend. The rising speed of the sliding motion itself 

was the cause of the increasing WSD. The fatty acid chain 

first formed a soap coating on the contacted surfaces 

during boundary lubrication, which led to fewer asperities 

contact but not in excess frictional forces.  

This motion caused more asperities due to direct 

contact among the tribo-pairs leading to the removal of 

material from the contact 

surfaces. According to Karmakar et al., [7] during the 

chemical reaction, the metal surfaces absorb the ester ends 

of the fatty acid chains, which causes a thin layer of mono 

film to escape from the metal surfaces. Due to these 

reactions, the metal surface became weak and was easily 

worn away by constant sliding. The operating conditions, 

including temperature, loads, speed, and viscosity, had a 

significant impact on the durability of these thin layer 

mono films [48]. The wear rate and condition of the wear 

surfaces were accelerated by the lubricant's contamination 

of the hard metal debris that was being removed from the 

weakened metal surfaces during the sliding motion [49].

 
Figure 10. Average COF under speed of 2500 rpm, load of 100 kg, temperature 75 oC (a) and average WSD under different loads, speed of 

2500 rpm, tempt. 75 oC for the various lubricants. 
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Figure 11. Average WSD for different speeds (a) using 100 kg and 75 oC; loads (b) using 75 oC and 1500 rpm; and temperatures (c) using 

100 kg and 1500 rpm for the various lubricants. 

3.4. Wear surface morphology analysis 

The worn surface of the ball after 1hr. operation of 

bench test is shown in Figure 12 using high resolution 

SEM incorporated with EDX. After the test, the presence 

of groves parallel to wear direction is observed in all the 

lubricated surfaces. As demonstrated in Figure 12, 

operation using base SFO shows abrasive wears with 

serious crakes and more metals removed from the surface 

indicating excessive friction and direct contact operation, 

however, the observations were similar to the lubrication 

with SFO + TBHQ, but reduction on the wear diameter. 

The investigation with SFO + EC-CNTs provided 

significant reduction on the wear diameter and smoother 

surface compared base SFO, while nano-lubricant 

(SFO+TBHQ + EC-CNTs) displayed smoothest surface 

among all the tested surfaces. The reduction on the 

grooves was due to the deposition of the nanoparticles at 

the contact, thus minimized the contact and transferred the 

sliding motion into rolling motion. This can be concluded 

that the used additives enhance the properties of the 

lubricant based on the levels of analysis conducted.  On 

the EDX analysis on the various lubricated surfaces, 

sample of sunflower alone displayed few elements like Fe 

and carbon indicating lack of tribo-film formation as 

presented in Figure 12 (a1), while other surfaces 

demonstrated formation of film due to additional elements 

found.  

Under sunflower blended TBHQ, additional element 

was found with higher carbon indication presence of 

aromatic organic compound as seen in Figure 12 (b1), the 

surface lubricated with EC-CNT, produces many elements 

apart from Fe, O and C as illustrated in Figure 12 (c1). 

Elements like; Al, Si, Mg, Mn, K and Ca which correlates 

with the results of EDX analysis of EC-CNTs as in Table 

2. The detection of those elements was as a result of good 

tribo-chemistry on the contacted surfaces.  During the 

analysis of surface lubricated with sunflower blended 

TBHQ and EC-CNT as shown in Figure 12 (d1), some 

elements were found but lesser to that discovered under 

EDX analysis of blended EC-CNT. The production of the 

tribo-film indicated surface separation during the sliding 

test which could lead to machine elements protections 

unlike the outcome under application of sunflower alone.  

  

(a) (b) 

(c) 
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Figure 12. SEM images of the ball lubricated surfaces and the EDX analysis after the operation (2500 rpm, 100 kg, 75 oC). 

3.5. Operating mechanism of SFO + EC-CNTs + TBHQ 

nano-lubricant 

Analyzing the tribological enhancement and synergistic 

performance from the lubricant. It was observed that due 

to the penetration at the contact area and the development 

of tribo-films between the mating surfaces, SFO-nano-

lubricants have superior tribological properties compared 

to their base-oils. The effect of suitable nanoscale needed 

for lubricant formulation and the related deformation of 

nanoparticles were reported by Liu et al., and Joly-Pottuz 

et al., [50][51]. Also, the little concentration used thereby 

medicates the agglomeration effect which normally causes 

lubricant starvation within the contact regime. The 

crushing of NPs has already been established by previous 

analysis [27] for the formation of film which the study 

observed. This submission was confirmed due to the 

existence of nanoparticle elements EC-CNTs particles 

during the EDX analysis according to Opia et al., [47]. As 

clearly seen on the wear images in Figure 12, the cracks 

and serious abrasive wears under base lubrication were not 

seen much with EC-CNTs and EC-CNTs + TBHQ, thus 

indicated protective or anti-wear strength of the 

formulations.   
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4. Conclusion 

In this study, sunflower based bio-lubricant tribological 

performance was tested under inclusion of anti-wear EC-

CNTs and antioxidant of TBHQ. The synergistic behavior 

under application of the two additive was conducted. The 

findings indicated that bio-lubricant has the ability to 

partially replace commercial lubricant, which will reduce 

reliance on mineral lubricant and lessen the detrimental 

environmental impact. Again, blending the nano-additives 

yielded excellent tribological enhancement under all the 

conditions tested. However, during the use of SFO + EC-

CNTs + TBHQ at higher speed of 2500 rpm yielded COF 

reduction by 76.8% compared to the base SFO reference 

used. Also shows good reduction on the grooves, crakes 

and pits which were found on SFO lubricated surface. 

Finally, application of this nano lubricant will improve 

machine performance and prolong the lifetime of the 

machine elements. 
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