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 

Abstract: Recently, manufacturing industries have concerned 

about the utilization of mineral-based metalworking fluids 

because of the numerous deleterious impacts on the health of 

workers and the environment as well as the shortage of mineral 

resources. Due to this scenario, the vegetable-based oils have 

emerged the researchers’ attention as a suitable replacement for 

the mineral based metalworking fluids since it is highly 

biodegradable, low toxicity and renewable resources. 

Nevertheless, the main problem of the utilization of the 

vegetable-based oils is that it shows poorer thermal and oxidative 

stability. The great development technologies had influenced the 

application of the nanofluids by adding the nanoparticles 

additives to the base oil as it gives better physical and properties, 

thus improved the tribological behavior. This study focuses on 

developing a new green synthesis and formulation of nanofluids 

from chemically modified jatropha oil by blending with 

nanoparticles additives such as hexagonal boron nitride (hBN) 

and graphene at the minimum concentrations (0.01, 0.025 and 

0.05 wt.%). The physical testing such as kinematic viscosity, 

viscosity index and flash point were conducted and compared with 

commercial synthetic ester (SE). Then, tribological testing was 

performed by using four ball tribo test and analyses in terms of 

coefficient of friction, worn surface analysis and surface 

roughness. From the results, the sample of MJOs had showed an 

enhancement by providing higher viscosity index.  The results 

demonstrate that MJOg2 provided the lowest coefficient of 

friction while MJOh3 and MJOg3 had smoother worn surface as 

it has lowest value of surface roughness in comparison with others 

sample. It can be concluded that the MJO samples have high 

potential substitution to mineral-based oil as a sustainable 

metalworking fluid in machining processes.  

 
Keywords: Vegetable-based oil, Nanofluid, Tribology, 

Sustainable Metalworking Fluid, Nanoparticle 

I. INTRODUCTION 

Manufacturing industries are mainly involved machining 

processes at which the use of metalworking fluids (MWFs) 

was widely applied in order to minimize the friction between 

the workpiece and cutting tool as well as prolonged the wear 

of the tool. The main conventional MWFs that  
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extensively used in the industries are mineral-based oils 

derived from crude or petroleum reserves as it offers 

reasonable price and have excellent technical properties for 

machining processes. However, mineral based MWFs are low 

biodegradable, non-renewable resources and high toxicity 

which can possess a negative effect on the environment such 

as contaminate soil directly and caused water and air pollution 

[1]. Moreover, the mineral-based MWFs is associated with 

increased health risk health of the workers via skin contact 

and inhalation when exposed to the mists or aerosols of the 

MWFs [2]. These problems had attracted the attention of 

researchers to explore the potential candidates by using 

vegetable oils to shift the use of conventional MWFs. 

Vegetable oils are preferred as a sustainable substitution 

because of high biodegradable, low toxicity toward human 

and environment and comes from renewable resources that be 

obtained continuously [3]. In addition, vegetable-based oils 

offer favorable attributes such as higher lubricity, higher 

viscosity index, higher shear stability, lower volatility and 

higher load carrying capacity. Nevertheless, the utilization of 

vegetable oils possesses some limitation because of their poor 

thermal-oxidative stability properties due to fact that the main 

component of vegetable oils are triglyceride which consists of 

free fatty acids (FFA) and glycerol. Most of the vegetables oil 

contains unsaturated fat which having double bonds between 

the carbon atom within the fatty acid chain [4]. The excellent 

biodegradable lubricant can be developed using various 

method to enhance their properties, for instance, modification 

through chemical reaction of vegetable-based oils and 

reformulation of additives [5]. The application of nanofluids 

are widely spread in lubrication systems where the nanometer 

size of particles additives are added in base fluids and have 

anti-friction and anti-wear properties which consequently 

promotes improvements in tribological and machining 

performance. 

Kashyap and Harsha [6] evaluated the tribological 

performance of the rapeseed oil that had been chemically 

altered and blended with ceria (CeO2) and copper oxide 

(CuO) nanoparticles at concentration of 0.1 to 1.0 wt. % 

through four ball test. It can be stated that the lowest of 

coefficient of friction was obtained by the CeO2 and CuO 

nanofluid at an optimum concentration of nanoparticles.  The 

mechanism of nanoparticles addivites was acts as 

nanobearings which changing the configuration of the surface 

contact from sliding to rolling, consequently reduces the 

coefficient of friction. 
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 It also argued that at the lowest concentration of 

nanoparticles the contribution of nanoparticles was 

considered not sufficient to facilitate the rolling motion as 

well as higher concentration of nanoparticle which more 

contributed on   high contact configuration reverts back.  

A recent study from Gupta et al. [7] proved that inclusion of 

nanoparticles additives into base oil had better in machining 

performance due to their good tribological and cooling 

properties. In their study, turning operation of Inconel-800 

Alloy was conducted by applying minimum quantity lubricant 

(MQL) system using sunflower oil as base oil and mixed with 

three types of nanoparticles additives which are molybdenum 

disulfide (MoS2), graphite and aluminium dioxide (Al2O3) at 

concentration of 3% respectively. The result reveals that 

graphite nanofluids provided better machining performance 

as it provided lowest cutting force at various condition of the 

cutting speed (800, 1000 and 1200 rpm), feed rate (0.1, 0.2 

and 0.3mm) and depth of cut (0.4, 0.8 and 1.2mm) in 

comparison with nanofluid with Al2O3 and MoS2. This is 

because of the covalent structure in graphite atomic structure 

was bigger that promotes a better rolling effect. Gutnichenko 

et al. [8] investigated machining performance through turning 

process of Alloy 718 with micro-grain coated cutting tools 

under MQL condition using nanofluid from commercial 

vegetable oils from rapeseed with the addition of 0.2% (vol.) 

of the graphite nanoplatelets (GnP). Based on the results, GnP 

nanofluids showed better machining performance through 

MQL such as tool life, process stability and surface finish of 

the workpiece. Moreover, it also observed that the applied of 

GnP nanofluids had decreased the friction in the contact 

surface of the cutting zone compare to the pure oil lubrication.   

Therefore, the current study focuses to develop a new 

formulation of bio-based MWF from vegetable oils with the 

inclusion of green solid additives to enhance the tribological 

performance outcomes. Modified jatropha oils (MJOs) is 

selected as highly potential metalworking fluids which more 

sustainable primarily for the process of the machining. The 

effectiveness of the nanoparticles additives namely hBN and 

graphene nanoparticles was evaluated at various 

concentration. Subsequently, tribological performance of 

MJOs with minimum concentration of hBN and graphene 

nanoparticles was evaluated via four ball tribo test to 

determine the potential of the newly development of 

metalworking fluids. 

II.  EXPERIMENTAL PROCEDURE  

A. Preparation of bio-based nanofluids for lubrication 

In the present study, the crude jatropha oil (CJO) was 

undergo chemical alteration and added with additives in 

nano-sized particle to improve the performance of the 

lubricant in terms of thermal-oxidative stability of the oil.  

Firstly, CJO was undergo the chemical modification through 

two-step acid-based catalyst to obtain the jatropha methyl 

ester (JME). The first step involved esterification process in 

which aimed to reduce the content of fatty acids (FFA) until 

less than 1% to achieve high yield of JME. The second step is 

the transesterification of the methanol and esterified jatropha 

oil (CH4O:EJO) at ratio of 6:1 to produce JME. Next, the 

process of transesterification was performed involved 

chemical reaction between JME with TMP at molar ratio of 

3.5:1 and the presence of presence of 1% (wt./wt.) sodium 

methoxide (NaOCH3) to develop TMP triester or noted as 

modified jatropha oil (MJO). The MJO was blended with 

hBN and graphene nanoparticles at temperature of 60°C and 

750 rpm for about 30 minutes [9]. Table I indicates all the 

lubricant samples prepared with nanoparticles additives. 

 

Table- I: Detail of MJO samples 
Name of 

Sample 

Concentration of 

Additives (Wt. %) 

Types of Nanoparticles 

Additives 

MJOh1 0.01 

hBN MJOh2 0.025 

MJOh3 0.05 

MJOg1 0.01 

Graphene MJOg2 0.025 

MJOg3 0.05 

B. Physical analyses 

The physical testing of the modified jatropha oils such as 

kinematic viscosity, viscosity index and flash point are carried 

out by following the procedure of American Society for 

Testing and Materials (ASTM) standard and compared with 

the synthetic ester (SE), Unicut Jinen MQL which 

commercially available in the market as the benchmark oil.  

The value of the kinematic viscosity of the oil samples were 

measured and recorded at the different temperature from 

30°C to 100°C according to the ASTM D445 by using a 

portable viscometer. The oil sample was heated uniformly 

until reached the desired temperature and then, immerse the 

solid stainless-steel sensor of the viscometer into the oil 

sample. Furthermore, standard ASTM D2270 was applied to 

calculate the viscosity index of the oil samples using the result 

value of the kinematic viscosity which obtained at both 40°C 

and 100°C. Standard procedure of ASTM D93 was followed 

for the flash point test by using Pensky-Martens closed cup 

tester at which the sample of oil was heated and stirred in the 

container at specified rates. 

C. Tribological testing 

Tribological study of the MWF is related on friction and 

wear mechanisms. In this study, DUCOM four-ball tribotester 

was used to conduct tribology test according to the standard 

procedure of ASTM D4172 [10]. The material of ball used for 

this testing is a 12.7mm diameter of the chrome steel ball 

(AISI 52100) with 64 to 66 HRC of hardness. In this testing, 

the three steel ball which in the stationary condition was 

placed on the lower ball pot assembly and secured with the 

locking ring and nut while the rotating ball was held and 

locked at the upper spindle.  Approximately about 10ml of the 

lubricant sample was filled into the ball pot for each of testing.  

Then, the ball pot was placed into the machine and applied 

the normal load (392 2N) gradually to prevent form any 

concentrated stress. The constant speed of 1200 rpm was set 

and applied to the machine to rotate the upper rotating ball for 

60 minutes when the set temperature (75°C) is reached. The 

setup of the four-ball test was displayed in Fig. 1.  
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The COF value was determined automatically based on the 

data of the friction torque that recorded by the software of 

Winducom 2010. The morphology of worn surfaces after the 

four-ball test was analyzed and captured by using scanning 

electron microscope (SEM). Lastly, the surface roughness of 

the worn surfaces on the steel ball was determined using 

surface roughness tester according to ISO4288:1996. 

 
Fig. 1: Set up for four ball tribo test 

III. RESULT AND DISCUSSION 

A. Physical properties of bio based nanofluids  

Viscosity of MWF is an important measurement that 

indicates the resistance of flow and influenced the lubrication 

film that formed between the contact surfaces to provide 

better prevention towards friction and wear. It can be proven 

that there are significant decreases in kinematic viscosity 

influenced by the increase of the temperature of the sample of 

lubricant as shown in Fig. 2. This phenomenon was occurred 

because the motion of the molecules in the lubricant samples 

were moved faster when the temperature is higher. In the 

study of Singh et al. [11], the author initiated that the changes 

of the viscosity at different temperature was reflected on the 

decrease in density of the lubricants. The result in Fig. 2 

indicated that the SE had highest value of kinematic viscosity 

within the range of 30 to 100°C compared to MJO samples. 

This result indicated the viscosity of the oil become lower due 

to the weaken intermolecular forces on the hydrogen bonding 

that caused by the chemical modification via 

transesterification reaction undergo by MJO [12]. 

Recent study by Chhibber et al. [13] emphasized that it is 

undesirable having higher viscosity in mechanisms of the 

lubrication as it can creates problems on increasing energy 

consumption and might fail at the lower temperature. The 

value of viscosity should be optimum at any application as the 

low viscosity possess more wear while high viscosity 

provided critical frictional loss [14].  Furthermore, the value 

of kinematic viscosity of lubricant samples was slightly 

increased as the concentration of hBN and graphene 

nanoparticle additives is higher.  

     Fig. 3 demonstrates the result of the viscosity index of 

the SE and MJO samples. The viscosity index of MJO 

samples was higher compared to SE. This is because of the 

chemical modification that performed to the crude jatropha 

oil to produce the MJO. MJOg3 provided highest viscosity 

index which influenced by the highest value of kinematic 

viscosity at 100°C (5.23 mm
2
/s) among the other samples. 

The result was proven that the negative coefficient of thermal 

expansion of graphene (-8 × 10
-6

/°C) effected the high 

viscosity index of the MJOs with graphene compared to hBN 

[15]. Meanwhile, the MJOh3 recorded as second highest of 

viscosity index as it also has lower coefficient of thermal 

expansion (1× 10
-6

/°C).  

 

Table- II: Kinematic viscosity of the lubricant samples 

Sample 
Kinematic Viscosity  

30°C 40°C 60°C 80°C 100°C 

SE 31.12 19.12 12.46 7.56 4.32 

MJOh1 18.73 15.34 9.75 4.71 4.56 

MJOh2 18.93 15.55 10.14 4.93 4.67 

MJOh3 19.21 15.96 10.34 5.15 4.89 

MJOg1 18.94 16.82 9.90 4.94 4.79 

MJOg2 19.23 17.16 10.46 5.26 5.01 

MJOg3 19.52 17.38 10.79 5.48 5.23 
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Fig. 2: The kinematic viscosity at 30 to 100°C of the 

sample of lubricant  

 

Table- III: Kinematic viscosity and viscosity index of 

sample lubricants 

Sample Viscosity Index Flash Point (°C) 

SE 137 250 

MJOh1 242 220 

MJOh2 250 222 

MJOh3 267 224 

MJOg1 233 222 

MJOg2 250 220 

MJOg3 269 230 
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Fig. 3: Variation of viscosity index of the lubricant 

samples  

Flash point indicates the lowest temperature of the oil 

samples at which it can vaporize when in contact with air, 

hence the inflammation can be produced by providing an 

energy external trigger. Fig. 4 displays that highest value of 

flash point was recorded by SE with 250°C compared to the 

MJO samples. The MJO samples were contributed lower 

flash point than SE because  

of the presence of the unreacted JME during 

transesterification process that involved reaction between 

JME and TMP in the development of TMP ester or known as 

modified oil [16]. It also can be seen that there is a minimal 

increment of the flash point as the concentration of hBN and 

graphene nanoparticles increasing.  The higher flash point of 

the lubricant indicated that it is low in term of vapour pressure 

and volatility that significantly provided low potential fire 

hazards during the use of the lubricant[17]. 
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Fig. 4: Variation of flash point of the lubricant samples 

B. Tribological results 

Fig. 5 presents the result of coefficient of friction (COF) for 

SE and MJOs samples. The highest value of COF was 

recorded by SE with value of 0.0894 compared to the MJOs 

sample. The improvement of COF in range of 22 - 62% was 

obtained by the sample of MJOs compared to SE as the 

molecular chains were formed in the MJOs caused the 

reduction of friction on the contact surface. These results had 

shown the advantage of inclusion of nanoparticles because it 

can filled the inter-asperity valleys, thus formed thin transfer 

films that lead to effective lubrication [18]. MJOg2 offers 

better performance because had the lowest COF of 0.0332 

which improved more than 62% compared to SE. The 

graphene nanoparticles has two-dimensional structure which 

the particles were ease to slide slide between the two mating 

surfaces, thus improved in term of friction. Nevertheless, the 

inclusion at higher concentration of graphene in MJOg3 

causes some coagulation that promoting the poor frictional 

properties due to the unstable friction as well as exhibited 

vibration in the friction zone [19]. Furthermore, the trend of 

COF for MJO blended with hBN was a bit differ from 

graphene nanofluids as the lowest concentration (0.01 wt.%) 

at MJOh1 has recorded the lowest COF of 0.0509 compared 

with MJOh2 and MJOh3. This is because the high 

concentration of hBN acts as abrasive particles which might 

damage the worn surface due to plastic deformation [20].  
 

Table- IV: Coefficient of friction for all sample lubricants 

Sample Coefficient of friction 

SE 0.0894 

MJOh1 0.0509 

MJOh2 0.0570 

MJOh3 0.0695 

MJOg1 0.0414 

MJOg2 0.0332 

MJOg3 0.0454 
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Fig. 5: The coefficient of friction of the lubricant 

samples 

Fig. 6 shows the morphology of worn surfaces for lubricant 

samples of SE and MJOs. It was observed that the SE had 

parallel deep groove that form on the worn surface. The worn 

surfaces of SE has severely abrasive wear which indicated 

that the lubrication film was completely broken. The presence 

of nanoparticles provided smooth worn surface with a few of 

groove and material transfer spotted compared to SE. The 

deep groove on the worn surfaces was developed due to the 

removal of the thin layer soap film which initially formed by 

the fatty acid chain during lubrication [21]. 
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Fig. 6: SEM morphology of the worn surface on the steel 

ball at magnification of 500x 

 

Fig. 7 indicated the variation of surface roughness of the all 

the lubricant samples. The measurement of surface roughness 

was performed to observe and comprehend on the steel ball 

that had worn out after the four-ball test. From the result 

obtained, the surface roughness of SE was highest at 0.306μm 

compared to the MJOs sample. This proven that the SE 

provided a poor lubrication film as the worn surface produce 

was rough comparing to the other MJOs sample. The presence 

of the hBN and graphene nanoparticles in MJO was improved 

the surface roughness with 29 to 35% lower compared to SE. 

The inclusion of the 0.05 wt.% hBN and graphene 

nanoparticles in MJO which represent by MJOh3 and MJOg3 

provided the lowest surface roughness of 0.199μm and 

0.205μm respectively. This proven that the nanoparticles 

additives play role in decrease of wear by filling the asperities 

between the contact surfaces, hence produced a superior 

protective transfer film. The lowest concentration of 

nanoparticles additives was considered not sufficient to 

protect from wear, therefore produce a high surface roughness 

[22].   

 

 

 

 

 

 

Table- V: Surface roughness of the lubricant samples 

Sample Surface Roughness 

SE 0.306 

MJOh1 0.209 

MJOh2 0.207 

MJOh3 0.199 

MJOg1 0.217 

MJOg2 0.214 

MJOg3 0.205 
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Fig. 7: Variation of surface roughness of the lubricant 

samples 

IV. CONCLUSION 

In general, the present study was performed 

physicochemical properties and tribological tests to assess the 

relative performance for all sample of lubricant as a 

sustainable lubricant by comparing the result with 

commercial SE. The following conclusions are drawn from 

this experimental study: 

a)    The chemical modification and the inclusion of hBN and 

graphene nanoparticles in MJO based oil additives had 

showed a significant improvement on the 

physicochemical properties. MJO with 0.05 wt.% of hBN 

and graphene nanoparticles (MJOh3 and MJOg3) 

provided the highest VI of 267 and 269 respectively. The 

viscosity of the lubricant can be proved affect the 

performance of the lubricant as it influences the thickness 

of lubrication film.  

b)    MJOg2 had an optimum concentration which provided 

the lowest coefficient of friction (0.0332) among other 

samples. However, it does not provide the enough wear 

protection since the surface roughness of the worn 

surface was high compared to MJOh3.  It can be 

concluded that, in MJOh3 provided smoother of worn 

surfaces by providing 34.96% improvement of surface 

roughness value even though the coefficient of friction 

was the highest among the MJOs sample but lower than 

SE.  

c)    The addition of the nanoparticles in the based oil is 

remarkable as excellent lubrication performances 

because of the deposition of nanoparticles additives in  

the rubbing surfaces which filling the asperities between 

the contact surfaces, 
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 hence produced a superior protective transfer film.  

Based on the overall result, the addition of nanoparticles 

additives has promoted improvement on tribological 

characteristic and highly suitable as substitution of SE. 
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