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ABSTRACT 

Vegetable oil-based cutting fluids have emerged as a promising innovation in machining operations, 

supporting the advancement of sustainable and eco-friendly manufacturing practices. This study delves into 

the development of a biolubricant derived from corn oil, enriched with 0.15% mass fractions of various 

nanoparticles, including calcium carbonate (CaCO3), copper oxide (CuO), and multi-walled carbon 

nanotubes (MWCNT). These nano-cutting fluids were applied through the Minimum Quantity Lubrication 

(MQL) method during CNC milling of AISI 1045 steel. The investigation focused on evaluating 

thermophysical properties, including density, thermal conductivity, and dynamic viscosity, as well as tool 

wear performance. The results demonstrated that CuO nanoparticles yielded the highest density, while 

MWCNT exhibited superior thermal conductivity and viscosity. Among all samples, the fluid with MWCNT 

showed the most effective performance in minimizing tool wear. This study highlights the potential of 

nanoparticle-enriched vegetable-based cutting fluids as high-performance, environmentally responsible 

alternatives to conventional mineral oil-based lubricants, promoting greener machining in the manufacturing 

industry. 

Copyright © 2025. Journal of Mechanical Engineering Science and Technology. 
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I.  Introduction 

In the modern manufacturing industry, computer numerical control (CNC) machining 

is one of the technologies widely used to improve product quality and efficiency [1],[2].    

An essential factor in minimizing friction and thermal buildup during machining operations 

lies in the appropriate selection and application of cutting fluids, which serve dual roles as 

both lubricants and coolants [3],[4]. During machining, the use of efficient and effective 

cutting fluids is essential for reducing tool wear, increasing the tool's lifespan, and improving 

the surface polish of the machined parts [5]–[7]. Dry cutting has long been used to reduce 

machining costs and environmental pollution, but friction and adhesion will increase, so 

mineral oil-based cutting fluids are also used, which are not environmentally friendly. 

Along with the development of nanomaterial technology, recent research has introduced 

the concept of nano-cutting fluid, a basic coolant and lubricant fluid mixed with very small 

nano-sized particles [8],[9]. Incorporating nanoparticles into cutting fluids has demonstrated 

significant enhancements in thermophysical characteristics, including viscosity, thermal 
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conductivity, density, and specific heat capacity while also increasing the wear resistance of 

cutting tools throughout machining operations [10]–[13].  

Currently, vegetable oils such as corn oil are starting to be widely used as base cutting 

fluids in research due to the fact that they are ecologically friendly, non-toxic, and easily 

biodegradable, offering an innovation for a sustainable alternative cutting fluid compared to 

mineral oils, which are commonly used on the market [14]–[17]. The extensive usage of 

mineral oil-based cutting fluids may elevate machining expenses and result in environmental 

issues, while also contributing to pollution and health hazards [18]. On the other hand, the 

availability of mineral oil raw materials is increasingly depleted, so solutions are needed to 

address various existing problems to produce a more effective machining process in the 

future [19],[20]. In addition, there is still a problem where mineral oil, as the basic material 

of cutting fluid, is sprayed a lot using the flood method, resulting in the liquid coming out 

continuously, which will have a bad effect on the environment. With this problem, the 

cutting fluid spraying method known as MQL that can be a solution to this problem and is 

more environmentally friendly. Specifically, by using a combination of high-pressure air 

and cutting fluid to spray into the cutting zone, chips can be efficiently cooled and cleaned, 

MQL technology has the advantage of being able to control cutting fluid sample usage 

accurately and low, namely 10-100 ml/hour only, much lower than flooding cutting fluid, 

namely 1200 L/h. With the development of science and awareness of the importance of 

environmental protection, it is crucial to conduct research on resource conservation, 

sustainable, eco-friendly manufacturing, and effective energy use. 

Among the various vegetable oils available, corn oil has emerged as an attractive 

candidate for use as a cutting fluid base. The advantageous physicochemical qualities of 

maize oil, such as low viscosity, high flash point, and beneficial fatty acid composition, 

enhance the efficacy of cutting fluids in machining applications [21]. In addition, corn oil 

contains compounds that are more biodegradable, making it a more sustainable substitute 

for mineral oils. Vegetable oil has low thermal stability and is more oxidative because it 

contains unsaturated fatty acids, but this can be overcome by modifying it using the addition 

of additives. 

Many kinds of studies have been conducted to investigate the role of nanoparticles in 

enhancing cutting fluid efficacy. Nanoparticles, such as metal oxides (CuO, TiO2, Al2O3, 

ZnO, SiO, Fe2O3), metal nitrides (AlN, SiN, hBN), metal carbides (SiC), and carbon forms 

(graphite, CNT, MWCNT), are commonly incorporated into mineral oil-based cutting 

fluids. These nanoparticles significantly enhance the thermophysical properties and wear 

resistance of these fluids [22]. Research on the use of nanoparticles in vegetable oil-based 

cutting fluids, particularly corn oil, is still in its infancy. In addition, although many studies 

have examined the performance of each nanoparticle individually, there is no clear 

consensus on the performance of which type of nanoparticle is most effective in the 

machining process, especially in CNC milling. 

Cutting fluids combined with nanoparticles have several potential benefits. Various 

nanoparticles possess distinct characteristics and may influence the interaction among the 

cutting fluid, cutting tool, and workpiece [23]–[25]. Consequently, it is essential to perform 

a comprehensive analysis of the impact of various nanoparticles on the thermophysical 

properties and wear resistance of vegetable oil-based nano-cutting fluids, particularly in 

CNC milling machining processes, which is anticipated to provide clearer guidance for the 

manufacturing industry in selecting appropriate cutting fluids for specific machining 

applications. Previous studies have predominantly examined the effects of a single type of 
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nanoparticle, lacking a comprehensive comparison among various nanoparticle types. This 

has left a research gap in understanding how different nanoparticles influence the 

thermophysical properties and wear resistance of corn oil-based nano-cutting fluids in CNC 

milling processes. Therefore, this study aims to address that gap by performing a 

comparative analysis of multiple nanoparticles incorporated into corn oil-based cutting 

fluids. 

II. Material and Methods 

1. Materials 

The base fluid and raw materials used were corn oil (Mazola, Indonesia). The additive 

material mixed into the base fluid used various types of materials, namely CaCO3 

nanoparticles made from shellfish waste, CuO, and MWCNT with a mass fraction of 0.15% 

(wt). Utilizing a CNC milling machine, the nano-cutting fluid sample's performance was 

used to ascertain its level of wear resistance with an MQL spraying method on AISI 1045 

steel, the dimensions of AISI 1045 steel are 50 mm  50  mm  20 mm (L, W, H). The 

cutting tool used in the machining process was a high-speed steel (HSS) SOLID endmill 

with a diameter of 8 mm, has four flutes, and is 70 mm long. 

2. Production of Nano-Cutting Fluid Samples 

The production of nano-cutting fluid samples involved two steps: ultrasonic 

homogenization and stirring [26]–[28]. The sample preparation process commences by 

mixing the nanoparticle additive into corn oil and stirring it using a magnetic stirrer at a 

speed of 1250 RPM for 20 minutes, as per previous studies [29]. Subsequently, it was 

subjected to ultrasonic homogenization for 30 minutes to achieve a high degree of dispersion 

[30]. The stages of the nano-cutting fluid sample preparation process and the experimental 

design are shown in Figure 1 and Table 1. 

 

Fig. 1. Schematic of nano-cutting fluid sample preparation 
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Table 1. Experimental research design 

No Sample names 
Concentration of 

nanoparticles (wt%) 
Lubricating condition 

1. Corn oil 0 MQL 

2. CO + CaCO3 0.15 MQL 

3. CO + CuO 0.15 MQL 

4. CO + MWCNT 0.15 MQL 

 

3. Experimental Setup of CNC Milling 

The performance of maize oil-based nano-cutting fluid samples with varying additions 

of distinct nanoparticles was identified and assessed using the CNC milling machining 

process (CaCO3, CuO, MWCNT) to be sprayed using the MQL method. In addition to 

various CNC milling machine components that will be used to determine the performance 

of nano-cutting fluid as a sample, there is also an MQL preparation consisting of a 

compressor to provide pressure to the nano-cutting fluid sample during the machining 

process, flow control to ensure constant air pressure, oil tank as a place for nano-cutting 

fluid samples when spraying, and nozzle to spray samples in the form of mist with 

parameters as carried out in further research [31]. Figure 2 shows the CNC milling 

machining parameters used, and Table 2 for the MQL parameters. 

 

Fig. 2. Experiment setup, (a) CNC milling, (b) MQL system 

Table 2. CNC milling machining parameters 

CNC milling Parameter MQL Parameter 

Spindle speed (rpm) 3000 Nozzle distance (mm) 20 

Feed rate (mm/rpm) 0.10 Nozzle angle (°) 45 

Dept of cut (mm) 1.5 Nozzle diameter (mm) 2 

Cutting speed (m/min) 110 Pressure (bar) 4 
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4. Thermophysical Test of Nano-Cutting Fluid 

The density of the nano-cutting fluid samples was assessed at ambient temperature using 

an analytical digital balance for mass measurement, while the corresponding volume was 

acquired using a pycnometer [32]. Thermal conductivity testing was carried out using KD2 

Pro to determine the heat transfer performance in nano-cutting fluid samples [33]. Dynamic 

viscosity testing is carried out to analyze the level of viscosity or resistance to fluid flow in 

the nano-cutting fluid sample using the NDJ-8S Viscometer [34]. The findings from 

numerous tests will be statistically evaluated using the SPSS program to derive inferences 

based on data or inferential statistical groupings of Analysis of Variance (ANOVA) by 

comparing the means using One-Way ANOVA. 

5. Tool Wear Measurement 

Measurement of HSS endmill cutting tool wear was carried out using a Sinher binocular 

optical microscope type XSZ-107 BN to determine the area of wear at intervals of four flutes 

in the HSS endmill [35]. Then the wear length is measured using Image J software to 

determine the edge wear length Vbmax. The length of wear that develops on the edge side 

of this cutting tool is used to calculate its wear. The results of the wear measurement on each 

flute will be averaged to obtain the endmill wear value, which is repeated 3 times for each 

parameter to be averaged again. 

III. Results and Discussions 

1. Density of Sample Nano-Cutting Fluid 

Figure 3 will show the results of the density measurement of corn oil-based nano-cutting 

fluid samples mixed with various types of nanoparticles (CaCO3, CuO, and MWCNT). 

When nanoparticles are added, the density value will rise. When nanoparticles are present, 

the system's overall mass rises, which inevitably raises the density.  The density of the fluid 

increases with the number of nanoparticles added [35],[36]. Because the nanoparticles in the 

corn oil sample have a higher density than the base liquid, it has a lower density value than 

the other samples. This result is in accordance with the published report by Kotia & Ghosh, 

who found that density will increase with the presence of nanoparticles [38]. Each type of 

nanoparticle has different properties in influencing the density of the base oil [39]. CuO has 

the highest density value, then MWCNT, and the lowest density value is CaCO3. The density 

of the cutting fluid will have an impact on its performance.  As a cutting fluid's density 

grows, so does its capacity to generate hydrostatic pressure. Therefore, increasing 

hydrostatic pressure can facilitate the entry of cutting fluid into the cutting zone during 

machining operations. 

Based on the results of statistical analysis using ANOVA, it can be seen that there are 

differences between the groups tested in the data, which states that the data obtained has 

very strong evidence to reject the null hypothesis. This shows that the differences between 

the groups tested are very statistically significant. This means that the results of this ANOVA 

analysis indicate that there are significant differences between the groups tested in the 

research or experiment conducted, as shown in Table 3. 
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Fig. 3. The density of corn oil-based cutting fluid samples. 

Table 3. ANOVA analysis on density test results 

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Between Groups 33190.729 3 11063.576 5376.112 0.000 

Within Groups 16.463 8 2.058   

Total 33207.192 11    

 

2. Thermal Conductivity of Sample Nano-Cutting Fluid 

Figure 4 illustrates the thermal conductivity values of the corn oil-based nano-cutting 

fluid with various kinds of nanoparticles included. The results demonstrate that the 

incorporation of MWCNT nanoparticles significantly enhances thermal conductivity, but 

CaCO3 and CuO nanoparticles have no measurable impact on thermal conductivity values. 

The type of base fluid nanoparticle, temperature, manufacturing process, concentration, 

form, and thermal conductivity of the nanoparticles are some of the variables that might 

affect the thermal conductivity value [40]–[42]. The insignificant thermal conductivity value 

in the addition of CaCO3 and CuO nanoparticles can occur because each particle's property 

affects the Brownian Motion of the nanoparticles, where the motion of this force is the 

random movement of particles in the sample suspension solution. 
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Fig. 4. Thermal conductivity of corn oil-based cutting fluid sample 

MWCNT nanoparticles have the property of being able to diffuse more evenly in the 

base fluid when properly prepared, thus increasing the efficiency of better heat distribution. 

[42],[43]. Carbon nanotube material is known as one of the materials with higher thermal 

conductivity because it has a regular atomic structure [44]. Meanwhile, CaCO3 and CuO 

nanoparticles as sample additives are likely to have greater agglomeration properties, 

namely the tendency for particles to clump together, thereby reducing the surface area and 

reducing thermal conductivity [40],[45],[46]. Thus, MWCNT nanoparticles have higher 

thermal conductivity in this study compared to CaCO3 and CuO in nano-cutting fluid 

applications. This is also reinforced by statistical analysis of the results that the data 

generated from the experimental tests that had been repeated three times on each type of 

variable showed validity, and the use of MWCNT nanoparticles showed the best results in 

increasing thermal conductivity, as shown in Table 4. 

 
Table 4. ANOVA analysis on thermal conductivity test results 

ANOVA 

 
Sum of Squares df Mean Square F Sig. 

Between Groups 0.0002560 3 0.00008533 78.769 0.000 

Within Groups 0.00000867 8 0.000001083   

Total 0.0002647 11    

 

3. Viscosity of Sample Nano-Cutting Fluid 

The dynamic viscosity test results for corn oil with different nanoparticle combinations 

are displayed in Figure 5.  These findings demonstrate that, generally speaking, the corn oil 

sample containing the MWCNT mixture has the highest viscosity value, followed by 

CaCO3, CuO, and the corn oil base fluid, which has the lowest viscosity. This is because the 

mixed MWCNT structure has properties that can increase surface interactions when spread 

in liquids, as the results explained in the article by Eltaggaz et al., it asserts that the base 

fluid's viscosity will rise due to the uniform dispersion of nanoparticles [34]. Increased 
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surface interactions can also contribute to increased viscosity of nanofluids [47]. A high 

viscosity index characterizes excellent lubricant performance [48]. In addition, MWCNTs 

also have a non-crystalline structure, which can cause significant interactions when 

dispersed in base fluids, with increased viscosity [49].  

It can also be observed that with increasing temperature, the viscosity will also decrease 

linearly. This finding is in accordance with previous research, which explains that there is 

an interaction between fluid molecules that weakens with increasing temperature, so that the 

viscosity of nano-cutting fluid also decreases [40], [50]. At different rotor speeds, it was 

observed that the viscosity did not change significantly; this is one of the characteristics that 

the nano-cutting fluid samples mostly have Newtonian properties. Dynamic viscosity testing 

in nano-cutting fluid research is important to analyze because when applied in a CNC milling 

machine, samples that have the right viscosity value will provide a thick layer in the bearing 

space, reducing wear and friction. 

 

Fig. 5. Dynamic viscosity of corn oil-based cutting fluid samples at rotation speed  

(a) 12 rpm, (b) 30 rpm, (c) 60 rpm 

4. Performance of Nano-Cutting Fluid Samples on Tool Wear 

In order to assess the effectiveness of the corn oil-based nano-cutting fluid sample with 

varying nanoparticle additives, Figure 6 displays the endmill tool's wear following its use in 

the CNC milling process.  The findings demonstrated that adding nanoparticles to the nano-

cutting fluid sample can decrease endmill tool wear during the CNC milling process. The 

reason for this is that nanoparticles have the ability to improve the cutting fluid's lubricating 

and cooling qualities [51], [52]. The lowest endmill tool wear value can be obtained from 

samples with a combination of corn oil and a mixture of MWCNT nanoparticles. The good 
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performance shown in the use of MWCNT nanoparticles can be due to the heat transfer 

process carried out in the cutting zone which can occur effectively and efficiently, where the 

heat formed due to the extrusion of the workpiece carried out on the cutting tool so that 

friction occurs and heat is generated can be absorbed and removed effectively through small 

nanoparticle grains. This can occur because the sample has quite good heat transfer quality, 

indicated by previous thermal conductivity testing that MWCNT can obtain high thermal 

conductivity values [53], [54]. The use of CaCO₃ and CuO nanoparticles in vegetable oil-
based cutting fluids has demonstrated notable effectiveness in minimizing cutting tool wear. 

These findings support the conclusion that nanoparticle additives can significantly reduce 

friction and thermal generation during machining. This aligns with the results reported by 

Surakasi et al., who emphasized the positive impact of nanoparticle-enhanced coolants in 

improving tribological performance [55]. MQL nanofluids have the best performance in 

reducing tool wear because they combine nano-cutting fluid with compressed air, which can 

spray cutting fluid into the friction pad gap so that it can reduce abrasion wear [56]. By 

engineering nanoparticles in nature, cutting fluids can create tribofilms that function as a 

thin layer that can reduce friction [57]. Based on the ANOVA results presented in Table 5, 

the data did not reach statistical significance at the 0.05 level, indicating that notable 

differences exist among the groups analyzed. 

 
Fig. 6. Endmill tool wear measurement results after CNC milling process  

Table 5. ANOVA analysis on flank tool wear test results 

ANOVA 

 Sum of Squares df Mean Square F Sig. 

Between Groups 0.002 3 0.001 0.906 0.480 

Within Groups 0.005 8 0.001   

Total 0.006 11    

 

Figure 7 shows a macro photo of tool wear on one of the endmill flutes after undergoing 

the CNC milling machining process. The highest wear was obtained when using corn oil 
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samples without nanoparticle mixture, it was indicated by the presence of tool fracture in 

the tool wing area, then there was a burnt color, and a built-up layer, this condition occurred 

due to suboptimal lubrication, where the absence of a strong protective layer during the 

friction between the cutting tool and the workpiece led to increased heat generation in the 

cutting zone as a result of continuous chip formation [58]. In the use of a mixture of CaCO3 

and CuO nanoparticles, tool wear can be reduced as indicated by a reduction in fracture, but 

there is still a small built-up layer and burnt color in the area of edge wear that occurs, this 

can occur possibly due to the lack of ability to dissipate heat, the presence of a mixture of 

nanoparticles in the cutting fluid shows something positive because it can form a thin layer 

and form lubrication performance, but the ability to dissipate heat is not yet adequate [59].  

 

Fig. 7. Macro photo of tool wear on one of the endmill flutes  

While the use of a mixture of MWCNT nanoparticles, tool wear can be reduced 

significantly, with a low level of fracture at the tip of the tool, this can happen because 

MWCNT nanoparticles have the ability to dissipate heat effectively, this is because the thin 

layer in the cutting zone produced by the cutting fluid contains small MWCNT particles as 

anti-friction, these nanoparticles can carry out their duties to withstand very good loads 

during the friction process, in addition, MWCNT nanoparticles contribute to the formation 

of a protective layer through a rolling effect, which helps reduce friction and enhance 

convective heat transfer. This characteristic enables the nano-cutting fluid sample to 

efficiently dissipate heat, thereby minimizing tool wear [60]. The findings align with 

theoretical studies from various sources, which suggest that incorporating nanoparticles into 

the base fluid significantly enhances its performance in reducing friction and wear [61]. 
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IV. Conclusions 

The CNC machining using corn oil-based cutting fluid with various types of 

nanoparticles as additives, including calcium carbonate (CaCO3), copper oxide (CuO), and 

multi-walled carbon nanotubes (MWCNT), significantly impacts the thermophysical 

properties of the nano-cutting fluid, such as dynamic viscosity, density, and thermal 

conductivity. While MWCNT offers the highest values for both thermal conductivity and 

dynamic viscosity, the addition of CuO nanoparticles results in the highest density. Dynamic 

viscosity testing reveals that the viscosity remains relatively constant across varying rotor 

speeds, indicating that the nano-cutting fluid samples in this study predominantly exhibit 

Newtonian flow behavior. Although incorporating nanoparticles can reduce tool wear, 

MWCNT demonstrates the most effective performance in minimizing tool wear among the 

nano-cutting fluid samples. 

This study is limited by the use of only three nanoparticles (CaCO3, CuO, MWCNT) at 

0.15% concentration and testing focused on thermal properties and tool wear, without long-

term stability analysis. Future research should explore different nanoparticles and 

concentrations for better cutting performance and efficiency, with corn oil-based fluids 

offering eco-friendly potential. 
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