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The increasing focus on sustainable manufacturing has brought about interest in the bio-based cutting 
fluids where the mineral oils are being replaced. In the paper, the rice bran oil (RBO) as a renewable 
and environmentally harmless lubricant is reinforced with copper (Cu) nanoparticles (NPs) to improve 
its thermophysical and tribological properties when used in machining processes by using waste 
materials of rice processing. The reinforcement of 0.5 vol.% of Cu-NPs into base oil enhanced thermal 
conductivity by 51% and the viscosity by 25.7% as compared to unreinforced oil. The tribological 
measures showed reduced coefficient of friction by 48.9% at 0.5 vol.% of Cu-NPs as compared to rice 
bran oil (0 vol.% of Cu-NPs). The obtained RBO-Cu nanofluid demonstrated a high dispersion stability 
and sustainable lubricating properties during the prolonged use. These results imply that the reinforced 
RBO cutting fluids using Cu can potentially present a sustainable, high-performance solution to 
precision machining operations that can be sustainable and have a high process efficiency.
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A lot of machine operations such as turning1, milling2,3, drilling4, and grinding5,6 use cutting fluids. Their 
primary functions are cooling, lubricating, chip removal and corrosion protection. Combined, these items 
decrease cutting temperatures, reduce tool wear, increase tool life, and enhance surface polish of machined 
parts7–9. It is possible to significantly increase the performance of the cutting fluid during the machining process 
by adding oil rather than merely water. This not only yields improved results compared to dry machining, but it 
also reduces the amount of tool wear, cutting forces, and surface roughness associated with the operation10. Oil 
may be mineral, synthetic or vegetable. The cutting fluids produced in the world are about 85 percent of mineral 
oils, which are derived in petroleum. Cutting fluids that are made using mineral oils contain a high number 
of various chemicals and once they are applied, they leave behind oil mist thereby increasing the chances of 
bacteria and other microbes developing. This may lead to skin and allergy complications in the machine shop 
workers, and this poses a significant health hazard11–13. Approximately 80 percent of the occupational diseases 
that are recorded around the metalworking regions are associated with extended periods of skin exposure to 
metalworking fluids14,15. Additionally, when machines are utilized, the elevated temperature that accompanies 
these processes may transform mineral oils, which are not environmentally friendly, such as disposing of them 
or treating it16,17.

The cutting fluids made of vegetables are gaining a foothold in the contemporary manufacturing industry as 
they are biodegradable, renewable and exhibit a lesser impact on the environment as compared to mineral-based 
oils18,19. Manikanta et al.20 reported enhanced turning performance of stainless steel (SS 304) with vegetable oil 
as compared to conventional cutting fluid and dry condition. One of the most attractive vegetable oils is rice 
bran oil (RBO), which is the byproduct of rice milling that is naturally slippery, oxidatively stable, and has an 
appealing fatty acid composition21,22. Naturally, vegetable oils generate a polar boundary film on metal surfaces, 
and this increases the ease with which machining becomes simpler23. Their low thermal conducting property 
however limits their performance at high speed. One of the possible methods to overcome such issues is the 
addition of metallic nanoparticles to the base oil to form nanofluids. The addition of nanoparticles (NPs) to 
cutting oils to enhance the performance and tribological properties of minimum quantity lubrication (MQL) 
systems has elicited a lot of interest24. When nanofluids (NFs) are adopted in the heat transfer processes, their 
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thermophysical properties play a significant role in the heat transfer coefficient (HTC). Thermal conductivity, 
the ability of the material to transfer heat, dynamic viscosity, the ability of a pump to pump efficiently and the 
amount of pressure material loses, and specific heat, the ability of a material to trap and give up the heat of the 
higher part of the material25. A large variety of nanoparticles have been investigated, including metallics like 
copper (Cu), zinc (Zn), silver (Ag), nickel (Ni), gold (Au), and metal oxides like copper oxide (CuO), titanium 
oxide (TiO2), iron oxide (Fe2O3), silicon oxide (SiO2), aluminum oxide (Al2O3) particles, as well as carbon-
based (graphene, carbon nanotubes (CNTs), multi-walled CNTs, diamond) particles. Nanofluids are frequently 
stabilized with the help of surfactants, enhanced in terms of physical capabilities, and made more hydrophilic26.

Adding nanoparticles to oil makes it easier for heat to escape, slows down film boiling, and encourages 
droplets to spread while keeping the viscosity low enough for spray delivery27. When the tool and chip touch, 
the nanoparticles make a hybrid tribo-film of metal oxides and oil-derived species. This film acts as a sacrificial, 
low-shear layer, stops adhesion and built-up edges, fills in surface valleys, and cuts down on wear. These particles 
also smooth out rough spots by polishing or rolling them lightly. This lowers the cutting forces and temperature 
while improving the surface finish and tool life28. The combination of RBO’s chemisorbed molecules and the 
nanoparticles layer creates a long-lasting interfacial film that can withstand shear and oxidation. This changes 
wear mechanism from harsh adhesive or abrasive modes to milder tribo-chemical mechanism29.

Cu-nanoparticles can greatly improve heat transfer, lower the temperature in the cutting zone, reduce tool 
wear, and improve the finish of the surface during machining30. Thus, this study focuses on the development of a 
sustainable and high-performance cutting fluid based on rice bran oil (RBO) reinforced with highly conductive 
and lubricative copper (Cu) nanoparticles. While several studies have reported the use of Cu nanoparticles in 
combination with other vegetable oils, their interaction with rice bran oil remains largely unexplored. There 
is not much research on the thermophysical properties of RBO-reinforced Cu nanoparticles. There is also no 
research on how the rheology of RBO–Cu nanofluids with volume fraction of nanoparticles affects tribological 
performance. This study aims to enhance the thermophysical properties of rice bran oil by incorporating Cu 
nanoparticles and to create an environmentally friendly alternative to regular lubricants that work just as well or 
better in terms of cooling, lubrication, and tribological behavior when machining is difficult.

Materials and methods
Formulation of nano-cutting fluid
The method for making nanofluid from rice bran oil (RBO) and copper nanoparticles (Cu NPs) involves 
heating, chemical, and mechanical dispersion steps in that order to make sure that the suspensions are stable 
and homogeneous and have better thermophysical and tribological performance. To get rid of moisture and light 
volatiles that have stuck to the surface of Cu nanoparticles (see Fig. 1), they are heated to 80–90 °C. To make the 
dried particles more compatible with oil and less likely to clump together, they are stirred with a small amount 
of solvent (RBO, which itself contains oleic acid as a surface modifier/surfactant) for 30 min at 800 rpm. The 
coated nanoparticles (0.1–0.5 Vol.%) are then mixed into refined RBO using a probe sonication method that 
uses pulsed sonication (2 s ON/2 s OFF) at a frequency of 20 kHz for a total of 30 min of ON time. Ice bath is 
maintained on the sample to ensure it does not disintegrate due to heat. High-intensity cavitation is employed 
to disaggregate clusters into primary or near prime particles in this step. A further procedure, which involves 
sonication in an ultrasonic bath (30 min at room temperature), removes any remaining microbubbles in the 
dispersion and further increases the stability of the dispersion. Lastly, the ready nano fluid is transferred into 

Fig. 1.  TEM image of Cu nanoparticles.
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amber glass bottles with minimal headspaces and stored in the dark room temperature in order to preserve the 
quality of the dispersion. Every step in the procedure is highly significant: Thermal drying prevents oxidation 
by moisture, coating the nanoparticles with oleic acids facilitates their wetting and dispersal in nonpolar media, 
probe sonication provides the nanoparticles with the appropriate degree of shear needed to deagglomerate, 
and gentle bath sonication ensures that the nanoparticles are not broken. Figure 2 shows a detailed schematic 
diagram for making nanofluid.

Characterization and measurement of nanofluid’s properties
Nanoparticle Tracking Analyzer (NTA, NanoSight 300) was used to look at nanoparticle agglomeration, which 
is a sign of the nanofluid’s physical stability. Fourier Transform Infrared Spectroscopy (FTIR, Nicolet IS-50) 
was used to check chemical stability. A thermal conductivity tester (DTC-300) was used to measure thermal 
conductivity, and a rheometer (ARES-G2) was used to measure viscosity.

Tribological testing
To determine the coefficient of friction, a series of reciprocating tribological tests was conducted using a Rtec 
multipurpose tribometer (see Fig. 3a). For the tribological pair, a polished flat disc of alloy 925 and a tungsten 
carbide ball were used. To maintain a total sliding distance of 100 m, as specified in the ASTM G133 standard, a 
21-min testing duration was performed at a frequency of 20 Hz and a stroke length of 2 mm, using a 25 N load. 
A schematic diagram for tribological reciprocating testing is shown in Fig. 3b.

Results and discussion
Physical stability
Figure 4 shows the average size distribution of the nanofluids’ hydrodynamic particles, which contain 0.1–0.5 
vol% Cu nanoparticles. For concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5 vol%, the average particle sizes were 
86.52 nm, 121.93 nm, 147.10 nm, 154.36 nm, and 162.85 nm, respectively. The results show a clear pattern: 
as the concentration of nanoparticles goes up, the size of the particles goes up as well. This is because of more 
particles interacting with each other and clumping together when the volume concentration is higher31. At 0.1 
vol%, the average particle size was about the same as the manufacturer’s reported primary particle size (80 nm). 
This means that there was not much agglomeration and the dispersion was stable. However, as the concentration 
rose above 0.2 vol%, there was a slow rise in particle size, which meant that agglomeration was starting because 
van der Waals attractive forces were stronger than steric or electrostatic repulsive forces.

The average particle sizes remained below 200  nm despite the higher concentrations (0.4–0.5 vol%), 
indicating that the nanofluid maintained good colloidal stability. This is due to effective pre-treatment32 and 
dispersion techniques24 that prevented the formation of complex agglomerates, such as heating nanoparticles, 
magnetic stirring, and simultaneously using a bath sonicator and a probe. The NTA results show that the Cu 
nanofluids we made are physically stable overall, with only a small increase in particle size across the range of 

Fig. 2.  Procedure for synthesis of nanofluid.
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Fig. 4.  Particle size distribution in nanofluids at different volume fractions.

 

Fig. 3.  Tribological testing: (a) Equipment set up, (b) Schematic diagram for reciprocating testing.
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concentrations we tested. This kind of stability makes sure that the thermophysical and tribological properties 
stay the same during machining.

Chemical stability
The spectra of Fourier Transform Infrared Spectroscopy (FTIR) for base fluid and nanofluids is shown in Fig. 5. 
The absorption bands in the spectra of base fluid (RBO) and RBO-based Cu nanofluids are very similar. This 
shows that the basic chemical structure of the base fluid stayed the same after the nanoparticles were added. The 
strong peaks between 2920 and 2850 cm−1 are due to C–H stretching vibrations of the –CH2 and –CH3 groups. 
The band near 1740 cm−1 is due to the C = O stretching vibration of triglyceride esters, which are a major part 
of RBO. Also, the absorptions between 1450 and 1370 cm−1 are C–H bending vibrations, and the peaks between 
1200 and 1000 cm−1 are C–O–C stretching of ester linkages.

The spectra of Cu nanofluids do not have any extra peaks or big peak shifts compared to pure RBO. Therefore, 
nothing altered or reacted during the nanofluid’s formation. Light reflecting off the scattered nanoparticles is 
what causes minor changes in peak intensity at higher nanoparticle concentrations33. FTIR analysis, which 
demonstrates that the addition of Cu nanoparticles has no effect on the chemical structure of RBO, supports 
this. In other words, these nanofluids continue to be chemically stable. It is important to ensure that the 
thermophysical properties of the base fluid do not alter during storage or machining.

Thermal conductivity
Figure 6 shows the results of testing Cu nanofluids made from rice bran oil for thermal conductivity at 30 °C. 
As more Cu nanoparticles were added, thermal conductivity kept rising. Pure rice bran oil had the lowest value, 
and the sample with the most copper had the biggest jump. At comparatively low concentrations (0.2% or less), 
thermal conductivity increased in a nearly straight line. This suggests that the nanoparticles stayed scattered 
and did not clump much. The growth curve started to slightly bend after that range, indicating even better heat 
transfer as the particles interacted more. A similar result with increase of volume fraction of nanoparticles was 
reported by Manikanta et al.20. In essence, the numbers rise as more copper, phonon, and electron transport are 
absorbed. The primary cause of this increase is copper’s inherent 400 W/m–K heat conductivity. The oil becomes 
a better heat highway as a result. Additionally, the continuous motion of these minuscule particles causes micro-

Fig. 5.  FTIR Spectra of RBO and nanofluids at different volume fractions.
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level disturbances that accelerate the movement of heat. However, if it continues to add more, the oil thickens, 
and the nanoparticles begin to group together. The gains slow down because it is more difficult for heat to 
spread. As a result, adding Cu nanoparticles to rice bran oil greatly increases its thermal conductivity. Because of 
this, these nanofluids are an excellent choice for advanced heat handling techniques such as minimum quantity 
lubrication (MQL) machining.

Viscosity
Figure 7 clearly shows that increasing the number of nanoparticles in rice bran oil–based Cu nanofluid results 
in higher viscosity. That matters a lot in machining because viscosity tells you how well a cutting fluid can cool 
and lubricate. When nanoparticles are added, the increase in viscosity allows the fluid to support greater weight 
and creates a stronger film between the tool and the chip, as well as between the tool and the workpiece34. That 
is a good thing, it keeps the lubricating film stable, cuts down on direct metal-to-metal contact, and helps reduce 
friction and adhesive wear while cutting. The entire structure is made denser by stronger interactions between 
the particles and the fluid, as well as between the particles themselves. The scattered Cu nanoparticles roll 
around, reduce friction, and improve the oil’s ability to dissipate heat, much like tiny ball bearings. Temperatures 
drop when you create a cutting zone that loses heat more quickly, improving the surface finish. In conclusion, 
the viscosity of rice bran oil is considerably changed by the addition of copper nanoparticles. This finding is 
consistent with what is commonly seen in metallic nanofluids: shear-thickening happens as additional particles 
are added.

Integrated consideration of nano fluid properties
The coolants that include nanoparticles and contain nanoparticles are known as nanofluids, and researchers 
have strived to enhance the heat transfer characteristics of the nanofluids. The problem is that it is not sufficient 
to enhance their heat conductivity. The whole scenario should be considered since the addition of nanoparticles 
not only influences thermal conductivity. It changes the viscosity, stability, and even the capacity of the fluid 
to lubricate surfaces. These adverse effects are enormous. They affect the ability of the fluid to conduct heat 
and the energy cost to conduct the heat. In order to make nanofluids functional and yet not expensive, there 
is a necessity to balance between enhancing heat transfer and retaining fluid viscosity that is not difficult to 
pump. Here, the ratio of relative thermal conductivity (kr) to relative viscosity (µr) is very important. The ratio 
is what is used to evaluate the overall performance of a nanofluid. It tracks how this kr/µr

 ratio changes (see 
Fig. 8) as more nanoparticles are added. The ratio continues to rise as the concentration increases, indicating 
improved heat transfer compared to the rise in viscosity. In other words, efficiency climbs. Focusing on kr/µr

 

Fig. 6.  Thermal conductivity of nanofluids at different volume fractions of Cu-NPs at 30 °C.
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Fig. 8.  Ratio of relative thermal conductivity to relative viscosity at different volume fraction of Cu-NPs.

 

Fig. 7.  Viscosity of nanofluids at different volume fractions of Cu-NPs at 30 °C and shear rate of 1000 s−1.
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provides a straightforward method for measuring performance, considering both the enhanced heat transfer 
and the increased flow resistance. The findings clearly indicate an optimal quantity of nanoparticles that enhance 
thermal conductivity without making the fluid excessively difficult to pump.

Tribological performance of formulated sustainable cutting fluid
Figure  9 shows how the coefficient of friction (COF) of Cu nanofluids based on rice bran oil changes with 
different nanoparticle volume fractions. As the concentration of nanoparticles increased, the coefficient of 
friction clearly went down. The base fluid, which was pure rice bran oil, had the highest COF of 0.1626. This 
means that the sliding surfaces had more frictional resistance. When Cu nanoparticles were added, the COF 
went down by a lot—about 10.95%, 22.39%, 32.35%, 39.73%, and 48.95% at 0.1%, 0.2%, 0.3%, 0.4%, and 0.5% 
volume fractions, respectively, compared to the base oil.

Nano fluids are functional in tribology due to several reasons that are interrelated. Much like micro-
mechanics, they make things smoother and friction-reducing by rolling and smoothing rough surfaces to 
prevent the grinding of rough surfaces against other rough surfaces28. They also eliminate wear and ensure the 
stability of the system even as it slides past to form a thin layer of protection at points of convergence of surfaces. 
Also, these nanofluids ensure that the lubricating layer does not settle and prevent overheating of the surface by 
better spreading the heat out of the point of contact. Overall, the addition of Cu nanoparticles to rice bran oil 
enhances its wear and friction reduction properties significantly. The rice bran oil-based nano fluids that have 
been produced in the form of nano fluids are indeed very promising in being environmentally friendly lubricants 
in heavy-duty and long-lasting uses.

Lubrication mechanisms and anticipated machining performance of rice bran oil–based Cu 
nanofluid
The coefficient of friction is significantly decreased with the addition of Cu nanoparticles to the rice bran oil-
based nanofluid. This is improved in the form of lubrication and anti-wear performance. These adjustments are 
especially important to machining operations such as drilling, turning, and milling, where heat and friction 
between the tool and the workpiece may have a significant impact on the quality of the surface and the life of 
tools. A well-established lubrication mechanism for different mediums has been shown in Fig. 10. In the absence 
of any lubricant (dry condition), direct contact occurs between the micron-scale surface asperities (Fig. 10a), 
leading to severe rubbing and consequently high friction. When a lubricating medium such as oil is introduced, 
a thin film formed by hydrocarbon chains develops between the contacting surfaces (Fig. 10b). This film partially 
separates the surfaces, thereby reducing direct asperity contact and lowering the coefficient of friction. With the 
use of a nanofluid, the lubrication mechanism is further enhanced. Dispersed nanoparticles facilitate relative 
motion by inducing a micro-rolling or ball-bearing effect between the contacting surfaces (Fig. 10c). Moreover, 

Fig. 9.  Coefficient of friction under different volume fractions of Cu-NPs.
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the nanoparticles penetrate and fill surface cavities, forming an additional protective tribo-layer in conjunction 
with the hydrocarbon film. This synergistic effect significantly minimizes surface interaction and results in a 
substantial reduction in the coefficient of friction between the contacting surfaces30.

The copper nanoparticles assist in the generation of a thin lubricating coating that is durable in the area of 
contact. This decreases the loss of energy as friction generates heat since one can stick less between the tool and 
the workpiece. This makes cutting less difficult, and the tool will undergo less wear and tear35. Cu nanoparticles 
are more effective in heat removal from the cutting area due to the high thermal conductivity of the particles. 
This helps to keep the tool-chip interface hidden and cold to ensure that the tool does not become soft or wear 
off prematurely. Temperature control has another benefit, which is the maintenance of the part size and surface 
characteristics36.

The Cu nanoparticles are easy to disperse in the oil, enabling the tool and the workpiece to pass on to each 
other easily. This reduces the abrasion and adhesive effects of materials. The protective layer of particles of Cu 
acts as a solid lubricant, thus preventing the metals from coming in contact with each other30. Furthermore, 
built-up edge (BUE), a common problem that affects tool shape and surface finish during prolonged machining 
runs, is prevented by this film. Tools move more smoothly, and ploughing has less impact on the workpiece 
surface due to the reduced coefficient of friction. Therefore, the surface roughness (Ra) of the machined part 
should significantly decrease. Improved lubrication ensures smooth chip flow, reduced tool vibration, and a more 
uniform cutting zone, all of which contribute to improved surface quality23. Rice bran oil-based Cu nanofluids 
not only work better, but they are also a biodegradable and non-toxic alternative to regular cutting fluids that are 
made from petroleum. Their better tribological and thermal properties can help reduce the amount of fluid used, 
making them an eco-friendly choice for modern machining industries that want to go green12,31.

Conclusion
The proposed research was able to demonstrate the development and evaluation of a high-performance, 
sustainable, and high-performance cutter of a rice bran oil (RBO)-based cutter dispersed in copper nanoparticles 
(Cu-NPs). The study has shown that the addition of Cu nanoparticles to RBO significantly enhances its 
thermophysical and tribological characteristics, making it an appropriate and easy-to-use, eco-friendly lubricant 
alternative to conventional mineral-oil-based lubricants. Based on the tests, the analysis revealed that Cu 
nanoparticles were uniformly dispersed in the base oil and did not alter its chemical structure. Consequently, 
it causes the suspension to remain stable over a long period. The thermal conductivity of the nanofluid also 
increases exponentially with an increase in the number of nanoparticles. This is attributed to the increased 
micro-convection due to the Brownian motion, as well as the ability of the copper particles to create more 
effective channels of heat transfer. It enhances the tool-chip interface, strengthening its capacity to bear load, and 
is beneficial in lubrication and minimizing wear, despite a slight rise in viscosity. The performance ratio (k/m) 
ensures that it is evident that the higher the viscosity, the more effective the transfer of heat. The cooperation 
between the RBO polar molecules that occur naturally and the Cu nanoparticles regarding the creation of this 
stable tribo-film derives. Such a combination maintains lower temperatures and decreases wear and friction. In 
general, Cu-RBO nanofluid is superior to conventional cutting fluids. It freezes faster, oils more efficiently, and 
is more eco-friendly, all of which align with the green manufacturing and the circular economy. The findings 
indicate that reinforced bran oil nanofluids made of Cu can drastically transform sustainable machining and 
precision. This has ensured that the biodegradable nanofluid lubricants can be applied in the industry in the 
future.

Fig. 10.  Lubrication mechanisms for different mediums: (a) Dry, (b) Oil, (c) Nanofluid.
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