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Abstract: This study investigates the performance of soybean oil-based nano-lubricants with CuO, 
graphene, and CuO/graphene hybrids under MQL-assisted CNC milling of AISI 1045 steel. The 
research aims to evaluate the thermophysical, rheological, and tribological properties of various 
lubricant formulations, including pure soybean oil and soybean oil with individual or hybrid 
nanoparticle additives. Nanoparticles were characterized by SEM, XRD, and FTIR, and fluid 
samples were evaluated for density, viscosity, thermal conductivity, sedimentation stability, and 
rheological behavior. Machining performance was assessed through tool wear, surface roughness, 
cutting temperature, wear debris morphology, and chip color analysis. Results showed that adding 
graphene nanoparticles significantly improved machining performance, achieving a surface 
roughness of 1.033 µm, tool wear of 0.0493 mm, and a cutting temperature of 46.1 °C, 
outperforming both conventional and alternative nanofluid formulations. Among all formulations, 
the graphene-based nanofluid delivered the lowest cutting temperature, surface roughness, and 
flank wear under MQL. The CuO/graphene hybrid improved performance relative to the base 
fluids but did not surpass the graphene formulation, indicating limited synergistic benefits under 
the present soybean oil-based-MQL conditions. 
 
Keywords: biolubricant; nanolubricant; minimum quantity lubrication; CNC milling; eco-

friendly cutting fluid 

 
1. Introduction 
 
Computer numerical control (CNC) machines are widely applied across manufacturing sectors 
owing to their technological sophistication. Milling machines, in particular, are common in mold 
making, automotive, and aerospace industries because of their high efficiency and superior surface 
quality [1], [2]. AISI 1045 steel is a mediums-carbon steel widely used due to its machinability, 
strength, toughness, ductility, and material availability [3]. During milling of AISI 1045 steel, high 
temperature and pressure in the cutting zone cause friction-induced tool wear, thermal fatigue, and 
reduced tool life, leading to substantial production losses [4]. These problems must be reduced 
because friction and surface wear will have a significant impact on components, with approximately 
80% leading to workpiece failure and production process issues [5]. Therefore, lubrication and 
cooling are needed to reduce friction in the cutting area [4]. The function of lubricants and coolants 
is to reduce friction, pressure, and heat on the surface of the tool and workpiece, remove chip 
impurities, improve performance effectiveness, and prevent workpiece corrosion. Lubricants are 
usually made from mineral oil-based cutting fluids and flooding methods. 
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Flooded mineral-oil-based cutting fluids are commonly employed to reduce high cutting 
temperatures during machining. However, only a small portion reaches the cutting zone, limiting 
its cooling and lubricating effectiveness [6], [7]. Additionally, extensive and significant use of the 
flooding method will increase production costs [8], [9], [10], [11]. In addition, conventional 
mineral-oil-based cutting fluids cause environmental pollution and pose risks to human health [12], 
[13]; while mineral-oil resources are steadily depleting [14]. Therefore, milling processes must align 
with green-machining principles to achieve sustainable advancement and address these challenges. 
Recent studies also note that replacing mineral oil with alternatives is not sufficient; the fluids must 
also sustain thermal stability and machining efficiency under severe cutting conditions, which 
remains a challenge [15]. 
 
Vegetable-oil-based cutting fluids are increasingly popular owing to their non-toxicity [16], high 
biodegradability, renewability, cost-effectiveness [17], and abundant natural availability [18]. 
Araújo et al. [19] evaluated and compared edible vegetable oils (corn, cottonseed, babassu bean, 
canola, sunflower, and soybean oils) with non-edible vegetable oil LB2000 in milling machining of 
AISI 1045 steel. The results demonstrated excellent lubricating performance across all tested 
vegetable oils. Soybean oil has better lubricating properties and biodegradability than mineral oil 
for machining applications [20]. The disadvantages of using soybean oil as a lubricant include its high 
oxidative instability, low viscosity at high temperatures, and a limited temperature range during 
application [21]. To address these issues, a mixture of soybean oil and nanomaterials is used to 
enhance its performance. 
 
Minimum Quantity Lubrication (MQL), also known as near-dry machining, microlubrication, or 
mist cooling, is an environmentally friendly and efficient machining technique increasingly adopted 
to enhance performance [22]. The principle of MQL involves only a small amount of cutting fluid 
(6-100 ml/h), which is sprayed in combination with compressed gas at 4-6 bar in the machining 
area [23]. The high-pressure gas assists in cooling and chip removal while ensuring that the sprayed 
fluid forms a thin lubricating film on the cutting surface for optimal performance [24], [25]. 
Moreover, MQL is far more fluid-efficient than the conventional flooding method (1200 L/h), 
resulting in a cleaner cutting zone and greater machining efficiency [26], so that by using this MQL, 
the cutting area is cleaner and produces higher efficiency. The MQL technique also enables a 
reduction in the amount of fluid used, thereby minimizing waste and environmental impact 
associated with the use of conventional cutting fluids. 
 
Vegetable-oil-based lubricants, combined with the MQL, are beneficial; however, the minimal flow 
rates used in MQL can limit cooling because the liquid may evaporate at elevated temperatures 
[27]. To address this, many studies have developed nanoparticle-based cutting fluids (“nano-cutting 
fluids”), since the addition of nanoparticles enhances heat-transfer performance and provides a more 
substantial cooling effect [28]. Extensive research has therefore focused on nanofluid-assisted 
machining combined with MQL spraying to improve properties, performance, and efficiency in 
metal cutting [29], [30]. Ongoing work continues to refine cooling strategies, particularly for 
heavy-duty machining. In this context, hybrid nanofluids, synthesized by dispersing at least two 
additives in a base cutting fluid, have gained attention because they combine complementary 
strengths to deliver superior overall performance. A study reported better performance across all 

conditions for an Al–MoS₂ hybrid than for dry cutting, base fluid, or an Al₂O₃ mono-nanofluid 
when turning AISI 304 [31]. Additionally, a significant improvement was observed during the 

turning of AISI 52100 when pure MQL, an Al₂O₃ nanofluid, and an Al–GnP hybrid were mixed 
[32]. Moreover, an Al–CuO hybrid outperformed dry, wet, cryogenic, pure MQL, and mono 

(Al₂O₃ or CuO) cooling strategies [33]. Likewise, it was found a 41.54% reduction in surface 

roughness compared with dry cutting and base-fluid MQL in an Al₂O₃/MoS₂ hybrid nanofluid for 
MQL-assisted turning of hardened AISI 420 and reported [34]. Furthermore, it was found on the 

tribological properties investigation of soybean oil biolubricants with the addition of Al₂O₃ and 
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MoS₂ additives that biolubricants with nano-hybrids can improve machining and provide better 
finishes [35]. 
 
However, most prior studies focusing on CuO/Graphene hybrid nanoparticles in soybean oil 
remain scarce, and their synergistic role in enhancing both heat transfer and tribological 
performance under MQL conditions has not been critically established. The combined formulation 
of hybrid nanoparticles, along with their application in soybean oil-based nanofluids for CNC 
machining under MQL conditions, has not yet been systematically investigated, which is the focus 
of this study. This study investigates soybean oil-based bio-lubricants enhanced with CuO, 
graphene, and CuO/graphene hybrid nanoparticles in 5-axis CNC milling of AISI 1045 steel. By 
systematically integrating CuO/graphene hybrids and correlating their thermophysical properties 
with machining performance, the work offers new insights into the synergistic role of hybrid 
nanoparticles. In contrast to previous studies that mainly examined single additives or overlooked 
the link between fluid properties and machining outcomes, this approach establishes a 
comprehensive evaluation of both aspects. The results are expected to inform the design of eco-
friendly cutting fluids and support sustainable manufacturing practices. 
 
2. Material and methods 
2.1 Material 
 

Soybean oil was used as the base oil for the preparation of cutting fluid samples. CuO and graphene 
nanoparticles were employed as additives, and their properties are presented in Tables 1 and 2. 

 
Table 1. Properties of CuO 
 

Properties CuO 

Molecular weight Min 99% 
True density 6.315 g/cm³ 
Insoluble substances in dilute HCl Max 0.02% 
Chloride (Cl) Max 0.005% 
Average particle size < 55 nm 

 
Table 2. Properties of graphene 
 

Properties Graphene 

Type KNG-150 Graphene Nanoplatelets 
Diameter 5 µm 
Thickness <15 nm 
Carbon content >98 wt% 
True density 2.25 g/cm³ 

 
Meanwhile, the material used for the experiment when applying MQL Cutting Fluid in the milling 
machine process is AISI 1045 steel with a workpiece size of 50 mm x 50 mm x 20 mm (L x W x 
H). The chemical composition and mechanical properties are shown in Tables 3 and 4. SOLID 
brand high-speed steel (HSS) endmill with a diameter of 8 mm and 4 flutes, the specifications of the 
HSS endmill used are shown in Table 5. 
 
Table 3. Chemical composition of AISI 1045 steel 
 

Element C Mn Si P S Fe 

Component (%) 0.45 0.69-0.83 0.19-0.29 0.008-0.039 0.015-0.02 Balance 
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Table 4. Mechanical properties of AISI 1045 Steel 
 

Mechanical Properties AISI 1045 Steel 

Ultimate Tensile Strength (MPa) 569 
Yield Strength (MPa) 343 
Elongation (%) 20 
Modulus of Elasticity (GPa) 205 
Machinability (%) 55 
Shear Modulus (GPa) 80 

 
Table 5. Specification of endmill HSS 
 

Specification HSS 

Material High Speed Steel 
Brand SOLID 
Diameter (mm) 8 
Total Length (mm) 70 
Number of Cutting Edges 4 flutes 

 
2.2 Cutting fluid sample preparation 
 
Nano-cutting fluid tests were conducted using a two-step strategy, involving a sequence of mixing 
and homogenization steps [36], [37]. The sample preparation process began by mixing hybrid 
CuO/Graphene additive nanoparticles (0.15 wt%, comprising 0.075 wt% graphene and 0.075 
wt% CuO) into soybean oil and stirring with a magnetic stirrer for 20 minutes at a rotation speed 
of 1250 rpm, followed by homogenization using an ultrasonic homogenizer for 30 minutes to 
achieve an excellent dispersion level in the cutting fluid sample. The nano-cutting fluid sample 
preparation and experimental design used in this study are illustrated in Figure 1 and summarized 
in Table 6. 
 

 
 
Figure 1. Cutting fluid sample preparation 
 
 
 

https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/


 

140 

Teknomekanik, Vol. 8, No. 2, pp. 136-163, December 2025 
e-ISSN: 2621-8720   p-ISSN: 2621-9980 

 

©
 T

he
 A

ut
ho

r(
s)

  
P

ub
lis

he
d 

by
 U

ni
ve

rs
it

as
 N

eg
er

i P
ad

an
g.

 
T

hi
s 

is
 a

n 
op

en
-a

cc
es

s 
ar

ti
cl

e 
un

de
r 

th
e:

 h
tt

ps
:/

/
cr

ea
ti

ve
co

m
m

on
s.

or
g/

lic
en

se
s/

by
/

4.
0/

 
 

Table 6. Experimental design 
 

No. Sample 
Nanoparticles 

concentration (wt%) 
Lubricating 
condition 

Sample 
codes 

1 
Dry (Without cutting 
fluid) 

- - Dry 

2 
Dromus (Commercial 
Cutting Fluid) 

- MQL Dromus 

3 Soybean Oil - MQL Pure SO 
4 Soybean Oil + CuO 0.15 MQL SO + CuO 

5 
Soybean Oil + Graphene 0.15 MQL SO + 

Graphene 

6 
Soybean Oil + Hybrid 
CuO/Graphene 

0.15 MQL SO + Hybrid 

 
2.3 Experimental setup CNC milling machining 
 
In this study, the CNC machining process was employed to identify and assess the performance of 
a sample of soybean oil-based cutting fluid containing CuO/Graphene hybrid additive 
nanoparticles. This fluid was sprayed using the MQL method. Additionally, various components of 
the CNC machine utilized in the experiment were also evaluated. The MQL preparation process 
involves a mist-shaped spraying nozzle, a compressor to apply pressure to the cutting fluid sample 
during machining, and a flow regulator to maintain consistent air pressure. The CNC machining 
scheme employing MQL is depicted in Figure 2, along with the corresponding machining 
parameters listed in Table 7. 
 

 
 
Figure 2. Schematic of milling experiment 
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Table 7. Milling parameter 
 

Milling parameters Parameter setting 

Milling way Face Milling 
Tool Type Endmill Cutter HSS Diameter 8 mm 
Workpiece AISI 1045 Steel 
Spindle Speed  3000 rpm 
Feed Rate  100 mm/min 
Depth of Cut  1.5 mm 
Cutting Speed  110 m/min 
Cooling Type MQL 
MQL Nozzle Distance  20 mm 
MQL Nozzle Angle  45° 
MQL Pressure  4 bars 

 
2.4 Characterization techniques 
2.4.1 Characterization of additive nanoparticles 
 
The morphology of the additive nanoparticles was examined using scanning electron microscopy 
(SEM) with an FEI Inspect-S50, Japan [38], [39], [40]. The phase identification and crystallite size 
of the additive nanoparticles were measured using X-ray diffraction (XRD) with a PANalytical 
Expert Pro [41], [42]. The functional groups of the additive nanoparticles was measured using a 
Fourier Transform Infrared (FTIR) model with an IR Prestige 21 Shimadzu [43], [44]. 
 
2.4.2 Thermophysical test of cutting fluid samples 
 
Density of cutting fluid samples was measured using analytical digital scales at room temperature. 
The mass value was obtained from the weight of the sample, while the volume was measured using 
a pycnometer [45], [46]. Thermal conductivity testing was conducted to determine the heat transfer 
performance of the nano-cutting fluid sample using KD2 Pro [47]. Dynamic viscosity was measured 
to get the viscosity level or resistance value of the given flow to calculate the rheological value of 
the cutting fluid sample NDJ-8S Viscometer tool at 40°C and 100°C [48], [49]. Sedimentation 
testing was conducted to determine the level of separation between additive nanoparticles and 
soybean oil using the sedimentation method, which relies on gravity. The suspension was kept for 
0, 4, 8, 12, 16, 20, 24, and 28 days. All thermophysical tests were performed three times for each 
formulation following standard testing and measurement procedures. 
 
2.4.3 Rheological test of cutting fluid samples 
 
The rheological properties of this research are used to determine the flow type of the cutting fluid, 
which involves studying the relationship between shear rate and shear stress. To obtain the shear 
rate and shear stress values, the results of the cutting fluid dynamic viscosity test are needed [50]. 
The following equations were applied to calculate the shear rate value (Equation 1) and the value 
of shear stress (Equation 2). 
 

γ =
2ωRc

2Rb
2

x2(Rc
2−Rb

2)
 (1) 

 

Where γ is the shear rate (1/s); ω is the angular velocity (rad/s); Rc is the container radius (cm); 
Rb is the rotor radius (cm); and x is the radius at which the shear rate is calculated (cm).  
 

τ = µ ×  γ (2) 
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Where τ is shear stress (Pa); µ is dynamic viscosity (mPa.s); and γ is shear rate (1/s). 
 
2.4.4 Tribological test of cutting fluid samples 
 
HSS endmill tool wear was examined using a Sinher Binocular optical microscope type XSZ-107 
BN to determine the wear area at an interval of 4 HSS endmill flutes [51]. Then, the wear length 
was measured using ImageJ software to determine the tool wear length. This cutting tool wear was 
measured on the edge side based on the length of wear that occurs on that side. Surface roughness 
testing was conducted to assess the level of roughness on the surface of AISI 1045 workpieces 
resulting from the CNC milling machining process. Measurement of cutting temperature in this 
study was performed using a FLIR E8 Thermal Camera. Surface roughness testing was carried out 
on specimens machined using cutting fluid samples [52], [53]. Wear debris morphology was 
performed to analyze the chip characteristics of AISI 1045 machined workpieces. Wear debris 
morphology was performed using a scanning electron microscope FEI Inspect-S50, Japan. Chip 
color analysis was conducted to determine the color formed during the workpiece cutting process, 
as the formation of chips in the machining process can serve as an indicator to identify excessive 
heat in cutting and assess the performance of each cutting fluid sample. This chip color analysis was 
carried out using a macro camera [54]. 
 
3. Results and discussion  
3.1 Additive nanoparticles characterization 
3.1.1 Morphology of CuO and graphene additive nanoparticles 
 
CuO nanoparticles were examined using scanning electron microscopy (SEM) with a magnification 
of 50kx, as shown in Figure 3 (a). The CuO nanoparticles exhibit a cube-like morphology, forming 
well-dispersed crystals that are relatively well-defined, although a high tendency for agglomeration 
or clumping is also observed. Particle growth due to the accumulation of a dense cube array and 
several significant parts of nanoparticles surrounded by smaller nanoparticles can be observed [55]. 
In Figure 3 (b), it is evident that graphene has a nanoplatelet structure with various morphological 
shapes, as indicated by the sheet accumulation pattern, which is attributed to the nanomaterial's 
surface energy and high surface-to-volume ratio [56]. The morphology of the characterization 
results is in line with the SEM test conducted by Singh et. al. [57]. Graphene nanoplatelets are 
typically classified as quasi-bidimensional nanostructures, similar to multi-walled carbon nanotubes. 
The shape of graphene nanoplatelets is not entirely flat, but instead has a crooked shape, similar to 
that of flower petals [58]. 
 

 
 

(a) 

 
 

(b) 
 
Figure 3. SEM results of (a) CuO nanomaterial and (b) Graphene at 50kx magnification 
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3.1.2 Phase and crystallite size of CuO and graphene additive nanoparticles  
 
Based on Figure 4 (a), the XRD result of CuO nanoparticles shows that the Copper (II) Oxide 
(CuO) nanomaterial has a monoclinic structure pattern with correlated peak data covering 
32.5140°, 35.4513°, 38.7289°, 48.7557°, 53.4692°, 58.3112°, 61.5492°, 66.2674°. The Miller 
Index (hkl) at each peak is (110), (002), (111), (-202), (020), (202), (-113), (-311). The phase 
candidates contained in CuO nanomaterials are tenorite phases [59]. The resulting sharp diffraction 
peak indicates that CuO nanomaterials possess a pure monoclinic structure and exhibit high 
crystalline properties [60]. In addition to the peak data, an average crystallite size can be obtained 
from XRD testing using the Scherrer equation. For the nanomaterial CuO at position 35.4513 with 
a FWHM of 0.0960, the average crystallite size is 87 nm. Based on Figure 4 (b), the results of the 
XRD test of graphene nanomaterials show that the graphene nanomaterial has a hexagonal structure 
pattern with correlated peak data covering 26.4336° and 54.5347°. The Miller Index (hkl) at each 
peak is (002) and (004). The sharp peaks of graphene nanomaterials exhibit a large crystallite size 
and have a well-organized structure [61]. In addition to the peak data, an average crystal size can 
also be obtained from the XRD test using the Scherrer equation. At the graphene nanomaterial 
position of 26.4336 with a FWHM of 0.2558, the average crystal size is 31 nm. 
 

 
 

(a) 

 
 

(b) 

 
Figure 4. XRD results of (a) CuO and (b) Graphene nanoparticles additives 
 
3.1.3 Functional groups of CuO and graphene additive nanoparticles 
 
Based on Figure 5 (a), the Fourier Transform Infrared (FTIR) graph of CuO nanomaterial shows 
that there are identified valleys at wavelengths of 3447 cm-1, 3357 cm-1, 1534 cm-1, 1410 cm-1, 1120 
cm-1, and 590 cm-1. Furthermore, each valley can be analyzed, and the identified functional groups 
in the CuO nanomaterial are O-H, -OH, C=O, C–O, and Cu-O. Based on Figure 5 (b) of the FTIR 
graph of graphene nanomaterial, it is known that there are identified valleys at wavelengths of 3700 
cm-1, 3000 cm-1, 1720 cm-1, 1500 cm-1, 1100 cm-1, and 802 cm-1. Furthermore, each valley can be 
analyzed, and the identified functional groups in graphene nanomaterials are O-H, C-H, C=O, 
C=C, C–O, and C-H, respectively (Tables 8 and 9). 
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(a) 

 
 

(b) 
 
Figure 5. FTIR results of (a) CuO and (b) Graphene additive nanoparticles 
 
Table 8. Functional groups of CuO additive nanoparticles  
 

Band Main peak Typical bond assignment Reference 

1 3447 O-H stretching [62] 
2 3357 O-H stretching [63] 
3 1534 -OH stretching [64] 
4 1410 C=O stretching [65] 
5 1120 C-O stretching [63] 
6 590 Cu-O stretching vibrations [66] 

 
Table 9. Function groups of graphene additive nanoparticles 
 

Band Main peak Typical bond assignment Reference 

1 3700 O-H stretching vibrations [67] 
2 3000 C-H stretching vibrations [68] 
3 1720 C=O stretching vibrations [69] 
4 1500 C=C aromatic [70] 
5 1100 C–O stretching vibration [68] 
6 802 C-H bend vibrations [71] 

 
3.2 Thermophysical properties of cutting fluid samples 
3.2.1 Density of cutting fluid samples 
 
Figure 6 shows the density of the cutting fluid sample and the soybean oil sample with the addition 
of additive nanoparticles, which exhibits an increase in the density value. The increase in density 
occurs because soybean oil contains a high concentration of nanoparticles [72]. High-density values 
are obtained in soybean oil nanolubricants with CuO additives. The density value is influenced by 
several factors, including the mass, size, and properties of particles contained in a substance [73]. 
The results of the study conducted by Ridwan and Pamungkas [74] concluded that the density value 
of CuO nanoparticle is higher than that of graphene nanoparticle because the density value possessed 
by  CuO nanoparticle is significantly higher than that of graphene nanoparticle [75]. 
 

https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/


 

145 

Teknomekanik, Vol. 8, No. 2, pp. 136-163, December 2025 
e-ISSN: 2621-8720   p-ISSN: 2621-9980 

 

©
 T

he
 A

ut
ho

r(
s)

  
P

ub
lis

he
d 

by
 U

ni
ve

rs
it

as
 N

eg
er

i P
ad

an
g.

 
T

hi
s 

is
 a

n 
op

en
-a

cc
es

s 
ar

ti
cl

e 
un

de
r 

th
e:

 h
tt

ps
:/

/
cr

ea
ti

ve
co

m
m

on
s.

or
g/

lic
en

se
s/

by
/

4.
0/

 
 

 
 

Figure 6. Density of Cutting Fluid Samples (mean ± SD, n = 3) 
 
3.2.2 Viscosity of cutting fluid samples 
 
Figure 7 shows the dynamic viscosity of the cutting fluid sample. The image indicates that soybean 
oil with additive nanoparticles has a reduced viscosity value compared to pure soybean oil. This 
phenomenon is caused by thixotropy, which occurs when soybean oil is subjected to loading or 
changes in certain conditions, such as shear stress or shear rate [76], [77]. The phenomenon of 
thixotropy describes the decrease in dynamic viscosity values that occurs when frictional forces or 
temperature changes are applied at a given time. In soybean oil, the degree of thixotropy becomes 
evident beyond a specific shear-rate threshold and scales mainly with additive nanoparticles 
concentration, though particle attributes also contribute. It supports that the viscosity value of 
soybean oil with graphene additive nanoparticles is higher than that of pure soybean oil [78]. The 
addition of CuO additives results in a lower viscosity compared to soybean oil [79]. 
 

 
 
Figure 7. Dynamic viscosity of cutting fluid samples 
 
3.2.3 Thermal conductivity of cutting fluid samples 
 
Figure 8 has shown that the result of the thermal conductivity of the fluid that has the most 
outstanding value is SO+Graphene with a thermal conductivity of 0.177 W/m.K. Graphene 
enhances the thermal conductivity of biolubricants by acting as a high-conductivity “thermal bridge” 
that couples the fluid matrix and reduces interfacial (solid–liquid) thermal resistance at graphene–
lubricant boundaries [80]. Its high aspect ratio and large specific surface area facilitate the formation 
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of continuous, phonon-mediated heat-transfer pathways, thereby improving energy transport 
through the suspension. The magnitude of this enhancement depends on platelet geometry, notably 
particle size and layer thickness, which govern pathway connectivity and coupling with the 
surrounding fluid [81]. In addition, Brownian motion and thermophoretic effects can further 
augment energy transport, complementing the 2D, high-aspect-ratio pathways established by 
graphene and contributing to the observed rise in effective thermal conductivity for graphene-based 
formulations [82]. Meanwhile, the addition of CuO additive nanoparticles to soybean oil can only 
slightly increase the thermal conductivity value in line with research conducted by Rajaganapathy 
et. al. [83]. In the case of SO+Hybrid, the thermal conductivity did not surpass that of 
SO+Graphene, suggesting that the anticipated synergistic enhancement was not realized. This 
limitation is likely due to particle–particle interactions, where CuO agglomeration disrupts the 
uniform dispersion of graphene, thereby reducing interfacial contact and effective phonon 
transport. Consequently, instead of complementing each other, the two nanoparticles compete 
within the fluid matrix, resulting in diminished thermal transport efficiency. Additional 
nanoparticles produce Brownian motion, which is the random motion of particles suspended in a 
fluid (liquid or gas) caused by collisions with atoms or molecules of the fluid. This movement 
increases the transfer of energy more efficiently across the fluid, thereby enhancing heat transfer 
within the fluid. The addition of nanoparticles with the right concentration will increase the thermal 
conductivity value of the base fluid [84]. However, if the concentration of nanoparticles is too high, 
it will limit the Brownian motion of nanoparticles in the base fluid, causing agglomeration and 
reducing thermal conductivity [85]. 
 

 
 

Figure 8. Thermal Conductivity of Cutting Fluid Samples (mean ± SD, n = 3) 
 
3.2.4 Sedimentation 
 
The 28-day sedimentation test (Figure 9) shows that SO+CuO exhibits visibly greater 
sedimentation than cutting fluids without CuO. Among all formulations, SO+CuO has the most 
considerable sediment fraction. CuO nanoparticles (99% purity) have a density of 6.4 g/cm3 [86], 
whereas graphene nanoparticles (99.5% carbon) have a density of 2.0 g/cm3 [76]. Higher particle 
density increases the gravitational settling rate, thereby reducing the dispersion stability of 
nanolubricants [74]. In parallel, Brownian motion, while beneficial to thermal transport, can modify 
interparticle dynamics. Coupled with gravity and density mismatch, these factors promote settling 
for heavy oxides, such as CuO  [82]. In addition, metal-oxide particles such as CuO are generally 
hydrophilic and disperse poorly in low-polarity oils unless surface-functionalized (e.g., oleic-acid 
capping) to provide steric stabilization; otherwise, van der Waals attraction promotes 
agglomeration and subsequent sedimentation [87], [88]. By contrast, graphene’s high-aspect-ratio, 
two-dimensional platelets experience greater hydrodynamic drag than near-spherical oxides of 
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comparable volume, which reduces the settling velocity; this shape-dependent drag effect is well 
documented [89]. 
 

 
 

(a) 

 
 

(b) 
 
Figure 9. (a) 0-Day Sedimentation Results and (b) 28-Day Sedimentation Results 
 
3.3 Rheology of cutting fluid samples 
 
The results of the calculation of shear rate and shear stress values to determine the rheological 
properties of cutting fluid samples at temperatures of 40°C and 100°C in this study are shown in 
Figure 10. Based on the comparison between the shear rate and shear stress values in soybean oil 
and cutting fluid samples with different additive nanoparticles, at temperatures of 40°C and 100°C, 
as shown, they exhibit Newtonian flow behavior. Newtonian fluids exhibit consistent performance 
in lubrication, particularly in cutting fluid applications where loads and speeds fluctuate. This 
consistency can maintain surface separation, helping to prevent excessive friction and wear during 
the machining process [90]. 
 

 
 

(a) 

 
 

(b) 
 
Figure 10. Rheological properties of cutting fluids at temperatures (a) 40°C and (b) 100°C 
 
3.4 Cutting fluid performance on CNC milling machining 
3.4.1 Surface roughness 
 
Figure 11 shows that the highest surface roughness value was obtained in dry conditions with a 

surface roughness value of 2.18 μm. Lower surface roughness was achieved by SO+Graphene using 
the MQL method compared to the dry condition method in the machining process application [91]. 
Graphene has a layered structure that provides a weak van der Waals force, thus creating a low 
shear field. The high specific surface area of graphene enables it to quickly penetrate the surface 
between the workpiece and the cutting tool [92]. Additionally, graphene exhibits excellent thermal 
conductivity and lubrication properties.  This can be attributed to the fact that graphene additives 
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enhance the lubrication and cooling performance of tribofilms formed in the cutting zone, thereby 
reducing the friction coefficient and influencing the surface roughness value [93]. The SO+Hybrid 
samples exhibit a higher surface roughness compared to graphene nanoparticles. This occurs 
because CuO nanoparticles have a high tendency to agglomerate. Agglomeration can prevent free 
motion and easily push it out of the friction surface, thus preventing nanoparticles from penetrating 
the friction surface. This shows that nanoparticles with flat sheets have better tribological 
performance compared to crystal-shaped nanoparticles [74]. 
 

 
 
Figure 11. Surface roughness of AISI 1045 Steel after machining (mean ± SD, n = 3) 
 
3.4.2 Tool wear 
 
Figures 12 and 13 show the wear of the endmill and flute endmill after the machining process. Based 
on the figure, the highest tool wear value is obtained in dry conditions, with a tool wear of 0.300 
mm. The lowest tool wear value was obtained with SO+Graphene, with a tool wear value of 0.05 
mm. The application of the MQL method in machining applications can reduce the mass of tool 
wear compared to using the dry condition method [94], [95]. The vegetable oil-based MQL method 
has a lower friction force, resulting in a lower tool wear value compared to the dry condition 
method, due to the fatty acids that enhance lubrication properties [72]. The SO+Graphene sample 
shows excellent anti-friction and stable performance, as graphene nanoparticles have a hexagonal 
molecular structure, which shows that graphene-based cutting fluid has the best lubrication stability 
and abrasive resistance [96], [97]. Graphene nanoparticles play a role in reducing friction. The 
thickness of graphene nanoparticles can form a tribofilm that acts as a protective layer, preventing 
direct contact with friction surfaces (as illustrated in Figure 14). In addition, the two-dimensional 
sheet shape of graphene nanoparticles creates a low shear field, as well as improved thermal 
conductivity, which leads to enhanced surface quality, reduced wear, and better heat dissipation 
performance [98]. Vegetable oils can form a lubricating layer on the contact surface between the 
workpiece and the cutting tool, providing a smooth surface for the cutting process. Graphene 
nanomaterials can improve lubrication further. The air pressure exerted can transport the 
nanolubricant towards the workpiece. When the cutting tool comes into contact, it can effectively 
weaken the affinity between the workpiece material and the tool surface, thus further inhibiting the 
adhesion of the chip and reducing abrasive adhesion [99]. Figure 12 shows a graph indicating that 
the SO+hybrid has higher tool wear compared to graphene and CuO additives. This occurs because 
CuO nanomaterials are unevenly distributed on the surface and can clump. This is due to 
agglomeration caused by low dispersibility, resulting in lower wear protection [100]. 
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Figure 12. Tool wear of endmill after machining (mean ± SD, n = 3) 
 

 
 
Figure 13. Endmill flute wear macro photo 
 

 
 

Figure 14. Tribofilm illustration in the machining process. Reproduce from [92] 
 
3.4.3 Cutting temperature 
 
Based on Figures 15 and 16, it is shown that the addition of nanoparticles can lower the machining 
temperature. For instance, the cutting temperature decreased from 139.7 °C under dry conditions 
to 85.4 °C with Dromus, 77.8 °C with pure SO, 53.4 °C with SO+CuO, and reached the lowest 
value of 46.1 °C with SO+Graphene, before slightly increasing to 68.3 °C with SO+Hybrid. This 
indicates that nanoparticles play a significant role in improving the thermal management of the 
cutting zone. The most abundant work of nanoparticles in oil, apart from increasing the thermal 
conductivity value in the base fluid, also serves as a protective medium on the surface of the object, 
counteracting the frictional force produced and generating energy to offset the frictional force 
[101]. The reduction in cutting temperature achieved by using nano-cutting fluids based on 
vegetable oils and a mixture of additive nanoparticles is attributed to the combination of good 
thermal conductivity and oil properties in the center of the machine handle, particularly at the 
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contact surfaces of the cutting device, chips, and workpiece [102]. These trends are consistent with 
the tool wear and surface roughness data presented in Figures 11 and 12, where the lowest flank 
wear of 0.049 mm and surface roughness of 1.033 µm were achieved with SO+Graphene, 
coinciding with the lowest recorded cutting temperature. High viscosity also promotes a more 
uniform distribution of the cutting fluid under MQL conditions, contributing to the formation of 
an effective thermal protective layer. However, this effect must be complemented by a sufficiently 
high thermal conductivity to enhance heat dissipation [103]. Furthermore, the dispersed 
nanoparticles form a thin film at the cutting interface, acting as rolling elements that reduce friction 
and contribute to smoother machining [104]. 
 

 
 

Figure 15. Cutting temperature test results (mean ± SD, n = 3) 
 

 
 

(a) 
 

 
 

(b) 

 
 

(c) 

 
 

(d) 

 
 

(e) 

 
 

(f) 
 
Figure 16. Temperature measurement during the machining process under the following 

conditions: (a) dry, (b) dromus, (c) pure SO, (d) SO+CuO, (e) SO+Graphene, and 
(f) SO+Hybrid 
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3.4.4 Chip morphology analysis 
 
Figure 17 shows the SEM results of the wear debris morphology, presented in various views 
(normal, general, and magnified). Tests conducted using dry media or under dry conditions showed 
a rough chip surface shape and small, irregular serrations, whereas those using dromus media 
showed a rough chip surface shape and irregular serrations. Tests conducted using MQL media, 
such as pure SO and SO+Graphene, showed a smooth surface shape of the chip with irregular, 
small serrations. In contrast, when using SO+CuO and SO+Hybrid, the surface indicated slightly 
rough chips with irregular fine serrations. Differences in the morphological shape of wear debris, 
such as shape and serrations, can reflect the quality of machining [105]. Specifically, dry machining 
exhibited C-type chips with coarse serrations, correlating with the highest surface roughness of 
2.177 µm and tool wear of 0.300 mm. In contrast, SO+Graphene produced smoother chips with 
minimal serrations, consistent with its lowest flank wear of 0.049 mm and roughness of 1.033 µm. 
The intermediate behavior observed in SO+Hybrid demonstrates that although hybrid 
nanoparticles improve tribological behavior, their synergistic effect does not surpass the single 
graphene addition. Dry conditions have the most jagged and irregular chip shape due to high 
friction, causing the temperature in the cutting zone to increase significantly [92]. In contrast, chips 
with a small serration rate are caused by slight friction, which increases the heat transfer process in 
the cutting zone. The use of MQL and nano-MQL methods proves good cooling  [106]. Soybean 
oil, when used with the MQL method, can reduce plastic deformation and exhibit even feeding 
marks. The CuO has a ball bearing capability that can fill gaps to minimize interaction and the ability 
to carry a considerable load. Additionally, CuO exhibits minimal shear resistance, which reduces 
friction at surface contact [107]. The wear debris formed by the addition of CuO nanomaterials in 
soybean oil exhibits tiny serrations and a slightly smooth surface. Graphene has a layered structure, 
high thermal conductivity, high mechanical strength, and easy sliding ability, which enables it to 
function as a lubricant and reduce wear in various tribology applications [108]. 
 
 

 
 
Figure 17. Morphological results of wear debris 
 
3.4.5 Chip color analysis 
 
Figure 18 shows the result of chip color evolution under different lubrication conditions, which 
reflects the thermal state of the cutting zone. In dry machining, the chips exhibited a dark brown 
color, indicating severe oxidation and high cutting temperature (139.7 °C). Similarly, Dromus also 
produced brown chips, consistent with limited cooling capacity. Pure SO resulted in black wear 
debris, suggesting partial carbonization due to insufficient heat removal [109]. In contrast, the 
addition of CuO nanoparticles yielded golden-colored chips, attributed to its moderate thermal 
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conductivity and partial load-carrying “ball-bearing” effect. The best performance was observed 
with SO+Graphene, where chips retained a bright silver color, indicating effective heat dissipation 
(46.1 °C) and minimal oxidation [110]. Finally, the SO+Hybrid condition produced brownish 
chips, indicating less effective cooling compared to SO+Graphene. Overall, the silver chip color 
obtained with graphene nanolubricants correlates with the lowest measured tool wear (0.049 mm) 
and surface roughness (1.033 µm), confirming its superior tribological and thermal performance 
[111]. The excellent thermal conductivity of graphene surpasses that of most carbon-based 
materials, enabling better heat dissipation and lower frictional forces [112]. 
 

 
 

Figure 18. Chip color after application of cutting fluid samples in CNC milling 
 
3.4.6 Benchmarking of soybean oil-based nano-cutting fluid under MQL: Cross-

study comparison 
 
Table 10 situates our milling with MQL results within representative literature. Within our 
dataset, SO+Graphene consistently delivers lower roughness, wear, and cutting temperature 
than SO+CuO and the CuO/graphene hybrid (≈22-25% lower Ra, ≈14-34% lower VB, and ≈14-
33% lower T). Compared with other vegetable-oil systems, graphene shows competitive wear 

resistance with moderate Ra; additives such as CaCO₃ or hBN can achieve very low Ra in some 
studies, mostly at the cost of higher wear, however. It indicates a roughness-wear trade-off. Turning 
entries frequently report lower Ra due to different kinematics and parameter windows, so they 
are not directly comparable to milling. Graphene likely forms a low-shear, heat-spreading 
tribolayer, whereas CuO’s aggregation and particle–particle interactions in the hybrid can disrupt 
tribolayer continuity, limiting synergy. Practical takeaway: for milling-MQL, where thermal 
control and tool life dominate, SO+Graphene is a strong candidate; for finishing that prioritizes 

ultra-smooth surfaces, CaCO₃/hBN systems may be considered with attention to wear. 
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Table 10. Cross-study comparison of machining performance metrics: surface roughness, flank 
wear, and cutting temperature for nano-lubricants under minimum quantity 
lubrication (MQL) 

 

Sample 

Machining 
and 

Lubrication 
Condition 

Surface 
Roughness 

(μm) 

Tool 
Wear 
(mm) 

Cutting 
temperature 

(°C) 
Ref. 

Soybean Oil + 
0.15wt% CuO 

Milling-MQL 1.33 0.0573 53.4  

Soybean Oil + 
0.15wt% Graphene 

Milling-MQL 1.033 0.0493 46.1  

Soybean Oil + 
0.15wt% Hybrid 
CuO/Graphene 

Milling-MQL 1.383 0.0747 68.33  

Mineral Oil/Water + 
1.2wt% Al-GNP 
(85:15) 

Turning-
MQL 

0.65 - - [32] 

Comercial Cutting 
Fluid + 0.6wt% Al-
CuO 

Turning-

MQL 
~0.7 - ~35 [33] 

Synthetic Oil + 
0.4vol% Al2O3 + 
0.2vol% MoS2 

Turning-
MQL 

~0.38 ~0.05 ~240 [34] 

Synthetic Oil + 
0.2vol% MWCNT + 
0.4vol% Al2O3  

Turning-
MQL 

~0.48 ~0.16 ~285 [34] 

Palm Oil + 0.15wt% 
MWCNT  

Milling-MQL 1.27 0.059 - [113] 

Palm Oil + 0.15wt% 
MWCNT/CuO 

Milling-MQL 1.4 0.107 - [113] 

Canola Oil + 0.15wt% 
CaCO3 

Milling-MQL 0.83 0.073 35.77 [72] 

Soybean Oil + 
0.15wt% CaCO3 

Milling-MQL 0.93 0.064 34.27 [72] 

Canola Oil + 0.15 
wt% hBN 

Milling-MQL 0.86 0.120 35.43 [72] 

Corn Oil + 0.15wt% 
MWCNT 

Milling-MQL - 0.044 - [114] 

 
4. Conclusion  
 
This work systematically evaluated soybean oil (SO) nanolubricants containing CuO, graphene, and 
CuO/graphene hybrids for MQL-assisted CNC milling of AISI 1045, linking thermophysical and 
rheological properties to machining responses (surface roughness, flank wear, and cutting 
temperature). Based on the experimental findings, the conclusions are as follows: 
 
a. The graphene formulation consistently performed best, achieving the lowest roughness (Ra = 

1.033 µm), wear (VB = 0.049 mm), and temperature (T = 46.1 °C). The CuO/graphene 
hybrid improved performance versus base fluids but did not surpass graphene, 
indicating limited synergy under the present SO–MQL conditions. Thermophysically, 
graphene enhanced effective thermal conductivity and supported heat evacuation, while CuO 
increased density and exhibited lower dispersion stability over 28 days. Rheology at 40 °C and 
100 °C was Newtonian across all formulations, ensuring predictable lubrication behavior at 
the applied shear rates.  
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b. ⁠The application of soybean oil-based nanolubricants offers a clear, environmentally friendly 
alternative to conventional cutting fluids. Compared to Dry and Dromus conditions, the 
nanoparticle-reinforced oils provided stable lubrication, reduced thermal loading, and 
minimized tool/workpiece damage, supporting both machining efficiency and ecological 
responsibility. SO+Graphene exhibited the strongest balance of performance and 
sustainability, while SO+CuO and SO+Hybrid also delivered tangible improvements over 
Pure SO, reinforcing their practicality as green lubricants. 

c. ⁠These results carry significant implications for advancing sustainable manufacturing. The 
consistent superiority of SO+Graphene, together with the synergistic potential of 
SO+Hybrid, highlights the importance of nanoparticle selection and formulation strategy. 
Future studies should address long-term dispersion stability, scalability in industrial CNC 
applications, and optimization of hybrid nanoparticle ratios to fully harness thermal–
tribological synergies.  

d. Limitations include possible agglomeration/sedimentation over time, a restricted process 
window (single setup/ratio), and the absence of confirmatory surface imaging. Practically, 
scale-up and cost (dispersion energy, surfactant, and inline filtration to prevent nozzle 
clogging) warrant attention. Future work will optimize surfactant and CuO: graphene ratios, 
conduct closed-loop long-term stability tests with simple monitoring, and perform a lean 
techno-economic assessment to support industrial adoption. 
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Nomenclature  
 
Symbol  Descriptions  
L   Length       [mm] 
W   Width       [mm] 
H   Height       [mm] 

γ   Shear rate      [1/s]  

ω   Angular velocity     [rad/s]  
Rc   Container radius     [cm] 
Rb   Rotor radius      [cm]  
x   Radius at which the shear rate is calculated  [cm] 

τ   Shear stress      [Pa]  
µ   Dynamic viscosity     [mPa.s] 
FWHM  Full width at half maximum 
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