
© Faculty of Mechanical Engineering, Belgrade. Allrights reserved FME Transactions (2026) 54, 369-379  369
 

Received: March 2026, Accepted: April 2026 
Correspondence to: Poppy Puspitasari 
Universitas Negeri Malang, Semarang Street No. 5, 
Malang, Indonesia 65145 
E-mail: poppy@um.ac.id 
doi: 10.5937/fme2602369T 

Mohammad Tauviqirrahman 
Professor 

Department of Mechanical Engineering 
Faculty of Engineering, Diponegoro 

University, Semarang  
Indonesia 

 
Muhammad Rafli At Thariq 

Bachelor’s Student 
Department of Mechanical Engineering 

Faculty of Engineering, Diponegoro 
University, Semarang  

Indonesia 
 

Poppy Puspitasari 
Professor 

Department of Mechanical and Industrial 
Engineering, Universitas Negeri Malang 

Malang, Indonesia 
 

Nanomaterials Engineering Research 
Center, Universitas Negeri Malang, Malang 

Indonesia 

Agus Setiawan 
Assoc. Professor 

Department of Science Education 
Universitas Pendidikan Indonesia, Bandung 

Indonesia 

Andoko Andoko 
Professor 

Department of Mechanical and Industrial 
Engineering, Universitas Negeri Malang 

Malang  
Indonesia 

 
Diki Dwi Pramono 

Lecturer 
Department of Mechanical and Industrial 
Engineering, Universitas Negeri Malang 

Malang, Indonesia 
 

Nanomaterials Engineering Research 
Center, Universitas Negeri Malang, Malang 

Indonesia 

Enhanced Tribological Performance of 
Nano-Cutting Fluids with Soybean Oil 
and Hybrid h-BN/MWCNT Additive 
Nanoparticles Utilizing the Minimum 
Quantity Lubrication Method 
 
This study explores the use of soybean oil-based nanolubricants that 
incorporate hexagonal boron nitride (h-BN), multi-walled carbon 
nanotubes (MWCNTs), and their hybrid at a concentration of 0.15 wt% for 
minimum quantity lubrication (MQL) in the computer numerical control 
(CNC) milling of AISI 1045 steel. Nano-cutting fluids were prepared via a 
two-step process, involving stirring followed by ultrasonication, and were 
characterized for density, viscosity, thermal conductivity, and rheology. 
Machining responses comprised tool wear length, cutting temperature, 
surface roughness, chip morphology, and chip colors. All samples 
exhibited Newtonian behavior at 40 °C and 100 °C. The hybrid h-
BN/MWCNT formulation delivered the best overall performance, achieving 
the lowest tool wear length (~0.067 mm), reduced cutting temperatures, 
and the smoothest surfaces relative to dry cutting and single-additive 
fluids. The improvements are attributed to a synergistic mechanism in 
which h-BN platelets form a boundary-lubrication tribofilm, while 
MWCNT act as nano-bearings and a thermally conductive network that 
stabilizes the cutting zone. Simple sedimentation observations indicated 
higher dispersion stability for MWCNT-containing nano-cutting fluids than 
for h-BN alone. These results suggest that hybrid nano-additives in plant-
oil-based cutting fluids may offer practical benefits for MQL-assisted 
machining or, particularly by helping reduce tool wear, improve thermal 
management, and support more sustainable machining. 
 
Keywords: Nano-cutting fluids; Cutting Fluids; CNC Machining, Tool 
Wear; Tribology; Surface Roughness. 

 
 

1. INTRODUCTION 
 

Machining is a manufacturing process that employs a 
cutting tool to eliminate material from a workpiece [1]. It is 
one of the most adaptable and effective mechanical 
processes, enabling the removal of extra material in the 
form of chips to provide the required dimensions, geo–
metry, and surface polish [2]. To improve the operational 
efficiency of rotating machinery, lubricants are extensively 
utilized in sectors such as power generation, transportation, 
and contemporary equipment, serving to reduce friction 
and wear among mechanical components [3]. 

Lubricants are typically liquid substances applied bet–
ween two solid surfaces to reduce friction and establish a 
thin layer at the contact surfaces [4]. The function of this 
very thin layer, commonly referred to as a lubricating 
film, plays a crucial role in controlling wear and reducing 
friction between the contacting surfaces [5,6]. Lubricants 

commonly available on the market are made from 
processed petroleum or mineral oil, coal, or natural gas 
[7]. The application of lubricating oils derived from crude 
petroleum poses detrimental impacts on both environ–
mental and health aspects [8]. Prolonged exposure to 
petroleum-based crude oil lubricants, whether through 
dermal contact or inhalation, can lead to respiratory inf–
lammation and localized skin reactions, with potential 
carcinogenic effects [9]. The non-biodegradability of mi–
neral oil and the rising worldwide demand have redi–
rected research efforts from non-renewable to renewable 
sources [10]. Lubricant oil manufacturers are redirecting 
their focus towards the utilization of biodegradable, 
renewable energy sources for lubricant oil manufacturing 
[11]. The demand for bio-based lubricants has surged in 
recent years, driven by heightened environmental cons–
ciousness among the public, government, and businessess 
[12]. 

Biolubricants represent a category of lubricants 
characterized by their ready biodegradability and non-
toxic nature, both to human health and the environment 
[13]. Biolubricantsare a superior alternative to petro–
leum-based oils, given that vegetable oils provide nu–
merous environmental advantages related to renewa–
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bility, biodegradability, toxicity, and outstanding per–
formance across a range of applications [14]. Biolub–
ricants can be derived from synthetic esters obtained 
from minerals or vegetable oils [15]. Vegetable oils are 
biodegradable, non-toxic, possess excellent lubricating 
characteristics, and are inexpensive to produce[16]. 
Vegetable oils commonly as raw materials for biolub–
ricants can be made from palm oil, cardoon oil, canola 
oil, sunflower oil, coconut oil, cottonseed oil, and soy–
bean oil [4]. The availability and affordability of soy–
bean oil are also key factors motivating the study [10]. 

Soybean oil represents 28% of global vegetable oil 
production and is the second most widely used vege–
table oil in the world after palm oil, with consumption 
reaching 44 million metric tons [17]. Soybean oil serves 
as a viable lubricant in various machining processes. 
Compared to mineral oil, soybean oil has many advan–
tages, including being renewable, naturally biodegra–
dable, non-toxic, with good lubricating properties [12]. 
Soybean oil exhibits a commendable stability in vis–
cosity alongside a notably low rate of evaporation loss. 
In addition, soybean oil is much cheaper. These charac–
teristics are beneficial for achieving good lubrication 
results [18]. 

The commercialization of soybean oil as a biolub–
ricant in the lubricant market is still very limited [12]. 
Soybean oil is currently not widely used as a lubricant 
due to several challenges and issues with its perfor–
mance [9]. While vegetable oils exhibit favorable 
lubricating properties, their inadequate oxidative stabi–
lity and suboptimal cold temperature characteristics, 
such as elevated pour points, require improvement [18]. 
The incorporation of lubricant additives represents a 
viable approach to enhancing and modifying the tribo–
logical and rheological properties of lubricants. Nano 
additives have garnered significant interest across mul–
tiple energy-related domains owing to their remarkable 
shape, size, tribological characteristics, and environ–
mental implications [3]. Vegetable oil-based lubricants 
become as nanolubricants after the addition of nano–
particles. The performance of vegetable oils may be 
enhanced through the incorporation of nanoparticles, 
including molybdenum disulfide (MoS2) and multi-
walled carbon nanotubes (MWCNTs) [18]. 

Nanomaterials have been widely investigated as 
lubricant additives because of their distinctive physi–
cochemical characteristics, which can improve friction 
reduction, wear resistance, and heat transfer in lubri–
cating systems. In biolubricants, nanomaterials are par–
ticularly attractive because they can enhance tribolo–gical 
performance while maintaining the environmental 
advantages of plant-based oils. Previous studies have 
shown that lubrication improvement depends strongly on 
the type, structure, and dispersion behavior of the additive 
used [19,20]. For example, Ziyamukhamedova et al. [21] 
reported that h-BN nanoparticles reduced wear in 
soybean oil more effectively than in olive oil and palm 
oil. Cui et al. [18] also demonstrated that soybean oil 
containing MoS2 and MWCNT additives exhibited imp–
roved tribological performance. In machining appli–
cations, several hybrid nano-cutting fluids have been 
reported to outperform mono-additive systems. Sharma et 
al. [22] found that an Al-MoS2 hybrid provided better 

performance than dry cutting, base fluid, and Al2O3 
mono-nano-cutting fluid conditions during turning of 
AISI 304. Khan et al. [23] observed signi–ficant imp–
rovements when using an Al-GNp hybrid compared with 
pure MQL and Al2O3 nano-cutting fluid in turning AISI 
52100. Thakur et al. [24] similarly showed that an Al-
CuO hybrid outperformed dry, wet, cryogenic, pure 
MQL, and mono-nanoparticle cooling strategies. Yildirim 
et al. [25] further reported that an Al2O3/MoS2 hybrid 
nano-cutting fluid reduced surface roughness by 41.54% 
compared with dry cutting and base-fluid MQL, while 
Kumar and Gautam [26] showed that nano-additive-en–
hanced soybean oil biolubricants could improve tribo–
logical performance and surface finish. 

Despite these advances, several limitations remain in 
the current literature. Most previous studies have focu–
sed either on mono-additive systems, hybrid combi–
nations other than h-BN/MWCNT, or base fluids other 
than soybean oil. In many cases, machining perfor–
mance is emphasized without systematically relating it to 
the underlying thermophysical and rheological behavior 
of the fluid. As a result, the synergistic role of h-
BN/MWCNT hybrid nanoparticles in soybean-oil-based 
cutting fluids, particularly under MQL-assisted CNC 
machining conditions, is still not clearly understood. To 
address this gap, the present study investigates soybean-
oil-based nano cutting fluids containing h-BN, MWCNT, 
and hybrid h-BN/MWCNT additives under MQL 
conditions. By correlating density, viscosity, ther–mal 
conductivity, sedimentation stability, and rheological 
behavior with tool wear, cutting temperature, surface 
roughness, and chips morphology, this study provides a 
more integrated understanding of how hybrid nanopar–
ticles influence both fluid characteristics and machining 
performance. This approach is expected to support the 
development of more effective and environ–mentally 
friendly cutting fluids for sustainable manufacturing. 
 
2. EXPERIMENTAL PROCEDURE 
 
2.1 Materials 
 
The base fluid used in the formulation of nano-cutting 
fluids (NCFs) in this study was soybean oil. In the 
NCFs formulation, soybean oil was mixed with nano–
particle additives, including h-BN, MWCNT, and h-
BN/MWCNT hybrids, each with a concentration of 0.15 
wt%. The properties of soybean oil are shown in Table 
1, while the properties of h-BN and MWCNT nano–
particles are shown in Tables 2 and 3, respectively. 

The experimentutilized AISI 1045 steel as the mate–
rial for the milling process, with a workpiece dimension 
of 50 mm x 50 mm x 20 mm (L x W x H). Tables 4 and 5 
present the chemical composition and mechanical 
properties. The SOLID brandhigh-spee–dsteel (HSS) 
endmillhad a diameter of 8 mm andfeatures 4 flutes. 
Table 1. Properties of Soybean Oil [27] 

PropertiesofSoybean Oil Value 
Density [kg/m3] 919 
KinematicViscosityat 40°C [mm2/s] 29.5 
FlashPoint [ºC] 329 
AcidValue [mg.KOH/g] 0.20 
Refraction Index [nD40] Max 0.3 
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Table 2. Properties of h-BN 

Specification Description 
Appearance WhitePowder 
Purity [%] 99 
Model Number SY-BN04 
ParticleSize ~50 nm 
CAS Number 10043 11-5 

Table 3. Properties of MWCNT  

Specification Description 
Brand XFNano 
Purity [%] >95 
Density [g/cm3] ~0.19 
Diameter [nm] 25-30 

Table 4. Chemical Composition of AISI 1045 Steel 

Element Component[%] 
C 0.045 
Mn 0.69-0.83 
Si 0.19-0.29 
P 0.008-0.039 
S 0.015-0.02 
Fe Balance 

Table 5. Mechanical Properties of AISI 1045 Steel 

MechanicalProperties AISI 1045 Steel 
Ultimate Tensile Strength [MPa] 569 
Yield Strength [MPa] 343 
Modulus of Elasticity [GPa] 205 
Shear Modulus [GPa] 80 
Elongation [%] 20 
Machinability [%] 55 

 
2.2 NCFs Sample Preparation 

 
NCFs were prepared using a two-step strategy mixing 
and homogenization. The sample preparation process 
began with mixing h-BN, MWCNT, and hybrid h-BN/ 
MWCNT nanoparticle additives into soybean oil and 
stirring with a magnetic stirrer for 20 minutes at a rota–
tion speed of 1250 rpm. The process was then followed 
by homogenization using an ultrasonic homogenizer for 
30 minutes to obtain a sample with an excellent disper–
sion level in the cutting fluid sample. The NCFs sample 
preparation and experimental design in this study are 
shown in Figure 1 and Table 6. 
Table 6. Experimental Design 

No. Sampel 
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 + 

h-BN 
0.15 MQL SO + h-

BN 
5. Soybean Oil + 

MWCNT 
0.15 MQL SO + 

MWCNT
6. Soybean Oil + 

Hybrid h-
BN/MWCNT 

0.15 MQL SO + h-
BN/MW

CNT 
 

 
Figure 1. NCFs Sample Preparation Scheme 
 

2.3 Experimental Setup for CNC Milling 
 
This study utilized the CNC machining process to 
evalu–ate the performance of a soybean oil-based cut–
ting fluid incorporating h-BN, MWCNT, and hybrid h-
BN/MWCNT additive nanoparticles. This fluid was 
sprayed using the MQL method. Additionally, various 
components of the CNC machine utilized in the experi–
ment were evaluated. The MQL preparation process 
involved a mist-shaped spraying nozzle, a compressor to 
apply pressure to the NCFs sample during machining, 
and a flow regulator to maintain consistent air pressure. 
The CNC machining scheme employing MQL is de–
picted in Figure 2, along with the corresponding mac–
hining parameters following previous studies [27- 29]. 

 
Figure 2. Schematic of Milling Experiment 

2.4 Characterization Techniques 
 
2.4.1 Characterization of Additive Nanoparticles 
 
The morphology of additive nanoparticles was per–
formed using scanning electron microscopy (SEM) with 
an FEI Inspect-S50, Japan. The phase identification and 
crystallite size of the additive nanoparticles were mea–
sured using X-ray diffraction (XRD) with a PANalytical 
Expert Pro. The functional group of additive nano–
particles was measured using Fourier transform infrared 
(FTIR) with a model IR Prestige 21 Shimadzu. 
 
2.4.2 Thermophysical Test of NCFs Samples 
 
Density testing of NCFs samples using analytical digital 
scales was conducted at room temperature. The mass 
value was obtained from the weight of the sample, while 
the volume was measured using a pycnometer. Thermal 
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conductivity testing was performed to assess the heat 
transfer performance of the NCFs sample utilizing the 
KD2 Pro apparatus. Dynamic viscosity testing was con–
ducted to determine the viscosity level or resistance 
value of the flow, facilitating the calculation of the 
rheological value of the NCFs sample using the NDJ-8S 
Viscometer at temperatures of 40°C and 100°C. Sedi–
mentation testing was performed to assess the degree of 
separation between solid additive nanoparticles and 
soybean oil utilizing the gravity sedimentation method. 
The suspension lasted for 28 days. 
 
2.4.3 Rheological Test of NCFs Samples 
 
This investigation delves into the rheological charac–
teristics to determine the flow behavior of NCFs, emp–
hasizing the relationship between shear rate and shear 
stress. The assessment of shear rate and shear stress 
values necessitates the outcomes derived from the 
dynamic viscosity evaluation of the cutting fluid. The 
shear rate is determined using Equation 1, while the 
shear stress is calculated using Equation 2. 

( )
2 2

2 2 2
2 c b

c b

R R

x R R

ω
γ =

−
  (1) 

where γ is the shear rate (1/s); ω is the angular velocity 
(rad/sec); 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) 

where τ is shear stress (mPa.s); µ is dynamic viscosity 
(kg/m.s); and γ is shear rate (1/s). 
 
2.4.4 Tribological Test of NCFs Samples 
 
The wear of HSS endmill tools was analyzed using a 
Sinher Binocular optical microscope model XSZ-107 
BN to assess the wear area at intervals corresponding to 
four HSS endmill flutes. The wear length was subse–
quently measured using ImageJ software. The wear of 
the cutting tool was quantified on the edge side by asse–
ssing the length of wear that develops in that area. Sur–
face roughness testing was conducted to determine the 
roughness level of AISI 1045 workpieces produced by 
the CNC milling machining process. The cutting tempe–
rature in this study was measured using a FLIR E8 
Thermal Camera. Surface roughness testing was con–
ducted on specimens machined with NCF samples. The 
morphology of chipswasanalyzed to examine the chip 
characteristics of machined AISI 1045 workpieces. The 
morphology of chipswasanalyzed using a scanning ele–
ctron microscope, specifically the FEI Inspect-S50 from 
Japan. Chip color analysis was performed to identify the 
color produced during the workpiece cutting process. 
The formation of chips in machining can indicate exce–
ssive heat during cutting and evaluate the performance 
of each NCFs sample. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Characterization of Additive Nanoparticles 

3.1.1 Morphology of Additive Nanoparticles  
 
Figure 3 presents the results of scanning electron micro–
scopy (SEM) characterization of h-BN nanomaterials at 
a magnification of 50,000×. Figure 3 illustrates that h-
BN nanomaterials exhibit a spherical surface morp–
hology and tend to aggregate [30]. The spherical morp–
hology of h-BN may induce a rolling effect [31]. SEM 
testing results on MWCNT nanomaterials reveal the 
presence of cylindrical particles aggregated in clumps. 
Attractive van der Waals interactions lead to the aggre–
gation of carbon nanotubes, resulting in clumps or bun–
dles [32]. 

 
(a)       (b) 

Figure 3. SEM results (a) h-BN and (b) MWCNT 
 

3.1.2 Phase of Additive Nanoparticles 
 
Figure 4 presents the XRD spectrum of nanomaterials. 
The h-BN exhibits its highest peak intensity of 4723.83 
at 2θ = 26.7241°. The crystal form was analyzed using 
the Match software, and the results showed that h-BN 
has a hexagonal form with boron 43.6% and nitrogen 
56.4% as constituent elements. The crystallite size can 
be obtained from XRD testing using the Scherrer Equ–
ation. For h-BN nanomaterials, this value was deter–
mined at a position of 26.7241 with FWHM 0.1574, 
corresponding to a crystal diameter of 51.8763 nm. 
Based on the XRD spectrum, the MWCNT nanoma–
terial has a hexagonal crystal structure pattern with peak 
data correlated at 26°. The Miller index (hkl) obtained 
from the diffraction analysis for each peak are (002) and 
(100), where carbon is present at the (002) peak [33]. 

 
(a)       (b) 

Figure 4. XRD results of (a) h-BN and (b) MWCNT 
 

3.1.3 Functional Groups of Additive Nanoparticles 
 
Based on Figure 5(a), the FTIR spectrum of h-BN 
shows peaks at 3394, 2797, 2526, 2382, 1557, 1300, 
923, 817, and 426. The peaks in the h-BN nanomaterial 
spectrum were obtained from the B-O-H, -NH2, B-H, 
B=O, N-B, N-B-O, B-N, and O-B-O functional groups. 
Based on Figure 5(b), which shows the FTIR spectrum 
of MWCNT, valleys were identified atwavelengths of 
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3427, 2851, 1725, 1533, 1065, and 941. Furthermore, 
each valley was analyzed, and the functional groups 
identified in MWCNT nanomaterials were O-H, C-H, 
C=O, C=C, C-O, and C-C. 

 

(a)       (b) 

Figure 5. FTIR results of (a) h-BN and (b) MWCNT 

Table 7. Functional Group of h-BN 

Wavenumber [cm-1] Bond References 
3394.07 B-O-H [34] 
2797.35 -NH2 [30] 
2526.59 B-H stretching [30] 
2382.40 B-H stretching [30] 
1557.11 B=O stretching [30] 
1300.16 N-B [34] 
923.57 N-B-O [35] 
817.72 B-N [35] 
426.55 O-B-O [36] 

Table 8. Functional Group of MWCNT 

Wavenumber [cm-1] Bond References 
3427 O-H stretching [37] 
2851 C-H stretching [38] 
1725 C=O stretching [30] 
1533 C=C stretching [30] 
1065 C-O stretching [39] 
941 C-C stretching [38] 

 
3.2 Thermophysical Properties of NCFs Samples 
 
3.2.1 Density of NCFs Samples 
 
Figure 6 shows that NCFs samples with added nano–
particle additives have a higher density value than pure 
SO due to the addition of nanoparticles [30]. The inc–
rease in density affects the cutting performance and the 
hydrostatic pressure generated by the fluid. The higher 
the fluid density value, the higher the hydrostatic pres–
sure generated. Hydrostatic pressure plays a vital role in 
strengthening fluid flow in the cutting zone, thereby 
accelerating the machining process. 

 
Figure 6. Density of NCFs Samples (mean ± SD, n = 3) 

3.2.2 Dynamic Viscosity of NCFs Samples 
 
Based on Figure 7, lubricating oil containing nano–
particle additives experiences a decrease in viscosity. 
The viscosity value decreases with the addition of h-BN 
and MWCNT nanoparticles, which may be influenced 
bythe thixotropic effect [40]. This thixotropic pheno–
menon is likely caused by the nanoparticle additives 
dispersed in the base fluid acting like ball bearings in 
the fluid, allowing smoother molecular movement and 
reducing internal friction between lubricant molecules 
[21]. In addition, factors such as nanoparticle surface 
interactions that can alter the microstructure of the lub–
ricant affect the cohesive forces between oil molecules 
[18], allowing for more effortless molecular movement 
and leading to reduced flow resistance and decreased 
lubricant viscosity [41]. 

 
Figure 7. Dynamic Viscosity of NCFs Samples (mean ± SD, 
n = 3) 
 

3.2.3 Thermal Conductivity of NCFs Samples 
 
Figure 8 shows that the addition of nanoparticle addi–
tives can increase the thermal conductivity of NCFs 
samples, and the increase varies for each additive. Na–
noparticles enhance the thermal conductivity of biolub–
ricants by acting as a high-conductivity “thermal 
bridge” that couples the fluid matrix and reduces inter–
facial (solid–liquid) thermal resistance at nanoparticle–
lubricant boundaries [42]. 

 
Figure 8. Thermal Conductivity of NCFs Samples (mean ± 
SD, n = 3) 

Their high aspect ratio and large specific surface area 
facilitate the formation of continuous, phonon-mediated 
heat-transfer pathways, thereby improving energy trans–
port through the suspension. The magnitude of this 
enhancement depends on geometry, notably particle size 
and layer thickness, which govern pathway connectivity 
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and coupling with the surrounding fluid [43]. The 
incorporation of nanoparticles into a base fluid induces 
Brownian motion, characterized by the random motion 
of suspended particles due to continuous collisions with 
surrounding fluid molecules. This dynamic interaction 
enhances energy exchange within the medium, thereby 
improving heat transfer efficiency[44]. When intro–
duced at an optimal concentration, nanoparticles can 
significantly increase the thermal conductivity of the 
base fluid [45]. 

 
3.2.4 Sedimentation of NCFs Samples 
 
Based on Figure 9, a visual comparison from day 0 to day 
28 of the sedimentation test, the sedimentation that 
occurred in SO+h-BN was faster than that of the other 
two nanolubricants. These results are consistent to the 
findings of [46], which concluded that the stability of 
nanolubricants is closely related to the size of the 
nanoparticles. Larger nanoparticle size can increase van 
der Waals attractive forces. These attractive forces are the 
reason for agglomeration between nano materials, which 
causes sedimentation problems [47]. The size of h-BN 
nanoparticles is larger than that of MWCNT na–
noparticles, 50 nm and 25-30 nm, respectively. The 
SO+MWCNT sample was more stable and took longer to 
settle. The SO+MWCNT sample had a structure that 
allows it to form strong networks and bonds within the 
nanolubricant, resulting in increased overall stability [47]. 

 
Figure 9. Sedimentation of NCFs at (a) 0-Day and (b) 28-
Days 
 

3.3 Rheology Properties of NCFs Samples 
 
The results of the calculation of shear rate and shear 
stress values to determine the rheological properties of 
NCFs samples at temperatures of 40°C and 100°C in 
this study are shown in Figure 10. Based on the 
comparison of shear rate and shear stress values in 
soybean oil and NCF samples with different 
nanoparticle additives at 40°C and 100°C, the fluids 
exhibit Newtonian flow behavior.  

 
(a)       (b) 

Figure 10. Rheological Properties of NCFs at Temperatures 
(a) 40°C and (b) 100°C 

Newtonian fluids exhibit consistent performance in 
lubrication, particularly in NCFs applications where 
loads and speeds fluctuate. This consistency can main–
tain surface separation, helping to prevent excessive 
friction and wear during the machining process [48]. 
 
3.4 Performance of NCFs Sample 
 
3.4.1 Tool Wear 
 
Figure 11 shows that the addition of nanoparticle addi–
tives to pure SO can reduce tool wear, with the lowest 
tool wear occurring in SO+h-BN/MWCNT of 0.067 
mm. The application of the MQL method in machining 
applications can reduce the mass of tool wear compared 
to using the dry condition method [49,50]. The addition 
of MWCNT to CNC Milling machining lubricants using 
the MQL method can extend the life and age of cutting 
tools because the tube structure of MWCNT functions 
as a rolling medium that can strengthen anti-friction 
properties [51]. On the other hand, h-BN has a two-
dimensional layer structure similar to graphene and can 
support lubrication, while the addition of h-BN to 
lubricants can effectively reduce surface wear on steel 
[52]. In other words, the synergistic interaction of h-
BN/MWCNT in forming a continuous tribofilm pro–
duces a tribological mechanism that can reduce the rate 
of tool wear. 

 
Figure 11. Tool wear test result after machining (mean ± 
SD, n = 3) 
 

3.4.2 Cutting Temperature 
 

Based on Figures 13 and 14, it is shown that the addi–
tion of nanoparticles can lower the machining tempe–
rature. This shows that nanoparticles play a substantial 
role in improving the thermal management of the cut–
ting 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 fric–
tional force [53]. The reduction in cutting temperature 
achieved by using NCFs based on vegetable oils and a 
mixture of nanoparticle additives is attributed to the 
combination of good thermal conductivity and oil pro–
perties in the center of the machine handle, particularly 
at the contact surfaces of the cutting device, chips, and 
workpiece [54]. 
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Figure 13. Cutting temperature test results (mean ± SD, n = 3) 

 
Figure 14. Temperature measurement during the machining 
process under the following conditions: (a) dry, (b) dro–
mus, (c) pure SO, (d) SO+h-BN, (e) SO+MWCNT, and (f) 
SO+h-BN/MWCNT 

3.4.3 Surface Roughness 
 
Based on Figure 15, the lowest average surface rough–
ness value was obtained for SO+h-BN/MWCNT due to 
a synergistic effect: h-BN platelets act as shear-slip 
solid lubricants that accelerate the formation of a pro–
tective tribofilm and suppress adhesion [55], while 
MWCNT acts as a "nano-bearing" and a heat-conduc–
tive network that lowers the cutting zone temperature. 
When dispersed in soybean oil, which has polar groups 
(supporting wetting/adsorption), both fill micro valleys 
(valley-filling), reduce plastic ploughing, and ultimately 
flatten the surface peak-valley profile so that the friction 
coefficient and temperature are reduced simultaneously, 
which is consistently associated with a decrease in rou–
ghness in various MQL nano-cutting fluid studies [56]. 

 
Figure 15. Surface Roughness of specimens after machi–
ning (mean ± SD, n = 3) 

Hybrid additive nanoparticles tend to outperform 
mono-nanoparticles in reducing Ra because they com–
bine boundary lubrication, heat conduction, and micro-
surface "polishing" functions [56-58], while CNT-based 
formulations have explicitly been shown to suppress 
cutting forces, temperatures, and Ra compared to con–

ventional lubricants [59], findings on h-BN- nano-cut–
ting fluid in machining also indicate reductions in 
temperature, tool wear, and roughness [60]. 
 
3.4.4 Morphology of Chips 

 
Figure 16 shows that chip in dry conditions is coarse, 
randomly serrated, and irregular, typical of serrated 
chips resulting from adiabatic shear localization and the 
formation/release of built-up edges (BUE) at the tool-
workpiece interface. This phenomenon is common in 
medium-carbon steel when stress–strain and local tem–
perature increases trigger thermoplastic instability in the 
shear plane [61,62]. 

 
Figure 16. Morphology of Chips 

The use of dromus improves heat transfer, but 
boundary lubrication remains limited compared to NCFs 
with MQL, so serration is still apparent even with larger 
pitches due to periodic thermal softening and cutting 
force fluctuations; this is consistent with the results that 
MQL/nano-cutting fluids are more effective at reducing 
temperature and force oscillations than conventional 
dry/wet conditions [63,64]. Conversely, SO+h-BN and 
especially SO+h-BN/MWCNT tend to produce smoot–
her and more regular chips, as nanoparticles form a uni–
form tribofilm on the rake face, reducing friction and 
delaying shear localization (reducing BUE/segmentation 
amplitude), resulting in more continuous and stable chip 



 

376 ▪ VOL. 54 No 2, 2026 FME Transactions
 

flow consistent with reports of HNMQL (h-BN/ 
MWCNT) and h-BN nano-cutting fluid that improve 
chip morphology, wear, and surface integrity [56], [65], 
[66]. The SO+MWCNT (mono) anomaly, which still 
displays coarse/irregular chips, can be explained by sub-
optimal dispersion/concentration: MWCNT agglomera–
tion increases viscosity and disrupts atomization/ trans–
port in MQL, resulting in uneven tribological coating in 
the cutting zone [67,68]. Overall, the evolution of chip 
shape across these conditions reflects changes in cutting 
force, shear plane angle, and local temperature; when 
MQL-nano-cutting fluid suppresses force and tempe–
rature (and their oscillations), a transition occurs from 
irregular serrated chips to more continuous and smooth 
chips [69]. 
 
4. CONCLUSION  
 
Based on the results and discussion, the soybean-oil 
nanolubricant with hybrid h-BN/MWCNT additives 
(0.15 wt%) delivered the most superior and consistent 
performance in MQL-assisted CNC milling of AISI 
1045. This was evidenced by the lowest tool wear 
(~0.067 mm), the lowest surface roughness, and a 
reduction in cutting temperature compared with the 
other conditions.These improvements were attributed to 
the synergistic mechanism between h-BN platelets, 
which promoted tribofilm formation and provided bou–
ndary lubrication and anti-adhesion effects, and 
MWCNTs, which acted as nano-bearings and formed a 
thermally conductive network. Together, these mecha–
nisms contributed to greater cutting process stability. In 
addition, all NCF samples exhibited Newtonian beha–
vior at 40 °C and 100 °C, supporting stable surface se–
paration under fluctuating load and speed throughout 
machining. These findings suggest that plant-oil-based 
NCFs containing h-BN/MWCNTs may serve as an en–
vironmentally friendly lubricant alternative for MQL 
processes, particularly in applications where improved 
surface quality, longer tool life, and better thermal effi–
ciency are desired. The study also provides useful 
insight for the formulation and selection of nano-cutting 
fluids by showing how thermophysical and rheological 
properties relate to machining performance. Future 
work should focus on optimizing dispersion and long-
term stability (e.g., surfactant selection and particle size 
distribution), and strengthening statistical significance 
testing across samples to quantitatively validate 
performance differences. 
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NOMENCLATURE  

Rc Vessel radius (cm) 
Rb Shaft radius (spindle) (cm) 
Ra Surface roughness (μm) 
x Radius shear rate is being calculated(cm) 
K Constant (0.9) 
d Crystallite size (nm) 

Greek symbols  

γ Shear rate (/s) 
ω Shaft angular speed (spindle) (rad/sec) 
λ X-Ray wavelength (1.5406 Å) 
β Fullwidth half maximum (2θ) 
θ Bragg’s angle (o) 

Acronyms and abbreviations 

MWCNT Multi-walled carbon nanotubes 
h-BN Hexagonal boron nitride 
SiO2 Silicon dioxide 
MoS2 Molybdenum disulfide 
Al2O3 Aluminium oxide 
GNp Graphene nanoplatelets 

CuO Copper oxide 
MQL Minimum quantity lubrication 
AISI American iron and steel institute 
NCFs Nano-cutting fluids 
CNC Computer numerical Control 
HSS High-speedsteel 
SEM Scanning electron microscopy 
XRD X-ray diffraction 
FTIR Fourier transform infra-red 
FWHM Full width half maximum 
hkl Indeks Miller 
BUE Built-up edges 
 
 

ПОБОЉШАНЕ ТРИБОЛОШКЕ 
ПЕРФОРМАНСЕ НАНО-ТЕЧНОСТИ ЗА 

РЕЗАЊЕ СА СОЈИНИМ УЉЕМ И 
ХИБРИДНИМ H-BN/MWCNT АДИТИВНИМ 

НАНОЧЕСТИЦАМА КОРИШЋЕЊЕМ 
МЕТОДЕ МИНИМАЛНЕ КОЛИЧИНЕ 

ПОДМАЗИВАЊА 
 

М. Таувикираман, М.Р. Ат Тарик,  
П. Пуспитасари, А. Сетиаван, А. Андоко,  

Д. Д. Прамоно 
 
Ова студија истражује употребу нано-мазива на бази 
сојиног уља која укључују хексагонални боров 
нитрид (h-BN), вишезидне угљеничне наноцеви 
(MWCNT) и њихов хибрид у концентрацији од 0,15 
тежинских% за минималну количину подмазивања 
(MQL) у глодању челика AISI 1045 помоћу рачу–
нарске нумеричке контроле (CNC). Нано-течности 
за резање су припремљене двостепеним поступком, 
који укључује мешање праћено ултразвуком, и 
окарактерисане су густином, вискозитетом, топлот–
ном проводљивошћу и реологијом. Одговори обраде 
обухватали су дужину хабања алата, температуру 
резања, храпавост површине, морфологију струго–
тине и боје струготине. Сви узорци су показали 
Њутново понашање на 40 °C и 100 °C. Хибридна 
формулација h-BN/MWCNT пружила је најбоље 
укупне перформансе, постижући најмању дужину 
хабања алата (~0,067 мм), смањене температуре ре–
зања и најглађе површине у односу на суво резање и 
флуиде са једним адитивом. Побољшања се припи–
сују синергијском механизму у којем h-BN плочице 
формирају трибофилм за гранично подмазивање, 
док MWCNT делују као нано-лежајеви и термички 
проводљива мрежа која стабилизује зону резања. 
Једноставна посматрања седиментације указала су 
на већу стабилност дисперзије за нано-флуиде за 
резање које садрже MWCNT него за сам h-BN. Ови 
резултати сугеришу да хибридни нано-адитиви у 
флуидима за резање на бази биљног уља могу 
понудити практичне користи за обраду уз помоћ 
MQL-а или, посебно тако што помажу у смањењу 
хабања алата, побољшању управљања температуром 
и подршци одрживијим процесима обраде. 

 
 


