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ABSTRACT 

Ti6Al4V ELI (Grade 23) is widely used in aerospace and biomedical applications due to its high 

strength-to-weight ratio and biocompatibility. However, low thermal conductivity, high chemical 

affinity, and built-up edge (BUE) formation degrade its machinability, necessitating effective 

lubrication. This study evaluates the effects of five environments — dry cutting, conventional MQL, 

sunflower oil-based MQL, and their MoS₂ nanoparticle-reinforced variants — on surface roughness and 

tool wear during face milling under a sustained 84-minute protocol. Surface roughness (Ra, Rz) and 

flank wear were monitored progressively using a profilometer and toolmaker's microscope, while tool 

wear mechanisms and MoS₂ nanoparticles were characterized via SEM-EDX, FTIR, XRD, and XPS. 

To the best of the authors' knowledge, this is the first study to combine sunflower-oil-based MQL with 

MoS₂ nanoparticles for Ti6Al4V ELI (Grade 23) under a prolonged (84-min) milling protocol and to 

statistically resolve the lubrication–pass-number interaction governing surface roughness evolution. 

Two-way ANOVA confirmed significant interaction effects of lubrication and pass number on Ra. 

Sunflower oil-based MQL yielded the lowest Ra (0.159 µm), a 75% reduction from dry cutting (0.645 

µm), whereas MoS₂ addition showed no statistically significant surface finish improvement. 

Conversely, dry cutting caused severe edge fracture and a maximum flank wear of 252 µm. SEM-EDX 

revealed that MoS₂ nanoparticles suppressed BUE and coating delamination, confirming their primary 

benefit lies in tool preservation rather than surface finish enhancement, supporting vegetable oil-based 

MQL as a sustainable machining alternative. 

 

Keywords: Ti6Al4V ELI; minimum quantity lubrication; sunflower oil; MoS₂ nanoparticles; tool wear; 

surface roughness 

Graphical abstract 
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1. Introduction  

Machining is a superior manufacturing technique due to its excellent dimensional and geometric accuracy as well 

as its ability to achieve exceptionally low surface roughness. However, the machining of titanium alloys, 

particularly Ti6Al4V ELI, inherently involves extreme tribological conditions at the tool-chip and tool-workpiece 

interfaces. These conditions are characterized by severe contact pressures, highly localized temperatures, and the 

continuous exposure of highly reactive, unoxidized metal surfaces, leading to severe adhesive and diffusion wear. 

Under such severe thermomechanical interactions, intense friction and rapid tool degradation are unavoidable [1-

4].  

During machining, significant heat generation and frictional forces develop at the cutting zone. Under 

severe thermomechanical loading conditions, material transferred from the workpiece may adhere to the tool 

surface [5]. Cooling fluids are utilized to mitigate the detrimental effects of such contact and friction on the cutting 

tool and workpiece, even though these situations are unavoidable according to machining principles. Traditional 

flood cooling systems, while effective, raise environmental and occupational health concerns. Minimum Quantity 

Lubrication (MQL) is an alternative, environmentally friendly, and effective cooling method that delivers a small 

amount of coolant (typically in the range of 50-250 ml/hour) directly to the cutting zone in an atomized form. To 

further enhance the performance of the MQL method, several strategies are employed, including the addition of 

different particle sizes (particle reinforcement) and various types of cutting fluids [6-9]. 

Titanium alloys are distinguished by their exceptional strength and wear resistance, as well as their 

extremely low density (4.43 g/cm³), which makes them an effective alternative to many industrial materials, 

especially steels. Ti6Al4V ELI (Extra Low Interstitials) (Grade 23), a variant of the widely used Ti6Al4V (Grade 

5), has fewer interstitial atoms (mainly oxygen and carbon). This titanium alloy's superior biocompatibility and 

resistance to corrosion make it a primary material utilized in bioengineering and aerospace [10, 11]. Given its 

widespread industrial significance, numerous studies have focused on optimizing the machining parameters of 

titanium alloys under various lubrication conditions. 

Sarma et al. [12] conducted 27 different experiments using machine-learning approaches (support vector 

regression (SVR) and Jaya optimization) to investigate the effect of feed on surface roughness during the 

machining of Ti6Al4V alloy under MQL conditions. The optimum machining parameters were determined as a 

cutting speed of 120 m/min, a feed of 0.05 mm/rev, and a 0.2 mm depth of cut. A significant reduction in surface 

roughness was obtained with optimum conditions compared to other conditions, reducing the Ra value to 0.4812 

µm. Feed was identified as the most significant parameter, whereas cutting speed had a limited effect, and depth 

of cut showed no significant impact. The error (MAPE) was calculated as 4.68%. 

Ni et al. [13] investigated the surface roughness of Ti6Al4V alloys machined under dry and MQL 

conditions. The researchers used a Toshiba ULG-100 ultra-precision machine equipped with a carbide insert. The 

MQL application resulted in a considerable enhancement in surface roughness of 62.3–82.2% compared to dry 

cutting. 

Swain et al. [14] reported that in a study on CNC turning of Ti–6Al–4V alloy, when dry and MQL 

conditions were compared, tool wear decreased by approximately 67%, tool life increased by 280%, and total 

cutting costs decreased by 12.38% with the application of MQL. 

Recently, studies on the addition of nanoparticles to cooling fluids in MQL systems—referred to in the 

literature as NFMQL (Nano Fluid Minimum Quantity Lubrication)—have gained attention. The machining of 
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various metals using NFMQL with nanoparticles such as aluminum oxide (Al₂O₃), graphene, copper oxide (CuO), 

and molybdenum disulfide (MoS₂) has been investigated.  

For instance, Yücel et al. [15] compared dry cutting, pure MQL, and MoS₂-enriched NFMQL methods 

in the turning of AA2024-T3 aluminum alloy. A Taguchi L27 orthogonal array was used in the experimental 

design, and surface roughness, maximum temperature, surface topography, and BUE/BUL formation on the tool 

were examined using SEM-EDX. The results showed an 8.41% improvement in surface roughness with MQL 

compared to dry machining and a 15.56% improvement with MoS₂-added NFMQL. In the experiments, cutting 

temperatures were reduced by 10.21% with MQL and by 22.44% with NFMQL. Particularly with the NFMQL 

application, a significant suppression of BUE/BUL formations was observed, resulting in less damaged tool edges 

and smoother surfaces. Sahoo and Datta [16] reported that the nanofluid-MQL application using graphene 

nanoplatelet-modified Jatropha oil provided more effective cooling and lubrication. In their experiments, superior 

results were observed in the machining of Ti–6Al–4V alloy compared to dry and conventional MQL, significantly 

reducing tool wear at cutting speeds up to 82 m/min and improving surface roughness at speeds up to 106 m/min. 

Şen et al. [17] studied the milling of Inconel 690 using a nanofluid-MQL application with palm oil 

containing Al₂O₃. They demonstrated that a 0.9% Al₂O₃ ratio reduced tool wear by 19.35% compared to flood 

cooling and by 10.71% compared to pure MQL. The researchers observed that this method also limited wear by 

forming a protective tribofilm on the surface. Jyothish et al. [18] investigated the machining of Inconel-718 with 

MQL by adding ZnTiO₃, BN, and CuO nanoparticles to a sunflower oleic acid-based cutting fluid. The researchers 

developed nanofluids that showed improvements of up to 70% in thermal conductivity with BN addition and up 

to 30% in viscosity with ZnTiO₃ addition. Junankar et al. [19] compared CuO and ZnO-containing nanofluid-

MQL fluids in the turning of bearing steel. The researchers reported that the CuO nanofluid-MQL reduced surface 

roughness by 38% and machining temperature by 12%. Overall, these studies suggest that the effectiveness of 

nanoparticle additives is highly system-dependent, being influenced by the base-oil chemistry, the particle type 

and concentration, and the specific workpiece–tool combination. This highlights the need for material-specific 

investigations rather than drawing generalized conclusions. Azami et al. [20] claimed that nano-MQL applied 

with MoS₂ and CuO-containing vegetable oils significantly improved performance during the grinding of AISI 

D2 steel. The normal force was reduced by approximately 31% with the soybean oil and 4% CuO combination, 

while surface roughness decreased by 70% with the rapeseed oil and 2% CuO combination. 

Gnanavel et al. [21] compared conventional sustainable machining methods with nanofluid-MQL 

containing waste cooking oil and MoS₂ nanoparticles used in the turning of SAE1144 steel. Using a Taguchi L16 

experimental design, they reported that the nanofluid-MQL application reduced average tool wear by 38% and 

that the best results were obtained under low cutting speed (40 m/min) and low feed (0.05 mm/rev) conditions. 

Xu et al. [5] investigated the formation of the adhesive layer and its dual role in the tribological 

performance and surface integrity of Ti-6Al-4V alloy during machining under dry and MQL conditions. By 

analyzing the physical and mechanistic behaviors of the adhesive layer, the researchers reported that this layer 

acts as a protective barrier on the cutting tool, reducing contact pressure and friction due to its low elastic modulus. 

However, the researchers also highlighted that its instability significantly deteriorates surface integrity by 

increasing surface roughness (Rz) and inducing a substantial work-hardened layer beneath the machined surface. 
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In the machining of Ti6Al4V alloys, it has been clearly demonstrated in the literature that MQL 

applications offer significant advantages over dry machining in terms of reducing tool wear, extending tool life, 

improving surface integrity, and lowering production costs. 

Although the beneficial effects of MQL and nanoparticle-assisted MQL on the machining performance 

of titanium alloys have been widely reported, several important research gaps remain. First, the majority of 

previous studies have focused on the conventional Ti6Al4V Grade 5 alloy, whereas investigations concerning 

Ti6Al4V ELI (Grade 23) remain comparatively limited despite its increasing utilization in biomedical and 

aerospace applications. Due to its lower interstitial content and different mechanical characteristics, the 

tribological behavior and machinability of Grade 23 cannot be assumed to be identical to those of Grade 5. 

Second, although various vegetable oils and nanoparticle additives have been investigated as 

environmentally friendly lubricants, the combined application of sunflower oil and MoS₂ nanoparticles under 

MQL conditions has received very limited attention in the machining of Ti6Al4V ELI. Most available studies 

have focused on alternative vegetable oils, different nanoparticle systems, or materials other than titanium alloys. 

Third, previous investigations have generally evaluated machining performance under relatively short 

machining durations. Consequently, limited information is available regarding the long-term evolution of tool 

wear and surface integrity under sustained machining conditions. Progressive wear mechanisms, coating 

degradation, and built-up edge formation may exhibit substantially different behavior during extended machining 

periods compared with short-duration experiments. 

Fourth, although surface roughness and tool wear have frequently been reported independently, the 

interaction between lubrication strategy and machining progression has rarely been examined through a 

statistically rigorous framework. In particular, the influence of pass number and its interaction with lubrication 

conditions on surface roughness evolution remains insufficiently understood. 

To address these gaps, the present study investigates the face milling of Ti6Al4V ELI (Grade 23) under 

five different cooling/lubrication environments, including dry machining, conventional MQL, sunflower-oil-

based MQL, and MoS₂-enhanced variants. Unlike many previous studies, the experiments were conducted under 

an extended machining duration of approximately 84 minutes to enable the assessment of progressive wear 

behavior. Furthermore, the effects of lubrication condition and pass number on surface roughness were evaluated 

using two-way ANOVA and Tukey HSD analyses, while the underlying wear mechanisms were investigated 

through SEM-EDX examinations. In addition, the MoS₂ nanoparticles were comprehensively characterized using 

SEM, FTIR, XRD, and XPS analyses. The findings contribute to a better understanding of the tribological 

performance of sustainable lubrication strategies for machining Ti6Al4V ELI and clarify the role of MoS₂ 

nanoparticles in both surface quality and tool preservation. The main contributions of this work are threefold. 

First, it provides the first systematic comparison of five cooling/lubrication environments for Ti6Al4V ELI under 

an extended 84-min milling protocol. Second, two-way ANOVA and Tukey HSD analyses demonstrate that the 

effectiveness of each lubrication strategy strongly depends on the machining pass (interaction partial η² = 0.822). 

Finally, SEM-EDX observations indicate that MoS₂ nanoparticles mainly contribute to tool preservation by 

suppressing BUE formation and coating delamination, rather than by further improving surface finish. 
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2. Experimental Methods 

 

2.1. Workpiece Material and Cutting Tool 

 

In this study, Ti6Al4V ELI (Grade 23) alloy was used. Ti6Al4V ELI (Grade 23) contains fewer interstitial 

elements, especially carbon and oxygen, than Ti6Al4V (Grade 5). As a result, it exhibits increased fracture 

toughness and ductility. The chemical and mechanical properties are provided in Table 1. 

 

Table 1 The chemical and mechanical properties of Ti6Al4V ELI (Grade 23) 

Element Al C Fe H N O V Ti 

% weight 5.885 0.022 0.1 0.003 0.008 0.101 3.925 Balance 

Mechanical properties Tensile strength (MPa)  Yield strength (MPa) Elongation % 
Value 915 862 17.8 
 

The Ti6Al4V ELI material was received as a Ø35 mm, cold-rolled bar (TiFast S.r.l., Italy) and cut to a 

length of 22 mm using a CNC turning center (Fig. 1a, Fig. 1b). After the turning operations, the workpieces were 

clamped by a three-jaw chuck on the CNC vertical machining center (Fig. 1c). A Ø4 mm solid carbide end mill 

(C76 0400, HPMT, Malaysia) was employed in the research (Fig. 1d). The tool has 4 flutes, an overall length of 

50 mm, and a cutting length of 12 mm, coated with AlCrN (H6110). The tool has an unequal, variable helix (35°-

40°) to minimize chatter. 

 

 

Fig. 1 Preparation of workpieces a) Cutting process on CNC lathe b) Cut workpieces c) The setup on a CNC 

Milling machine d) The cutting tool 

 

2.2 Experimental Procedure and Machining Parameters 

 

Before performing the experiments, several preliminary studies were conducted to determine the optimal cutting 

parameters based on the literature. As a result, a cutting speed (Vc) of 100 m/min, a depth of cut (ap) of 1 mm, a 

radial depth of cut (ae) of 0.4 mm, and a table feed of 300 mm/min (corresponding to a feed per tooth of fz ≈ 

0.0094 mm/tooth for the four-flute tool at 7958 rpm) were established. The tool overhang length was set to 25 

mm for the experiments. The entire circular top face (Ø35 mm) of the workpieces was machined using the down-

milling (climb milling) strategy. To remove a total material thickness of 6 mm from the workpiece, the face milling 

operation was repeated in six successive axial layers (6 passes with 1 mm ap). Due to the small radial engagement 
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(ae= 0.4 mm), the total cumulative machining time to complete one workpiece reached approximately 84 minutes, 

providing a robust condition for evaluating steady-state tool wear. 

 

In addition to dry machining conditions, the experiments were performed in four distinct 

cooling/lubrication conditions: MQL with cutting fluid (Werte Fastcut Ultra), MQL with cutting fluid and 

nanoparticle additives, MQL with sunflower oil, and MQL with sunflower oil and nanoparticle additives. Table 2 

lists the lubricating and cooling environments. To eliminate the influence of prior wear and ensure experimental 

consistency, a dedicated cutting tool was assigned to each lubrication condition, and all six machining passes were 

performed using the same tool under that specific condition. 

 

Table 2 Cooling/lubrication environments 

Cooling/Lubrication Environment Flow Rate Nanoparticle Addition 

Dry - - 

General-purpose cutting fluid (Werte Fastcut Ultra), MQL 150 ml/hour - 

General-purpose cutting fluid with nanoparticle-enhanced MQL 150 ml/hour 0.5 vol.% (MoS₂) 

Sunflower oil-based MQL 150 ml/hour - 

Sunflower oil-based nanoparticle-enhanced MQL 150 ml/hour 0.5 vol.% (MoS₂) 

 

The objective of the present study was not to optimize machining parameters but rather to evaluate the 

long-term tribological performance of different lubrication strategies under a representative machining condition. 

Ti6Al4V ELI is characterized by low thermal conductivity and high chemical affinity with cutting tool materials, 

which promote progressive tool degradation during machining. The selected cutting conditions were based on 

preliminary trials and correspond to the manufacturer's recommended operating range for Ti6Al4V machining. 

Therefore, a constant cutting parameter set was intentionally selected to isolate the influence of lubrication 

conditions and to monitor wear evolution over an extended machining period of approximately 84 minutes. This 

approach enabled a direct comparison of the cooling and lubrication capabilities of the investigated environments 

while minimizing the influence of additional process variables. Although broader machining parameter ranges 

should be considered in future studies, the selected methodology provides valuable insight into tool wear 

progression and surface integrity under sustained machining conditions that are relevant to industrial practice. 

 

2.3 Preparation of Nanofluids and MQL Setup 

 

In the study, cutting fluid and sunflower oil were used as received. Among the various nanoparticles utilized in 

MQL applications, molybdenum (IV) sulfide (MoS₂) is widely preferred due to its low friction coefficient at high 

temperatures [15, 20, 22]. MoS₂ with a nominal particle size of 2 µm and 98% purity (CAS number 1317-33-5 – 

Sigma-Aldrich) was used in the study. Prior to the experiments, the size of MoS₂ particles was examined using 

SEM. The analysis revealed that while the maximum particle size was approximately 2 µm, the majority of 

particles were distributed within the 200–400 nm range.  
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Previous studies have reported that nanoparticle concentrations around 0.5 vol.% frequently provide 

favorable tribological performance in nano-MQL applications and are commonly adopted in machining studies 

involving base cutting fluids (vegetable oil, cutting fluid, etc.) [16, 19, 22]. Therefore, a concentration of 0.5 vol.% 

was selected in the present work. The selected nanoparticle concentration was based on previously reported 

optimum or near-optimum values in nano-MQL studies. The objective of the present work was not to optimize 

nanoparticle concentration but rather to evaluate the tribological effectiveness of MoS₂-enhanced lubrication 

under prolonged machining conditions. 

 

To prepare the nanofluids, MoS₂ was added to the base fluids. The required mass of MoS₂ was calculated 

to achieve a 0.5 vol.% concentration and subsequently dispersed into the base fluid. The mixture was then stirred 

for 60 min at 1500 rpm using a magnetic stirrer, and the nanoparticles were mechanically dispersed in the base 

fluid [23, 24]. Prior to each experiment, the nanofluid mixture was re-stirred to minimize possible particle 

sedimentation and to ensure a uniform distribution during the machining tests.  

 

Each prepared fluid (Fig. 2a) was transferred to a Werte STN 15 MQL device (Werte, Turkey) for MQL 

applications (Fig. 2b), and the flow rate was adjusted to 150 ml/h at a carrier-air pressure of 6 bar for each fluid. 

The nozzle of the MQL device was positioned at a 45° angle and a distance of 30 mm relative to the cutting tool 

(Fig. 2c and Fig. 2d). Experiments were initiated once a stable lubrication supply rate was achieved. The technical 

properties of the base fluids and additives were obtained from the suppliers' technical/safety data sheets and are 

presented in Table 3. 

 

 

Fig. 2 a) A prepared cutting fluid, b) MQL device, c) Stable MQL rate, d) Machining operation 

 

Table 3 Properties of General-Purpose Cutting Oil, Sunflower Oil, and MoS₂ Nanoparticles 

Properties 

General-Purpose Cutting Oil 

(Werte Fastcut Ultra) Sunflower Oil Nanoparticle (MoS₂) 
Flash Point (°C) 121 220 – 
Boiling Point (°C) 215 350 – 
Relative Density 0.91 0.92 5.06 
Viscosity / Fluidity (cSt) 18 65.2 – 
Vapor Pressure (mmHg @ 20 °C) <0.01 <0.01 – 
Vapor Density >5 N/A – 
Particle Size – – ≤ 2 micron 
Concentration – – 0.5% by volume 
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2.4 Measurements and Analysis 

 

Tool wear and surface roughness were examined after each pass. Tool wear was inspected using a toolmaker's 

microscope (Mahr MarVision MM200, Göttingen, Germany) equipped with a 5 MP digital camera (Fig. 3a) on 

both the flank and the end faces of the tool (Fig. 3b and Fig. 3c). Five surface roughness measurements were taken 

at different locations and orientations on the workpiece after each pass to enable statistical analysis and quantify 

measurement variability. These five measurements per pass served as replicates in the statistical analysis. Full 

run-level replication was not performed, since each 84-min experiment consumes a dedicated tool and workpiece; 

this constraint is acknowledged in the Limitations and Future Work section. The average surface roughness (Ra) 

and maximum surface roughness (Rz) values were measured using a Bluetooth-enabled measuring device (Mahr 

MarSurf RD18, Göttingen, Germany) and a terminal unit (Mahr M300, Göttingen, Germany) as shown in Fig. 3d 

and Fig. 3e. Measurements were performed according to ISO 4287 using a cutoff length of 0.8 mm, an evaluation 

length of 4 mm, and total traversing length of 5.6 mm. After all passes, the worn tools were examined using SEM 

and EDX (Fig. 3f). 

 

 

Fig. 3 a) Toolmaker’s microscope, b) - c) tool measuring, d) surface roughness measurements, e) surface 

roughness measurements, f) SEM-EDX device 

 

3. Results and Discussion 

 

3.1. Characterization of the MoS₂ Nanoparticles 

 

3.1.1 SEM analysis of the nanoparticle 

 

In the particle size analysis (Fig. 4), it was observed that particle sizes varied. In the measurement results 

of some particles, dimensional measurements of 278.8 nm, 333.8 nm, and 379.8 nm were obtained. Examination 

of the SEM images reveals that the nanoparticles exhibit no agglomeration, confirming the absence of 

agglomeration in the dry state. 
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Fig. 4 The analysis of nano particles at a) 10k and b) 20k magnification 

 

3.1.2. FTIR Analysis 

The characterization of nanomaterials was also carried out with FTIR, XRD, and XPS analyses. The 

FTIR spectrum of molybdenum (IV) sulfide is presented in Fig. 5.  

 

 

Fig. 5 MoS₂ FTIR Absorbance. 

 

The absorption band observed at 3440 cm⁻¹ is attributed to O–H stretching vibrations associated with 

adsorbed moisture on the particle surface [25]. The peak at 1720 cm⁻¹ can be attributed to C=O stretching 

vibrations, which are probably caused by surface contamination or residual organic species that were introduced 

during synthesis or handling [25]. The absorption bands observed in the 700–1150 cm⁻¹ region are commonly 

attributed to sulfate species [26]. Furthermore, the peaks observed at 620 and 1127 cm⁻¹ have been reported to 
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correspond to Mo–S related vibrations in the literature [26, 27]. Collectively, the FTIR analysis confirms the 

presence of characteristic bonds associated with the MoS₂ nanomaterial. 

 

3.1.3. XRD Analysis 

 

The XRD pattern of molybdenum (IV) sulfide (MoS₂) is presented in Fig. 6. When the XRD data are examined, 

the positions of the diffraction peaks in the graph are observed at 14.14°, 28.50°, 32.92°, 33.71°, 35.89°, 39.58°, 

44.12°, 49.51°, 55.53°, 58.53°, 60.69° and 62.15°. These peaks correspond to the hexagonal MoS₂ phase (JCPDS 

(ICCD) card no. 37-1492). The planes corresponding to each peak, respectively, are as follows: (002), (004), 

(100), (101), (102), (103), (006), (105), (106), (110), (008) and (112) [28]. It is possible to determine crystallite 

dimensions using XRD data via the Scherrer equation. The equation is defined as D=Kλ/(βcosθ), where D is the 

nanocrystallite size, λ is the wavelength (nm) of XRD radiation, and β is the full width at half maximum of the 

peaks in radians. The shape factor K ranges from 0.62 to 2.08 but is usually taken as 0.9 [29-31]. Based on the 

Scherrer equation, the average crystallite size was calculated as 40.74 nm, as detailed in Table 4. 

 

 

Fig. 6 MoS₂ a) XRD pattern b) Determination of FWHM and Bragg angles from XRD data. 

 

Table 4 Determination of the size of the material whose peak position and FWHM value are determined according 

to XRD data, according to the Scherrer Equation. 

Peak positions FWHM Crystallite Size D (nm) 

14.3754 0.29324 27.96 

32.6892 0.15683 60.18 

39.5696 0.26776 38.48 

49.80813 0.33873 36.34 

Average Crystallite Size D (nm)  40.74 

 

The discrepancy between the crystallite size determined by XRD (40.74 nm) and the particle size observed in 

SEM images (278–380 nm) is consistent with the polycrystalline nature of the MoS₂ particles, where each particle 

is composed of multiple crystalline domains. 
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3.1.4. XPS Analysis 

The X-ray photoelectron spectroscopy (XPS) analysis was conducted to evaluate the chemical states and 

composition of the molybdenum (IV) sulfide (MoS₂) nanoparticles. The wide-scan XPS survey spectrum is 

presented in Fig. 7. The high-resolution XPS spectra of the Mo 3d and S 2p regions are shown in Fig. 8 and Fig. 

9, respectively. The two characteristic peaks located around 229.07 eV and 232.5 eV correspond to the Mo 3d5/2 

and Mo 3d3/2 orbitals, respectively [32]. Furthermore, the peaks belonging to sulfur, located at 162.13 eV and 

163.1 eV, are clearly visible in the S 2p spectrum [33]. Detailed elemental identification and quantification data 

are provided in Table 5. 

 

 

Fig. 7 XPS survey spectrum of MoS₂ nanoparticles 

 

 

Fig. 8 XPS spectrum of the Mo 3d region. 
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Fig. 9 XPS spectrum of the S 2p region. 

 

Table 5 XPS elemental ID and quantification results of MoS₂ 

Name  Peak BE FWHM 
eV 

Area (P) 
CPS.eV 

Weight 
% 

Q  

Mo3d 229.07 2.44 1014243.47 41.78 1 
C1s 284.49 1.99 393572.07 23.13 1 
O1s 532.10 3.62 327635.79 10.62 1 
S2p 162.13 2.59 315987.59 24.46 1 

 

Having confirmed the phase purity, crystallite size, and dispersion state of the nanoparticles, the machining 

performance of the five cooling/lubrication environments is evaluated next. 

 

3.2. Surface roughness measurement results 

 

Machining processes can achieve low surface roughness values, particularly when appropriate tooling, workpiece 

materials, and cutting conditions are employed [34]. It is well recognized that cooling/lubrication conditions 

significantly affect surface roughness [35]. Under the current experimental conditions, the effect of 

cooling/lubrication on surface roughness was investigated (Fig. 10a and Fig. 10b). 

 



12 
 

   

Fig. 10 Surface roughness values: a) Ra, b) Rz 

 

The highest surface roughness (lowest surface quality) was achieved through dry cutting, as the absence 

of lubrication typically results in a poor surface finish [36]. The use of Minimum Quantity Lubrication (MQL) 

consistently resulted in better surface quality, regardless of the type of fluid used. For the employed feed per tooth 

(fz ≈ 0.0094 mm) and tool geometry, the kinematic (geometric) contribution to the surface profile is negligible, 

being on the order of 0.01 µm or less. As a result, the measured Ra values (0.159–0.645 µm) are governed almost 

entirely by tribological phenomena at the tool–workpiece interface, including adhesion, BUE formation and 

detachment, side flow, and micro-vibrations, rather than by feed marks. This explains the strong sensitivity of Ra 

to the cooling/lubrication environment shown in Fig. 10 and supports the interpretation that lubrication is the 

dominant surface-generation mechanism under the present machining conditions. Sunflower oil with MQL 

produced the best surface quality. However, the addition of MoS₂ nanoparticles had a limited effect, and the 

sunflower oil with MoS₂ nanoparticles showed no statistically significant improvement compared to the pure 

sunflower oil. This indicates that MoS₂ does not provide additional lubricity, as sunflower oil already possesses 

inherently superior lubricity. The lamellar structure of MoS₂ nanoparticles and their ability to form tribofilms 

under high contact pressure and boundary lubrication conditions should theoretically improve the surface; 

however, in this study, the already superior wetting properties of sunflower oil, which allowed it to effectively 

penetrate the shear zone, may have limited the contribution of MoS₂. Regarding average surface roughness (Ra), 

the poorest surface quality was observed under dry cutting conditions (Ra = 0.645 µm). Conversely, the most 

favorable results were achieved using MQL (Veg) (MQL with vegetable (sunflower) oil) and MQL (Veg) + MoS₂ 

with values of 0.159 µm and 0.166 µm, respectively. These findings demonstrate that the choice of 

cooling/lubrication medium significantly influences surface integrity. As anticipated, the Ra and Rz values 

exhibited similar trends. The Rz values were approximately four to six times higher than the Ra values across all 

experimental conditions. The higher Rz/Ra ratios observed under dry cutting are associated with isolated deep 

valleys and adhered-material peaks resulting from BUE detachment, while the lower ratios obtained under 

sunflower-oil MQL suggest a more homogeneous surface texture with fewer extreme asperities. A two-way 

ANOVA was performed to evaluate the effects of cooling/lubrication condition and pass number on the surface 

roughness (Ra) values (Table 6). 
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Table 6 ANOVA 

Source DF Adj SS Adj MS F-Value P-Value η² Partial η² 
Conditions 4 0.4483 0.112081 62.11 0.000 0.244 0.674 
Passes 5 0.1723 0.034460 19.10 0.000 0.094 0.443 
Conditions*Passes 20 1.0009 0.050046 27.73 0.000 0.545 0.822 
Error 120 0.2165 0.001804       
Total 149 1.8381         

 

The analysis revealed that both the cooling/lubrication condition (F = 62.11, p < 0.001) and pass number 

(F = 19.10, p < 0.001) had statistically significant effects on surface roughness (Table 6). More importantly, a 

highly significant interaction effect was observed between cooling/lubrication condition and pass number (F = 

27.73, p < 0.001), indicating that the influence of the cooling/lubrication strategy on Ra was dependent on the 

pass number. The interaction sum of squares (SS = 1.0009) was considerably greater than those associated with 

the main effects of cooling/lubrication condition (SS = 0.4483) and pass number (SS = 0.1723), suggesting that 

the combined influence of these factors accounted for a substantial portion of the observed variability in surface 

roughness. In addition to statistical significance, effect size analysis revealed substantial contributions of all 

investigated factors. The cooling/lubrication condition, pass number, and their interaction yielded partial η² values 

of 0.674, 0.443, and 0.822, respectively, indicating large effect sizes. The interaction term exhibited the strongest 

influence on surface roughness, confirming that the effectiveness of the lubrication strategies changed 

considerably throughout the machining sequence. 

 

The interaction plot further confirmed the statistical findings by exhibiting non-parallel response trends 

among the different pass levels across the cooling/lubrication conditions. The variation in the slope and direction 

of the profiles indicates that the effect of a given lubrication strategy changed throughout the machining sequence. 

In particular, certain lubrication conditions exhibited relatively stable Ra values over consecutive passes, whereas 

others showed pronounced fluctuations at specific pass numbers. Such behavior demonstrates that the 

effectiveness of the cooling/lubrication environments cannot be adequately evaluated independently of the pass 

number. Therefore, the significant interaction effect highlights the necessity of considering both factors 

simultaneously when assessing surface quality performance under different cooling/lubrication conditions. 

Accordingly, post-hoc multiple comparison tests were performed to identify the specific cooling/lubrication 

conditions that differed significantly within each pass level (Fig. 11). 
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Fig. 11 Tukey HSD analysis 

 

Fig. 11 presents the mean surface roughness (Ra) values and Tukey HSD grouping results for different 

cooling/lubrication conditions at each pass level. The results indicate that the effectiveness of the 

cooling/lubrication strategies varied considerably depending on the pass number, which is consistent with the 

significant interaction effect identified by the two-way ANOVA. In the first pass, the Dry condition produced the 

highest surface roughness and was significantly different from the MQL and MQL (Veg) conditions, while 

MQL+MoS₂ exhibited intermediate behavior. Similar trends were observed in the second and third passes, 

although the differences among some lubrication environments became less pronounced. In the fourth and fifth 

passes, the Dry condition yielded markedly higher Ra values and formed a distinct statistical group, whereas 

MoS₂-containing environments generally resulted in lower surface roughness values. The fifth pass exhibited the 

largest separation among the lubrication conditions, indicating that the influence of the lubrication strategy 

became more pronounced as machining progressed. In the sixth pass, MQL+MoS₂ produced significantly higher 

Ra values than the remaining lubrication conditions, while Dry, MQL, and MQL (Veg)+MoS₂ were grouped 

among the lowest roughness levels. The unexpectedly low Ra observed under dry cutting in the sixth pass can be 

attributed to the burnishing effect of the severely worn cutting edge. As flank wear flattens the cutting edge, the 

enlarged wear land plastically smears the newly generated surface, temporarily reducing Ra despite the 

deteriorated tool condition. This apparent improvement should therefore be interpreted as a consequence of tool 

degradation rather than an indication of improved cutting performance, further highlighting the importance of 

evaluating surface quality together with tool-wear evidence. Overall, the Tukey HSD results demonstrate that the 

relative performance of the cooling/lubrication environments changed throughout the machining sequence, 

confirming that surface roughness was governed by the combined effects of lubrication condition and pass number 

rather than by either factor alone. The statistical analysis demonstrated that lubrication conditions alone were 

insufficient to explain surface roughness evolution. The significant interaction effect indicates that the relative 

effectiveness of each lubrication strategy changed throughout the machining sequence as tool wear progressed. 
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3.3. Tool wear analysis  

 

In a machining operation, tool wear is inevitable. To monitor tool wear progression, a toolmaker’s microscope 

(Mahr MarVision MM200, Göttingen, Germany) was employed after each pass. The most severe tool wear 

occurred under dry machining conditions. Many studies have shown the negative impact of dry machining on tool 

wear [36, 37]. Wear was detected on all cutting edges beginning with the first pass. The wear values of 76 µm, 67 

µm, 50 µm, and 90 µm were recorded for the four edges in the initial pass. In the last pass, 105 µm, 154 µm, 72 

µm, and 252 µm of wear were measured. It was observed that one cutting edge exhibited accelerated wear in the 

second pass and continued to wear at a steady rate thereafter. This is a commonly reported tool wear pattern in 

the literature [38]. Fig. 12 shows measurements of the most-worn cutting edge under dry cutting conditions. The 

minor differences in the measurements can be attributed to BUE formation and measurement variability. The 

remaining three cutting edges exhibited minimal and approximately linear wear. 

 

 

Fig. 12 The toolmaker’s microscope inspection, first run (a) to sixth run (f) 

 

Under the lubrication-assisted conditions, flank wear (VB) remained below the resolution limit of the 

optical measurement system and therefore could not be quantified reliably. Consequently, SEM and EDX analyses 

were employed to compare the dominant wear mechanisms and coating integrity among the investigated 

lubrication environments. Therefore, detailed scanning electron microscope (SEM) and energy-dispersive X-ray 

spectroscopy (EDX) examinations were performed upon completion of the experiments. All cutting tools were 

examined using a ZEISS GeminiSEM 500 (Carl Zeiss, Jena, Germany) to evaluate the impact of the five 

cooling/lubrication strategies on tool wear mechanisms. 

 

3.4. SEM-EDX analysis and results of cutting tools 

 

The SEM and EDX analyses focused on the cutting tool used under dry machining. Elemental 

composition was determined at specific locations designated as Spot 1 and Areas 1–3 (Fig. 13). 
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Fig. 13 SEM image of the cutting tool used in dry machining conditions. a)84×, b) 300×, c)1000× and d) EDX 

image 

 

Fig. 13 clearly shows that the cutting corner was fractured, and the cutting tool’s coating had delaminated. 

The tool’s substrate was visible at the corner. In EDX analysis, high concentrations of titanium (Ti), aluminum 

(Al), and vanadium (V), which are the primary alloying elements of the workpiece (Ti6Al4V ELI), confirm BUE 

formation in both Spot 1 and Area 1. The detection of only tungsten (W), carbon (C), and cobalt (Co) in Area 2 

indicates a worn/lost coating in this region and reveals the WC-Co substrate. Cutting tool coatings significantly 

enhance tool performance, especially the tool life [39]. The absence of a protective coating layer leads to 

accelerated tool wear [40]. 

 

Analysis of Area 3 revealed limited titanium, indicating minimal material adhesion rather than significant 

BUE formation. Compared to some examples in the literature, BUE formation in this study appears limited [41]. 

Additionally, elements from both the coating (AlCrN) and the substrate were detected in this area. These findings 

demonstrate severe fractures on the cutting edge and wear on the coating under dry machining. The tool used 

under MQL conditions was subsequently subjected to EDX analysis (Fig. 14). 
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Fig. 14 SEM image of the cutting tool used under MQL machining conditions, a)84×, b) 500×, and c) EDX 

image 

 

MQL conditions resulted in a change in tool wear behavior. A corner fracture was also observed under 

MQL conditions; however, compared to dry cutting, the fracture was less severe, and the wear was more 

concentrated on the rake face. Fig. 8 clearly exhibits coating delamination on the rake surface. The EDX analysis 

of Area 1 revealed the presence of only tungsten (W), carbon (C), and cobalt (Co), indicating that the surface 

corresponds entirely to the cutting tool substrate. The observed wear is more fracture-like rather than the typical 

crater wear reported in the literature [42].  In Area 2, elements associated with the AlCrN coating, as well as a 

small amount of titanium, were detected. This is attributed to BUE formation. Similar results were observed for 

spots 1 and 2. However, the presence of tungsten in spot 2 indicates partial coating loss and substrate exposure. 

Fig. 15 presents SEM images of the cutting tool used during the machining of Ti6Al4V ELI under nanoparticle-

enhanced (MoS₂) MQL conditions. 
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Fig. 15 SEM image of the cutting tool used under nanoparticle-enhanced cutting fluid MQL, a) 90×, b) EDX 

image, and c) 500× 

 

In the examination of MQL with MoS₂, a significant fracture on the cutting edge was detected, but the 

size of the fracture was found to be smaller compared to dry and standard MQL machining conditions (Fig. 15). 

This type of fracture was not observed on the other cutting edges. This indicates that the MoS₂ additive contributes 

to reduced tool wear and has a positive effect on tool life. According to EDX analysis, the fractured surface 

contained mostly tungsten (W), carbon (C), and cobalt (Co), while a small amount of chromium (Cr) was 

associated with the tool coating. The Beryllium element detected in the analysis could not be directly associated 

with the workpiece or the cutting tool; this indication is likely an artifact arising from spectral overlaps in the 

EDX measurement rather than physical contamination. It was determined that the tool coating contained mostly 

AlCrN, while the limited amount of titanium (Ti) could be explained by BUE. In addition, examinations of the 

rake face of the other cutting edge (Fig. 9c) indicate that the coating layer (AlCrN) reacted with the workpiece 

material (Ti6Al4V ELI). This chemical interaction led to rapid wear, revealing crater wear in an area of 

approximately 108 µm x 281 µm. Crater wear is a typical type of failure encountered during the machining of 

Ti6Al4V [43]. However, the crater wear dimensions observed in this study are notably higher (around two to three 

times)  compared to the literature [44, 45]. This phenomenon can be attributed to the severe thermal conditions 

generated during the 84-minute prolonged machining protocol. Although the MoS₂-enhanced MQL system 
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provides superior boundary lubrication, its convective cooling capacity is inherently lower than that of 

conventional flood cooling. Coupled with the extremely low thermal conductivity of the Ti6Al4V ELI alloy, 

intense heat remains highly localized at the tool-chip interface. These sustained high-temperature conditions 

accelerate the chemical affinity and diffusion mechanisms between the AlCrN coating and the titanium workpiece, 

ultimately promoting the expansion of the crater wear. These observations suggest that the beneficial effect of 

MoS₂ is mechanism specific. The nanoparticles effectively reduce adhesion-driven mechanical damage, such as 

BUE formation and edge chipping; however, they are unable to suppress the thermally activated diffusion–

dissolution wear responsible for crater formation at the tool–chip interface. This difference explains why MoS₂ 

improved edge integrity, while the crater dimensions remained relatively large under the prolonged machining 

conditions. Fig. 16 shows SEM analyses of MQL machining of Ti6Al4V ELI using sunflower oil.  

 

 

Fig. 16 SEM image of the cutting tool used in MQL machining conditions with sunflower oil, a) 84×, b) 300×, 

and c) EDX image 

 

The SEM observations indicate that sunflower oil provides favorable tribological performance under 

MQL conditions. Sunflower oil has been reported to exhibit excellent wettability and lubrication characteristics, 

which contribute to reduced friction, lower cutting forces, and improved surface quality [46]. In addition to 

wettability, the boundary-lubrication performance of sunflower oil is strongly promoted by its triglyceride 

structure: the polar ester groups and long unsaturated fatty-acid chains (predominantly oleic and linoleic acids) 

adsorb onto freshly generated metal surfaces and form a durable boundary film, while its higher viscosity (65.2 

cSt vs. 18 cSt, Table 3) further stabilizes this film under the high contact pressures of the cutting zone. 
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The fracture observed under other cutting conditions was not present in this case. However, significant 

material adhesion was detected on the tool surface. EDX analyses revealed that the chemical composition in Area 

1 included titanium, aluminum, and vanadium, indicating BUE formation. In contrast, Area 2 showed a chemical 

composition associated with the cutting tool coating (AlCrN), with only trace amounts of titanium related to BUE. 

Similar conclusions can be drawn for Spot 1, although the percentages may vary. These findings demonstrate the 

positive effects and high performance of MQL machining with sunflower oil on the cutting tool. The inspection 

of nano-particle additives in sunflower oil using MQL application is presented in Fig. 17. 

 

 

Fig. 17 SEM image of the cutting tool used in MQL machining conditions using nanoparticle-reinforced 

sunflower oil, a) 84×, b) 500×, and c) EDX image 

 

Similar to the previous sunflower oil MQL application, no fracture was observed on the cutting edge in 

the SEM analysis. MQL applications using sunflower oil and nanoparticles can also produce favorable results. 

EDX analysis of both Area 1 and Spot 1 revealed that the elemental composition was primarily composed of the 

cutting tool coating (AlCrN), with trace amounts of titanium related to minor BUE formation. Additionally, the 

presence of oxygen may be associated with oxidation or contamination. Among all MQL strategies, sunflower 

oil-based MQL yielded superior surface integrity; the further incorporation of MoS₂ nanoparticles into sunflower 

oil provided additional tribological benefits, particularly in terms of tool wear suppression. 

 

The improved performance observed under MoS₂-enhanced MQL can be attributed to the solid 

lubrication characteristics of MoS₂ nanoparticles, particularly under boundary lubrication conditions. During the 

machining of Ti6Al4V ELI, the lubricant film can become unstable due to high thermomechanical loads. In such 

cases, the layered structure of MoS₂ allows easy shear between its atomic planes, which helps reduce friction at 

the tool–chip interface [47, 48]. 
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In addition, the small size of the particles enables them to reach the cutting zone and form a thin 

tribological layer on the tool surface. This layer likely limits direct metal-to-metal contact. SEM observations 

show reduced built-up edge (BUE) formation and less coating damage compared to dry and conventional MQL 

conditions. The EDX results also suggest reduced material adhesion, supporting the idea that MoS₂ contributes to 

improved wear behavior. 

 

Although the incorporation of MoS₂ nanoparticles did not result in a statistically significant improvement 

in surface roughness compared with sunflower-oil-based MQL, SEM observations suggest a beneficial influence 

on tool wear behavior. Surface roughness in milling operations is primarily governed by tool geometry, tool 

runout, feed marks, vibration, and the lubrication conditions directly affecting the freshly generated surface. Since 

sunflower oil already possesses excellent wettability and boundary lubrication characteristics, the addition of 

MoS₂ provided limited additional benefit in terms of surface finish. In contrast, tool wear is a cumulative 

phenomenon that develops progressively under repeated thermo-mechanical loading. The layered crystal structure 

of MoS₂ can reduce friction at the tool–chip interface and help maintain a more stable lubricating environment 

during prolonged machining. Consequently, the contribution of MoS₂ appears to be more pronounced in 

suppressing coating damage, material adhesion, and localized edge degradation rather than in further reducing 

surface roughness. These findings indicate that the primary benefit of MoS₂ under the present machining 

conditions is associated with improved tool preservation rather than additional enhancement of surface quality. 

 

Limitations and Future Work 

Despite these positive outcomes, the present study is limited to a constant set of cutting parameters (Vc 

= 100 m/min, f = 300 mm/min), a single MoS₂ nanoparticle concentration (0.5 vol.%) and a single prolonged run 

per lubrication condition. Additionally, direct sustainability metrics such as specific energy consumption and 

carbon emissions were not quantified.  Future research should focus on evaluating a broader range of machining 

parameters, varying nanoparticle concentrations, and optimizing MQL flow rates. Furthermore, a detailed 

investigation of chip morphology and a comprehensive Life Cycle Assessment (LCA) will be conducted to fully 

evaluate the environmental and economic impacts of this sustainable machining approach. 

 

4. Conclusions 

This study evaluated the influence of dry, conventional MQL, MoS₂-reinforced MQL, sunflower-oil-based MQL, 

and MoS₂-reinforced sunflower-oil-based MQL environments on the machinability of Ti6Al4V ELI (Grade 23). 

Based on the experimental findings, the main conclusions are summarized as follows: 

 

1. Dry machining is impractical for Ti6Al4V ELI due to severe thermal loads that lead to edge fractures and 

extensive coating delamination. The integration of MQL strategies significantly enhanced surface quality, 

improving surface roughness (Ra) by up to 75% compared to dry cutting (from 0.645 µm to 0.159 µm). 

 



22 
 

2. Vegetable (sunflower) oil-based MQL outperformed general-purpose cutting fluid alternatives due to its 

superior wetting characteristics, yielding the lowest surface roughness values. However, a significant interaction 

effect between the lubrication condition and the pass number indicates that the surface roughness evolution is 

time-dependent and progressive tool wear modifies the effectiveness of each strategy across consecutive passes. 

3. The addition of 0.5 vol.% MoS₂ nanoparticles effectively suppressed built-up edge (BUE) formation. Although 

MoS₂ did not significantly improve surface roughness, SEM observations suggest that it contributed primarily to 

wear suppression rather than surface finish enhancement. SEM-EDX analyses suggested the formation of a 

tribological layer attributed to MoS₂, which reduced direct metal-to-metal contact, material adhesion, and coating 

damage. MoS₂ demonstrated enhanced lubrication stability at higher pass counts, suggesting its effectiveness in 

maintaining tool integrity under increasing cumulative thermal stress. 

 

4. Sunflower-oil-based MQL aligns with modern sustainable machining standards, offering a clean, non-toxic, 

and viable alternative to conventional flood cooling in precision manufacturing applications. 

 

5. Material characterization confirmed the chemical and structural integrity of the commercial MoS₂ nanoparticles. 

XRD analysis verified the hexagonal MoS₂ phase with a mean crystallite size of 40.74 nm — consistent with the 

polycrystalline nature of the particles observed in SEM images (200–400 nm range) without significant 

agglomeration. FTIR and XPS analyses successfully verified the characteristic Mo–S bonds and indicated no 

significant oxide phase formation. 

 

6. For practical applications, sunflower-oil MQL at 150 ml/h can be considered a sustainable alternative to 

commercial cutting fluids for the finish milling of Ti6Al4V ELI. The addition of 0.5 vol.% MoS₂ may be beneficial 

when tool life, rather than surface finish, is the primary production constraint. 
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