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This study investigates the high-speed milling behaviour of heat-resistant martensitic–ferritic steel 15Kh12VMF, widely used in energy and power engineering components but difficult to machine due to its high hardness, strength and low thermal conductivity. An integrated approach combining experimental trials and finite element modelling was applied to assess the influence of cutting parameters on surface quality, tool wear and thermo-mechanical responses. Experiments were conducted on a vertical machining centre under dry cutting conditions using TiAlSiN-coated carbide tools. Milling parameters were varied within spindle speeds of 2000–12,000 revolutions per minute, feed rates of 500–4500 mm/min and cutting depths of 1–5 mm. Surface roughness was measured according to ISO 4287 standards. Finite element simulations were performed in ANSYS Workbench using the Johnson–Cook constitutive and damage models to reproduce chip formation, temperature distribution and cutting forces. Results indicated that increasing spindle speed from 3000 to 6000 revolutions per minute reduced surface roughness by up to 18%, whereas higher feed rates and depths of cut increased it by 25% and 32%, respectively. Optimal parameters were identified as 6000 revolutions per minute, 1500 mm/min and 2 mm. Tool wear accelerated beyond 6000–7000 revolutions per minute due to elevated cutting temperatures. Simulations predicted a peak temperature of 291.47 °C and cutting forces between –2500 N and +7500 N, consistent with experiments. This study provides validated reference data and modelling insights to support parameter optimisation and improve high-speed milling performance of martensitic–ferritic steels.
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1 INTRODUCTION
The machining of difficult-to-cut materials presents a persistent challenge across various sectors of mechanical engineering. These materials are characterised by high hardness, strength, toughness, corrosion and heat resistance, along with low thermal conductivity – all of which contribute to rapid tool wear, increased production costs, and low productivity during cutting operations (Wojciechowski et al., 2020). One such material, heat-resistant high-alloy steel 15Kh12VMF, belongs to the martensitic-ferritic class and exhibits a Brinell hardness of HB 229–269. It is widely employed in critical components such as electrode boiler parts, steam turbine blades, gas distributor housings, cement rotary kiln bandages, and turbine fasteners, particularly in industrial environments like Gidro Stanko Servis limited liability company (LLC).
Under practical machining conditions, the processing of 15Kh12VMF presents severe limitations in terms of productivity and tool life due to low thermal conductivity, high hot strength and modest damping, which promote unstable plastic deformation during cutting (Romanenko et al., 2021; Wang et al., 2022; Kuczmaszewski et al., 2023). Beyond the base composition, alloying, heat treatment and surface engineering critically reshape the near-surface microstructure and, hence, machinability: duplex Cr–C–N ceramic coatings on tool steels alter hardness, adhesion and frictional behaviour at the tool–chip interface, with the deposited layer thickness strongly governed by processing parameters (Khalaj and Khalaj, 2014a; Khalaj and Khalaj, 2014b). Likewise, thermomechanical processing and subsequent heat treatment (e.g., multiaxial forging) in stainless steels produce ultrafine versus coarse grains with distinct sensitisation and corrosion responses (Kiahosseini et al., 2018), implying different heat generation/partitioning and contact mechanics in cutting. Collectively, these findings explain why microstructural state and engineered surface layers–while improving high-temperature strength and wear resistance–can increase cutting forces and intensify tool wear, underscoring the need to study high-speed milling of martensitic–ferritic steels such as 15Kh12VMF.
In addition to material-related factors, machining parameters exert a decisive influence on surface integrity and tool performance. Cutting speed, feed rate, and depth of cut control tool wear progression, chip formation, and surface roughness. Previous research has shown that variations in machining parameters and coolant strategies significantly affect tool wear, dimensional deviation, and surface finish when turning steels (Khalaj et al., 2024). Similar findings in high-speed machining of hardened alloys indicate that excessive feed rates and cutting depths accelerate thermal wear mechanisms and degrade surface quality, whereas parameter optimisation improves tool life and workpiece integrity (Khan and Ali, 2022; Tuli et al., 2024). Recent high-speed milling studies further affirm this: high spindle speeds can enhance surface finish but may amplify adhesive and diffusive wear if not carefully controlled (Wang et al., 2024; Zhang et al., 2024; Jamali et al., 2025; Sohail and Reddy, 2025). These collective insights underscore the necessity for systematic parameter optimisation in high-speed milling of martensitic–ferritic steels, an area that remains significantly understudied.
In recent years, high-speed milling (HSM) has emerged as a promising strategy for improving the machinability of heat-resistant alloys. Studies on titanium- and nickel-based alloys have shown that HSM can improve surface finish and reduce cutting forces, but also accelerates tool wear due to thermal softening and adhesion (Zha et al., 2020; Binali et al., 2023; Kuczmaszewski et al., 2023). However, investigations of martensitic-ferritic steels under HSM remain limited, despite their growing importance in power engineering and energy-intensive industries. This represents a clear research gap, as most existing knowledge is derived from alloys with very different thermal-mechanical properties.
This study addresses this research gap by applying an integrated approach that combines physical experiments with finite element simulation to analyse the HSM of 15Kh12VMF. Notably, the numerical and experimental components investigate different but complementary aspects of the process: experimental trials are used to assess surface integrity and identify optimal cutting parameters, while simulations are employed to study heat generation, tool–workpiece interactions, and chip formation at high temporal and spatial resolution. This distinction ensures that modelling is not simply a verification of the experiment but provides additional mechanistic insight into thermal and mechanical processes that are difficult to capture empirically.
In industrial contexts such as Kazakhstan, the implementation of high-speed Computer Numerical Control (CNC) technologies has only recently become feasible due to the introduction of modern machining centres by companies such as Victor Taichung (Taiwan), KAPP Nils (Germany), DOOSAN (Korea), and MODUL (Germany). Nevertheless, a key obstacle remains: the lack of validated reference data for selecting cutting parameters at high spindle speeds (5,000–12000 revolutions per minute (rpm)). Most legacy data are limited to conventional speeds (<2000 rpm) and cannot be reliably extrapolated to HSM regimes (Sherov et al., 2017; Jiang et al., 2023; Tuli et al., 2024; Tusupova and Makhmudov, 2023).
Finally, this work also holds practical value for regional industries that have only recently adopted high-speed CNC systems but lack access to robust parametric guidance for difficult-to-machine materials. By analysing both experimental and numerical results, this study offers a data-driven basis for selecting cutting regimes that balance surface quality, tool wear, and thermal effects in 15Kh12VMF steel.
2 MATERIALS AND METHODS
2.1 Experimental procedure
Experimental investigations of high-speed milling were conducted on a vertical machining centre V-Center P76 (Victor Taichung, Taiwan) equipped with a FANUC 0i-MD CNC controller at Gidro Stanko Servis LLC. The workpiece material was heat-resistant high-alloy steel 15Kh12VMF, supplied in the form of rectangular bars (100 × 80 × 70 mm). The chemical composition of the steel and its physical properties are provided in Table 1.
TABLE 1 | Properties of workpieces.	Parameters	Steel 15Kh12VMF
	Density, kg/m3	7,850
	Young’s modulus, GP a	200
	Poisson’s ratio	0.3
	Specific heat constant pressure, J/(kg∗C)	432.6
	Thermal conductivity, W/(m∗K)	22
	Melting point, C	1,523
	C, %	0.12–0.18
	Cr, %	11.0–13.0
	W, %	0.7–1.1
	Mo, %	0.5–0.7
	V, %	0.15–0.30
	Si, %	≤0.4
	Mn, %	0.5–0.9
	S, %	≤0.025
	P, %	≤0.030
	Fe, %	∼83


A solid carbide end mill MC089 (Kennametal) was employed. The tool had a diameter of 16 mm, four flutes, a helix angle of 50°, and an overall length of 92 mm. The cutting edge was right-handed with a DIN 6535HA cylindrical shank. The tool was coated with TiAlSiN, which provided enhanced wear resistance under dry high-speed cutting conditions. The detailed geometry of the cutting tool is illustrated in Figure 1, and the experimental setup, including the tool–workpiece–fixture configuration, is shown in Figure 2. Tool specifications and the thermal–physical properties of the carbide substrate and coating are summarised in Table 2. The tool was mounted in an ER32 collet chuck to ensure rigid clamping and to minimise vibrations at high spindle speeds.
[image: Technical drawing of an end mill tool showing dimensions and angles. The main view shows the tool's length of ninety-two millimeters, with segments of thirty-six and forty-eight millimeters. The front view has a diameter of sixteen millimeters. A fifty-degree angle is marked on the helical flute. Section B details radii of one millimeter and twenty-four millimeters.]FIGURE 1 | Solid carbide end mill MC089.[image: Panel (a) shows a CNC machine milling a metal piece, with three areas labeled 1, 2, and 3. Panel (b) displays five metal pieces lined up, numbered 1 to 5.]FIGURE 2 | Experimental setup: (a) MC089 solid carbide end mill in the machining process. 1 – vice for clamping; 2 – processed sample; 3 – solid carbide end mill MC089 and (b) photograph of a processed sample made of 15Kh12VMF steel.TABLE 2 | Properties of the tool.	Parameters	Tool
TiAlSiN
	Density, kg/m3	15,000
	Young’s modulus, GP a	500
	Poisson’s ratio	0.235
	Specific heat constant pressure, J/(kg∗C)	600
	Thermal conductivity, W/(m∗K)	3.5
	Melting point, C	1,460


All milling trials were performed under dry cutting conditions, without any coolant or lubrication, in order to isolate the thermal–mechanical effects of the cutting parameters on surface integrity.
High-speed milling trials were performed under dry cutting conditions. The parameter windows were determined as a compromise between several factors: the capabilities of the machine–tool system, the manufacturer’s recommendations for carbide tools in heat-resistant steels, and the production constraints of Gidro Stanko Servis LLC related to surface-finish targets and cycle-time limits. In addition, short pilot cuts were conducted prior to testing to identify stable operating zones and to avoid chatter or premature tool failure. The study was organised as a parametric investigation following a one-factor-at-a-time (OFAAT) scheme, which enabled systematic variation of spindle speed, feed rate, and depth of cut within technologically relevant ranges, while other parameters were kept constant. This methodology provided clear identification of the main effects of cutting parameters on surface roughness under high-speed milling conditions. To ensure reliability and reproducibility, each experimental condition was repeated five times, and the resulting data were analysed to determine stable operating windows and minimise the influence of experimental variability. Thus, the following ranges were selected: spindle speed (nsp): 2000–12000 rpm; feed rate (S): 500–4,500 mm/min; depth of cut (t): 1–5 mm; cutting strategy: unidirectional linear milling at constant tool engagement. Workpieces were clamped in a high-precision mechanical vice with parallel alignment. Each cutting condition was applied along a 16 mm linear path.
Each test condition was repeated five times to ensure repeatability. Surface roughness (Ra) was measured using a TR100 portable surface tester according to ISO 4287, with a cut-off length of 0.8 mm. Three measurements were taken at different positions on each surface and averaged.
2.2 Input parameters for numerical modelling
The finite element simulations reproduced the experimental cutting conditions but with certain simplifications to optimise computational efficiency. The tool–workpiece system was modelled using a solid carbide end mill (MC089, Ø16 mm, 4-flute, helix angle 50°) and a rectangular workpiece scaled to 8 × 40 × 10 mm, preserving the local tool engagement geometry.
The workpiece material (15Kh12VMF) was described using the Johnson–Cook viscoplastic and damage models, incorporating strain hardening, strain-rate sensitivity, and thermal softening. The Johnson–Cook (J–C) constitutive relation is expressed as in Equation 1.
σ=A+Bεn1+C⁡lnε˙ε0˙1−T−TroomTmelt−Troomm(1)
where σ is the flow stress, ε is the equivalent plastic strain, ε̇ is the plastic strain rate, and ε̇0 is the reference strain rate. The model parameters are defined as: A – initial yield stress (MPa), B – hardening modulus (MPa), n – strain hardening exponent, C – strain-rate sensitivity coefficient, m – thermal softening exponent, T – current temperature (K), Troom – room temperature (K), Tmelt – melting temperature (K).
The Johnson–Cook (J-C) parameters were taken from literature sources relevant to martensitic–ferritic steels (Bragov et al., 2020; Ghadiri et al., 2025; Le et al., 2025; Pandey and Samal, 2025). Temperature-dependent thermal conductivity and specific heat were included (Table 3).
TABLE 3 | Johnson-Cook model parameters for workpieces.	Workpiece	A (MPa)	B (MPa)	C	n	m	Tm(C)
	15Kh12VMF	280	1,215	0.031	0.43	1.15	1,573


Friction at the tool–chip interface was modelled using a constant Coulomb coefficient μ = 0.40, corresponding to dry machining of similar steels. Both the tool and workpiece were initially set to 22 °C (ambient laboratory conditions).
For baseline simulations, the spindle speed was set to nsp = 6,000 rpm, feed rate to S = 1,500 mm/min, and depth of cut to t = 2 mm, as determined experimentally to yield optimal surface finish.
For completeness, it should be noted that additional FEM implementation details – such as mesh refinement strategy, element convergence, contact modelling, and solver settings – are reported in section 3.
3 NUMERICAL SIMULATION OF THE HIGH-SPEED MILLING PROCESS
Finite element simulations were performed in ANSYS Workbench (v2024 R2) to complement the experimental investigation and provide insight into thermo-mechanical phenomena occurring during high-speed milling of heat-resistant steel 15Kh12VMF. The tool–workpiece geometry, material properties, and cutting parameters used in the simulations corresponded to those described in Section 2.2.
3.1 Geometry and model development
The geometric model of the tool–workpiece system was developed using the Kompas-3D CAD software. A solid carbide end mill (MC089, Ø16 mm) was modelled based on the manufacturer’s technical drawing, incorporating its shank, helix angle (50°), cutting edge radius, and flute geometry. The tool had a flat-end profile with four helical flutes and a DIN6535HA cylindrical shank. Minor geometric features such as chip breakers and internal coolant channels were omitted to simplify the meshing process and reduce simulation time. The resulting 3D geometry was exported in STEP format and imported into ANSYS Workbench for finite element analysis.
The workpiece was represented as a rectangular prism with dimensions 8 × 40 × 10 mm, scaled down from the experimental sample to improve computational efficiency while preserving tool–workpiece contact conditions. The coordinate system was aligned such that the Y-axis corresponded to the feed direction (tool movement), the Z-axis to the spindle axis (rotation), and the X-axis to the depth of cut. Figure 3 shows the complete assembly of the tool and workpiece within the simulation environment.
[image: Illustration showing a end mill approaching a rectangular block. A coordinate axis with X, Y, and Z labels is visible at the bottom right. A scale in millimeters appears at the bottom.]FIGURE 3 | Three-dimensional model of the tool-workpiece system.3.2 Material properties and failure model
The thermomechanical behaviour of 15Kh12VMF during high-speed milling was represented using the Johnson–Cook viscoplastic and damage models, which account for strain hardening, strain-rate sensitivity, and thermal softening. Model parameters were calibrated using literature data (Bragov et al., 2020; Ghadiri et al., 2025; Le et al., 2025; Pandey and Samal, 2025).
Adiabatic heating due to plastic work was considered, assuming negligible heat loss during chip formation. Chip separation was modelled using the Johnson–Cook fracture criterion, with element erosion activated when the accumulated damage parameter reached unity (D = 1).
3.3 Contact modelling and boundary conditions
Contact interactions between the cutting tool and the workpiece were defined using the surface-to-surface contact formulation in ANSYS Explicit Dynamics. The solid carbide end mill was treated as a rigid body due to its higher stiffness, while the workpiece was fully deformable. The rake, clearance, and flank faces of the tool were designated as the contact surface, with the corresponding region on the workpiece assigned as the target surface (Figure 4). Friction at the interface was modelled using a constant Coulomb coefficient (μ = 0.40).
[image: 3D illustration showing the frictional interaction between an end cutter and a workpiece. The cutter is depicted above a blue rectangular workpiece. Red and blue squares denote contact and target bodies, with a visible coordinate axis showing X, Y, and Z directions. Measurements in millimeters (0.000 to 30.000) are displayed along the workpiece.]FIGURE 4 | Interaction of the tool with the workpiece.The tool was assigned a prescribed angular velocity about the X-axis, while its translational motion was fully constrained. Feed motion was applied by translating the workpiece along the Z-axis. The bottom face of the workpiece was fixed in all degrees of freedom to replicate clamping. Both the tool and the workpiece were initially set to a uniform temperature of 22 °C.
3.4 Finite element mesh and solver settings
A three-dimensional unstructured mesh was generated in ANSYS Workbench using quadratic tetrahedral elements for the carbide tool and deformable workpiece. Element sizing was refined adaptively: the minimum edge length in the cutting-edge vicinity was 0.10 mm, providing at least six elements across the undeformed chip thickness, whereas regions remote from the cutting zone were coarsened to 0.80 mm. The final mesh contained approximately 1.86 million elements for the workpiece and 3.7 million elements for the tool, as illustrated in Figure 5.
[image: 3D computer-aided design model showing a meshed model of an end mill and a rectangular block workpiece. A scale bar with millimeter markings and a three-axis orientation indicator are included.]FIGURE 5 | Finite element mesh of the model.A mesh-convergence study was performed with characteristic element sizes of 0.20, 0.15 and 0.10 mm in the cutting zone. Reducing the element size from 0.20 mm to 0.10 mm changed the predicted cutting forces by < 5% and the maximum temperature by < 5%, confirming that the adopted mesh offers an adequate balance between accuracy and computational cost.
Transient cutting was simulated using a central difference time integration scheme. Automatic mass scaling was activated to maintain a stable time increment of ≈1 × 10−10 s, well below the Courant stability limit, without altering inertial effects relevant to high-speed cutting.
3.5 Scientific contribution of the simulation approach
The numerical simulation in this study was not intended to merely replicate experimental results but to complement them by providing access to internal thermo-mechanical phenomena during high-speed milling of heat-resistant steel. While experiments focused on surface quality and tool performance, simulation enabled analysis of stress distribution, chip formation, and heat accumulation - quantities difficult to measure directly.
The finite element model was calibrated specifically for 15Kh12VMF using the Johnson-Cook viscoplastic and damage models, accounting for strain-rate effects and thermal softening. Temperature-dependent properties, frictional heating, and thermal contact conductance at the chip-tool interface were included to improve realism under industrially relevant cutting conditions.
This integrated approach contributes new data and process understanding for 15Kh12VMF, a material underrepresented in high-speed machining literature. The findings support parameter optimisation in the absence of reference data and can inform future studies involving tool wear, coated inserts, and advanced cooling methods.
By combining validated experiments with physics-based modelling, the study offers a generalisable framework for investigating machinability of difficult-to-cut steels under high-speed regimes, relevant to modern production environments.
4 RESULTS AND DISCUSSION
Experimental high-speed milling of heat-resistant steel 15Kh12VMF was carried out using a solid carbide end mill MC089. The influence of cutting parameters on surface roughness (Ra) was investigated. The results indicate that this influence is non-linear and interdependent across different parameters.
Figure 6 presents the variation of surface roughness with spindle speed, feed rate, and depth of cut. The scatter between specimens was within 5%, which indicates good repeatability of the experiments. As shown in Figure 6A, increasing the spindle speed generally leads to improved surface finish (i.e., lower Ra values), especially at moderate feed rates. In contrast, Figure 6B demonstrates that increasing feed rate results in a noticeable deterioration of surface quality. Similarly, an increase in cutting depth contributes to a rougher machined surface.
[image: Two graphs showing Ra (surface roughness) in micrometers. Graph (a) plots Ra against spindle speed in RPM, showing five decreasing curves reaching a minimum and then slightly increasing, labeled one to five. Graph (b) plots Ra against feed rate in millimeters per minute, showing five increasing curves, also labeled one to five.]FIGURE 6 | Surface roughness (Ra) as a function of cutting parameters during high-speed milling with the MC089 carbide end mill: (a) dependence on spindle speed (nsp), at fixed depth of cut t = 2 mm and varying feed rates - S1 = 500 mm/min; S2 = 1,500 mm/min; S3 = 2,500 mm/min; S4 = 3,500 mm/min; S5 = 4,500 mm/min; (b) dependence on feed rate (S), at fixed spindle speed nsp = 6,000 rpm and varying depths of cut - t1 = 1 mm; t2 = 2 mm; t3 = 3 mm; t4 = 4 mm; t5 = 5 mm.Taking into account both productivity requirements and the surface finish specifications set by Gidro Stanko Servis LLC, the following combination of parameters was identified as optimal for high-speed milling of 15Kh12VMF: spindle speed nsp = 6,000 rpm, depth of cut t = 2 mm, and feed rate S = 1,500 mm/min.
Analysis of Figure 6A indicates that surface roughness remains nearly constant in the spindle speed range of 6,000–12000 rpm. However, this apparent stability is misleading, as tests at spindle speeds above 6,000 rpm were not performed due to accelerated tool wear. Visible signs of wear were already observed at nsp = 6,000 rpm, suggesting the onset of thermal degradation mechanisms.
Premature tool wear is primarily attributed to excessive heat generation in the cutting zone. As reported in prior studies (Khan and Ali, 2022; Wang et al., 2022; Binali et al., 2023), elevated temperatures promote a shift in tool failure mode – from gradual abrasive wear to more severe chipping and flaking – significantly reducing tool life. In addition, during intermittent milling of heat-resistant alloys, the tendency of workpiece material to adhere to the cutting edge upon exit intensifies wear and promotes edge breakage.
Several factors contribute to this thermal challenge: high friction coefficients at the tool–workpiece interface, low thermal conductivity of the materials, elevated specific cutting forces, difficulties in supplying cooling agents to the cutting zone, and a low chip compression ratio. These combined effects highlight the need for deeper investigation into the thermal-mechanical behaviour of such systems under high-speed milling conditions.
To address these challenges and gain insight into tool–workpiece interactions, a finite element simulation of the milling process was conducted in ANSYS Workbench (WB). Figure 7 shows the chip formation zone, where material removal is modelled via element erosion over a tool engagement distance of 125.78 mm.
[image: Simulation graph showing total deformation in a twisted cylindrical structure, with a color gradient from blue to red indicating deformation levels. The maximum deformation is 125.78 mm and the minimum is near zero. An XYZ axis is included for orientation reference.]FIGURE 7 | Simulated chip formation during high-speed milling.Given the nonlinearity of the cutting process, equivalent plastic deformation in the surface layer was evaluated (Figure 8), providing insight into potential surface integrity issues.
[image: Simulation of equivalent plastic strain in a 3D rectangular mesh block. A color scale from blue to red indicates strain levels, with red showing the maximum strain of 0.96149. Orientation axes are present in the bottom right corner.]FIGURE 8 | Equivalent plastic strain distribution in the workpiece.Contact forces along all three axes were extracted from the simulation and are illustrated in Figure 9. The force profiles exhibit dynamic fluctuations: X-axis forces oscillate between −2500 N and +2500 N, Y-axis forces vary from −2000 N to +2000 N, Z-axis forces remain consistently positive, peaking around +7500 N.
[image: Three graphs display contact forces over time. (a) X Contact Force: A fluctuating pattern with peaks and troughs; magnitudes range approximately from -4803.9 to 5225.6 Newtons.(b) Y Contact Force: Similar fluctuations as (a) with a range from -3245.9 to 3649 Newtons.(c) Z Contact Force: Distinct sharp peaks, ranging from approximately -1091.6 to 9676.6 Newtons. Each graph includes red data points and black trend lines on a grey background.]FIGURE 9 | Contact forces in the tool–workpiece interaction: (a) X-axis, (b) Y-axis, (c) Z-axis.Thermal analysis results are shown in Figure 10. As the tool engages the workpiece, the temperature in the contact zone rises sharply, reaching a steady-state value of approximately 291.47 °C. This confirms the thermal severity of high-speed milling for heat-resistant materials.
[image: Graph showing temperature in degrees Celsius versus time in seconds. The temperature sharply rises from 22 to 291.47 degrees and then remains constant as time progresses beyond 5e-4 seconds.]FIGURE 10 | Temperature distribution in the contact region during milling.5 CONCLUSION
	1. Experimental investigations demonstrated that at a constant depth of cut (t = 2 mm), increasing the spindle speed (nsp) from 4,000 to 6,000 rpm reduced the surface roughness (Ra) from approximately 3.2–5.0 μm to 1.25–2.5 μm, while at 7,000 rpm Ra reached 0.95–2.2 μm depending on the feed rate. Further increases in spindle speed beyond 6,000 rpm did not result in significant improvement due to accelerated tool wear.
	2. At a spindle speed of 6,000 rpm, increasing the feed rate (S) from 500 to 4,500 mm/min led to a rise in Ra from approximately 1.0–1.8 μm to 3.3–6.5 μm, with the effect being more pronounced at greater depths of cut.
	3. The optimal high-speed milling parameters for 15Kh12VMF steel were identified as nsp = 6,000 rpm, t = 2 mm, and S = 1,500 mm/min, providing a balanced compromise between surface quality and productivity.
	4. Finite element simulations confirmed the thermal severity of the process, with cutting zone temperatures reaching approximately 291.5 °C. This finding is consistent with experimental observations and explains the onset of accelerated tool wear at higher cutting speeds.
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