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ABSTRACT  
The performance of CVD-coated carbide inserts (TiCN/Al2O3) in hard turning AISI 4340 steel at cutting 
speeds of 60, 95, 180, and 250 m/min, under both dry and wet conditions are investigated. The goals were 
to evaluate tool wear, surface roughness, and wear mechanisms over different machining conditions. 
Surface roughness Ra value was noticed, and it dropped to Ra = 0.30 μm at 180 m/min but increased  
at 250 m/min due to vibration, edge instability, and wear. Flank wear rose with cutting speed: 186 μm 
at 60 m/min, 265 μm at 180 m/min, 542 μm at 250 m/min (dry), and 692 μm (wet), exceeding ISO tool life 
(VB = 300 μm) due to edge breakage, flaking, and adhesion. The examination of the tool surface by SEM 
and EDS revealed abrasion and slight coating delamination at low speeds, adhesion and oxidation at 
intermediate speeds, and catastrophic tool failure at high speeds. 
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Introduction 
AISI 4340 is a medium carbon low alloy steel, widely known for its good tensile strength. 
It is commonly used in making shafts, gears, screws and heavy-duty studs. Because of its 
properties, especially after hardening, it is applied in aerospace, automotive and defense 
industries for critical components where toughness and reliability are very important [1] 
The alloying elements like chromium, nickel and molybdenum improve their 
hardenability and strength. But the same factors that give high performance also make 
machining very difficult, especially when hardness is above 45 HRC (hardness Rockwell 
C). Under dry or severe cutting conditions this problem gets even worse. In machining, 
the main difficulties are fast tool wear, high cutting temperature, and heavy friction at 
the chip–tool interface. These lead to thermal instability, dimensional inaccuracy, and 
poor surface quality, which eventually affect productivity and cost [2,3]. Even with 
conventional coolant, the wear cannot be fully eliminated because cutting fluid does not 
always reach the chip–tool zone effectively at high speed and hardness [4]. Hardened 
AISI 4340 has a tempered martensitic microstructure that strongly resists plastic 
deformation. This makes it fall under difficult-to-machine materials since machining 
produces high forces and high wear, as reported by Boztepe et al. [5]. The presence of 
hard carbides in tempered martensite accelerates abrasive wear and reduces tool life. 
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Selvaraj [6] showed the adhesive and abrasive wear on the cutting tool at higher cutting 
speeds negatively affect the surface finish of the workpiece. Darwish [7] mentioned that 
tool wear is a key reason for poor surface finish, inaccuracies and shorter tool life. 
Minouiz et al. [8] noted adhesion, abrasion and edge rounding as main wear mechanisms 
for PVD-coated tools, while for CVD (chemical vapor deposition) coated tools built-up 
edge (BUE) and chipping were dominant during continuous cutting at high speed. 
Calaph et al. [9] observed that speed, feed and depth of cut have significant influence on 
flank wear in CNC (computer numerical control) turning of EN8 steel. 
Šramhauser et al. [10] also showed that coating thickness and structure matter a lot, 
thinner Al₂O₃ (aluminium oxide) improved chip flow and heat transfer while TiN-coated 
tools gave surface roughness of 0.76 μm. 

Furthermore, Bag et al. [11] studied hardened AISI 4340 and found cutting speed as the 
most dominant factor (66.06 %) influencing flank wear. They reported that increasing speed 
from 80 to 260 m/min caused rubbing due to high temperature and pressure, leading to 
thermal softening of the cutting edge. Butt et al. [12] observed similar wear trends for turning 
of 45 HRC AISI 4340 using TiCN (titanium carbonitride)/Al₂O₃/TiN carbide tools at speeds 
50–200 m/min and feeds 0.051–0.101 mm/rev. Kishore et al. [13] further showed that the 
temperature resulting from the tool-workpiece rubbing causes larger surface wear and defects. 
The tool flank rubs against the surface of material and adhesive wear, abrasion combined with 
heat is produced from contact. Hurtasenko et al. [14] associated very high shear zone 
temperatures with adhesive, diffusion, and brittle fracture type wear. Hassan et al. [15] 
reported crater wear as the main form in machining DC53 steel hardened to 40 HRC. Likewise, 
Santos et al. [16] observed adhesion–abrasion wear during dry micro-milling of AISI D2. With 
development of coatings and improved tool geometry, wear has been reduced. 
Ahmed et al. [17] showed that TiAlN coating increased tool life, while Jouini et al. [18] found 
that Al₂O₃/TiCN coating improved surface quality at high speeds on AISI 4340. Silva et al. [19] 
reported that coated tools had better thermal stability, while Çakan et al. [20] noted 
TiSiN+Al₂O₃+TiN multilayers gave better results when turning AISI D2. Rashid et al. [21] 
studied hard turning of AISI 4340 with a CBN insert and obtained very low surface roughness 
(0.45 μm). They also concluded that lower feed improves finish but increases wear, showing 
the trade-off between tool life and surface quality. More improvement was also noted with 
multilayer coatings. Kumar et al. [22] reported over 15 times higher tool life in dry drilling 
of AISI D2, and Hamadi et al. [23] confirmed better tool life for coated inserts while 
machining AISI 4140. Dry high-speed machining is considered cost-effective and 
environmentally friendly [24]. But at very high speeds, cutting force, plastic deformation 
and surface damage increase, which accelerates tool wear and reduces quality [25,26]. 

Although many studies are done on tool wear and surface roughness separately, only 
few looked at their direct relationship under dry and wet machining with coated carbide 
tools at high speeds. Also, the exact wear mechanisms that affect surface finish are still not 
clear. From the literature, it can be seen that little work is reported on Al₂O₃/TiCN 
multilayer CVD-coated carbide tools in high-speed hard turning of hardened AISI 4340 
steel. Since high-speed machining is important for achieving good surface finish, this gap 
is critical. Therefore, the present study investigates tool wear and surface roughness of 
hardened AISI 4340 steel at different cutting speeds. SEM (scanning electron microscopy) 
and EDS (energy dispersive spectroscopy) analysis are used to identify the dominant wear 
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mechanisms. This work contributes to better understanding of machinability of AISI 4340 
steel and offers practical guidance for optimizing cutting conditions, monitoring tool wear, 
and improving surface finish in hard turning. 

 
Materials and Methods  
Material and heat treatment 

Commercial AISI 4340 steel rods, sourced from Peoples Steel Mills in Pakistan, were used 
in this study. The material, in its as-received state, had a hardness of nearly 30 HRC.  
In order to bring the hardness level suitable for hard turning, the rods were heat treated. 
The treatment involved austenitizing at 850 ºC for 120 min in an RJX-45 box furnace, 
then quenching in HJ-20 oil to near room temperature. and subsequently tempered at 
480 ºC for 120 min. The purpose of this tempering step was to relieve internal stresses, 
lower brittleness, and at the same time enhance toughness while still keeping the 
hardness at a high level. The final hardness, checked with an Insize Rockwell tester 
(ASTM E18) (Fig. 1(b)), was found to be around 55 ± 1 HRC. The chemical composition was 
determined using a Spectrolab M9 spectrometer shown in Fig. 1(a), while the 
microstructure was observed with a Versamet 2 metallurgical microscope. Prior to 
machining tests, the outer layer of the heat-treated rods was lightly cut to remove any 
surface inconsistencies. For each experimental run, a cutting length of 120 mm was used. 
Every set of machining parameters was repeated three times, giving a total cutting 
distance of 360 mm for each condition. The average values from the three repetitions 
were taken for further analysis. 
 

 
 

Fig. 1. Spectrometric analyses (a), hardness tester (b) 
 

Experimental setup 

Turning experiments were conducted utilizing a Goodway CGL-2 CNC lathe equipped with 
a FANUC Oi-TF control system shown in Fig. 2(a). The tool-workpiece configuration is 
depicted in Fig. 2(b), illustrating the hard turning of the heat-treated AISI 4340 steel. For 
wet machining trials at 250 m/min, a commercial mineral based cutting oil (Arab Lube, 
diluted at 1:20 with water) was applied as a conventional flood coolant, and was used 
exclusively at a cutting speed of 250 m/min as depicted in Fig. 2(c) The coolant was 
directed at the tool–chip interface through an external nozzle to evaluate its 
effectiveness at high-speed cutting conditions. Cutting experiments were carried out at 
four cutting speeds of 60, 95, 180, and 250 m/min, while the feed rate and depth of cut 
were kept constant throughout the study at 0.1 mm/rev and 0.5 mm, respectively. This 
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selective use was intended to compare dry and wet machining under maximum thermal 
load conditions, while all other trials were conducted dry. The experimental design is 
comprehensively detailed in Table 1. 
 

 
 

Fig. 2. Experimental setup showing (a) CNC lathe, (b) tool and workpiece, hard turning, 
(c) wet cutting with coolant 

 
Table 1. Workpiece and setup specifications 

Parameters Details / Specifications 
Material AISI 4340 Steel 

Workpiece length, mm 200 
Machining length, mm 120 

Workpiece diameter, mm 30 
Workpiece hardness, HRC 55 ± 1 

Tooling Mitsubishi CVD-coated carbide inserts (CNMG 120404) 
Insert coating CVD multi-layer coating of TiCN and Al₂O₃ 

Tool nose radius, mm 0.4 
Tool holder PCLNR 2020K12 

Machine 
Goodway CGL-2 CNC Lathe with 

FANUC Oi-TF control 
Cutting speeds, m/min 60, 95, 180, and 250  

Machining environment 
Dry conditions (low to high-speed machining); 

Cutting fluid for high-speed machining 
Feed rate, mm/rev constant 0.1  
Depth of cut, mm constant 0.5  
 

Cutting tools 

For the experimental machining trials, the cutting tool selected was a commercially available 
CVD coated carbide insert from Mitsubishi Materials [27]. This particular insert is 
characterized by a sophisticated multilayer coating system, primarily consisting of 
TiCN/Al₂O₃ layers, which is engineered to provide enhanced wear resistance and thermal 
stability during cutting. The geometry of the insert includes a defined tool nose radius of 
0.4 mm, a feature critical for influencing surface finish and tool strength. A schematic 
representation detailing the insert's geometry can be found in Fig. 3. For mounting, the insert 
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was securely assembled onto a standard PCLNR 2020K12 style tool holder. Photographic 
evidence of the actual physical insert, along with its complete assembly onto the tool 
holder to show the final cutting geometry, is clearly provided in Fig. 4(a,b) respectively. 
 

 
 

Fig. 3. Schematic of the selected CVD-coated carbide insert (CNMG 120404). Based on [27] 
 

 
 

Fig. 4. (a) CVD-coated cutting insert; (b) insert mounted on PCLNR 2020K12 tool holder 
 

Tool wear measurement 

Flank wear (VB) was measured after each 120 mm cutting pass using a Dino-Lite Premier 
AM7013MT digital microscope, and the final values reported correspond to the tool 
condition after the third pass (total cutting length = 360 mm). An average flank wear 
criterion of VB ≥ 300 μm was adopted in accordance with ISO 3685 as the reference limit 
and measurement accuracy was ensured by calibrating the system with a certified stage 
micrometer before and during testing. For a more in-depth investigation into the 
fundamental mechanisms responsible for the wear, advanced characterization techniques  
 
(a) 

 

(b) 

 

(c) 

 
 

Fig. 5. Tool wear measurement and analysis setup: (a) calibration of Dino-Lite microscope; 
(b) flank wear measurement on tool edge; (c) SEM/EDS analysis of worn tools  
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were employed. This involved using SEM on a Jeol JSM 6380 unit, which provided high-
magnification imagery of the wear scars and crater formation. Furthermore, energy 
dispersive X-ray spectroscopy (EDS) was performed with a JED-2300 detector attached to 
the SEM; this allowed for elemental analysis of the worn surfaces to identify diffusion and 
adhesion processes. The complete experimental arrangement used for these tool wear 
measurement and subsequent analysis procedures is visually detailed in Fig. 5. 

 
Surface roughness measurement 

Arithmetic average surface roughness Ra was measured in accordance with ISO 4287/4288 
standards using a calibrated Mitutoyo SJ-310 tester, with a cutoff length of 0.8 mm, 
evaluation length of 4.0 mm, and probe speed of 0.5 mm/s. For each experimental condition, 
three roughness measurements were taken at distinct locations on the workpiece after each 
cut, and the mean value was used for analysis. The measurement setup is shown in Fig. 6. 
This integrated approach allowed direct correlation between tool wear progression and 
surface quality, while SEM/EDS analyses validated the underlying wear mechanisms. 
 

 
 

Fig. 6. Surface roughness measurement setup using Mitutoyo SJ-310 tester 
 

Results and Discussion 
Material characterization 

The chemical composition of the heat-treated AISI 4340 steel is provided in Table 2. The 
measured values are consistent with the ASTM A29 standard range for AISI 4340. 
Chromium (Cr), nickel (Ni), and molybdenum (Mo) add hardness, strength, and ductility, 
while carbon (C) gives wear resistance by forming a carbide. The heat treatment applied 
provided a hardness level of 55 ± 1 HRC (ASTM E18), confirming suitability for hard turning.  

The microstructure, given in Fig. 7, was prepared according to ASTM E3 and etched 
using 2 % Nital as per ASTM E407. A tempered martensitic matrix characteristic of 
quenched and tempered AISI 4340 steel was seen at a 400 ×magnification. This structure 
provides high wear resistance by means of martensite and carbides, and toughness that 
causes high cutting forces and thermal stresses during cutting [15]. Understanding this 
microstructure is crucial for interpreting the machining behavior observed in the 
experiments, as it directly influences tool wear mechanisms and surface roughness outcomes. 
 
Table 2. Chemical composition of heat-treated AISI 4340 steel (measured using Spectrolab M9) 

Elements C Mn Cr Si Ni Mo Fe 
Wt. % 0.38 0.63 0.99 0.3 2.01 0.3 Balance 
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Fig. 7. Tempered martensitic microstructure of heat treated AISI 4340 steel 
 

Surface roughness 

The surface roughness (Ra) 0.931–1.069 μm with the cutting speed V of 60 m/min that 
corresponded to the three subsequent cuts (Fig. 8) was also characterized by a relatively 
high roughness. From 95 m/min, increasing the cutting velocity the surface roughness 
decreased to 0.657–0.877 μm (Fig. 9). At 180 m/min, even better results were achieved, 
showing Ra values of 0.303–0.612 μm (Fig. 10). Such a gradual decrease in Ra at higher 
speeds is considered to result from the shorter tool workpiece contact time and thermal  
 

  
Fig. 8. Surface roughness at V = 60 m/min Fig. 9. Surface roughness at V = 95 m/min 
\  

 
Fig. 10. Surface roughness at V = 180 m/min  
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Fig. 11. Surface roughness at V = 250 m/min Fig. 12. Surface roughness at V = 50 m/min (wet) 

 

 
 

Fig. 13. Variation of surface roughness (Ra) with cutting speed for different numbers of cuts 
 
softening of the workpiece material that enables smoother cutting. Similar trends have 
been reported in previous studies [28]. Surface roughness Ra was increased at 250 m/min 
(the maximum cutting speed) than at 180 m/min as depicted in Fig. 11. At higher cutting 
speeds, the cutting tool may suffer from extreme edge damage, such as flaking, notching 
or even catastrophic wear, which results in a blunt edge [18]. This can result in uneven 
cuts and differences in the texture of the surface. In addition, chatter and vibrations 
introduce oscillations at the tool edge, which cause the formation of an irregular surface 
pattern, and consequently an increase in the roughness [29]. 

Furthermore, for the highest speed of 250 m/min, surface roughness values became 
slightly better when wet cutting was performed (from 0.490 to 1.069 μm) than those for 
dry cutting, as presented in Fig. 12. It is noted that, despite the coolant application, Ra 
increased on the third cut, and the trend was different in comparison with the first cut at 
this speed. The uneven roughness pattern at high speeds, even during wet machining 
might be caused by vibration, instability, or sudden tool breakage and notching in the 
tool’s cutting edge [30]. The general behavior is highlighted in Fig. 13, which collects Ra 
variation at all cutting speeds and conditions. The results show a U-shape, i.e., roughness 
decreases with increasing speed up to 180 m/min where the lowest surface roughness 
(Ra ≈ 0.30–0.61 μm) was achieved, and increases again at 250 m/min. In wet cutting at 
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250 m/min, Ra values became better than for dry cutting but increased with respect to 
moderate cutting speeds (95–180 m/min). These findings confirm that moderate to high 
cutting speeds (95–180 m/min) provide the optimum balance between surface finish and 
machining stability, whereas excessively high speeds lead to deterioration despite the 
use of coolant, due to high cutting temperature and excessive tool wear [15]. 

 
Tool wear 

Figure 14 depicts the flank wear (VB) evolution through several cuts at different cutting 
speeds. The wear measured from 186 μm at 60 m/min to 229 μm at 95 m/min, and 
265 μm at 180 m/min. At 250 m/min, wear sharply increased to 542 μm under dry 
conditions, exceeding the ISO 3685 tool life standard (Vb = 300 μm). Under wet conditions 
at 250 m/min, wear reached 692 μm as depicted in Table 3 after final cut. Elevated 
temperatures in hard turning led to coolant evaporation, which failed to cool the tool, 
causing thermal softening and reduced wear resistance [31]. These results indicate that 
tool wear remains moderate up to 180 m/min but becomes significant beyond that, with 
catastrophic wear at 250 m/min.  

Figure 15 illustrates the final flank wear value after the last cut, highlighting the 
sharp increase in wear, especially under wet conditions. Figure 16 digital microscopic 
pictures further illustrate wear progression at different cutting speeds, showing mild wear 
at 60 and 95 m/min, moderate wear at 180 m/min, and severe adhesion and localized 
chipping and indicating accelerated coating delamination with significant wear observed 
at 250 m/min. Under wet cutting conditions at the same cutting speed of250 m/min, severe 
edge chipping, Flaking, coating delamination and were evident, this is due to high-speed 
machining of hardened steel generates high temperatures which result in failure of a tool [32]. 

 
 

 
Fig. 14. Flank wear progression (μm) across first, second, and third cuts at different cutting speeds, 

including wet conditions 
 
Table 3. Flank wear of CVD-coated tool at different cutting speeds after final cut 

Speed, m/min Flank wear, μm 
60 186 
95 229 

180 265 
250 542 

250 (wet) 692 
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Fig. 15. Flank wear (VB) after final cut at different cutting speeds under dry and wet conditions 
 

 
 

Fig. 16. Optical images of tool wear progression at cutting speeds: (a) 60 m/min; (b) 95 m/min; 
(c) 180 m/min; (d) 250 m/min (dry); (e) 250 m/min (wet) 

 
SEM and EDS analysis of cutting tool 

The EDS analysis of the fresh CVD-coated carbide insert, shown in Fig. 17 reveals the 
presence of carbon (C), oxygen (O), aluminum (Al), and titanium (Ti) supporting the multi-
layer coating structure (TiCN/ Al₂O₃) on the tool. Notably no tungsten (W) was noticed on 
the fresh tool surface, as the underlying substrate is fully covered by the CVD coating. 
This baseline composition provides a clear reference for interpreting element 
redistribution during machining. 

The substantial tungsten content observed in the EDS analyses of worn tool surfaces 
(10-59 wt. % in Figs. 18–22) is attributed to the substrate material (W). As seen in the 
EDS analysis of the fresh insert (Fig. 17), no tungsten is detected on the unused tool due 
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to complete coverage by the multi-layer CVD coating. The presence of tungsten after 
cutting, particularly at higher cutting speeds, indicates local delamination of the coating, 
exposing the tungsten-rich substrate. Variations in tungsten content result from 
differences in coating loss severity, which increases with cutting speed, and the adhesion 
of workpiece material layers. At lower cutting speeds (60 m/min), the coating remains 
largely intact, while higher cutting speeds cause more significant coating damage and 
greater exposure of the substrate. 
 

 
 

Fig. 17. EDS analysis of the fresh CVD-coated carbide insert before cutting 
 

The wear mechanisms of the CVD-coated carbide inserts were examined by SEM 
after the experiments, and EDS spot analysis on the worn areas revealed that the 
dominant wear mechanisms evolved with increasing cutting speed, consistent with 
previous research on hard turning [33]. 

At cutting speed 60 m/min SEM images Fig. 18(a)revealed coating delamination and 
parallel abrasion marks on the flank, indicative of abrasive wear and formation of grooves 
caused by hard metallic carbides in the steels [15]. EDS analysis (Fig. 18(b)) confirmed strong 
Al and Ti peaks from the tool coating, suggesting the protective layer remained largely intact. 
Minor Fe traces indicated slight workpiece material adhesion, and low Oxygen content ruled 
out significant oxidation. Consequently, small scale abrasion with coating delamination 
dominated at low cutting speeds in hard turning, aligning with prior research [34]. 

At a cutting speed of 95 m/min, Fig. 19, SEM analysis revealed the formation of a 
built-up edge on the rake face, characteristic of adhesive wear during the hard 
turning [35]. EDS confirmed elevated Fe, Cr, and Ni transferred from the AISI 4340 
workpiece. The progression of flank wear and repeated BUE, detachment indicates cyclic 
adhesion and tearing, corroborating existing research [36,37]. Although coating elements 
were still detected, at lower levels than at 60 m/min, indicating that the coating was not 
completely removed. Their reduced intensity indicated partial loss of the protective layer. 
adhesion and abrasion occur concurrently at this intermediate speed, with elevated 
temperatures accelerating material transfer. 
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Fig. 18. SEM (a,b) and EDS (c,d) analysis on the worn tool at V = 60 m/min 
 

 
 

Fig. 19. SEM (a,b) and EDS analysis (c,d) on the worn tool at V = 95 m/min  
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Fig. 20. SEM (a,b) and EDS analysis (c,d) on the worn tool at V = 180 m/min 

 

 
Fig. 21. SEM (a,b) and EDS analysis (c,d) on the worn tool at V = 250 m/min  
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Fig. 22. SEM (a,b) and EDS analysis (c,d) on the worn tool at V = 250 m/min (wet) 

 
Furthermore at 180 m/min, SEM images (Fig. 20) revealed crater formation on the 

rake face, pitting, and a pronounced flank wear land. EDS spectra showed a strong Fe peak 
and a distinct oxygen signal, suggesting adhesive oxidative wear. Reduced Al and Ti peaks, 
along with the appearance of W, indicated coating removal and exposure of the carbide 
substrate. These findings are consistent with reports of crater wear in hard turning, where 
adhesion, abrasion, and oxidation dominate at higher cutting speeds [18,38]. 

At a cutting speed of 250 m/min, SEM examination revealed significant tool 
degradation, characterized by deep cratering, edge fragmentation, and considerable plastic 
deformation at the tool-chip contact zone. EDS analysis presented in Fig. 21 indicated 
substantial adhesion and oxidation, as evidenced by elevated Fe and O signals, also deep 
crater formation on rake face of tool is evident. EDS indicates reduced coating elements 
and increased Fe and O consistent with coating loss and oxidation signify the failure of the 
protective coating and exposure of the underlying substrate shows flaking. Furthermore, 
SEM imaging Fig. 21 captured adhered chip fragments fused to the rake face, which are 
prone to dislodgment, leading to the removal of both coating and substrate material. This 
mode of wear is a recognized phenomenon in the high-speed hard turning of steels [36,39]. 

Interestingly, at 250 m/min (with coolant), tool wear was surprisingly more severe. 
Although oxidation appeared slightly reduced, SEM images (Fig. 22) revealed catastrophic 
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coating spallation, edge chipping, and substrate exposure. EDS spectra confirmed strong 
Fe peaks (workpiece adhesion) and W signs the exposure of substrate. These results reveals 
that conventional cutting fluids were ineffective at controlling the extremely high 
temperatures in high speed hard turning, leading instead to accelerated flaking and rapid 
tool failure [32,40]. 

 

Conclusions 
In this work, CVD-coated carbide inserts TiCN/Al₂O₃ were used for high-speed hard 
turning of AISI 4340 steel. Tool wear, surface roughness, and the main wear mechanisms 
were examined under different cutting speeds and machining environments. From the 
study, the following points can be concluded: 
1. Flank wear (VB) increased with cutting speed in a consistent manner. It went from 
about 186 μm at 60 m/min to 265 μm at 180 m/min, and then jumped sharply to 542 μm 
under dry cutting at 250 m/min. Under wet cutting at 250 m/min, tool wear reached 
692 μm because of heavy flaking and fast coating delamination, which is well beyond the 
ISO 3685 tool life criterion (VB = 300 μm). 
2. SEM and EDS analysis confirmed that at lower cutting speeds (60–95 m/min), light 
abrasive wear with mild coating delamination and small-scale abrasion were the main 
modes. At medium speed (around 180 m/min), adhesion and oxidation effects became 
more visible, and crater wear also appeared. At the highest tested speed (250 m/min), 
catastrophic tool failure occurred with severe coating spallation, edge chipping, strong 
adhesion, oxidation and exposure of the substrate at the tool edge. 
3. Under flood-cooling condition, higher wear was observed at 250 m/min compared to 
dry cutting. SEM/EDS revealed increased spallation and adhered workpiece material, 
suggesting that coolant boiling and ineffective interface cooling may contribute to 
coating failure in this condition. Further testing with alternative cooling/lubrication 
strategies is required to confirm the generality of this observation. 
4. The range 95 and 180 m/min is suitable cutting speed range for the machining of 
AISI 4340 steel under the present conditions. At this range, machining performance was 
found to be more consistent, with improved surface finishing and long tool life compared 
to both at very low and at very high speeds. 
5. For future work, advanced cooling and lubrication methods such as minimum quantity 
lubrication (MQL) or cryogenic cooling will be investigated, as they could help reduce 
severe wear at higher speeds and increase tool life during hard turning. 
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