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Abstract 

 
Hard turning has evolved as a more successful way of machining hardened components as compared to 

cylindrical grinding. Cutting temperature influences surface integrity, changes microscopic material structure, 

and generates residual stress linked to the rapid change in surface hardness level due to the application of cutting 

fluid, particularly in hard machining. This is because cutting fluid causes rapid changes in the surface hardness 

level. The procedure incurs a greater cost for machining as a result of frequent tool failure and an inability to 

effectively cool the component being machined. In the study that is being given, an investigation is being conducted 

into the feasibility of using heat pipe cooling as an alternative method of performing dry machining. 

Experimentally, the heat pipe-assisted hard turning of AISI 4340 steel with HSN2 (TiAlxN super nitride) coated 

inserts was explored. In order to evaluate the steadiness of the tool holder, computational approaches were utilized. 

In this particular study, the performance of the hard-turning process is evaluated based on three factors: the 

cutting temperature, the surface quality, and the cutting forces. Both traditional dry machining and heat pipe-

assisted dry machining were used in the experiment, and their outcomes were compared with one another. During 

the process of heat pipe-aided machining, one may expect to acquire favorable outcomes for the machining process. 

It has been found that heat pipe-assisted machining could be a "non-traditional dry machining procedure" that is 

better for the environment than the traditional dry machining methods. 

Key words: Unconventional dry machining, heat pipe aided machining, HSN2 coated inserts, 

cleaner production, coolant less machining. 

 

Introduction 
Traditionally, machining of hardened materials involves sequences of operations (i.e.), 

forming, annealing, rough machining, heat treatment, followed by grinding as a finishing 

process [1–3]. This traditional process is time-consuming, involves a higher cost, and has lower 

production rates. Modern-day production technologies do not focus only on increased 

production rates. Attention is also given to reducing production costs, reducing the secondary 

machining process, and lowering the environmental impact without compromising the quality 

of the machined component [1,4]. Hard turning was suggested as an alternative process to 

eliminate the time-consuming traditional process. Hard turning or finish turning is a process 
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that includes turning a hardened workpiece with an even harder single-point cutting tool [5,6]. 

Advancements in machining technology have introduced the hard-turning process as a 

sustainable alternative to the traditional processing of hardened materials by eliminating the 

grinding process. Hard turning is most commonly performed on components that should 

possess surface hardness of 45HRC to 68HRC or even higher [7]. The component produced by 

hard turning exhibits a surface quality similar to that of the component machined by the 

grinding process. The hard-turning method could produce high-quality components at a faster 

rate and with a shorter cycle time. [6]. Figure 1 compares various stages in conventional turning 

and finish turning. 

 

Figure 1. Comparison of conventional turning and finish turning process. 

Hard turning though, a beneficial process suffers from the severe disadvantages of rapid 

tool wear and elevated machining temperatures at the primary zone of metal cutting. Ceramic, 

CBN, and PCBN tools are commonly employed to cut incredibly hard materials. These cutting 

tool inserts, on the other hand, are quite expensive, which raises the machining cost. As a result, 

when considering cost-effectiveness of the procedure and superior dynamic performance, 

coated carbide inserts are the ideal alternative. Owing to their weaker thermal stability and 

oxidizing tendency at elevated temperatures, the usage of coating material on carbide inserts is 

still missing when cutting hard materials with hardness more than 50 HRC. Anupam Alok [8] 

in his investigations found that in the defined range of process parameters, PVD coated HSN2 

carbide inserts are more successful in terms of achieving lower values of flank wear and forces 

for dry hard turning. 

 During machining, heat is generated at the cutting zone due to the shearing force and 

friction at the tool work interface. The heat due to machining can be reduced by employing 

cutting fluids into the zone of metal cutting [9]. Cutting fluids or Metal working Fluids (MWF) 

were often used in metalworking industries to cool and lubricate the tool-work contact area to 

improve the surface quality and reduce tool wear, and cutting forces. The usage of 

metalworking fluids in the machining industry is rapidly increasing due to their benefits 

associated. The principal drawbacks connected with the use of MWFs include the overall 
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expense involved in maintenance and disposal, as well as occupational illnesses [8-9]. The cost 

involved in the storage and disposal of cutting fluids is almost twice that of its cost. This cost 

can account for up to 17% of an automobile part's overall price. Apart from economic 

drawbacks, cutting fluid usage is also hazardous to the metalworking machine operator[11]–

[13]. According to reports, cutting fluids are responsible for 80% of occupational skin disorders. 

According to a survey by Hannu et al. [14], metalworking fluids were the cause of respiratory 

and skin disorders among machinists. The increased application of mineral and petroleum-

based oil impacted the environment and presented serious health risks. According to the 

National Occupational Exposure Survey [NIOSH], an estimated 1.2 million employees are 

possibly exposed to metalworking fluids[15,16].  Figure 2 depicts the various hazards related 

to conventional cutting fluid usage. 

 

Figure 2. Hazards related to conventional cutting fluid usage. 

The current trends require an eco-friendly and economically beneficial method of 

cooling during metal machining. The term "eco-friendly technique" refers to "a technique that 

aids in the reduction of hazardous wastes and discharges [11]. As per this description, dry 

machining is a type of machining that doesn’t involve any usage of cutting fluid, can be a more 

eco-friendly and sustainable approach than traditional wet machining [11,12]. Conventional dry 

machining techniques have some disadvantages in comparison to wet machining. The major 

drawback of the dry cutting operation is that sometimes strong adhesion between the tool rake 

face and the chip takes place for certain combinations of tool and work materials. A rise in 

temperature and stress during dry machining can also significantly reduce the tool life. A 

damaged or worn-out tool affects the surface integrity of completed components as well as the 

Material Removal Rate (MRR). Sustainable dry machining, according to K Weirnent et al. [17] 

sustainable dry machining cannot be accomplished merely by turning off the coolant system; it 
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requires an in-depth examination of the tool, material, and machining technique. Dry machining 

in a sustainable manner can be accomplished using contemporary cutting tools, coated inserts, 

modern machining techniques, better tool design, and current upgraded machine machines. 

Research and patents on the indirect cooling of the cutting tool during dry machining have 

received a lot of attention in recent years.  Heat-exchanger, heat-pipe, and pulsating heat-pipe 

aided cooling are a few recent internal cooling technologies in which the coolant is not in direct 

contact with the workpiece and cutting edge. Due to its capacity to transmit heat without the 

use of an active power source and their low maintenance cost, heat pipes stand out among these 

technologies as a viable cooling option. 

 A heat pipe is a heat-transfer device that comprises of a sealed metal tube with a wick-

like capillary inner lining and a small amount of fluid in a partial vacuum; heat is absorbed in 

one end by vaporization of the fluid and released at the other end by condensation of the vapors. 

Heat pipes are utilized in a variety of applications, including computer cooling, space 

applications, energy storage for some solar thermal applications, and air conditioning. A typical 

heat pipe is shown in Figure 3. Heat pipes are one of the most efficient methods for transporting 

thermal energy from one location to another and are mostly used for cooling. It works by 

combining the principles of heat conduction and convection heat transfer.  

 

Figure 3. Schematics of the heat pipe. 

One end of the heat pipe (i.e.) evaporator section is exposed to heat while the other end 

(i.e.) condenser section is exposed to the atmosphere. At the evaporator section, the working 

fluid absorbs the heat and evaporates. The vapors were then transferred to the condenser section, 

where it releases the latent heat to the atmosphere and then condensed back into liquid. A 

capillary force with positive and negative contributions from gravity transports the liquid back 

to the evaporator end thus it is possible to move liquid against gravity using the capillary force. 

Kantaraj et al. [19] investigated milling of AISI 1040 with heat pipe aided cooling and 

concluded that machining using a heat pipe integrated machining exhibited a a substantial 
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reduction in cutting force and  cutting temperature  resulting in an apparent improvement in 

tool life. Using the Finite Element Analysis (FEA) approach, Chiou et al, [14] predicted that at 

cutting zone temperature dropped considerably as a result of the heat pipe's incorporation in the 

tool. During the hard turning of AISI 4340, Gnadurai et al. [15] investigated the performance 

of heat pipes with the minimum fluid application. It was observed that early tool wear was 

averted by lowering the cutting temperature, resulting in longer tool life. Jen et al. [20] 

investigated the effectiveness of heat pipe cooling in drilling applications and found that use of 

a heat pipe efficiently evacuated heat from the metal cutting zone. 

Based on the above literature analysis, the current work was carried out after being 

inspired by the research gaps listed below.  

• The performance of carbide inserts coated with HSN2 (2nd generation TiAlxN super 

nitride) for cutting hard materials has received only a little attention. 

• Literature clearly demonstrated that very few researches has been done on the use of 

heat pipe in the field of machining.  

The presented investigation is a comparative study on turning of AISI 4340 using HSN2 

coated inserts under conventional dry, wet cooling conditions to heat pipe aided cooling 

technology. The study aims to present the economic and environmental benefits of using heat 

pipe aided cooling during turning process. 

 

Materials and method 

Work material and tool selection 

Experiments were carried out on AISI 4340 steel. The workpiece was procured as a 

cylindrical rod of 65mm diameter with a length of 600mm. The application of AISI 4340 

material in aerospace and automobile domains made it a choice for investigation. The procured 

workpiece was found to be 18HRC of hardness. AISI 4340 is a heat treatable alloy hence to 

harden the material heat treatment was carried out. The heat treatment process improved the 

hardness of the material from 18HRC to 52HRC. The tolerance of the hardness was ±2 HRC. 

The tool holder selected for the investigation is PSBNR 2525M12. The insert for investigation 

was a square-shaped coated carbide tool with a specification SNMG 120408. In this 

investigation, HSN2 was coated on the insert using the PVD method. HSN2 consists of Ti, N, 

Al, and Si. HSN2 coating materials are predicted to improve tool life during the machining of 

hard materials [3]. 
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Heat pipe fabrication 

A 1 mm thick electrolytic copper sheet is used to make a hollow cylindrical-shaped heat 

pipe. The heat pipe's structural parameters are listed in Table 1. Distilled water is used as the 

working fluid because the heat pipe works at a temperature below 300°C. The condenser section 

of the heat pipe is embedded into the tool by making a hole using the EDM process. When 

making the holes, it is made sure that the condenser section of the heat pipe is in contact with 

the insert. The adiabatic section of the heat pipe acts as a transfer region where no heat is 

exchanged with atmospheric air but the working fluid is carried to the condenser section. There 

is no active cooling provided for the condenser section, and therefore the heat pipe is welded 

on with fins to increase the surface area of the heat pipe in contact with the atmosphere air. The 

fabricated heat pipe is shown in Figure 4. 

Table 1. Structural specifications of the heat pipe. 

 

Structural parameters  Measurement (mm) 

Length of evaporator 10 

Length of adiabatic section 5 

Length of condenser 85 

The outer diameter of the heat pipe 6.1 

Heat pipe wall thickness 1 

Fin width 10 

Fin thickness 0.5 

Fin length 85 

 

 

Figure 4. Fabricated heat pipe. 

Stability of the tool holder 

For the incorporation of heat pipe into the tool holder, a special provision is required. For 

active conduction of heat from the tool insert, the evaporator section heat pipe is placed in 

contact with the insert. To provide such contact a hole of suitable diameter i.e. 6.2 mm was to 

be made. EDM process was chosen to make the hole. The inclusion of a hole cut in the tool 

holder to accommodate the heat pipe might compromise the tool holder's strength marginally. 
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It was required to conduct a finite element study to determine the loss in tool holder strength 

due to the existence of the hole provided to hold the heat pipe. Ansys 19.2 was used for the 

stability study. The material properties of the tool holder are given as input in the software, 

material – high-speed steel, Young's modulus - 21000Pa, and Poisson ratio - 0.3. The tool holder 

was designed to be a cantilever with a 50 mm overhang. From the literature, it is evident that 

the main cutting force has not exceeded 250N for the variables chosen for the study. A load of 

500 N is applied at the tooltip to ensure its stability. 

 

Figure 5. a) Results of von mises stress in the modified tool holder and b) Results for 

the factor of safety for modified tool holder. 

The study's findings are provided in Figures 5a and 5b. From Figure 5a it is clear that the 

von-mises stress generated on the tool holder with the hole was found to be within the tool 

holder's ultimate strength. The hole in the tool holder did not affect the structural integrity of 

the tool holder, according to the evaluation. Figure 5b shows that the modified tool holder has 

a factor of safety greater than one. The amount of stress that is within the permissible limit is 

indicated by a factor of safety higher than one indicating zero probability of failure within the 

operational limits. 

 

Experimental procedure 

Design of experiments 

In the presented investigation, cutting parameters such as cutting speed, feed rate and depth 

of cut were chosen as variables. The length of the cut is 150mm which is maintained as a 

constant throughout the experiment. To evaluate the performance of heat pipe assisted 

machining output parameters such as surface roughness, cutting temperature, the main cutting 

force was taken as responses. Taguchi technique of fractional factorial was used for design of 

experiments (DOE). Each variable was assigned with four levels as given in Table 2. Minitab 
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18, a statistical tool that was used for experimental design. L16 (4^3) orthogonal array designed 

using Minitab 18 software is displayed in Table 3. 

Table 2. Variable and their levels. 

Cutting parameters Level 1 Level 2 Level 3 Level 4 

Speed (m/min) 80 100 120 140 

Feed (mm/rev) 0.05 0.10 0.15 0.20 

Depth of cut (mm) 0.1 0.2 0.3 0.4 

 

Table 3. L16 orthogonal array for the experimental investigation. 

 

Run  
Speed 

(m/min) 

Feed 

(mm/rev) 

Depth of cut 

(mm) 

S1 80 0.05 0.1 

S2 80 0.1 0.2 

S3 80 0.15 0.3 

S4 80 0.2 0.4 

S5 100 0.05 0.2 

S6 100 0.1 0.1 

S7 100 0.15 0.4 

S8 100 0.2 0.3 

S9 120 0.05 0.3 

S10 120 0.1 0.4 

S11 120 0.15 0.1 

S12 120 0.2 0.2 

S13 140 0.05 0.4 

S14 140 0.1 0.3 

S15 140 0.15 0.2 

S16 140 0.2 0.1 

 

 
Measuring devices 

The output parameters to be measured are cutting temperature, cutting force, the surface 

roughness of the machined component. For measurement of cutting forces K-type 

thermocouple was used. The key purpose behind the usage of K- type thermocouple is its 

tolerance class which is ± 1.5 K and its ability to measure temperature accurately between -40 

and 375 °C. A special temperature measuring device  Cutting force is measured using Kistler 

three-component 9257B dynamometer with an uncertainty ±0.1 N. Surface roughness of the 

machined component is measured using the using Mitutoyo surface roughness tester SJ 210 

which utilizes a stylus type TIME-TR100 surface roughness tester with a tolerance of ±1.5%. 

Surface roughness was typically measured at four different locations across the machined 
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surface, with the probe movement set at 12.5 mm. The average of all the recorded values was 

used to guide any subsequent manipulations. Figure 6 shows the devices used for measuring 

purposes. 

 

Figure 6. Measuring devices. 

Results and discussion 

Comparison of cutting temperature 

As the tool scrapes against the workpiece the temperature in the cutting zone rises 

rapidly, creating heat at the work-tool interfaces, which can degrade the workpiece's surface 

integrity and cause tool damage. The heat generated can soften the workpiece and reduce the 

cutting tool's strength and hardness in some difficult-to-cut materials. Heat generation causes 

two types of tool wear: crater and flank wear, which results in a reduction in cutting tool life as 

well as dimensional inaccuracy, surface damage, and severe corrosion in the work material. 

Excessive thermal and chemical tool wear can occur as a result of increased chemical reactivity 

caused by high temperatures [21]. Wet cooling is commonly used to reduce temperatures during 

machining. The difficulty associated with flood lubrication is that it is prohibited by legislative 

and environmental agencies owing to its negative environmental impact [22]. Table 4 represents 

the values of cutting temperature obtained during the turning process in varied conditions of 

cooling. 
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Table 4. Cutting temperature values obtained during the experiment. 

Cutting Temperature (°C) 

Run  Dry machining 
Conventional 

cooling 

Heat pipe aided 

machining 

S1 143.53 94.07 129.18 

S2 147.32 95.33 132.59 

S3 136.25 96.60 122.63 

S4 129.62 97.86 116.66 

S5 138.51 97.40 114.96 

S6 141.23 96.80 117.22 

S7 117.26 99.93 97.33 

S8 126.87 99.33 105.30 

S9 132.65 100.73 92.86 

S10 143.26 101.99 100.28 

S11 132.6 99.54 92.82 

S12 127.3 100.80 89.11 

S13 129.5 104.06 90.65 

S14 135.62 103.46 94.93 

S15 132.54 102.87 92.78 

S16 126.21 102.27 88.35 

 

 

Figure 7. Comparison of cutting temperature. 

 Figure 7 illustrates a comparison graph of temperature produced during different 

cooling conditions employed during the investigation. The temperature produced at the tool-

work interface is lesser than the cutting temperatures produced during dry machining. Though 

conventional wet cooling has initially outperformed heat pipe assisted machining in low 

machining speed conditions. Heat pipe assisted machining shows reduced temperature at higher 
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speeds this is due to the drag of applied cutting fluid. Cutting fluid drag shown in Figure 8 is a 

phenomenon where a certain amount of cutting away from the zone of cutting due to the rotation 

of a tool or workpiece. A considerable amount of cutting fluid is lost due to drag out [9,21]. 

This loss in cutting fluid at increased cutting speeds causes hindrance to effective cooling, while 

heat pipe which is fixed to the tool holder effectively and consistently removes heat from the 

zone of metal cutting. Heat pipes also effectively removed heat at higher cutting speeds since 

the optimum temperature for effective heat transfer of working fluid is achieved which is also 

in accordance with finite element analysis of Liang et al. [24]. 

 

Figure 8. Drag loss during turning. 

Comparison of cutting force 

Cutting force is the resistance of the material to the cutting tool's penetration. Cutting 

forces are a common phenomenon and an important indication of the metal cutting process. 

Various cutting operations, such as turning, milling, and drilling, have different force directions 

and amplitudes. Cutting force knowledge is critical because it allows for the optimal selection 

of operating parameters, machine tools, fixtures, and tools, which leads to a more efficient 

machining process. Cutting force monitoring is also extensively required to determine tool wear 

and breakage. Cutting forces are connected directly to the quality of the machined surface as 

well as tool wear [25]. Table 5 represents the values of cutting force obtained during the turning 

process in varied conditions of cooling. 

Table 5. Cutting force values obtained during the experiment. 

Main cutting force (N) 

Run  Dry machining 
Conventional 

cooling 

Heat pipe aided 

machining 

S1 82.45 52.677 76.16 

S2 97.83 55.944 90.78 

S3 90.24 59.211 83.20 

S4 82.13 62.478 76.16 
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S5 87.25 58.344 80.38 

S6 106.38 57.077 100.22 

S7 83.27 64.878 79.81 

S8 87.25 63.611 79.56 

S9 79.32 64.011 68.42 

S10 97.32 67.278 94.65 

S11 84.66 61.477 77.38 

S12 109.23 64.744 107.33 

S13 82.33 69.678 81.68 

S14 78.63 68.411 72.03 

S15 104.26 67.144 96.39 

S16 101.63 65.877 90.32 

 

 

Figure 9. Comparison of cutting forces. 

The graph in Figure 9 shows a comparison graph of cutting produced during different 

cooling conditions employed during the investigation. The graph indicates that conventional 

cutting fluid application shows reduced cutting forces than forces produced during other 

machining conditions. This is due to the effect of lubrication provided by cutting fluid. The 

lubrication reduces the friction between the tool work interface and eases the metal removal 

process. In the case of dry and heat pipe assisted machining, no such lubrication is provided 

thus exhibiting a higher cutting force value. Heat pipe aided machining exhibits lower cutting 

force than conventional dry machining process this is due to the effective removal of heat by 

heat pipe at the tool work zone. The reduced temperature prevents the softening of the cutting 

edge and prevents deformation of the tool thus lowering the cutting temperature. Considering 

environmental aspects heat pipe assisted machining has proved to be a sustainable technique.  
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Comparison of surface roughness 

Surface finish is a critical aspect of any machining process, and it is a need in a wide 

range of manufacturing, automotive, and aerospace applications. Surface roughness is a part 

of surface texture that has a significant impact on how an item interacts with its surroundings. 

Since imperfections on the surface can act as nucleation sites for fractures or corrosion, 

roughness is a useful indication of a mechanical component's prospective performance. Rough 

surfaces wear more quickly and have higher friction coefficients than smooth surfaces in 

tribology. The average of surface heights and depths (i.e.) Ra, is used for comparing the surface 

roughness. Table 6 represents the values of surface roughness obtained during the turning 

process in varied conditions of cooling. 

Table 6. Surface roughness values were obtained during the experiment. 

Surface roughness (µm) 

Run  Dry machining 
Conventional 

cooling 

Heat pipe aided 

machining 

S1 0.2877 0.2156 0.2677 

S2 0.2975 0.2245 0.2745 

S3 0.2961 0.2127 0.2761 

S4 0.2497 0.1985 0.2291 

S5 0.2237 0.1855 0.1837 

S6 0.2412 0.1956 0.2102 

S7 0.2966 0.1945 0.1826 

S8 0.2722 0.1854 0.1632 

S9 0.2854 0.1803 0.1629 

S10 0.2697 0.1625 0.1472 

S11 0.1929 0.1523 0.1364 

S12 0.1869 0.1463 0.1252 

S13 0.1882 0.1345 0.1148 

S14 0.1571 0.1456 0.1041 

S15 0.1366 0.1326 0.1017 

S16 0.1404 0.1458 0.1012 
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Figure 10. Comparison of surface roughness. 

 Figure 10 shows a comparison graph of Ra produced during different cooling conditions 

employed during the investigation. During cutting speeds of 80m/min and 100m/min wet 

cooling produced components of better surface finish than heat pipe aided machining. Heat pipe 

aided machining produced components of superior quality at higher speeds of 120 m/min and 

140 m/min, this is due to the increased drag loss of cutting fluids. Drag causes ineffective 

penetration of cutting fluids to the metal cutting zone leading to ineffective cooling, thereby 

causing tool failure. While heat pipes still stably conduct heat and prevent tool damage resulting 

in a good surface finish of machined components.  

Tool wear 

Mechanical, thermal, chemical, or any combination of these variables generated during 

hard turning are the primary causes of tool wear. Since several elements at influence, the 

mechanism of tool wear is rather complex. The tool life is further influenced by the combination 

of insert and work material, machining parameters, and cooling conditions [23,24]. From the 

experimental investigation it is clear that heat pipe aided machining performed better in cutting 

speeds of 120m/min and 140m/min. tool wear was observed using SEM. Figure 11 depicts the 

magnitude of tool experimental run S16 (cutting speed = 140, Feed rate = 0.2, depth of cut 

=0.1,). It can be observed that dry machining has accelerated tool wear due to increased cutting 

speed. During conventional dry machining as cutting speed increases, the temperature rises, 

causing the inserts to lose hardness and accelerate tool wear. 
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Figure 11. SEM image of tool wear obtained during experimental run S16 under dry 

machining conditions. 

 Figure 12 shows tool wear of experimental run S16 during wet machining. Notch wear 

was observed along with traces of build-up edge (BUE) formation. BUE formation is due to the 

work hardening leading to high adhesion of the workpiece material to the cutting tool. BUE is 

a typical issue related to machining in which work material is fused to the tool's cutting edge, 

causing the cutting edge's shape to change. BUE causes chips to be tattered away instead of 

being machined properly, resulting in damaging the tool. Darker thermal marks on the surface 

also reveal that the conventional cooling technique has not effectively cooled the tool. 

 

Figure 12. SEM image of tool wear obtained during experimental run S16 under wet 

machining conditions. 
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Figure 13 represents the SEM image of the tool for experimental run S16 of heat pipe 

assisted machining. Tool wear was observed to be less with very little to no BUE formation. 

This is due to the effective and uninterrupted heat transfer by a heat pipe. The presence of a 

heat pipe in the tool constantly rejected the heat generated during machining from the zone. 

Due to the reduction of cutting temperature and elimination of thermal shocks the tool was able 

to preserve its geometry for a prolonged period resulting in reduced tool wear. 

 

Figure 13. SEM image of tool wear obtained during experimental run S16 under heat pipe 

assisted machining conditions. 

Conclusion  

The influence of heat pipe on the reduction of the cutter's tool-chip interface temperature 

in dry turning is investigated in this study.  In addition, a cutting tool without a heat pipe was 

employed in this study as a reference for evaluating the cooling impact. Three conditions of 

machining dry, conventional wet cooling and heat pipe assisted cooling are studied. From the 

experimental results, it is clear that the tool-chip interface temperature might be efficiently 

decreased with the help of heat pipe cooling. The reduced cutting temperature prolonged tool 

life and its deformation which resulted in improvement of the surface quality of the machined 

component. The cutting temperature was reduced by 30%, particularly at high cutting speeds. 

The effect of temperature reduction also had played a vital role in improving other response 

parameters under study. From the investigation, it is evident that heat pipe cooling can be a 

sustainable alternative to conventional cooling and dry machining techniques. It also produces 

nearly zero waste and do not consume any form of energy. Since the chips generated by this 

unconventional dry machining technique are dry, there is no need to dry them before recycling, 

resulting in reduced recycling costs and a cleaner manufacturing environment.   
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