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Abstract: Inconel 718 is a precipitation-hardened nickel-based superalloy extensively used in aerospace, power
generation, and high-temperature engineering applications due to its exceptional mechanical strength, corrosion
resistance, and stability at elevated temperatures. Despite these superior properties, the alloy is widely recognized as one
of the most difficult-to-machine materials. Its low thermal conductivity, high work-hardening tendency, strong chemical
affinity with cutting tools, and ability to retain high strength at elevated temperatures collectively lead to rapid tool wear,
high cutting forces, and poor surface integrity during machining operations. Consequently, improving the machinability
of Inconel 718 has become a significant research focus in modern manufacturing science. This review paper presents a
comprehensive overview of the machinability characteristics of Inconel 718 by systematically analyzing the fundamental
challenges, tool wear mechanisms, machining performance indicators, and recent technological advancements reported
in the literature. The review first discusses the intrinsic material properties of Inconel 718 that influence its machining
behavior, including microstructural characteristics, strain hardening behavior, and thermal properties. Particular
attention is given to the role of these properties in influencing cutting temperature, chip morphology, and tool-workpiece
interaction. Subsequently, the study examines the performance of different cutting tool materials such as coated carbides,
ceramics, cubic boron nitride (CBN), and polycrystalline diamond (PCD), highlighting their advantages and limitations
in high-temperature machining environments. Various tool wear mechanisms including abrasion, adhesion, diffusion,
oxidation, and notch wear are critically analyzed to understand the degradation of tool life during machining processes.
Furthermore, the paper reviews the influence of key machining parameters such as cutting speed, feed rate, and depth
of cut on machinability indicators including cutting forces, surface roughness, tool life, and chip formation. Advanced
cooling and lubrication techniques such as cryogenic cooling, minimum quantity lubrication (MQL), and hybrid cooling
approaches are also discussed, emphasizing their role in reducing thermal loads and enhancing machining efficiency. In
addition, the application of advanced machining processes including electrical discharge machining (EDM), wire EDM,
laser-assisted machining, and hybrid machining techniques is explored as alternative approaches for improving the
machinability of Inconel 718. The review also highlights recent developments in process optimization, modeling, and
simulation techniques that have been employed to predict machining performance and optimize cutting conditions.
These include numerical simulations, finite element modeling, and data-driven approaches such as artificial intelligence
and machine learning for intelligent manufacturing. Finally, the study identifies critical research gaps and proposes
future directions for enhancing machinability through innovative tool design, sustainable cooling strategies, and
advanced manufacturing technologies. Overall, this review provides a consolidated understanding of the machining
behavior of Inconel 718 and offers valuable insights for researchers and industry professionals seeking to improve
machining performance and productivity in high-temperature alloy manufacturing.

Keywords: Machinability; Inconel 718; Nickel-based superalloy; Tool wear mechanisms; Surface integrity; Cutting
parameters; Cooling and lubrication techniques; Advanced machining processes.

1. Introduction

Nickel-based superalloys are among the most important classes of high-performance materials used in modern
engineering applications where extreme operating conditions are encountered. These alloys exhibit exceptional
mechanical strength, superior corrosion and oxidation resistance, and remarkable structural stability at elevated
temperatures. Among the various nickel-based superalloys developed for high-temperature applications, Inconel 718
has emerged as one of the most widely used materials in aerospace, power generation, nuclear engineering, and high-
performance automotive sectors. The alloy’s outstanding combination of mechanical properties and thermal stability has
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made it a preferred choice for critical components such as turbine blades, turbine discs, combustion chambers, rocket
motors, and heat-resistant fasteners. However, despite its numerous advantages, Inconel 718 is widely recognized as one
of the most difficult-to-machine materials, presenting significant challenges during conventional machining operations.
Inconel 718 is a precipitation-hardened nickel-chromium superalloy strengthened primarily by the formation of gamma
double prime and gamma prime precipitates within its microstructure. These strengthening phases significantly enhance
the alloy’s mechanical strength and creep resistance at elevated temperatures. In addition, the presence of alloying
elements such as niobium, molybdenum, chromium, and titanium contributes to improved corrosion resistance and
oxidation resistance. While these properties are advantageous for high-temperature structural applications, they
simultaneously make the alloy extremely resistant to plastic deformation during machining. As a result, machining
processes involving Inconel 718 often experience high cutting forces, severe tool wear, excessive heat generation, and
rapid deterioration of cutting tools.

One of the primary factors responsible for the poor machinability of Inconel 718 is its low thermal conductivity. During
machining, a significant portion of the generated heat remains concentrated in the cutting zone rather than being
dissipated through the workpiece or chips. This localized heat accumulation increases the temperature at the tool—
workpiece interface, which accelerates tool wear and reduces tool life. Furthermore, the alloy exhibits strong strain-
hardening behavior, meaning that the material becomes harder and stronger as it undergoes plastic deformation during
cutting. This work-hardening effect increases the resistance encountered by the cutting tool, thereby elevating cutting
forces and promoting rapid tool degradation. Another critical challenge associated with machining Inconel 718 is its
high chemical affinity with many cutting tool materials. At elevated temperatures generated during machining, the
workpiece material tends to adhere to the cutting tool surface, leading to adhesion and diffusion wear mechanisms. This
phenomenon can result in the formation of built-up edges and severe crater wear on the cutting tool, ultimately
compromising machining performance. In addition, the presence of hard carbide particles and intermetallic phases within
the microstructure contributes to abrasive wear, further accelerating tool failure. Consequently, machining operations
involving Inconel 718 require careful selection of cutting tool materials, optimized machining parameters, and advanced
cooling or lubrication techniques to maintain acceptable productivity and tool life. Due to these challenges, researchers
and manufacturing engineers have devoted considerable attention to improving the machinability of Inconel 718 through
various technological approaches. One widely explored strategy involves the development of advanced cutting tool
materials capable of withstanding high temperatures and mechanical loads. Coated carbide tools are commonly used for
machining Inconel 718 because they offer a favorable balance between hardness, toughness, and thermal stability. The
application of advanced coatings such as titanium aluminum nitride and aluminum chromium nitride further enhances
tool performance by providing improved oxidation resistance and reduced friction at the cutting interface. In addition to
carbide tools, ceramic, cubic boron nitride, and polycrystalline diamond tools have also been investigated for high-speed
machining of Inconel 718. Each tool material exhibits unique advantages and limitations depending on the machining
conditions and process requirements. Another important area of research focuses on the optimization of machining
parameters such as cutting speed, feed rate, and depth of cut. These parameters significantly influence machining
performance indicators including cutting forces, tool wear, chip morphology, surface roughness, and dimensional
accuracy. For instance, increasing cutting speed often leads to higher cutting temperatures and accelerated tool wear,
while excessive feed rates may cause poor surface finish and increased mechanical loading on the cutting tool. Therefore,
identifying optimal combinations of machining parameters is essential to achieve efficient and sustainable machining of
Inconel 718. In recent years, considerable efforts have also been directed toward the development of advanced cooling
and lubrication techniques aimed at reducing the thermal load in the cutting zone. Conventional flood cooling has been
widely used in machining operations; however, it often fails to effectively penetrate the tool—chip interface where most
of the heat is generated. To address this limitation, alternative cooling strategies such as minimum quantity lubrication,
cryogenic cooling, and hybrid lubrication methods have been introduced. Minimum quantity lubrication utilizes a small
amount of lubricant mixed with compressed air to provide effective lubrication while minimizing environmental impact.
Cryogenic cooling, typically using liquid nitrogen or carbon dioxide, significantly reduces cutting temperature and
enhances tool life by improving heat dissipation from the cutting zone. Hybrid approaches combining cryogenic cooling
with minimum quantity lubrication have also demonstrated promising results in improving machining performance.
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Figure 1: Machinability Framework of Inconel 718 Superalloy

In addition to improvements in cutting tools and cooling methods, advanced machining processes have emerged as
effective alternatives for machining difficult-to-cut materials such as Inconel 718. Non-traditional machining techniques
including electrical discharge machining, wire electrical discharge machining, laser-assisted machining, and abrasive
water jet machining have been widely investigated for machining complex geometries and hard materials. These
processes remove material through mechanisms such as electrical spark erosion, thermal energy, or high-pressure
abrasive jets rather than conventional mechanical cutting. As a result, they significantly reduce cutting forces and tool
wear while enabling the production of intricate shapes that are difficult to achieve using traditional machining methods.
Another emerging trend in the study of machinability is the use of computational modeling and simulation techniques
to analyze and predict machining performance. Finite element modeling has become an important tool for understanding
chip formation, stress distribution, temperature evolution, and tool wear during machining processes. These models
allow researchers to simulate various machining conditions and evaluate their effects on machining performance without
conducting extensive experimental trials. Furthermore, data-driven approaches incorporating artificial intelligence,
machine learning, and optimization algorithms are increasingly being employed to predict optimal machining parameters
and enhance process efficiency. Surface integrity is another critical aspect associated with the machining of Inconel 718.
Components used in aerospace and power generation systems often operate under extreme mechanical and thermal
stresses, making surface quality a crucial factor in determining component reliability and fatigue life. Machining
processes can induce various surface alterations including residual stresses, microstructural transformations, work
hardening, and microcracks. Therefore, maintaining good surface integrity during machining is essential to ensure the
long-term performance of critical components. Researchers have extensively investigated the influence of machining
parameters, tool materials, and cooling strategies on surface roughness, residual stress distribution, and microhardness
of machined surfaces. Given the growing demand for high-performance materials in advanced engineering applications,
the machining of Inconel 718 continues to attract significant research interest. Although numerous studies have
investigated various aspects of machining this alloy, the available literature remains widely dispersed across different
journals and research fields. Consequently, a comprehensive synthesis of existing research findings is necessary to
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provide a clear understanding of machinability challenges and potential solutions. This review aims to systematically
examine the current state of research on the machinability of Inconel 718 by analyzing material characteristics, tool wear
mechanisms, machining parameters, cooling strategies, and advanced machining techniques reported in previous studies.
The primary objective of this review is to consolidate the existing knowledge on the machining behavior of Inconel 718
and identify key factors that influence machining performance. By critically analyzing previous experimental, analytical,
and computational studies, this work seeks to provide valuable insights into effective strategies for improving
machinability. In addition, the review highlights recent technological developments and emerging research trends that
may contribute to the development of more efficient and sustainable machining processes. Finally, potential research
gaps and future research directions are discussed to guide future investigations in the field of machining nickel-based
superalloys.

2. Literature Review

The machinability of Inconel 718 has attracted extensive research attention over the past few decades due to its
widespread use in high-temperature and high-stress applications. Numerous experimental, analytical, and numerical
investigations have been conducted to understand the complex interaction between cutting tools and this nickel-based
superalloy. The literature primarily focuses on tool wear mechanisms, machining parameters, cutting tool materials,
cooling strategies, surface integrity, and the use of advanced machining processes. This section presents a comprehensive
review of the major research contributions reported in the literature related to the machining performance of Inconel
718. Early investigations into the machinability of Inconel 718 emphasized the influence of its mechanical and thermal
properties on machining performance. Researchers reported that the alloy exhibits severe strain hardening, which
significantly increases the resistance encountered by the cutting tool during machining. When the cutting tool engages
with the workpiece material, the localized plastic deformation causes rapid hardening of the material layer ahead of the
tool. As a result, subsequent passes of the cutting tool encounter a hardened surface, leading to higher cutting forces and
accelerated tool wear. Additionally, the low thermal conductivity of Inconel 718 prevents efficient heat dissipation from
the cutting zone, resulting in elevated temperatures at the tool—chip interface. Several studies have examined the
influence of cutting parameters such as cutting speed, feed rate, and depth of cut on the machinability of Inconel 718.
Experimental investigations have shown that cutting speed plays a critical role in determining tool wear and surface
quality. At higher cutting speeds, the temperature at the cutting interface increases significantly, which accelerates
diffusion and oxidation wear mechanisms in cutting tools. However, in some cases, moderate increases in cutting speed
can reduce built-up edge formation and improve surface finish. Feed rate is another important parameter that affects
machining performance. Higher feed rates typically increase cutting forces and chip thickness, which can lead to
increased tool wear and deterioration of surface quality. Similarly, larger depths of cut increase the contact area between
the tool and workpiece, resulting in greater heat generation and mechanical loading on the cutting tool.

Tool material selection is another critical factor influencing the machinability of Inconel 718. Researchers have
extensively studied the performance of various cutting tool materials, including coated carbide, ceramic, cubic boron
nitride (CBN), and polycrystalline diamond (PCD) tools. Coated carbide tools are among the most widely used tools for
machining Inconel 718 due to their relatively high toughness and resistance to thermal shock. The application of
advanced coatings such as TiAIN, AITiN, and AICrN has been reported to improve tool life by providing enhanced
oxidation resistance and reduced friction at the tool—chip interface. These coatings act as protective layers that minimize
direct contact between the cutting tool substrate and the workpiece material, thereby reducing adhesive wear. Ceramic
cutting tools have also been investigated for high-speed machining of Inconel 718. Silicon nitride-based ceramics exhibit
excellent hot hardness and chemical stability, which allow them to withstand the high temperatures generated during
machining. However, ceramic tools are generally more brittle than carbide tools and are therefore more susceptible to
sudden fracture under interrupted cutting conditions. Cubic boron nitride tools have demonstrated superior performance
in certain machining operations due to their exceptional hardness and thermal stability. Nevertheless, their high cost
limits their widespread industrial application. Polycrystalline diamond tools are rarely used for machining nickel-based
superalloys because diamond tends to react chemically with iron and nickel at high temperatures, leading to rapid tool
degradation. Tool wear mechanisms have been widely studied in the machining of Inconel 718. The literature indicates
that multiple wear mechanisms often occur simultaneously due to the extreme thermal and mechanical conditions present
during machining. Abrasive wear occurs when hard particles within the workpiece material slide across the cutting tool
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surface, gradually removing material from the tool. Adhesive wear is another common mechanism that occurs due to
the strong chemical affinity between Inconel 718 and many cutting tool materials. During machining, portions of the
workpiece material may adhere to the cutting tool surface, forming built-up edges that periodically detach and remove
tool material. Diffusion wear becomes significant at high cutting temperatures, where atomic diffusion occurs between
the cutting tool and the workpiece material. Oxidation wear is also observed at elevated temperatures when the tool
surface reacts with oxygen in the environment. Chip formation behavior has also been extensively investigated in
previous studies. Due to the high strength and work-hardening characteristics of Inconel 718, the chips formed during
machining are typically segmented or serrated. These serrated chips result from cyclic plastic deformation and localized
shear instability within the primary shear zone. The formation of segmented chips leads to periodic fluctuations in cutting
forces and temperature, which can contribute to tool vibration and instability during machining. Researchers have used
high-speed imaging techniques and finite element modeling to study the mechanisms responsible for chip segmentation
and its influence on machining performance. Cooling and lubrication techniques play a crucial role in improving the
machinability of Inconel 718 by reducing cutting temperature and friction at the tool—chip interface. Conventional flood
cooling has been widely used in industrial machining operations; however, it often fails to effectively reach the cutting
zone due to the high pressure generated by the chip flow. To overcome this limitation, several advanced cooling
strategies have been proposed. Minimum quantity lubrication (MQL) has gained considerable attention as an
environmentally friendly alternative to conventional flood cooling. In MQL systems, a small amount of lubricant is
delivered in the form of an aerosol mist directly to the cutting zone, providing effective lubrication while significantly
reducing fluid consumption. Cryogenic cooling has emerged as another promising technique for machining difficult-to-
cut materials such as Inconel 718. In this method, cryogenic fluids such as liquid nitrogen or carbon dioxide are supplied
to the cutting zone to rapidly remove heat and reduce cutting temperature. Experimental studies have demonstrated that
cryogenic cooling can significantly enhance tool life and improve surface quality during machining of nickel-based
superalloys. In addition, hybrid cooling techniques that combine cryogenic cooling with minimum quantity lubrication
have shown promising results in reducing both friction and thermal effects during machining.

Surface integrity has been another major focus of research in the machining of Inconel 718. Surface integrity refers to
the condition of the machined surface and subsurface layers after machining, including parameters such as surface
roughness, residual stress, microhardness, and microstructural alterations. Several studies have reported that machining
of Inconel 718 can induce tensile residual stresses on the machined surface due to the combined effects of high cutting
temperature and severe plastic deformation. These tensile stresses can reduce the fatigue life of components used in
critical applications such as turbine engines. Therefore, optimizing machining conditions to minimize adverse surface
effects is essential for ensuring the reliability of machined components. In recent years, non-traditional machining
processes have been increasingly explored as alternatives to conventional machining methods for Inconel 718. Electrical
discharge machining (EDM) and wire electrical discharge machining (WEDM) are widely used for machining complex
shapes and intricate features in hard materials. These processes remove material through a series of controlled electrical
sparks between the electrode and the workpiece, eliminating the need for mechanical cutting forces. Laser-assisted
machining has also gained significant attention as a technique for improving the machinability of difficult-to-cut
materials. In this method, a laser beam is used to locally heat and soften the workpiece material ahead of the cutting tool,
thereby reducing cutting forces and tool wear. Another emerging research direction involves the use of numerical
simulation and computational modeling to study the machining behavior of Inconel 718. Finite element models have
been developed to simulate chip formation, temperature distribution, stress fields, and tool wear during machining
processes. These models provide valuable insights into the fundamental mechanisms governing machining performance
and allow researchers to evaluate the effects of different machining parameters without conducting extensive
experimental studies. Furthermore, the integration of machine learning algorithms and data-driven optimization
techniques has opened new possibilities for intelligent process control and predictive modeling in machining operations.
Despite the extensive research conducted on the machining of Inconel 718, several challenges remain unresolved. The
complex interaction between thermal, mechanical, and metallurgical phenomena during machining makes it difficult to
develop universally applicable machining strategies. In addition, the increasing demand for high productivity and
sustainability in manufacturing requires the development of new tool materials, cooling techniques, and process
optimization methods. Therefore, continued research is necessary to further enhance the machinability of Inconel 718
and enable efficient manufacturing of advanced engineering components. Overall, the literature highlights significant
progress in understanding the machining behavior of Inconel 718 over the past decades. Researchers have made
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substantial contributions in identifying key factors affecting machinability, including cutting parameters, tool materials,
cooling strategies, and machining methods. However, the continuous evolution of manufacturing technologies and the
growing demand for high-performance materials indicate that further research efforts are essential to address the

remaining challenges associated with machining nickel-based superalloys.

Table 1: Summary of Literature on Machinability of Inconel 718
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3. Material Properties and Machinability Characteristics of Inconel 718

Inconel 718 is one of the most widely used nickel-based superalloys due to its exceptional mechanical strength, corrosion
resistance, and thermal stability at elevated temperatures. These properties make it an ideal material for critical
engineering applications such as aircraft engines, gas turbines, rocket motors, and nuclear reactors. However, the same
characteristics that provide excellent high-temperature performance also significantly reduce its machinability.
Understanding the fundamental material properties and their influence on machining behavior is therefore essential for
improving the machining performance of Inconel 718.

3.1 Chemical Composition and Microstructure

Inconel 718 is a precipitation-hardened nickel-chromium superalloy strengthened primarily by the formation of
intermetallic precipitates within its microstructure. The alloy typically contains nickel as the base element along with
chromium, iron, niobium, molybdenum, titanium, and aluminum. The presence of these alloying elements contributes
to enhanced mechanical strength and corrosion resistance. The strengthening mechanism of Inconel 718 is primarily
associated with the precipitation of the y" (gamma double prime) phase and the y' (gamma prime) phase. Among these
phases, y" is considered the dominant strengthening precipitate and plays a critical role in maintaining the alloy's high
yield strength at elevated temperatures. In addition, the presence of carbides and other intermetallic compounds further
enhances the mechanical properties of the alloy. From a machining perspective, the microstructure of Inconel 718
contributes significantly to its poor machinability. The hard precipitates and carbides present in the material increase
abrasion at the cutting interface, resulting in accelerated tool wear. Furthermore, the stability of these phases at elevated
temperatures ensures that the material retains its strength even under severe machining conditions.

3.2 Mechanical Properties

Inconel 718 exhibits excellent mechanical properties over a wide temperature range. The alloy maintains high tensile
strength, yield strength, and fatigue resistance even at temperatures exceeding 700°C. This exceptional strength is
beneficial for structural applications but poses significant challenges during machining. One of the key mechanical
characteristics affecting machinability is the alloy's strong strain-hardening behavior. During machining, the material
ahead of the cutting tool undergoes severe plastic deformation, which causes rapid hardening of the surface layer. As a
result, subsequent cutting passes encounter a harder material, increasing cutting forces and accelerating tool wear.
Another important mechanical property influencing machining performance is the alloy’s high shear strength. High
shear strength requires greater energy to remove material during cutting, which leads to higher cutting forces and
increased power consumption. Consequently, machining operations involving Inconel 718 require robust machine tools
and cutting tools capable of withstanding high mechanical loads.
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Figure 2: INCONEL 718 Superalloy: Material Properties & Machinability Characteristics
3.3 Thermal Properties and Heat Generation

Thermal properties play a critical role in determining the machinability of Inconel 718. One of the most significant
challenges associated with machining this alloy is its low thermal conductivity. Compared to conventional steels, Inconel
718 has significantly lower thermal conductivity, which prevents effective heat dissipation from the cutting zone. During
machining operations, most of the generated heat remains concentrated at the tool-chip interface rather than being carried
away by the chips or conducted into the workpiece. This localized heat accumulation increases the temperature of the
cutting tool, accelerating tool wear and reducing tool life. High cutting temperatures also promote diffusion and
oxidation wear mechanisms, further contributing to tool degradation. In addition to thermal conductivity, the alloy’s
ability to retain high strength at elevated temperatures further complicates machining operations. Unlike many
conventional materials that soften at high temperatures, Inconel 718 maintains its mechanical strength even under
extreme thermal conditions. This characteristic increases the resistance encountered by the cutting tool and contributes
to higher cutting forces.

3.4 Work Hardening Behavior

Work hardening is one of the most significant factors contributing to the poor machinability of Inconel 718. When the
material undergoes plastic deformation during cutting, dislocation density within the material increases, leading to rapid
hardening of the surface layer. This hardened layer increases the resistance to further deformation and makes subsequent
cutting operations more difficult. The work-hardened layer formed during machining can significantly increase cutting
forces and tool wear. Moreover, if the cutting tool does not penetrate below the hardened layer during subsequent passes,
excessive rubbing rather than cutting may occur. This condition leads to increased friction, heat generation, and rapid
tool failure. Researchers have reported that the thickness of the work-hardened layer in Inconel 718 can be several times
greater than that observed in conventional steels. Therefore, careful selection of cutting parameters such as feed rate and
depth of cut is necessary to ensure effective removal of the hardened layer during machining.
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3.5 Chip Formation Characteristics

Chip formation behavior is another important factor affecting the machinability of Inconel 718. Due to its high strength
and strain-hardening characteristics, the chips produced during machining are typically serrated or segmented. Serrated
chips are formed as a result of periodic shear localization within the primary shear zone. During the chip formation
process, the material undergoes cyclic plastic deformation, resulting in alternating regions of high and low shear strain.
This process leads to the formation of saw-tooth shaped chips, which are commonly observed when machining nickel-
based superalloys. The formation of segmented chips can lead to fluctuations in cutting forces and temperature during
machining. These fluctuations may cause vibration and instability in the machining process, which can negatively affect
surface quality and tool life. In addition, the high temperature and pressure at the tool-chip interface can lead to adhesion
between the chip and the cutting tool, resulting in the formation of built-up edges.

3.6 Tool Wear Mechanisms

The machining of Inconel 718 is associated with several complex tool wear mechanisms due to the extreme thermal and
mechanical conditions present in the cutting zone. The most commonly observed wear mechanisms include abrasion,
adhesion, diffusion, and oxidation wear. Abrasive wear occurs when hard particles within the workpiece material slide
across the cutting tool surface, gradually removing tool material. This type of wear is particularly significant in
machining Inconel 718 due to the presence of hard carbides within its microstructure. Adhesive wear occurs due to the
strong chemical affinity between Inconel 718 and many cutting tool materials. During machining, portions of the
workpiece material may adhere to the tool surface and subsequently detach, carrying away small fragments of tool
material. This repeated adhesion and detachment process can lead to rapid tool degradation. Diffusion wear becomes
significant at high cutting temperatures when atomic diffusion occurs between the cutting tool and the workpiece
material. This mechanism weakens the tool surface and accelerates crater wear on the rake face of the tool. Oxidation
wear is also observed at elevated temperatures when the cutting tool surface reacts with oxygen in the surrounding
environment.

3.7 Surface Integrity Considerations

Surface integrity is a critical factor in the machining of Inconel 718, particularly for components used in aerospace and
power generation systems. Surface integrity refers to the condition of the machined surface and subsurface layers,
including parameters such as surface roughness, residual stress distribution, microhardness, and microstructural
alterations. During machining, the combined effects of high temperature and severe plastic deformation can induce
residual stresses in the machined surface. Tensile residual stresses are generally undesirable because they reduce fatigue
life and increase the risk of crack initiation. Therefore, maintaining compressive residual stresses or minimizing tensile
stresses is essential for improving the performance of machined components. Machining processes can also lead to
microstructural changes in the subsurface layer, including grain deformation and phase transformation. These changes
may affect the mechanical properties and durability of the component. Consequently, optimizing machining parameters
and cooling strategies is necessary to preserve the surface integrity of machined parts.

3.8 Factors Influencing Machinability

Several factors influence the overall machinability of Inconel 718, including cutting tool material, machining parameters,
cooling and lubrication conditions, and machining environment. The selection of appropriate cutting tools with high
thermal stability and wear resistance is essential for improving machining performance. Similarly, optimizing cutting
parameters such as cutting speed, feed rate, and depth of cut can help reduce tool wear and improve surface quality.
Advanced cooling techniques such as cryogenic cooling and minimum quantity lubrication have shown promising results
in reducing cutting temperature and improving tool life. In addition, the development of advanced machining processes
such as laser-assisted machining and electrical discharge machining offers alternative approaches for machining
difficult-to-cut materials. Overall, the unique material properties of Inconel 718 play a crucial role in determining its
machinability. While these properties provide excellent performance in high-temperature applications, they also create
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significant challenges during machining. Therefore, continued research efforts are required to develop innovative
machining strategies capable of improving productivity, tool life, and surface quality when machining this important
superalloy.

4. Tool Wear Mechanisms in Machining of Inconel 718

Tool wear is one of the most critical factors influencing the machinability of Inconel 718. Due to its high strength, strong
work-hardening behavior, and low thermal conductivity, the machining of this nickel-based superalloy leads to severe
thermal and mechanical stresses at the tool-workpiece interface. These conditions accelerate the degradation of cutting
tools and significantly reduce tool life. Understanding the dominant tool wear mechanisms during machining of Inconel
718 is therefore essential for improving machining performance, optimizing cutting parameters, and selecting
appropriate tool materials. During machining operations, the cutting tool is exposed to extreme temperatures, high
contact pressures, and intense friction at the tool—chip interface. These harsh conditions promote the occurrence of
multiple wear mechanisms simultaneously. The most commonly observed tool wear mechanisms in machining Inconel
718 include abrasive wear, adhesive wear, diffusion wear, oxidation wear, and notch wear. Each of these mechanisms
contributes to the progressive deterioration of the cutting tool and ultimately leads to tool failure.

Tool Wear Mechanisms in Machining of Inconel 718 Superalloy
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Figure 3: Tool Wear Mechanism
4.1 Abrasive Wear

Abrasive wear is one of the dominant wear mechanisms encountered during the machining of Inconel 718. This type of
wear occurs when hard particles within the workpiece material slide across the cutting tool surface and gradually remove
tool material through micro-cutting or plowing actions. Inconel 718 contains various hard precipitates and carbides
within its microstructure, which significantly increase the abrasive interaction between the cutting tool and the workpiece.
During machining, these hard particles come into contact with the cutting tool surface and cause micro-scale scratches
and grooves along the tool face. Over time, this repeated abrasion results in the gradual removal of tool material, leading
to flank wear and loss of cutting edge sharpness. Abrasive wear is particularly significant when machining at high cutting
speeds or when using tools with insufficient hardness.
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4.2 Adhesive Wear

Adhesive wear is another major tool wear mechanism associated with machining Inconel 718. This phenomenon occurs
due to the strong chemical affinity between the workpiece material and the cutting tool surface. At the high temperatures
generated during machining, portions of the workpiece material tend to adhere to the cutting tool surface, forming a
layer of adhered material commonly referred to as a built-up edge. The formation of built-up edges can temporarily alter
the geometry of the cutting tool and affect the cutting process. As the machining process continues, these adhered
material layers may detach from the tool surface, often carrying away small fragments of tool material. This repeated
cycle of adhesion and detachment results in progressive tool damage and surface irregularities. Adhesive wear is more
prominent when machining under low cutting speeds and insufficient lubrication conditions. The presence of built-up
edges can also negatively influence surface quality by producing irregular chip formation and fluctuating cutting forces.

4.3 Diffusion Wear

Diffusion wear becomes significant during machining operations involving high cutting temperatures. In machining
Inconel 718, the temperature at the tool—chip interface can reach extremely high levels due to the alloy's low thermal
conductivity and high strength. Under such conditions, atomic diffusion occurs between the cutting tool material and
the workpiece material. During diffusion wear, atoms from the cutting tool material migrate into the workpiece material
or vice versa, resulting in gradual weakening of the tool surface. This mechanism is particularly prominent when
machining at high cutting speeds and elevated temperatures. Diffusion wear primarily affects the rake face of the cutting
tool and often leads to crater formation. Crater wear reduces the structural integrity of the cutting tool and may eventually
cause catastrophic tool failure. Therefore, cutting tools used for machining Inconel 718 must possess excellent thermal
stability and resistance to diffusion wear.

4.4 Oxidation Wear

Oxidation wear occurs when the cutting tool material reacts with oxygen present in the surrounding environment at
elevated temperatures. During machining, the high temperature at the cutting interface promotes oxidation reactions on
the surface of the cutting tool. These reactions lead to the formation of oxide layers that weaken the tool surface. As
machining continues, these oxide layers may break off, exposing fresh tool material to further oxidation and wear.
Oxidation wear is particularly significant in high-speed machining operations where cutting temperatures are extremely
high. Tool coatings such as titanium aluminum nitride and aluminum chromium nitride are often used to improve
oxidation resistance and enhance tool life during machining of nickel-based superalloys.

4.5 Notch Wear

Notch wear is another characteristic wear phenomenon observed during machining of Inconel 718. It typically occurs at
the depth-of-cut line where the cutting edge repeatedly engages with the workpiece material. The presence of work-
hardened layers and oxidation at the workpiece surface contributes to the formation of localized wear at this region. The
repeated contact between the cutting tool and the hardened surface layer leads to localized stress concentration and
material removal at the tool edge. As a result, a notch is formed along the cutting edge, which gradually deepens with
continued machining. Severe notch wear can weaken the cutting edge and lead to premature tool failure.

4.6 Influence of Cutting Conditions on Tool Wear

The severity of tool wear during machining of Inconel 718 is strongly influenced by machining parameters such as
cutting speed, feed rate, and depth of cut. Increasing cutting speed generally increases cutting temperature, which
accelerates diffusion and oxidation wear mechanisms. On the other hand, excessive feed rates increase mechanical
loading on the cutting tool, leading to higher abrasive and adhesive wear. Cooling and lubrication conditions also play
a significant role in controlling tool wear. Advanced cooling techniques such as cryogenic cooling and minimum
quantity lubrication have been reported to significantly reduce cutting temperature and friction at the tool—chip interface.
These methods help slow down the progression of wear mechanisms and extend tool life. The choice of cutting tool
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material and coating is another important factor affecting tool wear behavior. Coated carbide tools are widely used for
machining Inconel 718 because they provide a favorable balance between hardness, toughness, and thermal stability.
Advanced coatings help reduce friction, improve oxidation resistance, and protect the cutting tool substrate from direct
contact with the workpiece material.

5. Effect of Cutting Parameters on Machinability of Inconel 718

Cutting parameters play a crucial role in determining the machinability of Inconel 718. Due to the alloy’s high strength,
low thermal conductivity, and strong work-hardening characteristics, the selection of appropriate machining parameters
is essential for achieving efficient material removal, minimizing tool wear, and ensuring acceptable surface quality. The
primary cutting parameters influencing the machining performance of Inconel 718 include cutting speed, feed rate, and
depth of cut. These parameters significantly affect machining responses such as cutting forces, tool wear, chip formation,
surface roughness, and cutting temperature.

5.1 Cutting Speed

Cutting speed is one of the most influential parameters affecting the machinability of Inconel 718. Increasing the cutting
speed generally leads to higher temperatures in the cutting zone due to increased friction and plastic deformation at the
tool—chip interface. Because Inconel 718 has low thermal conductivity, the generated heat tends to accumulate in the
cutting region, resulting in elevated temperatures that accelerate tool wear.

At high cutting speeds, diffusion and oxidation wear mechanisms become more prominent due to the extreme thermal
conditions. These wear mechanisms contribute to the formation of crater wear on the rake face and flank wear on the
cutting tool. However, in some machining conditions, moderate increases in cutting speed can improve chip formation
and reduce the formation of built-up edges. Therefore, selecting an optimal cutting speed is necessary to balance
machining productivity and tool life.

Effect of Cutting Parameters on Machinability
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Figure 4: Cutting Parameters
5.2 Feed Rate

Feed rate is another important machining parameter that significantly affects surface quality and cutting forces during
the machining of Inconel 718. Increasing the feed rate increases the thickness of the chip being removed, which results
in higher cutting forces and greater mechanical stress on the cutting tool. Higher feed rates can also lead to increased
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vibration and instability during machining, particularly when machining difficult-to-cut materials like Inconel 718. As
a result, excessive feed rates may cause rapid tool wear and deterioration of surface finish. On the other hand, lower feed
rates generally produce smoother surfaces and reduce mechanical loading on the cutting tool. However, extremely low
feed rates may cause rubbing instead of effective cutting, especially when a work-hardened layer forms on the workpiece
surface. Therefore, the feed rate must be carefully selected to ensure effective chip removal while maintaining acceptable
surface quality and tool life.

5.3 Depth of Cut

Depth of cut is another critical parameter influencing machining performance. Increasing the depth of cut increases the
volume of material being removed in a single pass, which leads to higher cutting forces and greater heat generation in
the cutting zone. When machining Inconel 718, larger depths of cut may increase tool loading and accelerate tool wear
due to increased contact area between the cutting tool and the workpiece. The higher mechanical stresses associated with
large depths of cut can also increase the risk of tool chipping or fracture, particularly when brittle cutting tools such as
ceramics are used. Conversely, smaller depths of cut reduce cutting forces and tool loading, which can improve tool life
and machining stability. However, very small depths of cut may reduce machining productivity and increase machining
time. Therefore, an appropriate balance between depth of cut and machining efficiency must be maintained.

5.4 Combined Influence of Machining Parameters

In practical machining operations, cutting speed, feed rate, and depth of cut interact with each other and collectively
influence the overall machining performance. The optimization of these parameters is essential for achieving efficient
machining of Inconel 718. Various optimization techniques such as Taguchi methods, response surface methodology,
and machine learning approaches have been employed by researchers to determine optimal machining conditions.
Optimized cutting parameters can significantly reduce cutting forces, improve surface finish, enhance tool life, and
increase machining productivity. In addition, the use of advanced cooling techniques and high-performance cutting tools
can further improve machining performance when combined with optimized cutting conditions. Overall, careful
selection and optimization of cutting parameters are essential for improving the machinability of Inconel 718 and
ensuring efficient manufacturing of high-performance components used in demanding engineering applications.

6. Cooling and Lubrication Techniques in Machining of Inconel 718

Cooling and lubrication techniques play a critical role in improving the machinability of Inconel 718 by controlling
cutting temperature, reducing friction at the tool—chip interface, and enhancing tool life. Due to the alloy’s low thermal
conductivity and high strength, significant heat is generated during machining, making effective cooling strategies
essential. Dry machining eliminates the use of cutting fluids and is often considered an environmentally friendly and
cost-effective approach. However, when machining Inconel 718 under dry conditions, the absence of lubrication leads
to high friction and excessive heat generation at the cutting zone. This often results in rapid tool wear and poor surface
quality, limiting its applicability for machining nickel-based superalloys. Flood cooling is the most widely used
conventional cooling method in machining operations. In this technique, a large volume of cutting fluid is continuously
supplied to the cutting zone to remove heat and reduce friction. Flood cooling helps maintain moderate cutting
temperatures and improves tool life. However, it has limitations in machining Inconel 718 because the coolant often
fails to effectively penetrate the tool—chip interface where the majority of heat is generated. Minimum Quantity
Lubrication (MQL) has emerged as a sustainable alternative to conventional cooling techniques. In this method, a small
amount of lubricant is delivered in the form of an aerosol mist directly to the cutting zone. MQL provides effective
lubrication while significantly reducing fluid consumption and environmental impact. Studies have shown that MQL
can improve surface finish and reduce tool wear during machining of difficult-to-cut materials. Cryogenic cooling
involves the use of extremely low-temperature fluids such as liquid nitrogen or carbon dioxide to rapidly remove heat
from the cutting zone. This technique significantly reduces cutting temperature, improves tool life, and enhances
machining stability when machining Inconel 718. Hybrid cooling methods, which combine techniques such as cryogenic
cooling with MQL, have recently gained attention. These approaches provide both effective cooling and lubrication,
leading to improved machining performance and extended tool life for nickel-based superalloys.
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Figure 5: Cooling and Lubrication Techniques in Machining of Inconel 718

7. Advanced and Non-Traditional Machining Processes for Inconel 718

The machining of Inconel 718 using conventional methods often presents significant challenges due to its high strength,
low thermal conductivity, and strong work-hardening behavior. These characteristics lead to high cutting forces,
excessive tool wear, and poor machinability when using traditional machining processes. To overcome these limitations,
several advanced and non-traditional machining techniques have been developed. These processes remove material
through thermal, electrical, or mechanical erosion mechanisms rather than conventional cutting, making them
particularly suitable for difficult-to-machine materials such as Inconel 718.

Electrical Discharge Machining (EDM) is one of the most widely used non-traditional machining processes for nickel-
based superalloys. EDM removes material through a series of controlled electrical sparks generated between an electrode
and the workpiece in the presence of a dielectric fluid. The intense heat generated by these electrical discharges melts
and vaporizes small portions of the workpiece material. Since EDM does not involve direct mechanical contact between
the tool and the workpiece, it eliminates cutting forces and significantly reduces tool wear. EDM is particularly useful
for machining complex geometries, deep cavities, and intricate shapes in Inconel 718 components. However, the process
may produce a recast layer and heat-affected zone on the machined surface, which may require additional finishing
operations.

Wire Electrical Discharge Machining (WEDM) is a variation of EDM that uses a thin wire as the electrode to cut through
conductive materials. In WEDM, a continuously moving wire generates electrical sparks that erode the workpiece
material along the programmed cutting path. This process is widely used for producing precise and intricate components
from Inconel 718, especially in aerospace and tooling industries. WEDM provides high dimensional accuracy and
excellent surface finish, making it suitable for machining complex profiles and narrow slots. However, similar to EDM,
it may produce thermal damage on the surface due to the intense localized heat.

Laser-Assisted Machining (LAM) has emerged as a promising technique for improving the machinability of difficult-
to-cut materials. In this process, a high-energy laser beam is used to locally heat the workpiece material ahead of the
cutting tool. The localized heating softens the material, reducing cutting forces and tool wear during machining. Laser-
assisted machining has been shown to significantly enhance machining efficiency and surface quality when machining
Inconel 718, particularly at high cutting speeds.

Abrasive Water Jet Machining (AWJM) is another advanced machining technique used for cutting hard and heat-
resistant materials. In this process, a high-pressure stream of water mixed with abrasive particles is directed at the
workpiece surface to remove material through erosion. AWIM offers several advantages, including the absence of
thermal damage, minimal tool wear, and the ability to cut complex shapes without generating significant heat in the
workpiece. This makes it particularly suitable for machining temperature-sensitive components made of Inconel 718.
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Figure 6: Advanced and Non-Traditional Machining Processes for Inconel 718

Hybrid machining processes combine two or more machining techniques to improve machining efficiency and overcome
the limitations of individual processes. Examples include laser-assisted turning, ultrasonic-assisted machining, and EDM
combined with mechanical machining. These hybrid approaches enhance material removal rates, reduce tool wear, and
improve surface quality. As manufacturing technologies continue to evolve, hybrid machining methods are expected to
play an increasingly important role in the efficient machining of nickel-based superalloys such as Inconel 718.

8. Challenges and Future Research Directions

Despite significant advancements in machining technologies, the machining of Inconel 718 continues to present several
challenges due to its exceptional mechanical strength, work-hardening characteristics, and poor thermal conductivity.
These properties lead to rapid tool wear, high cutting temperatures, and reduced machining efficiency. Therefore,
continuous research efforts are required to develop innovative solutions that can improve the machinability of this widely
used nickel-based superalloy. Several important research directions have emerged in recent years, including the
development of advanced tool materials, sustainable machining strategies, smart manufacturing systems, artificial
intelligence-based monitoring techniques, and hybrid cooling technologies. One of the most critical challenges in
machining Inconel 718 is the rapid degradation of cutting tools. The extreme thermal and mechanical conditions at the
tool-workpiece interface demand cutting tools with superior hardness, thermal stability, and wear resistance. Future
research should focus on the development of advanced tool materials and coatings capable of withstanding these harsh
conditions. Nanostructured coatings, multilayer coatings, and advanced ceramic tool materials have shown promising
potential in improving tool life and machining performance. In addition, innovative tool geometries and coating
technologies may further enhance the resistance of cutting tools to abrasion, adhesion, and diffusion wear. Sustainable
machining has also become an important research focus due to growing environmental concerns and stricter regulations
regarding the use of cutting fluids. Traditional machining processes often rely on large volumes of coolant, which can
have negative environmental and economic impacts. Future research should therefore emphasize environmentally
friendly machining techniques such as dry machining, minimum quantity lubrication (MQL), and biodegradable cutting
fluids. The adoption of sustainable machining strategies can reduce fluid consumption, minimize environmental
pollution, and lower operational costs. Another emerging research direction is the integration of smart manufacturing
technologies into machining processes. Smart manufacturing systems utilize advanced sensors, real-time monitoring,
and digital technologies to improve process efficiency and reliability. The use of sensor-based monitoring systems can
provide valuable information about cutting forces, tool wear, temperature, and vibration during machining operations.
These systems enable real-time process control and help prevent unexpected tool failure or machining defects. Artificial
intelligence (Al) and machine learning techniques are increasingly being applied in machining research to predict and
optimize machining performance. Al-based models can analyze large datasets obtained from machining experiments
and identify complex relationships between machining parameters and performance outcomes. These models can be
used to predict tool wear, surface roughness, and cutting forces, allowing manufacturers to optimize machining
parameters for improved efficiency and productivity. Hybrid cooling technologies represent another promising area for
future research. Combining different cooling techniques, such as cryogenic cooling with minimum quantity lubrication,
can provide both effective heat removal and lubrication at the cutting interface. These hybrid approaches have shown
significant potential in reducing cutting temperatures, minimizing tool wear, and improving surface quality during
machining of difficult-to-cut materials. Overall, continued advancements in tool materials, sustainable machining
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methods, intelligent monitoring systems, and hybrid cooling technologies are expected to play a crucial role in
overcoming the challenges associated with machining Inconel 718. These innovations will contribute to more efficient,
reliable, and environmentally sustainable manufacturing processes in the future.

9. Conclusion

This review paper has presented a comprehensive overview of the machinability of Inconel 718, one of the most widely
used nickel-based superalloys in aerospace, power generation, and high-temperature engineering applications. The
analysis of existing literature highlights that the exceptional mechanical strength, strong work-hardening behavior, and
low thermal conductivity of Inconel 718 significantly affect its machining performance. These inherent material
characteristics often lead to high cutting forces, elevated cutting temperatures, rapid tool wear, and challenges in
maintaining surface integrity during machining operations. The review also discussed the influence of key machining
parameters, cutting tool materials, cooling and lubrication techniques, and advanced machining processes on the
machinability of Inconel 718. Among conventional machining approaches, the selection of appropriate cutting
parameters and the use of advanced coated carbide or ceramic cutting tools have been shown to significantly improve
machining performance. In addition, advanced cooling strategies such as cryogenic cooling and minimum quantity
lubrication have demonstrated considerable potential in reducing cutting temperature, minimizing tool wear, and
improving tool life. Non-traditional machining techniques such as electrical discharge machining, wire electrical
discharge machining, laser-assisted machining, and abrasive water jet machining have emerged as effective alternatives
for machining complex components made of Inconel 718. These processes reduce mechanical cutting forces and allow
the machining of intricate geometries that are difficult to achieve using conventional machining methods. Despite the
progress achieved in this field, several challenges remain in achieving efficient and sustainable machining of Inconel
718. Future research should focus on the development of advanced tool materials, innovative cooling technologies, and
intelligent machining systems capable of monitoring and optimizing machining performance in real time. Furthermore,
the integration of artificial intelligence, machine learning, and smart manufacturing technologies offers promising
opportunities for improving machining efficiency and productivity. Overall, continued research and technological
advancements will play a vital role in overcoming existing challenges and enabling more efficient, reliable, and
sustainable machining of Inconel 718 for advanced engineering applications.
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