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Abstract 16 

The research and application of high speed metal cutting (HSMC) is aimed at 17 

achieving higher productivity and improved surface quality. This paper reviews the 18 

advancements in HSMC with a focus on the material removal mechanism and 19 

machined surface integrity without considering the effect of cutting dynamics on the 20 

machining process. In addition, the variation of cutting force and cutting temperature 21 

as well as the tool wear behavior during HSMC are summarized. Through 22 

comparing with conventional machining (or called as normal speed machining), the 23 
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advantages of HSMC are elaborated from the aspects of high material removal rate, 1 

good finished surface quality (except surface residual stress), low cutting force, and 2 

low cutting temperature. Meanwhile, the shortcomings of HSMC are presented from 3 

the aspects of high tool wear rate and tensile residual stress on finished surface. The 4 

variation of material dynamic properties at high cutting speeds is the underlying 5 

mechanism responsible for the transition of chip morphology and material removal 6 

mechanism. Less surface defects and lower surface roughness can be obtained at a 7 

specific range of high cutting speeds, which depends on the workpiece material and 8 

cutting conditions. The thorough review on pros and cons of HSMC can help to 9 

effectively utilize its advantages and circumvent its shortcomings. Furthermore, the 10 

challenges for advancing and future research directions of HSMC are highlighted. 11 

Particularly, to reveal the relationships among inherent attributes of workpiece 12 

materials, processing parameters during HSMC, and evolution of machined surface 13 

properties will be a potential breakthrough direction. Although the influence of 14 

cutting speed on the material removal mechanism and surface integrity has been 15 

studied extensively, it still requires more detailed investigations in the future with 16 

continuous increase in cutting speed and emergence of new engineering materials in 17 

industries.  18 

Keywords: High speed metal cutting; Material deformation; Material removal 19 

mechanism; Surface integrity; Cutting force and temperature; Cutting tools 20 
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Mechanical machining, as a subtractive manufacturing operation, is one of the 1 

most widely used manufacturing processes. Although some emerging manufacturing 2 

processes, such as additive manufacturing, have advanced beyond rapid prototyping 3 

to the manufacture of structural and functional components, the dominant role of 4 

machining is still irreplaceable owing to its flexibility [1], good surface quality [2], 5 

high material removal rate [3], and the capability to machine nearly all types of 6 

materials [4].The global machining market is estimated to be worth over $400 billion 7 

by the year 2022 with an annual growth rate of 6-7% [5], which indicates the large 8 

demand for machining and the necessity to reduce the machining cost. 9 

The development of machining process is generally aimed at improvements in 10 

production efficiency and product quality and at cost reduction. To achieve these 11 

goals, high performance machining has been pursued by both academia and 12 

industries. Extensive research involving experiments [6], analytical modeling [7], 13 

and numerical simulation [8] of machining process has been conducted to understand 14 

the interaction between cutting tools and workpiece materials. In particular, 15 

comparing with the experimental research, analytical modeling and simulation of 16 

machining processes are important in the present digital manufacturing era, due to 17 

their low cost and capability to serve as a basis for digital twins. The machining 18 

performance has been progressing steadily through the optimization of process 19 

parameters and advancement of cutting tools and machining equipment [9].  20 

High speed machining (HSM), which was first proposed by Salomon on 1931 21 

[10], has been promoting the development of machining processes at a faster pace. 22 
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Owing to its unique technical advantages, it has been one of the most popular 1 

research topics in the field of metal cutting. The most prominent benefit of HSMC is 2 

the significantly higher processing efficiency induced by the high cutting speed [11]. 3 

In recent decades, a substantial number of studies reported that machined surface 4 

quality can be improved using HSMC when appropriate process parameters are 5 

selected [12-14]. With the development of ultra-hard cutting tools and HSMC 6 

equipment, the cutting speed has been increased by several times [2].  7 

HSMC has great potentials in the manufacture of high-value added products 8 

such as aviation components, where large quantities of difficult-to-machine materials 9 

are widely used. For example, titanium and nickel-based alloys are dominant 10 

materials used in aviation engines owing to their good physical and mechanical 11 

properties. However, their machinability is pretty poor leading to deteriorated 12 

surface quality and low production rate [15]. Thin-walled complex structures with 13 

light weight are commonly employed in aviation industries, for which high material 14 

removal rate is extremely necessary [16]. The advantages of HSMC, including the 15 

low cutting force and high machining efficiency, can satisfy the requirements for 16 

manufacturing such aviation components.  17 

Fig. 1 presents the evolution and application of HSMC from the perspectives of 18 

machining tool, spindle speed, cutting speed, material removal rate, industrial 19 

application, and the division of cutting speed range. With the development of 20 

machine tools, starting from the earliest and manual ones (i.e., the first and second 21 

generations as shown in Fig. 1) to the CNC machine tools (i.e., the third and fourth 22 
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generations as shown in Fig. 1), the spindle speed and associated cutting speed and 1 

material removal rate have been increased by over one hundred times [9]. The 2 

development of electro-spindle with higher rotation speeds has further increased the 3 

cutting speed in recent decades. The potential technical superiorities of HSMC, 4 

including the higher production rate and lower machining cost, have been presented 5 

in industrial applications. Meanwhile, the emergence and advancement of HSMC 6 

has expanded the capability of machining processes from processing easy-to-cut 7 

materials to processing difficult-to-machine materials such as superalloys [2,17] and 8 

brittle materials [18].  9 

Nevertheless, the limitations of fundamental understanding of HSMC, 10 

especially the material removal mechanism and machined surface integrity, have 11 

restricted full utilization and further expansion of HSMC in industrial applications. 12 

The material dynamic properties and surface plastic deformation at high cutting 13 

speeds during HSMC have not been understood clearly. Consequently, process 14 

planning in HSMC is restricted by the insufficient knowledge. Furthermore, the 15 

cutting speed range that can be achieved in the shop floor is always limited by some 16 

known or unknown conditions. For example, when a favorable aspect of HSMC is 17 

used like reducing the surface roughness at high cutting speeds, tensile residual 18 

stress may be formed on the machined surface or the cutting tool life may be 19 

significantly decreased as a sacrifice. A balance between the pros and cons of HSMC 20 

must be determined reasonably to make full use of this advanced processing 21 

technology [11,15,19]. Research on HSMC considering more practical conditions 22 
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that used in industries is a prerequisite to make such as a balance.  1 
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Fig. 1. Evolution and application of high speed metal cutting. (Note: CNC- computer 3 

numerical control, RPM-revolutions per minute, CS-cutting speed, MRR-material removal rate, 4 

APP-application) 5 

In addition, the evaluation on the machined surface quality has evolved from 6 

macro parameters, such as the surface roughness and surface defects, to micro or 7 

nano levels such as the crystalline features and phase transformations. Advanced 8 

material characterization tools, including Transmission Electron Microscopy (TEM) 9 

and Electron Back-Scattered Diffraction (EBSD), make it possible to get deeper 10 

insights into the underlying mechanisms of material removal and machined surface 11 

formation during HSMC. 12 

We acknowledge at the outset that there have been several noteworthy review 13 

papers on HSMC in recent decades [2,3,20], and they were mainly focused on the 14 
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experimental results and process modeling while lacked micro-mechanism analysis 1 

due to the limitation of microscopic observation tools at that time. The relationships 2 

among material removal mechanism, machined surface integrity, and processing 3 

parameters have also not been understood clearly. To address the research gap that 4 

still occurs, this article is aimed at reviewing the state-of-the-art of HSMC to 5 

elaborate its pros and cons for the first time, and at highlighting the challenges in its 6 

practical application. In particular, the material removal mechanism and machined 7 

surface integrity of HSMC are addressed. The dynamic deformation behavior of 8 

workpiece material, microstructural evolution of machined surface, and 9 

thermal-mechanical loading characteristics in HSMC, are systematically reviewed 10 

and correlated to understand the technical advantages and current research 11 

limitations of HSMC. Although there have been some prominent achievements until 12 

now, a few potential research directions are recommended, which demonstrate the 13 

urgent need to continue the development of HSMC for both academia and industries.  14 

The paper is organized in six sections (Sections 2-7) followed by future 15 

research directions and conclusions. Section 2 outlines the definition and history of 16 

HSMC, and some technical methods to achieve high cutting speeds. Section 3 and 17 

Section 4 present the material removal mechanism and machined surface integrity 18 

during HSMC, respectively. The cutting force and cutting temperature, in addition to 19 

the tool wear behavior and mechanism are discussed in Section 5 and Section 6, 20 

respectively. The pros and cons of HSMC are elaborated from the above aspects. 21 

Several typical application cases of HSMC in industries are presented in Section 7. 22 
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At last, the future research directions on HSMC are discussed and the conclusions 1 

are drawn highlighting still-to-be-tackled challenges. Fig. 2 shows the framework of 2 

this review paper.  3 

It needs to be noted that the “HSMC” involved in this review paper is limited to 4 

high speed metal cutting while excluding the abrasive machining, and the effect of 5 

cutting dynamics (i.e., vibration of the cutting tool and workpiece) on the machining 6 

process is also excluded. To keep the review scope in a focus, HSMC that achieved 7 

in the machining modes of orthogonal cutting, turning, and milling are reviewed in 8 

this paper. The main content of this paper, especially the material removal 9 

mechanism and machined surface integrity of HSMC, is put on the research progress 10 

made after the publication of the handbook of high-speed machining technology in 11 

the year 2013 [21]. 12 
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Fig. 2. The framework of this review paper. 14 
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2. Definition and development of HSMC 1 

2.1 Definition 2 

Dr. C. Salomon was granted a German Patent about HSMC in 1931 and first 3 

proposed the hypothesis based on a series of experiments that cutting temperatures 4 

begin decreasing above a certain cutting speed [10]. Salomon’s cutting temperature 5 

curve indicated that there is a cutting speed range (also called death valley) where 6 

machining cannot be performed owing to the excessively high temperatures and 7 

associated severe cutting tool wear. Initially, HSMC was defined as machining at 8 

cutting speeds higher than the death valley. Nevertheless, the existence of Salomon’s 9 

curve and its occurrence condition are still being debated in the metal cutting field as 10 

open questions [22]. Detailed discussion about the research progress on Salomon’s 11 

curve will be discussed in Section 5.2. 12 

The cutting speed range in HSMC is a relative concept, and it depends on the 13 

cutting processes, workpiece materials and cutting tools used [23]. It was once 14 

recommended that machining within a speed range of 500 m/min-7,000 m/min [11] 15 

or machining with a spindle rotation speed higher than 8,000 r/min [24] belongs to 16 

HSMC. Schulz and Moriwaki [3] defined HSMC as machining whereby cutting 17 

speeds are five to ten times higher than conventional cutting speeds. Nevertheless, 18 

the above division of cutting speed range for HSMC does not consider specific 19 

cutting conditions and workpiece materials.  20 

Fig. 3 shows the milestones of development for HSMC, covering several 21 

typical findings contributed to advancement of HSMC at different eras. Since 22 
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Salomon proposed the concept of HSMC, its development was slow due to limited 1 

performance of available machining equipment for nearly half century. Through 2 

considering inertia effect of material deformation at ultra-high cutting speeds, Arndt 3 

[25] proposed a new cutting force model adaptable for ultra-high speed machining 4 

(UHSMC). After that, based on HSMC experiments, Icks [26,27] suggested that the 5 

cutting speed range between 1000 m/min and 10,000 m/min belongs to HSMC and it 6 

depends on the machining process.  7 

The consistent increase in spindle rotation speed resulted in a prosperous 8 

development of HSMC in the 1990s. Schulz [23,28] verified that precipitation 9 

hardening plays an important role in the transformation of chip formation from 10 

continuous to segmented and the associated cutting speed range of HSMC. A fixed 11 

classification into three ranges of cutting speeds was once suggested as conventional 12 

machining (0-500 m/min), HSMC (500 m/min-10,000 m/min), and UHSMC 13 

(>10,000 m/min) [11]. Tönshoff et al. [29,30] recommended that HSMC be defined 14 

as machining at cutting speeds with an essential overstepping of conventional speeds. 15 

They proposed that a substantial decrease of production costs caused by increase in 16 

cutting speed is an important characteristic entering the range of HSMC. 17 

Nevertheless, there was no clarity on what can be considered as a substantial 18 

decrease in production costs. 19 
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Fig. 3. The milestones of development for academic research on high speed machining 2 

[3,10,Error! Bookmark not defined.-31,35,36]. 3 

The machining mechanism and scientific essence of HSMC have been more 4 

focused on in recent decades. Molinari et al. [31] modelled adiabatic shear banding 5 

in HSMC based on the previous work performed by Recht [32], Komanduri et al. 6 

[33], and Davies et al. [34]. Denkena [35] developed a predictive model of critical 7 

cutting speed for HSMC considering physical and mechanical properties of 8 

workpiece materials. According to Denkena’s model, the critical cutting speed 9 

mainly depends on material thermal-physical properties of density, specific heat, 10 

thermal conductivity, and material mechanical property of tensile strength. Based on 11 

a series of experiments as well as analytical modeling and numerical simulation of 12 

HSMC, Liu and Wang [36-38] suggested a division of machining phases based on 13 

chip morphology and material deformation mechanism, and proposed the scientific 14 

essence of brittle fracture of workpiece materials during UHSMC. The development 15 

of fundamentals about HSMC is beneficial for getting deep insights into it and has 16 

also significantly promoted its application. 17 
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Besides the above achievements, the handbook of high-speed machining 1 

technology edited by King [21] systematically summarized HSMC from the aspects 2 

of general theory and industrial application. Some other researchers, including 3 

Tlusty [39], Smith and Tlusty [40], Schmitz and Donalson [41], Movahhedy and 4 

Mosaddegh [42] focused on the characteristics of cutting dynamics during HSMC of 5 

different workpiece materials to maximize the machining performance. 6 

New definitions of HSMC have been formulated in compliance with advanced 7 

knowledge. The machining process enters a new regime only when the deformation 8 

behavior of workpiece material undergoes a significant transformation. The material 9 

localized deformation behavior within adiabatic shear bands (ASBs) is distinctly 10 

different from the uniform plastic deformation of continuous chips [31,34]. 11 

Consequently, the existence of ASBs and associated formation of serrated chips have 12 

been identified as an indication of HSMC and gradually accepted by academia 13 

[43,44]. It needs to be noted that although the critical cutting speed for adiabatic 14 

shear is relatively low for certain workpiece materials such as titanium alloys owing 15 

to their poor thermal properties, it can still be regarded as HSMC once the cutting 16 

speed is higher than that for ASB formation. With a constant increase in the cutting 17 

speed, workpiece materials undergo ductile to brittle transition due to the 18 

embrittlement effect of the high strain rate. Consequently, the material deformation 19 

mechanism transforms from adiabatic shear to brittle fracture, which can be regarded 20 

as the indication of UHSMC [36,37]. Therefore, HSMC can be defined as machining 21 

with a cutting speed higher than that for ASB formation, whereas UHSMC can be 22 
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defined as machining with a cutting speed higher than that for fragmented chip 1 

formation induced by workpiece material embrittlement.  2 

A consensus has been reached that the high speed in HSMC is preferably 3 

referred to a combined economic and performance target, rather than merely a 4 

technical parameter [11]. It is difficult to define HSMC by a specific cutting speed 5 

range, which is always varied for different cutting conditions. Consequently, high 6 

performance machining is put forward [11] to get the maximum output from 7 

machining processes by adjusting machining parameters. 8 

 9 

2.2 Test methods to achieve high cutting speeds 10 

Besides using a high-speed spindle directly, high cutting speeds can be achieved 11 

by different methods as seen in Fig. 4. A large diameter of cutting tool or workpiece 12 

can help to increase linear cutting speeds if a high-speed spindle is not available. 13 

Wang et al. [36] installed a disk workpiece with 130 mm in diameter to the spindle of 14 

a machine tool through a tool shaft as shown in Fig. 4a. This method can achieve high 15 

cutting speeds at relatively low spindle speeds. A cutting speed range of 50 m/min to 16 

8,000 m/min was obtained by Wang et al. during machining of different workpiece 17 

materials such as Inconel 718 and aluminum alloy 7050-T7451.  18 

Simultaneous rotations of spindle and workpiece in an opposite direction can 19 

increase the linear cutting speed effectively. Zhou et al. [45] adopted a machining tool 20 

with double spindles rotating oppositely to achieve a maximum cutting speed of 21 

30,000 m/min, as seen in Fig. 4b. The finished surface quality of pure aluminum 22 



14 

 

A1199 and aluminum alloy A5056 were studied at this high cutting speed. 1 

Modifying Split Hopkinson Pressure Bars (SHPB) or Taylor Bar is common 2 

method to realize high cutting speeds, as high-pressure gas can generate very high 3 

impact speeds. Either cutting tool or specimen can be set as a moving element, and 4 

the cutting depth can be adjusted precisely through fixing the relative position 5 

between workpiece and cutting tool. HSMC generated by high-pressure gas is also 6 

called as ballistic machining. Sutter et al. [46], Sutter and List [47] developed a 7 

ballistic machining setup shown in Fig. 4c, and performed HSMC experiments of 8 

titanium alloy Ti6Al4V over a wide speed range from 300 m/min to 4,400 m/min. 9 

Considering that the ballistic machining is realized by a linear movement between 10 

the cutting tool and workpiece, in-situ measurement or observation of machining 11 

process with a high-speed camera can be conveniently conducted, and this is a 12 

prominent advantage compared with other HSMC methods. Ye et al. [ 48 ] 13 

established a ballistic machining setup using a light-gas gun shown in Fig. 4d that 14 

can provide cutting speeds up to 12,000 m/min, and carried out HSMC experiments 15 

on AISI 1045 steel. The highest cutting speed was achieved by Arndt [25] as 8,000 16 

ft/s (equivalent to 146,304 m/min) using the ballistic machining method, whereby 17 

the inertia effect of material deformation caused by the ultra-high cutting speed was 18 

revealed. Wuertemberger [49] reported an ultra-high speed test setup based on a 19 

rocket propulsion, which can achieve ultra-high speeds up to 10,000 m/s. Although 20 

the setup was applied to study the wear behavior of high-speed rocket sleds, it can 21 

still provide some inspiration for designing new HSMC setups to obtain higher 22 
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cutting speeds. 1 
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Fig. 4. Different methods to achieve high cutting speeds. (a) High speed machining achieved 3 

with a large diameter of workpiece [36]. (b) High speed machining achieved by double spindles 4 

[45]. (c) and (d) Ballistic machining setups [46-48]. (e) Pendulum based Cutting Test setup 5 

[50,51]. 6 

A recent work performed by Xu et al. [50,51] reported that a Pendulum based 7 

Cutting Test (PbCT) setup, as shown in Fig. 4e, was used to investigate the effect of 8 

varying cutting speed on chip morphology and surface integrity. Although the 9 

maximum cutting speed of 140 m/min they obtained was not very high, it provided a 10 

simple and feasible way to achieve continuously varying cutting speed in a single 11 

cutting step. Similarly, the ballistic machining setup shown in Fig. 4c,d can also 12 
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generate continuously changed cutting speed because decaying speed of moving 1 

bodies (either cutting tool or workpiece) occurs in both PbCT and ballistic 2 

machining setup.  3 

Among different methods to achieve high cutting speeds as shown in Fig. 4, 4 

those realized based on machining tools (as shown in Fig. 4a,b) may work better 5 

than the others, because the machine tools possess higher rigidity and precision. 6 

Nevertheless, the modifying SHPB and ballistic machining setup also have their own 7 

advantages as they can be combined with in-situ measurement more easily. It is 8 

difficult to determine which method is the best to perform HSMC experiments, and 9 

one should choose the most suitable method based on specific research purpose. 10 

High performance machining equipment that can provide high cutting speeds is 11 

a foundation for both fundamental research and industrial application of HSMC. No 12 

longer simply seeking higher cutting speeds, different sensors have been integrated 13 

with machining tools or setups to monitor the machining process or realize in-situ 14 

measurement of process parameters. For example, force sensors, acoustic emission 15 

sensors, high-speed cameras, and thermal imagers can be used to monitor the 16 

machining process of HSMC. Multi-sensor fusion has been promoting the 17 

development of machining performance [52-55], and it will also be a hot topic in the 18 

future research of HSMC to further develop the process superiorities. 19 

 20 

3. Material removal mechanism during HSMC 21 
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The material deformation behavior and associated removal mechanism during 1 

HSMC present distinctly different characteristics compared with those during 2 

conventional machining. Consequently, the serrated or fragmented chips produced at 3 

high cutting speeds are different from the continuous ribbon chips commonly formed 4 

at conventional speeds. The formation of serrated or fragmented chips is generally 5 

favorable to the machining process from the perspectives of material removal and 6 

chip disposal. 7 

3.1 Material dynamic properties under high speed loading 8 

HSMC has been recognized as a nonlinear dynamic deformation process 9 

accompanied by large strain, large strain rate and high temperature in cutting 10 

deformation areas [2, 56 - 58 ]. Modeling of material dynamic properties is a 11 

foundation for characterizing the material deformation behavior during HSMC. 12 

Particularly, accurate description of material constitutive model is a prerequisite for 13 

numerical simulation of machining process. 14 

Mechanical tests on material deformation behavior are bases for evaluating 15 

dynamic properties of workpiece materials during metalworking process including 16 

HSMC. According to the range of strain rate of material deformation during different 17 

metalworking processes, different mechanical tests can be used to develop material 18 

models [36]. With the strain rate increasing from 10-8 /s to higher than 107 /s, 19 

material response can be divided into three sections as static response, quasi-static 20 

response and dynamic response. The dynamic response is sub-divided into 21 

intermediate strain rate range and high strain rate range [59].  22 
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SHPB test is the most widely used method to establish constitutive models of 1 

work materials in HSMC [60,61], because the strain rate range of SHPB test 2 

overlaps with that in HSMC. Different types of specimens, including standard 3 

cylindrical specimens [61,62], hat-shaped specimens [63,64], and pressure-shear 4 

plates [65,66], have been attempted in SHPB tests to study material dynamic 5 

deformation behavior. Nevertheless, with the cutting speed increasing further to 6 

UHSMC range, the strain rate of material deformation can be higher than 106 /s [67] 7 

approaching that in high-speed impact test.  8 

Johnson-Cook (JC) constitutive model is the most commonly used form to 9 

describe material dynamic deformation in machining process [68]. One reason is that 10 

JC model is a thermal viscoplastic model suitable for material deformation where the 11 

strain rate is over a wide range from 103 to 106 s−1. Another reason is that the effects 12 

of strain, strain rate and temperature are considered in separated ways in JC model, 13 

leading to easy calibration for the JC model coefficients. JC model has been applied 14 

in numerical simulations of machining process for different workpiece materials 15 

such as titanium alloys [58], superalloys [69], aluminum alloys [61], steels [70] and 16 

composites [71]. It is found that the effect of thermal softening exceeds the effects of 17 

strain and strain rate hardening during high speed loading or HSMC process. As a 18 

result, the material is deformed more easily in a localized shear band, which 19 

indicates that HSMC provides more suitable conditions for deformation of 20 

workpiece materials. 21 
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JC model has been modified in different forms to describe material dynamic 1 

deformation more precisely. Table 1 lists several typical modified JC constitutive 2 

models suitable for different materials. Different factors, such as softening effect 3 

caused by dynamic recrystallization [72], strain softening [74], strain rate softening 4 

[69], and coupling effects between strain rate and temperature [61,77] are considered 5 

in these modified models. For instance, Calamaz et al. [74] used a modified JC 6 

model considering strain softening effect in finite element (FE) simulation of 7 

machining Ti6Al4V, and proved the reliability of the modified material model. 8 

Wang et al. [61] established a modified JC constitutive model of aluminum alloy 9 

7150-T7451 considering the coupling effects between strain rate and temperature. 10 

Through comparing FE simulation results of machining process using both JC model 11 

and modified JC model, a higher predictive accuracy of the modified material model 12 

is verified.  13 

 14 

 15 

Table 1. Several typical modified JC constitutive models*. 16 
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(K); A, B, n, C, m, m1, m2, m3- JC constitutive parameters; D, S, λ, α, β-material constants. 1 

Note: The specific parameter values can be tracked in corresponding references. 2 

Based on the viewpoint from Astakhov [3,9], mechanical machining can be 3 

regarded as purposeful fracture between the removed layer material and bulk 4 

workpiece. Machining conditions that are favorable to material fracture can help 5 

improve the machining efficiency. Material fracture is determined by the combined 6 

influences of the stress state, strain rate, and temperature. The effect of the stress 7 

state on material fracture that occurs during mechanical tests [78] or machining 8 

processes [ 79-81] has been studied, whereby material fracture strain models 9 

considering the stress state effect have been developed. The effects of the strain rate 10 

and temperature on material dynamic fracture and corresponding fracture strain 11 

models have been focused on in recent years through SHPB tests. It has been 12 

acknowledged that material fracture strain decreases with either increasing the strain 13 

rate or decreasing the temperature [82]. An increase in the strain rate promotes the 14 

ductile to brittle transition of ductile materials. Through investigating the effects of 15 

the strain rate and stress triaxiality on the equivalent fracture strain of Ti6Al4V, 16 

Wang et al. [64] proposed a fracture strain model with an exponential expression of 17 

the strain rate as Eq. (1). 18 

 2.764 0.125

0

(0.097 0.118e )(1 0.217 ln )f

 




− −= + +  (1) 19 

where η is the stress triaxiality,   and 0  are the loading strain rate and the 20 

reference strain rate, respectively. 21 
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Micro-mechanism analysis of material fracture at high speed loading can help 1 

understand the material failure behavior during HSMC. The cross-sectional 2 

microstructures of the fracture surface for Ti6Al4V tested from 0.001 /s (i.e., 3 

quasi-static loading) to 16,000 /s revealed that the dominant material fracture 4 

mechanism transforms from transgranular fracture to mixed intergranular fracture 5 

and transgranular fracture, and then to intergranular fracture [83]. It indicates that 6 

ductile to brittle transition occurs for metal with increasing the strain rate.  7 

 8 

3.2 Material deformation behavior and material removal mechanism 9 

As the cutting speed increases, the chip morphology evolves from continuous to 10 

serrated and then to fragmented. From the perspectives of material removal rate, chip 11 

disposal, and machining automation, serrated and fragmented chips are preferable to 12 

continuous chips. This is one of the technical superiorities of HSMC. Fig. 5 presents 13 

the main research methods for identifying the chip formation mechanism in HSMC 14 

including experimental research, analytical modeling, and numerical simulation.  15 
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Fig. 5. Research methods about chip formation mechanism during high speed metal 2 

cutting.  3 

Experimental research of chips is the most common method for understanding 4 

the chip formation mechanism during HSMC. However, it is high-cost and 5 

time-consuming. The chip morphology variation and associated microstructure 6 

evolution can be studied by analyzing the chips and chip roots produced at different 7 

cutting speeds. Geometrical parameters such as the chip thickness, serrated 8 

frequency, and degree of chip serration are commonly used to characterize chip 9 

morphologies quantitatively [84]. The variations in grain size/orientation and phase 10 

transformation within chips can be analyzed to reveal the microstructural evolution 11 

[85,86]. In-situ observation of chip formation with high-speed cameras and online 12 

measurement of cutting force and acoustic emission are efficient methods for 13 

monitoring the material removal behavior during HSMC [47,55]. In recent years, 14 

with the development of digital image correlation (DIC) technique, inverse 15 

constitutive modeling of chip deformation using coupled DIC and finite element 16 

method (FEM) has been a research hotspot [87].  17 



24 

 

Analytical modeling and numerical simulation are effective for obtaining 1 

deeper insights into the scientific essence of chip formation and are more 2 

cost-efficient than experimental methods. The modeling of thermal-mechanical 3 

conditions for serrated and fragmented chip formation provides a basis for the 4 

theoretical research of chip formation mechanism. The adiabatic shear and ductile 5 

fracture theory [88-90] and the stress wave effect [36,91] have been acknowledged 6 

as efficient theories to explain the formation mechanisms of serrated chips and 7 

fragmented chips, respectively. The cutting energy consumption for chip formation 8 

can also be theoretically modeled as a function of process parameters.  9 

FEM is the main tool for numerical simulation of HSMC due to its suitability of 10 

analyzing severe plastic deformation process and high computational efficiency. 11 

Accurate material models, including constitutive model [59,92,93] and friction 12 

model [94], are important to guarantee the reliability of simulation results. With 13 

numerical simulation, the parameters of cutting force, cutting temperature, and 14 

microstructural evolution can also be predicted along with chip formation process. 15 

The relationships among experimental research, analytical modeling, and numerical 16 

simulation of chip formation in HSMC are illustrated in Fig. 5. 17 

Fig. 6 presents the chip formation process during HSMC of Ti6Al4V and 18 

Inconel 718 [95,96]. Both experimental and numerical simulation results are shown 19 

in Fig. 6. With the cutting speed increasing, the chip morphology of both Ti6Al4V 20 

(Fig. 6a-d) and Inconel 718 (Fig. 6e-h) evolves from continuous to serrated and then 21 

to fragmented. The transition speed of chip morphology depends on workpiece 22 
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materials. Adiabatic shear theory and periodic fracture were popular perspectives to 1 

explain serrated chip formation mechanism. Through analyzing the mechanical 2 

conditions on chip free surface and tool tip region, Wang and Liu [89] proposed a 3 

mixed mechanism of adiabatic shear and ductile fracture (Fig. 6i) and successfully 4 

solve the dispute of the above two famous theories. For the material on chip free 5 

surface located at Point A shown in Fig. 6i, positive stress triaxiality occurs and 6 

ductile fracture criterion expressed by Eq. (2) is suitable for evaluating material 7 

failure. Regarding the material within the tool tip area located at Point B shown in 8 

Fig. 6i, negative stress triaxiality occurs and adiabatic shear is apt to be initiated. 9 

Adiabatic shear criterion expressed by Eq. (3) is adaptable to evaluate the occurrence 10 

of plastic deformation instability. 11 

( , , )f f T  =  (2) 12 

where T is the deformation temperature which is not considered in Eq. (1). The 13 

ductile fracture criterion considering all the effects of strain rate, stress state and 14 

temperature was presented in [80]. 15 

,, ,

0
T T

d d d dT

dV dV dV T dV  

     

 

  
=  +  +  =

  
 (3) 16 

where τ is the shear flow stress, γ is the shear strain,   is the shear strain rate, and 17 

dτ/dV implies the total differential calculation of shear flow stress over the cutting 18 

speed. 19 
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Fig. 6. Chip formation process during high speed machining of (a-d) Ti6Al4V [95], (e-h) 4 

Inconel 718 [96], and formation mechanisms of (i) serrated chip [89], (j) fragmented chip [37]. 5 

Three different conditions occur for serrated chip formation based on the 6 

criteria of Eqs. (2) and (3). One is that the Eq. (2) is satisfied while Eq. (3) is not 7 

satisfied, which means ductile fracture occurs on the chip free surface without ASB 8 

formation. With continuous movement of the cutting tool, the ductile fracture 9 

propagates from the chip free surface to the tool tip until completed formation of a 10 

chip segment. The second condition is that the Eq. (3) is satisfied while Eq. (2) is not 11 

satisfied, which means adiabatic shear is responsible for the serrated formation 12 

instead of ductile fracture. The ASB propagates along the primary shear zone to the 13 

chip free surface. The third condition is that Eq. (2) and Eq. (3) are satisfied 14 

simultaneously. The ductile fracture formed on the chip free surface and the ASB 15 

formed on the tool tip propagated towards each other until they encounter as seen in 16 

Fig. 6i. Through comparing with experimental results of critical cutting speeds for 17 
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HSMC of different workpiece materials [80,89], it was proved that an error of less 1 

than 10% exists for the predictive results obtained with Eqs. (2) and (3). 2 

Embrittlement of ductile materials at high strain rate loading leads to different 3 

chip formation mechanisms compared to low strain rate loading. Through analyzing 4 

stress wave propagation within a slender cylindrical sample loaded by impact, Von 5 

Karman and Duwez [97] concluded that there was a critical impact speed, over 6 

which ductile to brittle transition of deformed material occurs and brittle fracture 7 

becomes the dominant failure mode instead of plastic deformation. Zhou et al. [45] 8 

studied the effect of cutting speed on material removal mechanism during machining 9 

of pure aluminum A1199 and aluminum alloy A5056. They found that ductile metals 10 

are expected to behave elastically throughout most of their strength ranges, and 11 

become brittle when cutting speed is beyond the static plastic wave propagation rate 12 

in workpiece materials. Apparently, taking advantage of material embrittlement at 13 

ultra-high cutting speeds, the cutting energy consumption caused by material plastic 14 

deformation can be reduced when removed layer material turns into chips. 15 

Kuznetsov [ 98 ] also proposed that material embrittlement is enhanced with 16 

increasing the cutting speed, leading to a less time scale for material plastic 17 

deformation and reduction of material deformation energy.  18 

A prediction model of critical cutting speed for UHSMC, as expressed as Eq. 19 

(4), at which the fragmented chips are formatted by ductile to brittle transition has 20 

been developed based on stress wave propagation theory as shown in Fig. 6j [37]. 21 

Cleavage and crystalline fracture were observed as the dominant failure mechanism 22 
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for chip formation during UHSMC, and all these features are typical brittle fracture 1 

characteristics [37,67].  2 

0

0

ue

UHSM

d de
V de




=   (4) 3 

where VUHSMC is the critical cutting speed of UHSMC, dσ0/de is the slope of the 4 

tangent line corresponding to the point of stress σ0 on the engineering stress-strain 5 

curve of workpiece material, eu is the strain corresponding to the tensile strength of 6 

workpiece material, and ρ is the workpiece material density.  7 

Based on the model of Eq. (4), the predictive results of VUHSMC for three 8 

workpiece materials (i.e., Ti6Al4V, Inconel 718, and 7050-T7451 aluminum alloy) 9 

have an error of 4.8%, 6.0%, and 16% compared with experimental results. 10 

Nevertheless, the model of Eq. (4) is limited to the prediction of critical cutting 11 

speed for orthogonal cutting mode, and the stress wave propagation is assumed to be 12 

within a one-dimensional removed material layer. A general model adaptable to more 13 

complicated machining processes and considering more practical cutting conditions 14 

is still needed.  15 

Wang et al. [37,99] developed cutting energy consumption models for serrated 16 

and fragmented chip formation during HSMC and UHSMC, as shown in Fig. 7a. As 17 

expressed by Eq. (5), the cutting energy consumption for serrated chip formation 18 

mainly includes the plastic deformation energy in the primary shear zone, friction 19 

energy of the tool-chip interface, and chip kinetic work. Comparatively, the cutting 20 

energy consumption for fragmented chip formation mainly includes the local kinetic 21 

energy of chip fragments and the fracture surface energy expressed by Eq. (6). The 22 
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variation in cutting energy consumptions for several typical ductile metals such as 1 

aluminum 7050-T7451, Inconel 718, and Ti6Al4V are presented in Fig. 7b-d, 2 

respectively. The predicted results of cutting energy consumption for both serrated 3 

and fragmented chips present good agreement with experimental results as shown in 4 

Fig. 7. The errors between the predicted and experimental results are less than 10% 5 

for the above three workpiece materials. 6 
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where s  is the average shear stress in the primary shear zone, As is the sectional 8 

area of the primary shear zone along the cutting edge, Vc is the chip sliding speed, aw 9 

is the cutting width, and β is the friction angle. 10 
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where A' is the ratio of the fragment chip surface area to its volume which can be 12 

obtained by Eq. (7), χ is the specific surface energy for the workpiece material.  13 
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The cutting energy consumption for brittle regime machining in UHSMC is 15 

significantly lower than that for ductile regime machining in HSMC. This indicates 16 

the advantage of UHSMC in terms of energy savings. For example, the cutting 17 

energy consumption for chip formation during machining of 7050-T7451 at a speed 18 

of 8,000 m/min decreases by 19% compared to that at 4,000 m/min, whereas the 19 

machining efficiency increases to two times. Meanwhile, the cutting energy 20 

consumption for chip formation during machining of Inconel 718 at a speed of 8,000 21 
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m/min is less than that at 5,000 m/min by 35%, whereas the machining efficiency 1 

increases by 60%. 2 

 

r
t0

VcX

Y

Z

O
w

Tool

Chip

Workpiece

Primary 

shear zone

Secondary 

shear zone

Tertiary 

shear zone

0 −
L

ac

h

H

Vc

S

Vc

V

0





Vs

V

Adiabatic 

shear band

 

)(cos2

sin

)cos(

sin
),,(

0

2

22

0
0 










−
+

−+
+= 

V

Vaa

VA
dTE

wc

css
 

A
A

E +


= 


2

2  
3/1

2

)
2

(


 
=Aand

Serrated 
chip

Fragmented 
chip

0

0.4

0.8

1.2

1.6

2.0

0 1000 2000 3000 4000 5000 6000 7000 8000

Cutting speed (m/min) 

S
p

ec
if

ic
 e

n
er

g
y

 (
G

J/
m

3
) 

Energy of brittle 

regime machining 
Predicted critical 

cutting speed

Energy of ductile 

regime machining 

Theoretical results 

Experimental results 

Ductile-to-brittle 

transition period 

 3 

     (a)                                     (b) 4 

0

1

2

3

6

7

0 1000 2000 3000 4000 5000 6000 7000 8000

Cutting speed (m/min)

S
p
ec

if
ic

 e
n
er

g
y
 (

G
J/

m
3
)

Energy of brittle 

regime machining

Energy of ductile 

regime machining

Ductile-to-brittle 

transition period

9000 10000

5

4

Theoretical results

Experimental results 

 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.5

1

1.5

2

2.5

3

3.5
x 10

9

0.5

1.0

1.5

2.0

3.5

0 500 1000 1500 2000 2500 3000 3500 4000

Cutting speed (m/min) 

S
p
ec

if
ic

 e
n
er

g
y
 (

G
J/

m
3
) 

Energy of brittle 

regime machining

Energy of ductile 

regime machining

4500 5000

3.0

2.5

Critical speed of ductile-

to-brittle transition

Theoretical results

Experimental results 

 5 

  (c)                                     (d) 6 

Fig. 7. (a) Cutting energy consumption models for serrated and fragmented chips formation 7 

during high speed machining [37], and variation of cutting energy consumption for (b) aluminum 8 

7050-T7451, (c) Inconel 718 and (d) Ti6Al4V [99,100]. 9 

 10 

The observation and characterization of the microstructures within chips at a 11 

micro level can help obtain deeper insights into the chip formation and material 12 

removal mechanism during HSMC. With the aid of TEM, Duan and Zhang [101] 13 

carried out an in-depth investigation into the microstructures and formation 14 

mechanism of ASB within serrated chips of hardened AISI 1045 steel produced 15 

during HSMC. Based on different microstructures, two types of ASBs (i.e., 16 

deformed and transformed shear bands) were identified in the formation of serrated 17 
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chips. The deformed ASBs are generated by purely severe plastic shear, while the 1 

transformed ASBs are produced by recrystallization process.  2 

Following this method, Liu et al. [102] attempted to reveal the formation 3 

mechanism of serrated chips during HSMC of titanium alloy Ti6Al4V. As shown in 4 

Fig. 8, the Scanning Electron Microscopy (SEM) morphologies for the ASBs were 5 

similar for the serrated chips formed for the cutting speeds from 250 m/min to 500 6 

m/min. However, the microstructures within ASBs were significantly different at 7 

different cutting speeds through observation with TEM and Focused Ion Beam (FIB) 8 

techniques. Columnar grains with the size of hundred nanometers were produced by 9 

severe plastic deformation in ASBs at the cutting speed of 250 m/min (as shown in 10 

Fig. 8a,b), which belongs to the deformed ASB classified by Duan and Zhang [101]. 11 

At this condition, the cutting temperature within chips did not reach the 12 

recrystallization temperature, thus no recrystallization, recovery, or phase 13 

transformation took place [103,104]. The thermal softening was not prominent 14 

leading to a relatively high cutting force as well. Equiaxed nano-grains generated by 15 

the effect of recrystallization were observed at the cutting speed of 375 m/min as 16 

shown in Fig. 8c,d. With the cutting speed increasing to 500 m/min, the grain size 17 

within ASBs increased due to the growth of recrystallized nano-grains at higher 18 

cutting temperatures.  19 

With the popularization of composites used in aerospace, the material removal 20 

mechanism during HSMC of composites, including metal matrix [105] and ceramic 21 

matrix [4] ones, has also attracted more attention by both academia and industries. 22 



32 

 

Bejjani et al. [106] studied the microstructural evolution within ASBs of serrated 1 

chips formed during HSMC of titanium metal matrix composite (Ti-MMC). They 2 

reported that the microstructure inside the ASBs was composed of elongated and 3 

equiaxed nano-sized grains attributed to rotational dynamic recrystallization, which 4 

is similar with the phenomenon in HSMC of titanium alloy.  5 

 

Columnar grainsColumnar grains

Equiaxed nano-grains

Equiaxed nano-grains

Increase of grain size
Increase of grain size

 6 

Fig. 8. Microstructural evolution in ASBs of serrated chips formed during HSMC of 7 

Ti6Al4V at different cutting speeds. (a) Bright field and (b) dark field images at 250 m/min. (c) 8 

Bright field and (d) dark field images at 375 m/min. (e) Bright field and (f) dark field images at 9 

500 m/min [102]. 10 
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Although the above research is beneficial for understanding the formation 1 

mechanism of serrated chips during HSMC of different workpiece materials, some 2 

limitations or research gaps still occur implying potential research directions in this 3 

field. For instance, the relationship or mapping is still not clear among the specific 4 

microstructures formed in chips, deformation conditions such as the strain, strain 5 

rate, and state of stress, in addition to the cutting conditions. Furthermore, it has not 6 

been focused enough on the dependence of material removal mechanism and 7 

associated microstructural evolution on inherent attributes of workpiece material. 8 

Original specific microstructures, thermal-physical-mechanical properties and 9 

isotropy/anisotropy of workpiece materials may result in different removal 10 

mechanism during HSMC process.  11 

Effective numerical simulation of the microstructure within chips can help to 12 

predict material removal behavior and achieve distributions of microstructure field 13 

prior practical machining process. Through developing a Mechanical Threshold Stress 14 

(MTS) based internal state variable (ISV) constitutive model, the grain size 15 

distributions within ASBs and segments of serrated chips were successfully predicted 16 

during HSMC of commercially pure titanium [107] and nickel-based Waspaloy [108], 17 

as shown in Fig. 9. In their model, the flow stress depends on the microstructure 18 

including the dislocation density and mean grain size. The influences of dislocation 19 

drag, dynamic recovery, and dynamic recrystallization are also taken into 20 

consideration. When the grain size is smaller than a critical value, an inverse 21 

Hall-Petch effect caused by grain boundary sliding is included in the model to 22 
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simulate serrated chip formation. It can be seen from Fig. 9 that ultrafine grains 1 

distributed within the ASBs of serrated chips can be successfully predicted for both 2 

two workpiece materials.  3 

(b)(a) (b) (c)

(d)  4 

Fig. 9. (a) Optical micrograph of chip microstructure in ASB formed during HSMC of 5 

commercially pure titanium at a cutting speed of 100 m/min, and simulated (b) grain size and (c) 6 

dislocation density distribution [107]. (d) Predicted and experimental micrographs of 7 

microstructure distribution in serrated chip during machining of Waspaloy at a cutting speed of 8 

70 m/min [108]. 9 

However, an apparent limitation of the present physically-based constitutive 10 

model is the need to calibrate an excessive number of parameters in addition to the 11 

significant dependence of the prediction capability of the model on the calibration 12 

accuracy. The development of more efficient physically-based constitutive models is 13 

likely to remain a potential research direction for the simulation of HSMC process. In 14 
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addition, the present research about material removal behavior and associated 1 

mechanism in HSMC is mainly limited to two-dimensional cutting. Material removal 2 

mechanism in three-dimensional cutting that is widely used in practical applications 3 

needs further study. 4 

 5 

4. Machined surface integrity in HSMC 6 

The excellent surface integrity of the final machined component is a main 7 

superiority of HSMC. Surface integrity is commonly used to characterize machined 8 

surface quality. It mainly includes surface topography, metallurgical alteration, and 9 

mechanical property [15]. In general, surface topography primarily affects the 10 

contact condition and stress concentration of machined components, while the 11 

metallurgical alteration within the machining-affected area determines the surface 12 

mechanical properties, which will further affect the component service performance 13 

[109,110].  14 

Cutting speed is the main variable that affects the machined surface integrity 15 

during HSMC. The scope of this review about machined surface integrity during 16 

HSMC is marked by the dashed line in Fig. 10. The variation in the surface 17 

geometrical characteristics, microstructural characteristics, and mechanical 18 

properties (mainly refers to residual stress here) at high cutting speeds will be 19 

emphasized. The effects of the other cutting parameters, cutting environments and 20 

cutting tools on the machined surface integrity are not covered in this review paper.  21 
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Fig. 10. Review scope of machined surface integrity in HSMC. 2 

 3 

4.1 Machined surface topography and surface defects generated during HSMC 4 

4.1.1 Machined surface topography 5 

Surface roughness is the most widely used parameter to characterize the 6 

geometrical characteristics of machined surfaces. Regarding assembled machined 7 

surfaces, an excessively high surface roughness is likely to induce extreme friction 8 

and wear. For load bearing components, a rough surface may induce more severe 9 

stress concentrations at asperities, which then result in micro-cracks more easily 10 

under external loadings [111]. A smoother surface with lower surface roughness is 11 

generally preferred in most mechanical components. The cutting speed is an 12 

important process parameter that determines the finished surface roughness by 13 
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affecting the material deformation behavior and the contact conditions between the 1 

cutting tool and finished surface.  2 

Su et al. [112] performed high speed orthogonal cutting experiments over a 3 

speed range from 120 m/min to 1,200 m/min on a high strength alloy steel 4 

Aermet100. They revealed an underlying reason for the variation in the 5 

micro-topography of machined surface by correlating the chip morphology and 6 

machined surface micrograph at different cutting speeds. As shown in Fig. 11, the 7 

results indicate that although the machined surface roughness increases as the cutting 8 

speed increases from 120 m/min to 200 m/min, it then decreases consistently when 9 

the cutting speed increases from 200 m/min to 1,200 m/min. The variation in 10 

machined surface roughness is recognized as being induced by micro-waves formed 11 

on the surface, which is determined mainly by the degree of chip serration. Complete 12 

chip serration at a cutting speed of 1,200 m/min generates the lowest surface 13 

roughness, which implies the applicability of HSMC in practical production.  14 

An experimental research on HSMC of Ti6Al4V also concluded that the 15 

machined surface roughness decreased with increasing of the cutting speed over a 16 

range of 420 m/min-1,020 m/min [113]. Decrease of cutting force and serrated chip 17 

thickness are two main reasons contributed to the decrease of machined surface 18 

roughness at high cutting speeds. Zhou et al. [114] studied the machined surface 19 

roughness in high speed turning of Inconel 718 at different cutting speeds, and 20 

presented that the variation of machined surface roughness also depends on the 21 

cutting tools used. CBN tools coated with titanium nitride (TiN) can induce a 22 
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reduction of surface roughness from over 0.5 μm to 0.3 μm with increasing the 1 

cutting speed from 200 m/min to 350 m/min, while uncoated CBN tools did not 2 

induce significant variation of machined surface roughness. 3 
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 4 

Fig. 11. Evolution of geometrical characteristics of machined surface and 5 

corresponding chip morphologies during high speed machining of Aermet100 [112]. 6 

 7 

4.1.2 Machined surface defects 8 

Various surface defects induced by the interaction between the cutting tool and 9 

workpiece material are commonly observed on machined surfaces during machining 10 
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processes. These defects will function as weakening locations that cause the 1 

initiation and propagation of cracks and premature failure of machined components 2 

[115]. Thus, a clear understanding of the types of surface defects and the prevention 3 

of their formation through selecting appropriate cutting parameters can effectively 4 

use the technical advantages of HSMC. 5 

The surface defects formed during HSMC of different workpiece materials such 6 

as steels [48], nickel-based alloys [116,117], titanium alloys [118,119], and 7 

aluminum alloys [67] have been studied. Fig. 12 presents the typical surface defects 8 

formed on machined surfaces during HSMC of two types of nickel-based 9 

superalloys (AD 730™ [117] and Inconel 718 [36,120]) under different cutting 10 

conditions. Cavities and carbide cracking are two main types of surface defects for 11 

the two workpiece materials, as shown in Fig. 12a,b,h,j). The cavities are generally 12 

formed because of the pull-out of hard precipitates and carbides from the surface or 13 

developed in association with tool wear, e.g., irregular wear near the tool nose or 14 

adhesion of workpiece material on the cutting edge [117]. Cracked carbides that 15 

remain on machined surfaces tend to induce the formation of micro-cracks and 16 

deteriorate the machined surface quality. Built-up-edge (BUE) debris detached from 17 

the cutting edge is easily re-deposited on the machined surface and induces debris 18 

defects. Meanwhile, surface tears and material dragging are likely to occur when 19 

detached cracked carbides or BUE are re-deposited and dragged on the machined 20 

surface in the subsequent cutting steps.  21 
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Fig. 12. Typical surface defects formed on the machined surface during HSMC of 2 

nickel-based superalloy at different cutting conditions. (a-f) Turning, workpiece material: AD 3 

730™, cutting speed 300 m/min, feed rate 0.2 mm/r, depth of cut 0.25 mm [117]. (g-j) Turning, 4 

workpiece material: Inconel 718, cutting speed 90 m/min (g-machined with new tool, 5 

h-machined with worn tool) and 300 m/min (i-machined with new tool, j-machined with worn 6 

tool), feed rate 0.2 mm/r, depth of cut 0.25 mm [120]. (k,l) Orthogonal cutting, workpiece 7 

material: Inconel 718, cutting speed 800 m/min (k) and 7,000 m/min (l), uncut chip thickness 0.1 8 

mm [36]. 9 

As excessive cutting temperature or microstructural inhomogeneity is inclined 10 

to induce plastic flow or side flow defects, as shown in Fig. 12e,f [121]. Especially, 11 

severe tool wear that occurs during HSMC of difficult-to-machine materials 12 

intensifies the defect formation associated with non-uniform plastic flow [119]. 13 

When the cutting speed increases to the range of UHSMC (e.g., a cutting speed of 14 

7,000 m/min as shown in Fig. 12l), embrittlement of workpiece material occurs and 15 

the material removal is dominated by brittle fracture. The defects also evolve from 16 
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plastic deformation types to brittle fracture. Owing to the brittle fracture, the surface 1 

roughness generated at the cutting speed of 7,000 m/min is significantly higher than 2 

that at 800 m/min. 3 

It is noteworthy that the optimum cutting conditions for the inhibition of surface 4 

defects differ across different studies even for the same workpiece material. For 5 

example, M'Saoubi reported that a good surface finish was obtained during 6 

machining of Inconel 718 at a relatively low cutting speed of 90 m/min (as shown in 7 

Fig. 12g) due to the lower cutting temperature, whereas Wang et al. [36] observed 8 

that a high cutting speed of 800 m/min produced machined surface with less defects 9 

as shown in Fig. 12k. Ye et al. [48] also reported that a high cutting speed of 4,000 10 

m/min produced a smoother surface than that at a speed of 1,800 m/min during 11 

HSMC of 1045 steel. This is attributed to the fact that higher cutting speeds result in 12 

a shorter time for the plastic deformation of machined surface, whereby the plastic 13 

flow becomes limited resulting in a higher quality of surface integrity [122].  14 

It can be concluded that the cutting speeds at which lower cutting temperatures 15 

and less plastic deformation are generated can help suppress the formation of surface 16 

defects during ductile regime machining. Meanwhile, when the cutting speed 17 

exceeds the critical value of UHSMC, brittle regime machining occurs and the 18 

surface quality deteriorates. It is recommended that UHSMC be applied in the rough 19 

and semi-finish machining processes rather than in the final finish process. 20 

Nevertheless, the means to achieve effective trade-offs between machining 21 
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efficiency and surface defects with proper process planning for different workpiece 1 

materials is still under debate.  2 

 3 

4.2 Metallurgical alterations of machined surface 4 

4.2.1 Microstructural alteration 5 

Metallurgical alterations of machined surfaces have attracted more attention in 6 

recent decades and been gradually recognized as a significant surface integrity 7 

parameter that determines surface properties and performance. Ultrafine grains are 8 

prone to be generated by severe plastic deformation during machining processes. 9 

The higher plastic strain and plastic strain rate generated in HSMC provide a 10 

favorable condition for the formation of ultrafine grains on the machined surface. 11 

Guo et al. [123] mapped the relationships among deformation rate, strain, and 12 

temperature in machining processes (Fig. 13). They summarized the dependence of 13 

microstructural alteration and microhardness on the deformation parameters, i.e., 14 

strain and deformation rate. It is evident that the range of deformation rate and strain 15 

in HSMC can help produce ultrafine grains and micro/nano-sized cell structures. 16 

Different research on several kinds of workpiece materials 17 

[50,51,104,108,124,125] has demonstrated that high cutting speeds can generate 18 

ultrafine grains on the machined surface and subsurface. Xu et al. [50] investigated 19 

the microstructural alterations on the machined surface of nickel-based superalloy 20 

Inconel 718 over a speed range from 50 m/min to 140 m/min using the PbCT setup as 21 

seen in Fig. 4e. It was reported that the severe deformation depth within the 22 
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machining-affected area increased with increasing the cutting speed in a certain range. 1 

The extent of plastic deformation within the machining-affected layer was 2 

characterized using a strain contour map through calculating local misorientation 3 

variations within each grain and weighted by grain size. Their results proved that the 4 

depth of plastic deformation area under machined surface became larger with the 5 

increase of cutting speed. It can be expected that with the increase of local 6 

misorientation variations within each grain, refined grains would be formed within a 7 

coarse grain when low-angle boundaries transformed to high-angle boundary.  8 

 9 

Fig. 13. Deformation-microstructure map derived from machining experiments showing (a) 10 

deformation parameters (strain, strain rate, temperature) accessed and (b) microstructures and 11 

hardness recorded in the different deformation regions [123]. 12 

Velásquez et al. [125] performed a close observation on the cross-section of 13 

machined surface and sub-surface generated during HSMC of titanium alloy Ti6Al4V 14 

with a cutting speed range from 20 m/min to 420 m/min. Fig. 14a-d presents the 15 

comparison of cross-sections of machined surface at the cutting speed of 20 m/min 16 

and 260 m/min. Three areas of the machining-affected region were defined as bulk 17 

material (P1), moderate plastic deformation layer (P2), and ultrafine grain layer (P3). 18 
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The layer thicknesses of both P3 and P2+P3 increase with the cutting speed increasing 1 

within the investigated speed range in [125]. Imbrogno et al. [108] summarized the 2 

effect of strain rate (i.e., cutting speed) on material deformation mechanisms through 3 

analysis of the machined surface microstructures during machining of nickel-based 4 

Waspaloy. As shown in Fig. 14e,f, with the cutting speed increasing, the material 5 

deformation mechanism of machined surface evolves from slip bands formation 6 

caused by mobile dislocations, to formation of elongated dislocation cell structures, 7 

and then to the formation of sub-micron grains and recrystallization.  8 

(e)

(a) (b)

(c) (d)

(f)

 9 

Fig. 14. Machined surface microstructures of titanium alloy Ti6Al4V produced at (a,b) 10 

cutting speed of 20 m/min and (c,d) cutting speed of 260 m/min (adapted from [125], Note: P1, 11 

P2, and P3 areas refer to bulk material, moderate plastic deformation layer, and ultrafine grain 12 

layer, respectively; Fig. (b) and Fig. (d) are the enlarged views for the square area marked in Fig. 13 

(a) and Fig. (c), respectively). (e) Typical machined surface microstructure of nickel-based 14 

Waspaloy, and (f) the effect of strain rate (i.e., cutting speed) on deformation mechanisms during 15 

machining of Waspaloy [108]. 16 

The conclusions of Xu et al. [50] and Velásquez et al. [125] indicate that high 17 

cutting speeds produce a deeper modified layer and may deteriorate surface integrity 18 
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from the perspective of metallurgical alteration. However, the cutting speed range 1 

addressed in the above-mentioned research is less than 1,000 m/min, and a more 2 

extensive study is required to cover a wider cutting speed range to reveal the speed 3 

effect on the microstructural alterations of machined surface. Furthermore, whether 4 

the ultrafine grain layer formed on the machined surface is good or not is also 5 

inconclusive and needs to be studied further.  6 

Different conclusions were reported in the research of Neugebauer et al. [126] 7 

and Zhang and Yin [127] about the speed effect on the microstructural alteration of 8 

machined surfaces. Neugebauer et al. [126] observed that an increase in the cutting 9 

speed from 150 m/min to 2,000 m/min induced an increase in the temperature within 10 

cutting chips and decreased specific forces, and consequently reduced the subsurface 11 

damage of workpiece. Based on the material embrittlement caused by high strain rates 12 

(>103 s−1) during HSMC, a “skin effect” of subsurface damage was proposed by 13 

Zhang and Yin [127] to explain the decrease in the damaged layer thickness of 14 

machined surfaces at high cutting speeds. It implies that an increase of cutting speed 15 

above a critical value is favorable for improving the surface integrity. An 16 

experimental and numerical research was performed by Wang et al. [124] on the 17 

microstructural evolution during HSMC of Ti6Al4V over a speed range of 100 18 

m/min-300 m/min. The models of Zener-Hollomon and Hall-Petch were used to 19 

simulate the variations of grain size and micro-hardness within the 20 

machining-affected layer generated at different cutting speeds. It was observed that 21 

more refined grains and associated larger micro-hardness were produced on the 22 
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machined surface of Ti6Al4V at higher cutting speeds.  1 

(a)

(b)

(c)

(d)

 2 

Fig. 15. Prediction of microstructure gradient distribution on machined surface during 3 

HSMC of OFHC with coupled FEM and CA method. (a) FEM simulation of HSMC. (b) 4 

Extraction of thermal-mechanical loadings from FEM results. (c) CA simulation of 5 

microstructure evolution with mixed mechanisms of cDRX and dDRX. (d) Comparison of 6 

simulation and experimental results of microstructure distribution at different cutting speeds 7 

[128]. 8 

A recent research of Liu et al. [128] demonstrated the feasibility of predicting the 9 

microstructure gradient distribution on machined surface generated in HSMC using a 10 

coupled FEM and cellular automata (CA) method. A unified material model is 11 

adopted to describe both the constitutive behaviors and microstructure evolution 12 

during machined surface formation. A combined mechanism of continuous dynamic 13 

recrystallization (cDRX) and discontinuous dynamic recrystallization (dDRX) is 14 

considered to characterize grain refinement and growth [129,130]. The detailed 15 
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operation procedure of this approach and numerical simulation examples for HSMC 1 

of oxygen-free high-conductivity copper (OFHC) at two high cutting speeds (i.e., 750 2 

m/min and 1,500 m/min) are presented in Fig. 15. The good agreement between the 3 

experimental and simulation results is demonstrated to express the gradient 4 

microstructures of the machined surface. Nevertheless, the coupled FEM and CA 5 

method is limited to pure or single-phase materials such as OFHC. Future research 6 

needs to focus more on the simulation of general engineering materials with multiple 7 

phases, for which phase transformations should be considered.  8 

 9 

4.2.2 White layer formation 10 

The formation of white layer, which is a typical modified layer on the machined 11 

surface of nickel-based alloys and hardened steels, also depends on the cutting speed 12 

during HSMC. The white layer formation has been acknowledged as being 13 

detrimental to the performance and service life of mechanical components. The 14 

suppression of its formation with appropriate cutting parameters is significant for 15 

improving the properties of finished surfaces. 16 

The white layer formed on a machined surface may not be continuous [131], 17 

and aggressive cutting conditions or severe tool wear are likely to induce a 18 

continuous and thick white layer. The morphology and microstructure of typical 19 

white layers formed on machined surfaces during HSMC of nickel-based superalloy 20 

AD 730™ and titanium alloy Ti6Al4V are presented in Fig. 16 [117,132]. A 21 

relatively uniform white layer can be observed for both two materials, as shown in 22 
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Fig. 16a,c. Here, a high cutting speed of 300 m/min was used for machining of AD 1 

730™ superalloy and a 0.5 mm worn insert was used for machining of Ti6Al4V. 2 

Nano-crystalline microstructures were identified within the white layer of AD 730™ 3 

superalloy using Electron Channeling Contrast Imaging (ECCI), as shown in Fig. 4 

16b. The thickness of the white layer formed on the machined surface of Ti6Al4V 5 

(Fig. 16c) is significantly larger than that of AD 730™ superalloy owing to the poor 6 

thermal properties of titanium alloys [47,95]. It is difficult to resolve the ultrafine 7 

grains at nano-meters level because the dimension of microstructures in the white 8 

layer approaches the resolution limit of backscattered electron SEM. Clearer 9 

microstructures can be captured using TEM with a higher magnification. As shown 10 

in Fig. 16d-f, as the distance from the machined surface increases, the mean grain 11 

size increases to approximately 200 nm in the transition region between the white 12 

layer and swept grain, and approximately 500 nm in the swept grain region. 13 

Similar with the formation of ASBs in serrated chips, adiabatic shear 14 

localization has been recognized as a dominate factor for the white layer formation 15 

during machining of different workpiece materials. This opinion is supported by 16 

Chen et al. in HSMC of nickel-based superalloy AD 730™ [117], Barry and Byrne 17 

in turning of hardened steel [133], Bushlya et al. [30] in HSMC of Inconel 718, Chen 18 

et al. [31] in broaching of Inconel 718, Du et al. [134] in HSMC of nickel-based 19 

superalloy FGH 95, Veldhuis et al. [135] in turning of the powder metallurgical 20 

nickel-based superalloy ME 16, and Wusatowska-Sarnek et al. [136] in milling of 21 

powder metallurgical nickel-based superalloy IN100. The great plastic deformation 22 
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work and high strain rate loading accompanied with high cutting temperatures are 1 

apt to induce localized shear deformation in the superficial layer of machined surface. 2 

Consequently, grain refinement takes place to accommodate with the severe 3 

localized plastic strain and leads to the formation of nano-crystalline microstructures 4 

within the white layer.  5 

(c) (d)

(e) (f)

 6 

Fig. 16. Electron Channeling Contrast Imaging (ECCI) SEM micrographs of (a) white layer 7 

formed on the machined surface during HSMC of nickel-based superalloy AD 730™ at a cutting 8 
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speed of 300 m/min, and (b) nano-crystalline microstructure as marked by dash lines within the 1 

white layer [117]; (c) Cross-sectional Backscattered Electron SEM images of the white layer and 2 

deformed region on the machined surface during HSMC of titanium alloy Ti6Al4V. Higher 3 

magnification images of (d) the white layer, (e) the transition region between white layer and 4 

swept grain and (f) the swept grain [132]. 5 

Liao et al. [137] investigated the formation mechanism of white layer for a 6 

nickel-based superalloy S135H under severe plastic deformation induced by 7 

machining process. Their results show that the white layer was composed of a graded 8 

microstructure, which includes a dynamic recrystallized layer formed by 9 

nano-crystallized grains and a dynamic recovery layer formed by sub-grain 10 

microstructures. Although grain refinement occurred within the superficial surface of 11 

white layer, γ' phase dissolution also occurred leading to distinctly different properties 12 

of white layer from bulk material. Based on cyclic compression tests using 13 

micropillars, it was found that the white layer has lower strength and increased 14 

ductility compared to the bulk material. As a result, the white layer formation 15 

weakens the mechanical properties of machined surface and is expected to be avoided 16 

in machining process. However, the influence of cutting speed on the white layer 17 

formation of S135H was not covered in [137] and needs to be further studied. 18 

The effect of cutting speed on the white layer formation of another typical 19 

nickel-based superalloy FGH95 was reported in [134]. Through a close examination 20 

on the cross-sections of white layer formed on the machined surface, a thin white 21 

layer with about several micros in thickness was formed on the machined surface 22 
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during HSMC of FGH95. A transition zone with moderate plastic deformation 1 

distributed between the white layer and bulk material. Less γ' phase was observed 2 

within the white layer and transition zone. With the cutting speed increasing from 3 

1,000 m/min to 3,500 m/min, the white layer thickness was found to decrease by 4 

about 20%, which indicates that high cutting speeds can inhibit the formation of 5 

white layers [134]. Consequently, appropriate selection of cutting parameters can 6 

help to alleviate the negative effect of white layer formation. Nevertheless, other 7 

post treatment processes may be required if the white layer is expected to be 8 

removed completely.  9 

 10 

4.2.3 Phase transformation 11 

Phase transformation has also been recognized as an important factor affecting 12 

the metallurgical alterations. Due to a short time interaction between the cutting tool 13 

and workpiece under high cutting speeds, the phase transformation on the machined 14 

surface presents different characteristics compared to common heat treatment and 15 

forming processes [138].  16 

Based on phase transformation dynamics, rapid heating and cooling phase 17 

transformation models were proposed to explain the phase variations on machined 18 

surface during HSMC of Ti6Al4V from 50 m/min to 600 m/min [139].TEM 19 

observation results, as shown in Fig. 17, verified phase transformation of α→β 20 

during HSMC of Ti6Al4V. Compared to the orientation relationship between α and 21 

β phases in bulk material, it changed from classical Burgers orientation relationships 22 
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of (0001)α//(110)β and [11-20]α//[111]β to new orientation relationships of 1 

(01−10)α//(110)β, [0001]α//[111]β. The phase transformations occurred in both ASB 2 

and tool-chip interface of serrated chips, and machined surfaces are shown in Fig. 19. 3 

It was reported that the β phase ratio increased from 8% to 90% in the machined 4 

surface layer generated over the high cutting speed range of 50 – 600 m/min.  5 

Nevertheless, the current research on the phase transformation behavior of 6 

machined surface during HSMC is still limited, and which kind phase is better for 7 

the service performance of machined surface is also unclear. Effective prediction and 8 

control of phase transformations will be important and needs further research.  9 

 10 

Fig. 17. Phase transformations during HSMC of Ti6Al4V. (a), (c), (e) and (g) are the bright 11 

field TEM images of bulk material, tool-chip interface of serrated chip produced at 200 m/min, 12 

ASBs of serrated chip produced at 500 m/min, and machined surface formed at 600 m/min, 13 

respectively. (b), (d), (f) and (h) are the SAED patterns of corresponding regions, respectively 14 

[139]. 15 
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It is clear from the preceding discussion that researchers are trying to get deeper 1 

insights into the microstructural alterations of machined surface generated in HSMC, 2 

as the microstructure determines final physical and mechanical properties of 3 

machined components. With the advancement of material observation and 4 

characterization tools, evaluation of machined surface integrity has been expanded 5 

from macro level to micro and nano levels. Application of new engineering materials, 6 

such as powder metallurgy superalloys, metal matrix and ceramic matrix composites, 7 

also raises urgent needs for effective assessment of machined surface integrity of 8 

such new materials. It is anticipated that this research direction will still be popular 9 

in the near future driven by the machining requirements of industrial sectors. 10 

 11 

4.3 Residual stress distribution within machined surface layer 12 

Residual stress has significant influence on the mechanical behavior, 13 

particularly the fatigue performance, of machined components [140,141]. For 14 

thin-walled components, residual stress also impacts the dimensional accuracy and 15 

determines the subsequent assembly quality [ 142 ]. Fractographic analysis of 16 

mechanical components demonstrates that fatigue failures are generally nucleated on 17 

the surface or subsurface of components. As a result, the residual stress generated 18 

within the machining-affected layer is critical for assuring the service performance 19 

of finished components. 20 

Compressive residual stress is preferred on the finished surface during 21 

machining process. A compressive residual stress can increase the threshold values 22 
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of allowed alternating stress for a specific fatigue life. Comparatively, a tensile 1 

residual stress indicates a reduction of allowed alternating stress during working 2 

[143,144]. Too high tensile residual stress generated on the machined surface will be 3 

detrimental to the fatigue performance and lead to a premature failure of mechanical 4 

components and even disasters. Furthermore, the effect of residual stress is 5 

particularly prominent for high cycle fatigue regime because the working stress is 6 

too low to substantially relax the residual stress generated during machining process 7 

[145]. 8 

The plastic deformation of machined surface and cutting heat that propagates 9 

into the workpiece are the main causes of residual stress generation. In general, the 10 

cutting heat and associated thermal effect are apt to induce tensile residual stress, 11 

whereas plastic deformation and associated mechanical loading tend to generate 12 

compressive residual stress [19]. Jacobson et al. [146] observed that an increase in 13 

the strain rate at high cutting speeds can generate more mechanical work, which 14 

would result in compressive residual stresses. Meanwhile, more severe plastic 15 

deformation at high cutting speeds generates more heat leading to tensile residual 16 

stress formation. The final state of the residual stress on the machined surface would 17 

be determined by the above two competing factors. 18 

The residual stress profiles within machining-affected layers of Inconel 718 19 

during a turning process at different cutting speeds were investigated by Schlauer et 20 

al [147]. Low residual stress and small distribution depth of the residual stress were 21 

generated at a low cutting speed of 10 m/min. With increasing the cutting speed to 22 



55 

 

410 m/min and 810 m/min, although larger compressive residual stresses were 1 

produced at a deeper subsurface, a layer exhibiting very high tensile residual stresses 2 

was also generated on the superficial surface which is not expected. The layer with 3 

high tensile residual stress may become a hidden danger in service. Similar residual 4 

stress profiles were also reported by Guerville and Vigneau [148] and Derrien and 5 

Vigneau [149] in milling experiments of Inconel 718 at different speeds. As seen in 6 

Fig. 18a, the maximum tensile residual stress on the machined surface at a cutting 7 

speed of 200 m/min is nearly three times that generated at a cutting speed of 18 8 

m/min. The orthogonal cutting experiments on Ti6Al4V with a wide speed range 9 

from 20 m/min to 660 m/min also presented a similar trend for the variation of 10 

residual stress [125]. It can be seen from Fig. 18b that the residual stress in both two 11 

directions evolve from compressive to tensile with increasing the cutting speed, 12 

which indicates that the residual stress generated at high cutting speeds may be 13 

detrimental to service performance of machined surface. 14 

 

(a) (b)  15 

Fig. 18. Effect of cutting speed on the residual stress generated on the machined surface 16 

during (a) milling of Inconel 718 [149] and (b) orthogonal turning of Ti6Al4V [125]. 17 

FEM based modeling has been widely used to predict the residual stress profile 18 
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on the machined surface generated during HSMC process [150]. Some of the work 1 

includes predicting the effects of cutting parameters [151], tool-edge configurations 2 

and tool wear [152], single and sequential cuts [153], chip serration [154], and 3 

material constitutive parameters [155] on residual stresses for various materials such 4 

as steels [151], aluminum alloys [154,155], titanium alloys [152], and nickel-based 5 

superalloys [152,153]. Some work appeared in adopting hybrid methods combined 6 

with FEM based simulations to model the residual stress generation [156-158].  7 

Generally, numerical simulation on residual stress generation in machined 8 

surface during HSMC is limited to single cutting pass on very short length and time 9 

scales due to the exceedingly high computational cost. To break this limitation, 10 

Wang et al. [153] proposed a concept of equivalent loading which enables an 11 

efficient modeling approach to predict residual stress in an actual machined surface 12 

by incorporating multiple cutting passes and crossing different length and time scales, 13 

as shown in Fig. 19a-d. With this method, the residual stress profiles generated at 14 

different cutting speeds are obtained for machining of Inconel 718 as shown in Fig. 15 

19e. Although the highest cutting speed investigated by Wang et al. [153] is limited 16 

to 120 m/min, their research still suggests a useful method to acquire the residual 17 

stress generation on machined surface produced at higher cutting speeds combined 18 

with multiple cutting passes. 19 

Based on the above discussion, there are still some limitations in predicting 20 

residual stresses during HSMC. The simulations of steps following machining 21 

process have not been fully considered, e.g., the cooling and recovery related 22 
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microstructural effects on residual stress evolution. In addition, simulations of 1 

practical machined part distortions and residual stress generation in HSMC with 2 

cutting fluid or Minimal Quantity Lubrication (MQL) will also be potential research 3 

directions.  4 

(e)

 5 

Fig. 19. Geometry models, mesh design, and FEA implementation procedure for 6 

prediction of residual stress in machining Inconel 718 superalloy. (a) Microscale single-pass 7 

cutting. (b) Spatial resolution. (c) Equivalent loading. (d) Residual stress fields. (e) Simulation 8 

results of residual stress at different cutting speeds [153]. 9 

Considering the residual stress profiles generated during HSMC, some other 10 

post-treatment processes, such as rolling, shot and shotless peeing, can help to 11 

introduce compressive residual stresses to replace the tensile residual stress formed 12 

during machining process [159-161]. Hua et al. [110] have presented that the 13 

machined surface of HSMC can be strengthened effectively and the fatigue life can 14 

be prolonger significantly using a low plasticity burnishing (LPB) post-treatment. 15 

Selection of appropriate cutting tool angles may also help to suppress the generation 16 

of tensile residual stresses [15]. Process planning of multiple cutting passes, e.g., 17 

rough and finish machining, and associated post strengthening treatment to achieve a 18 
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compressive residual stress on the machined surface are important to improve the 1 

service performance of machined components. Efficient modeling of the evolution of 2 

residual stress state in the above sequential processes is urgent to be studied driven 3 

by industrial needs. 4 

 5 

5. Cutting force and cutting temperature during HSMC 6 

5.1 Cutting force 7 

In the cutting speed range of HSMC, thermal softening caused by chip plastic 8 

deformation is beneficial to weaken material deformation resistance, which then 9 

reduces the cutting force. When the cutting speed increases to the range of UHSMC, 10 

brittle fracture of removed layer material also helps to keep the cutting force at a low 11 

level [37,98].  12 

According to orthogonal cutting experiments conducted by Denkena et al. [35], 13 

a dependence of cutting force and feed force on the cutting speed is presented in Fig. 14 

20a. Both of cutting force and feed force decrease with the cutting speed increasing, 15 

and these two force components are asymptotic to constant beyond a certain 16 

boundary speed. Denkena et al. [35] expressed the relationship between cutting force 17 

and cutting speed by an exponential equation as Eq. (8). 18 

(2 / )

var( ) c HSCV V

c c c cF V F F e
−

= +  (8) 19 

where the cutting force is decomposed into a cutting speed-independent component 20 

Fc∞ and a cutting speed-dependent variable 
)/2(

var
HSCc VV

c eF
−

. The cutting force 21 

converges asymptotically to the cutting speed-independent component when the 22 
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cutting speed increases to a critical value. The VHSC is defined as the boundary or 1 

critical cutting speed of HSMC here. 2 

(a) (b)
 3 

Fig. 20. (a) Variation of cutting force versus cutting speed during machining of 1045 steel;(b) the 4 

effect of tensile strength of work materials on the boundary cutting speed of HSMC (adapted 5 

from [35]). 6 

Furthermore, Denkena et al. [35] found that the boundary cutting speed presents 7 

a strong dependency on the tensile strength which can be expressed by Eq. (9). 8 

( )/400
56 mR

HSCV e
−

=  (9) 9 

where Rm is the material tensile strength. Fig. 20b shows the boundary cutting speed 10 

for a broad variety of workpiece materials with tensile strength values varying from 11 

151 MPa to 1,275 MPa. A higher tensile strength leads to a lower boundary cutting 12 

speed. The values of boundary cutting speed of HSMC calculated based on Eq. (9) 13 

are close to that obtained based on serrated chip formation [89,95].  14 

Taking mechanical and thermal properties of workpiece materials into 15 

consideration, Neugebauer et al. [126] modified the model of boundary cutting speed 16 

VHSC of HSMC as Eq. (10). 17 

0.025
m p

HSC

m

T c
V

R


=  (10) 18 

where Tm is the melting temperature of workpiece materials, cp is the specific heat 19 
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capacity, and κ is the thermal conductivity. 1 

However, the boundary cutting speed VHSC obtained by both Denkena et al. [35] 2 

and Neugebauer et al. [126] did not consider the effects of other cutting parameters 3 

on the boundary cutting speed. The cutting parameters such as the feed speed, the 4 

depth of cut and cutting tool angles have significant influences on the boundary 5 

cutting speed, too. In addition, Klocke and Hoppe [162] found that the cutting force 6 

exhibits an increase for high cutting speeds after a local minimum, and different 7 

workpiece materials correspond to different cutting speeds for the minimum cutting 8 

force. Nevertheless, the maximum cutting force was still at low cutting speed in the 9 

experiments of Klocke and Hoppe [162], and the cutting force presented a decrease 10 

trend in a wide range of cutting speeds. Consequently, the effect of cutting speed on 11 

the cutting force still needs a more comprehensive research to reveal the interactions 12 

among cutting speed, material dynamic properties and the cutting force. 13 

Fig. 21 presents the results of specific cutting force for Ti6Al4V obtained in 14 

different experiments [47,163-169]. It can be observed that a rapid drop of mean 15 

cutting force occurred corresponds to the cutting speed range of 0.5 m/s-10 m/s (i.e., 16 

30 m/min-600 m/min). This could be explained by the predominant effect of thermal 17 

softening of the work material as a result of a strong localized heating and low 18 

thermal conductivity for Ti6Al4V. The drop of cutting force slows down ranging 19 

from the cutting speed of 10 m/s to 40 m/s (i.e., 600 m/min-2,400 m/min), and then 20 

it tends to be asymptotic to a constant. Sutter and List [47] proposed that the effect of 21 

dynamic strain hardening and strain rate hardening is more competitive than the 22 
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thermal effects when the cutting speed is higher than 2,400 m/min, which limits a 1 

further drop of specific cutting force with cutting speed increasing. Based on the 2 

chip formation mechanism discussed in Section 3.2, the ductile to brittle transition of 3 

Ti6Al4V occurs at a cutting speed higher than 2,500 m/min, which can support the 4 

explanation of Sutter and List.  5 

Numerical simulations of HSMC of different workpiece materials, such as 6 

Ti6Al4V, Inconel 718 and aluminum alloy 7075, have also verified the decreasing 7 

trend of cutting force with increasing the cutting speed [95,170-172].  8 

Sutter and List [47]

Hoffmeister et al. [163]

Gente et al. [164]

Hoppe [165]

Barry et al. [166]

Illgner [167]

Larbi [168]

Cotterell and Byrne [169]

 9 

Fig. 21. Specific cutting force evolution for Ti6Al4V obtained in different experiments [47, 10 

163-169]. 11 

Another advantage of HSMC is that the friction coefficient on the tool-chip 12 

interface decreases with increasing the cutting speed. This trend is supported by the 13 

experimental results of Sutter and Molinari [173] as shown in Fig. 22. Sutter and 14 

Molinari [173] utilized a ballistic machining setup to achieve cutting speeds higher 15 

than 50 m/s (i.e., 3,000 m/min) in machining 42CrMo4 steel. They found that the 16 

friction coefficient at the tool-chip interface decreased with increasing the cutting 17 
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speed at both cutting depths of 0.2 mm and 0.5 mm. Other researchers also found the 1 

decrease of friction coefficient at high cutting speeds, such as Findley and Reed [174] 2 

for lead-antimony alloy (the friction coefficient decreases from 0.85 to 0.3 with 3 

cutting speed from near zero to 780 m/min), Tanaka et al. [175] for steel (the friction 4 

coefficient decreases from 0.6 to 0.18 with cutting speed from near zero to 8,000 5 

m/min) and Recht [176] for 4340 steel (the friction coefficient decreases from 0.6 to 6 

0.26 with cutting speed from 240 m/min to 2,160 m/min). 7 

 8 

Fig. 22. Experimental evolution of friction coefficient at the tool-chip interface for a wide 9 

range of cutting speeds [173]. 10 

Recht [176] explained the reduction of friction coefficient as being due to 11 

melting at the asperities between tool-chip interface. Neugebauer et al. [126] 12 

proposed that at very high cutting speeds and normal forces, the sliding surfaces 13 

between tool and chip are separated by a lubricating film of molten workpiece 14 

material, which may help reduce the friction coefficient to very low values. However, 15 

considering the embrittlement of work materials at very high cutting speeds, the 16 

above postulations seem to be inapplicable for UHSMC. The decreasing adhesion 17 
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between tool-chip interface at ultra-high cutting speeds is a more possible reason 1 

contributed to the reduction of friction coefficient. 2 

 3 

5.2 Cutting temperature 4 

Decrease of cutting temperature when the cutting speed exceeds a critical value 5 

is the root for Salomon’s assumption of HSMC. Fig. 23 shows the schematic of 6 

Salomon’s cutting temperature curve versus cutting speed. With the cutting speed 7 

increasing, three cutting regimes can be divided as conventional cutting, critical 8 

cutting and high-speed cutting (i.e., HSMC). In the conventional cutting regime 9 

where the cutting speed is less than the critical value, the cutting temperature 10 

increases with the cutting speed increasing. Although the cutting temperature is not 11 

very high, machining is not recommended in this speed range due to a low 12 

machining efficiency. The critical cutting area (i.e., the death valley) is not suitable 13 

for application due to high cutting temperature that is apt to cause severe tool wear 14 

and deteriorating machining precision. Once the cutting speed is beyond the critical 15 

value, the cutting temperature decreases with the cutting speed increasing further. 16 

HSMC regime is the ideal machining region because it processes dual advantages of 17 

high efficiency and low temperature. 18 
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Fig. 23. Schematic of Salomon’s cutting temperature curve versus cutting speed. 2 

Finding the occurrence conditions of Salomon’s curve is a prerequisite to make 3 

full use of the technical advantages of HSMC. However, the controversy on the 4 

existence of Salomon’s cutting temperature curve has never stopped. The cutting 5 

heat generated in machining process [177,178], the cutting heat distributions in the 6 

cutting tool, the workpiece and the chip [179,180], in addition to the cutting 7 

temperatures of workpiece and cutting tool [181,182], have been the research focus 8 

of HSMC in recent decades. 9 

Different opinions have been presented on the occurrence of Salomon’s cutting 10 

temperature curve. Which kind of cutting mode that may support Salomon’s 11 

assumption, and whether the cutting temperature refers to the temperature of cutting 12 

tool or that of workpiece have not reached a consensus until now. Based on a series 13 

of cutting experiments, McGee [183,184] pointed out that the cutting temperature 14 

increased steadily with the cutting speed increasing until the melting temperature of 15 

workpiece material, while no decrease trend of the cutting temperature occurred with 16 

the cutting speed increasing further. The conclusion of McGee was supported by the 17 

research of Dewes et al. [185]. Komanduri et al. [186] studied the variation of 18 
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cutting temperature on the tool-chip interface, and concluded that the cutting 1 

temperature increased with the cutting speed increasing without any decrease. 2 

Radulescu and Kapoor [187] proposed that the cutting temperature on the tool-chip 3 

interface has positive correlation with the cutting speed, and this correlation is 4 

suitable to both continuous and interrupted cutting modes. Longbottom and Lanham 5 

[22] made a comprehensive review on relevant research about Salomon’s assumption 6 

about cutting temperature, and suggested that Salomon’s assumption may not be 7 

suitable for the tool-chip interface temperature, while it may be adaptable for the 8 

variation of temperature on workpiece surface. 9 

The interrupted machining may be a necessary condition for the tenability of 10 

Salomon’s assumption about cutting temperature. Through high speed milling 11 

experiments of aluminum alloy, Schultz [188] found that a large amount of cutting 12 

heat is dissipated by the fast-moving chips, leading to a low temperature on the 13 

machined surface at high milling speeds. Dagiloke et al. [189] and Chen et al. [190] 14 

reported that high milling speeds lead to a decrease of heat transfer time from heat 15 

sources into workpiece, which then results in low temperatures on the workpiece 16 

surface in HSMC. O’Sullivan and Cotterell [191] found that the temperature on 17 

workpiece surface could be decreased at a not very high speed as about 220 m/min 18 

during machining of aluminum. Palmai [192] proposed that Salomon’s assumption is 19 

valid for the variation of cutting temperature during interrupted machining such as 20 

milling, and developed an empirical cutting temperature model which is consistent 21 

with Salomon’s results, but the underlying reason for the cutting conditions that 22 
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support Salomon’s assumption was not given.  1 

A decrease of cutting heat distribution proportion may also lead to decrease of 2 

cutting temperature in either workpiece surface or cutting tool. Richardson et al. 3 

[193] performed milling experiments on aluminum alloy 7449 with a wide cutting 4 

speed ranging from 300 m/min to 3,000 m/min, and revealed that the workpiece 5 

surface temperature decreased substantially due to a reduction of 83% for the heat 6 

distribution into the workpiece. The distribution proportions of cutting heat within 7 

cutting deformation zones are also different in different literatures. Shaw [194] 8 

proposed that 90% of the total cutting heat flows into cutting chips, while the rest 9 

10% of the cutting heat flows into the workpiece and cutting tool equally. Another 10 

research reported that 80% percent of the total cutting heat is taken away by cutting 11 

chips, while the rest 20% flows into workpiece and cutting tool [195].  12 

Astakhov [9,196] suggested that Péclet criterion, which is defined as the ratio of 13 

the product of cutting speed and cutting depth to thermal diffusivity of work material, 14 

can be used to understand the cutting heat distribution in metal cutting process. The 15 

Péclet number Pe is a similarity number and it characterizes the relative influence of 16 

the cutting parameters with respect to the thermal properties of work material on 17 

cutting heat distribution. Astakhov [196] found that the Péclet number Pe is much 18 

larger than 10 for commonly used cutting parameters, indicating that over 95% of 19 

the cutting heat was dissipated by cutting chips. Nevertheless, only the cutting heat 20 

source of primary deformation zone was considered in the Péclet criterion. The 21 

effects of cutting heat generated on the tool-chip interface and tool-workpiece 22 
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contact area should also be considered.  1 

Although the cutting heat distributions in cutting chips, cutting tool and 2 

workpiece have not come to a consensus, a large amount of total cutting heat flowing 3 

into cutting chips has been recognized as a main reason leading to a relative low 4 

temperature on workpiece surface. If a larger proportion of cutting heat can be 5 

dissipated by cutting chips with the cutting speed increasing, it is possible for 6 

reduction of cutting temperatures of workpiece surface and cutting tool.  7 

Jiang et al. [197] has tried to reveal the cutting conditions and associated 8 

mechanism for the tenability of Salomon’s assumption. As shown in Fig. 24, a 9 

scenario of interrupted cutting mode was considered for the modeling of 10 

temperatures of cutting inserts and workpiece surface during HSMC of AISI 1045 11 

steel. They found that the time ratio of cutting to non-cutting has significant effect on 12 

the cutting heat accumulation within cutting inserts and workpiece surface, which 13 

then leads to variation of cutting temperatures in corresponding areas.  14 

With the time ratio of cutting to non-cutting increasing from 1/5 to 1/19, the 15 

highest temperature of cutting tool decreased from over 700 ℃ to less than 100 ℃. 16 

Increase of non-cutting time in a cutting period is beneficial for cutting heat 17 

dissipation, which can relieve the cutting heat accumulation occurred within cutting 18 

time. Meanwhile, the predominant role of cutting heat dissipation and a faster 19 

moving heat source at higher cutting speeds can decrease the temperature on 20 

workpiece surface as seen in Fig. 24. The conclusion of Jiang et al. [197] provides an 21 

underlying explanation for Salomon’s temperature curve, and can instruct design and 22 
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manufacture of cutting tools and optimization of cutting parameters.  1 
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Fig. 24. Heat flux, measured and calculated temperatures of cutting tool and workpiece 3 

surface during high speed machining [197].  4 

Based on the above discussion, the cutting heat generation and distribution, as 5 

well as the cutting temperatures of workpiece and cutting tool during HSMC process, 6 

need to be theoretically modelled and predicted more precisely. Meanwhile, accurate 7 

measurement of the cutting temperature within a tiny deformation zone at ultra-high 8 

cutting speeds is still a great challenge. 9 

 10 

6. Tool wear behavior and mechanism in HSMC 11 

Regarding the cons of HSMC or the most critical challenge for application of 12 

HSMC in industries, one can think of the severe tool wear under extreme 13 

thermal-mechanical loading conditions, especially during machining of 14 

difficult-to-machine materials. Inappropriate selection of cutting tools may restrict 15 
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the other advantages of HSMC. Understanding tool wear behavior and associated 1 

wear mechanism can instruct design and fabrication of cutting tools adaptable for 2 

HSMC, and recommend suitable tools for machining of specific work material. The 3 

tool wear behavior and mechanism in HSMC of difficult-to-machine materials such 4 

as titanium and nickel-based alloys are emphasized here. 5 

Rahman et al. [198] summarized the wear behavior of different cutting tools in 6 

a review on HSMC of titanium alloys. It was found that the tool wear rate progress 7 

rapidly during machining titanium alloys with conventional cutting tools, and it is 8 

difficult to perform machining at cutting speeds higher than 60 m/min. Due to 9 

chemical reaction with the elements in titanium alloys at high temperatures, some 10 

tool materials, such as ceramic, diamond and cubic boron nitride (CBN) with binder 11 

material, are also not suitable for HSMC of titanium alloys. Comparatively, 12 

binder-less CBN tools present a prominently long tool life than other tools especially 13 

at high cutting speeds.  14 

A research on high-speed milling of titanium alloy TA15 using diamond (PCD) 15 

and PCBN tools demonstrated a dramatic reduction of cutting tool life when the 16 

cutting speed just increased from 250 m/min to 350 m/min [199]. Shalaby and 17 

Veldhuis [200] compared the wear and tribological performance of four different 18 

ceramic tools in HSMC of nickel-based superalloy Inconel 100, and found that the 19 

tool life of all investigated tools decreased by up to 90% as seen in Fig. 25a-d. 20 

Meanwhile, their results indicate that SiAlON ceramic outperformed other ceramic 21 
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tool materials and can be used in machining of nickel-based superalloys at relatively 1 

high cutting speeds.  2 

The tool wear mechanism during HSMC has also been widely focused on, and 3 

proved to rely on the tool material, machining mode, and cutting parameters 4 

[201-203]. Based on high speed milling experiments of an aerospace titanium alloy 5 

Ti-6242S using uncoated cemented carbide tools [204], flank wear and excessive 6 

chipping on the flank edge were reported as the main tool failure modes. Attrition, 7 

adhesion and diffusion were found as the main wear mechanisms of PCD and PCBN 8 

tools in high speed milling of titanium alloys [199,205]. Regarding a near-beta 9 

titanium alloy Ti5553, abrasive and adhesive wear mainly contribute to the severe 10 

tool wear at high cutting speed, and built-up-edge formation is also a common 11 

problem [206]. During HSMC of aluminum alloys, tungsten carbide with cobalt 12 

binder (WC-Co) tools are apt to appear unexpected chipping followed by 13 

catastrophic failure due to the chemical reaction between aluminum and cobalt at 14 

high cutting temperatures [207]. Coatings are recommended to be applied on tool 15 

materials containing cobalt for HSMC of aluminum alloys. When machining of 16 

nickel-based superalloys, adhesive wear and coating peeling are the main 17 

mechanisms for tool wear and premature failure at high cutting speeds [201,208]. 18 

To improve the performance of cutting tools at high cutting speeds, developing 19 

new tool materials and applying cooling assistance are still important. As seen in Fig. 20 

25e, a high-pressure cooling jet can achieve over seven times longer tool life while 21 

the cutting speed doubles [209]. Meanwhile, chips are fractured more easily due to 22 
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the impact of high-pressure jet. Increase in coolant pressure also tends to reduce the 1 

adhesion tendency between tool and work material, and subsequently improve 2 

cutting tool life during HSMC of titanium alloys using coated carbide tools and PCD 3 

tools [210,205]. Cryogenic cooling and minimum quantity lubrication (MQL) have 4 

also been proved as effective ways to alleviate tool wear rate during HSMC of 5 

different work materials [206,211-213]. 6 

 7 

 8 

Fig. 25. Tool life of different ceramic tools in machining of superalloy Inconel 100 at different 9 

cutting speeds (a) Vc=75 m/min, (b) Vc=150 m/min, (c) Vc=250 m/min, (d) total cutting length at 10 

(e) 
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different cutting speeds to reach 0.2 mm flank wear [200]; and (e) effect of cutting speed and 1 

flushing conditions on tool wear in machining Ti6Al4V [209]. 2 

Under the demand of eco-friendly manufacturing, high speed dry machining is 3 

recommended in recent decades. Advanced tool coatings can help to achieve higher 4 

cutting speeds without coolants. Similar with the review on tool wear behavior and 5 

mechanism in HSMC, the tool coatings that are adaptable for HSMC of titanium and 6 

nickel-based alloys are particularly commented. The coatings suitable for HSMC 7 

should be helpful for reducing the friction which can decrease the heat generation on 8 

the tool-chip interface. They also need to have excellent thermal barrier performance 9 

which can prevent the heat diffusion into cutting tools to guarantee high wear 10 

resistance of cutting tools at high temperatures. Compared to other coatings, 11 

(Ti,Al)N possesses a lower thermal conduction coefficient and a considerably 12 

enhanced oxidation stability, which makes it be one of the best coating materials for 13 

HSMC tools used in machining of difficult-to-machine materials such as titanium 14 

and nickel-based alloys [2,214]. Through adding oxygen to (Ti,Al)N coatings to 15 

form TiAlON, it can enhance the cutting tool performance further [215], because 16 

TiAlON offers a higher abrasion resistance due to the formation of Al2O3 during 17 

HSMC.  18 

Generally, oxide PVD coatings have combined advantages of a reduction of 19 

friction at elevated temperatures and excellent wear resistance, so the heat generation 20 

can be decreased and the adherence of workpiece materials on the tool rake face can 21 

be suppressed at high cutting speeds [216-218]. In addition, soft tool coatings that 22 
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are made of solid lubricants, such as MoS2 and tungsten carbide/carbon (WC/C) 1 

coatings, are useful to reduce the friction coefficient between tool-chip interface and 2 

then to lower the cutting forces and temperatures [219,220]. Consequently, the tool 3 

wear rate is decreased and higher cutting speeds can be achieved. 4 

With the emergence of advanced cutting tools and new engineering materials, 5 

the tool wear behavior and mechanism during HSMC under different combinations 6 

of cutting tool and workpiece materials needs further study. To develop new 7 

advanced cutting tool materials and structures as well as tool coatings, that can 8 

achieve high cutting speeds without coolant, will always be important for 9 

production. 10 

 11 

7. Application of HSMC in industries 12 

Typical cases for the application of HSMC in industries are presented in this 13 

section to show the feasibility of HSMC in practical manufacturing. One of the 14 

advantages of HSMC is high material removal volume in manufacturing of 15 

components. Under the requirements of safety and economic efficiency, the 16 

application of light-weight components has been increased dramatically, which 17 

makes HSMC play a more significant role in the industries. Furthermore, with the 18 

development of advanced materials with higher strength and toughness, 19 

high-efficient machining of mechanical component made of such materials raise 20 

more challenges for HSMC. Thin-walled components with light weight and high 21 
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strength are particularly popular in high value-added products such as those of 1 

aviation industries. 2 

A typical application of HSMC in manufacturing of multi-frame monolithic 3 

component used in aircraft is shown in Fig. 26a,b [221]. The aircraft frame was 4 

made of aluminum alloy 7075 in an oversaturated state, and it was fabricated from a 5 

block workpiece with dimensions of 60 mm x1,190 mm x 1,215 mm. The weight of 6 

the finished frame was 3.15 kg while that of the initial workpiece was 243 kg, 7 

meaning that the weight of the final product was 1.3% of the initial workpiece and 8 

98.7% of the workpiece material was removed as chips. The basic criteria for 9 

assessing the manufacturing precision included the wall thickness tolerance of +/- 10 

0.2 mm on the largest machined surface with dimensions of 300 mm x 300 mm, and 11 

the surface roughness Ra less than 0.6 μm. Using HSMC process with a spindle 12 

rotational speed of 15,000 rpm, excessive material on the workpiece was removed 13 

with high efficiency, while the dimensional accuracy (the wall thickness tolerance 14 

less than 0.2 mm), the surface roughness (Ra=0.272 μm) and waviness of the 15 

machined surface were successfully guaranteed [221].  16 
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 1 

Fig. 26. Typical components manufactured using high speed machining. (a) An aluminum 2 

alloy 7075 block. (b)Aircraft frame structure [221]. (c-e) Blisk made of titanium alloy Ti6Al4V 3 

and a simplified workpiece [222].  4 

Thin-walled complex surface structures, such as the blisk shown in Fig. 26c, are 5 

commonly used in aero engines. A simplified blisk component (Fig. 26d,e) made of 6 

Ti6Al4V was manufactured to prove the feasibility of HSMC [222]. A linear cutting 7 

speed about 100 m/min was adopted in the machining process. It was found that both 8 

the dimensional tolerance (less than 0.1 mm) and surface roughness (Ra=1.298 μm) 9 

of the finished part, especially the corner structures, can meet the requirements of 10 

customers. 11 

Cutting tool companies have been promoting the application of HSMC through 12 

development of advanced cutting tools. Besides the new cutting tool materials 13 

introduced in Section 6, integral ultra-hard cutting tools have been emerged in recent 14 

years and applied in HSMC of hard-to-cut materials [223]. As seen in Fig. 27a,b, solid 15 

ceramic end milling tools have been successfully used in machining of superalloy 16 
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components with thin-walled and complex surface structures at high cutting speeds 1 

[224,225]. SiAlON is the main material to fabricate solid ceramic milling tools due to 2 

its excellent combination of strength and toughness. The cutting speeds achieved by 3 

these solid ceramic milling tools are ten times higher than that obtained using 4 

tungsten carbide tools with the same geometrical parameters, while the tool life is 5 

improved by two to three times [223,226]. The SiAlON solid milling tools have also 6 

presented excellent cutting performance in HSMC of additively manufactured 7 

titanium alloys [227]. Meanwhile, Wang et al. [228] developed four different kinds of 8 

solid ceramic end milling tools made of Al2O3+TiC, Al2O3+(W,Ti)C, Si3N4 and 9 

Ti(C,N), and employed them in HSMC of hardened steel. Their results demonstrated 10 

that all the solid ceramic tools possess longer tool life and produce better surface 11 

finish than tungsten carbide tools. 12 

Integral PCD tools were also developed as seen in Fig. 27c-e to realize HSMC of 13 

different workpiece materials such as graphite and alloys [229]. The PCD tools were 14 

made by either ultrafast laser machining (Fig. 27c,d) [229] or additive manufacturing 15 

(Fig. 27e) [230]. Design of dense cutting tooth (Fig. 27c,e) can help to reduce the 16 

cutting force on each edge leading to decreased cutting temperature, which is then 17 

beneficial for improving machined surface quality and prolonging tool life.  18 
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 1 

Fig. 27. Advanced integral high speed cutting tools. (a,b) Ceramic end milling tools [224,225]. 2 

(c) PCD torus milling tool [229]. (d) PCD end milling tool [229]. (e) PCD face milling tools 3 

[230]. 4 

Compared with conventional milling tools, the grooves space of additively 5 

manufactured milling tools can be significantly shortened. For a milling tool with 6 

diameter of 32 mm, the number of grooves and cutting edges have been increased 7 

from six to ten, resulting in a feed rate that can be up to 50% higher than conventional 8 

tools [230]. In addition, the ability to optimize the paths of coolant channels for the 9 

additively manufactured milling tools ensures that each cutting edge can be supplied 10 

precisely with coolant through a separate channel. Meanwhile, the flexible design of 11 

external cutting tool structures helps to ensure that chips are removed reliably from 12 

the tool rake face. Under these favorable effects, the additively manufactured milling 13 

tools can effectively improve the cutting performance during HSMC process. 14 

 15 

8. Future research directions 16 
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The relevant research on HSMC in such aspects as material removal mechanism, 1 

machined surface integrity, cutting force and cutting temperature, cutting tool, and 2 

workpiece material are summarized in Fig. 28. To provide more detailed information 3 

about the recent research progress on this topic, only literatures published after the 4 

1990s are addressed here. The increasing number of studies reported in recent years 5 

indicates that the research on HSMC is still attracting significant attention 6 

worldwide. In particular, since the 2000s, a higher focus has been placed on the 7 

study of machined surface integrity and material removal mechanism during 8 

machining of different workpiece materials (four typical metals are presented in Fig. 9 

28) at high cutting speeds. Meanwhile, high speed cutting tools have attracted more 10 

attention because they constitute an important factor for promoting the increase in 11 

cutting speed. Studies on the cutting force and cutting temperature of HSMC are also 12 

being conducted to answer the fundamental questions discussed in the above 13 

sections. It can be asserted that HSMC is yet to be an established technology, and 14 

that the research on HSMC would also be impelled by the fast development of 15 

processing equipment and broad industrial demand.  16 
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Fig. 28. The development of HSMC from several different research aspects. 2 
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Based on the review and above summary, the potential research directions of 1 

HSMC to be focused on are as follows. 2 

(1) Material removal mechanism during HSMC 3 

The cutting speed used in manufacturing processes is growing at an increasing 4 

pace. Similar to Moore's law, the cutting speed and associated material removal rate 5 

increase by approximately 100% every two years (as indicated by the data shown in 6 

Fig. 1) with the development of high speed machine tools and ultra-hard cutting 7 

tools [9,231,232]. Meanwhile, new advanced engineering materials such as metal 8 

matrix and ceramic matrix composite materials have emerged and are being 9 

gradually applied in industries. The continuous increase in cutting speed and the new 10 

engineering materials may generate different mechanisms (e.g., ductile-to-brittle 11 

transition) of material removal behavior, which deserves more research efforts in the 12 

future.  13 

The present research on the material removal mechanism during HSMC is 14 

mainly limited to two-dimensional cutting mode. The material removal behavior 15 

during three-dimensional cutting that is widely used in practical applications lacks 16 

enough research. Correspondingly, dynamic deformation and fracture behavior of 17 

workpiece materials under the coupled loadings of high strain rate and more 18 

complicated stress state need to be studied. More general material models adaptable 19 

for three-dimensional HSMC are urgent to be developed. In addition, in-situ 20 

observation and measurement of material deformation with the aid of digital image 21 

correlation techniques would also be a research focus, as they can provide the most 22 
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direct evidence and data basis for material deformation modeling compared with 1 

speculation and postmortem examination. 2 

(2) Machined surface integrity generated at high cutting speeds 3 

The evaluation of machined surface integrity has evolved from traditional 4 

macro parameters, such as the surface roughness and surface defects, to micro and 5 

nano level parameters such as crystalline features and phase transformations. 6 

Advanced material characterization tools, including TEM and EBSD, enable us to 7 

obtain deeper insights into the mechanisms underlying the material removal and 8 

machined surface formation during HSMC. To reveal the relationships among 9 

inherent attributes of workpiece materials, processing parameters during HSMC, and 10 

evolution of machined surface properties will be a potential breakthrough direction. 11 

Furthermore, the present evaluation system of machined surface integrity 12 

generated by HSMC is aimed mainly at isotropic metallic materials. A more general 13 

evaluation system is required to assess the machined surface integrity of a wider 14 

range of materials, particularly anisotropic composite materials [71,105,106]. 15 

(3) Process modeling of HSMC 16 

The present studies on the cutting force and cutting temperature during HSMC 17 

are based mainly on experiments and empirical modeling, while theoretical process 18 

modeling is still limited. Some issues have not been understood clearly, such as (i) 19 

conditions for the existence of Salomon’s curve during HSMC, (ii) dependence of 20 

process modeling on the thermal-physical-mechanical properties of workpiece 21 

materials, and (iii) relationships among the cutting conditions, process parameters 22 
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(i.e., cutting force and cutting temperature), and material deformation behavior. 1 

Especially, the generation and distribution of cutting heat during HSMC and the 2 

cutting temperatures of workpiece and cutting tool need to be theoretically modeled 3 

and predicted more precisely. The accurate measurement of the cutting temperature 4 

and deformation fields within an extremely small deformation zone at ultra-high 5 

cutting speeds is also a great challenge to be tackled. 6 

(4) High speed cutting tools 7 

Under the demand of eco-friendly manufacturing, the development of new 8 

advanced cutting tool materials and structures as well as tool coatings that can 9 

achieve high cutting speeds without coolant is being pursued by both academia and 10 

industries. Ultrafast laser machining [229] and additive manufacturing [230] provide 11 

new solutions for fabricating ultra-hard cutting tools with dense tooth structures that 12 

can effectively improve the cutting speed. Integral ultra-hard cutting tools such as 13 

solid ceramic cutting tools or PCD tools adaptable for HSMC has attracted more 14 

attention and would be a research hotspot in the near future.  15 

(5) Application and performance evaluation of HSMC 16 

Considering that different evaluation parameters for the performance of HSMC 17 

may not be in favorable conditions simultaneously, a trade-off between the pros and 18 

cons of HSMC must be determined reasonably in practical applications. Research on 19 

HSMC considering practical service conditions of machined components is a 20 

prerequisite to make such as a balance.  21 

Furthermore, developing more adaptable hybrid/combined processes, such as 22 
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hybrid machining and post-treatment strengthening, will always be pursued by both 1 

academia and industries. Such hybrid/combined processes will be important to 2 

ensure different machined surface integrity parameters in satisfied conditions 3 

simultaneously, including the geometrical integrity (i.e., the surface roughness and 4 

defects), microstructural integrity (i.e., grain size and orientation, phase 5 

transformation) and mechanical integrity (i.e., residual stress and microhardness). 6 

Based on the above discussion, the potential research directions are summarized 7 

in Fig. 29, which is expected to provide useful suggestions to relevant research fields 8 

of HSMC. Multi-objectives of high quality, high efficiency, and high performance 9 

will be pursued in the future with the application of HSMC. 10 
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 11 

Fig. 29. Potential research directions of HSMC. 12 

9. Conclusions 13 

Through reviewing the advancements of high speed metal cutting (HSMC), the 14 

material removal mechanism, machined surface integrity, cutting force and cutting 15 

temperature, as well as tool wear behavior during HSMC are summarized and 16 
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discussed. The pros and cons of HSMC are elaborated based on the above aspects. 1 

The deficiencies in the present research on HSMC and the challenges for application 2 

of HSMC in industries are highlighted. Certain potential future directions for 3 

research on HSMC are discussed. The main conclusions drawn are as following. 4 

⚫ HSMC can be defined as machining with a cutting speed higher than that 5 

for ASB formation, whereas UHSMC can be defined as machining with a 6 

cutting speed higher than that for fragmented chip formation induced by 7 

workpiece material embrittlement. A consensus has been reached that the 8 

“high speed” in HSMC is preferably referred to a combined economic and 9 

performance target rather than merely a technical parameter. Different 10 

setups to achieve high cutting speeds have been developed, and they have 11 

played an important role in both fundamental research and industrial 12 

application of HSMC. 13 

⚫ Workpiece materials present distinctly different dynamic behaviors during 14 

HSMC compared to their static properties, owing to the high loading rate 15 

applied by the cutting tool. Different material models that consider the 16 

combined effects of strain, strain rate, and temperature have been 17 

established to describe the material deformation and fracture behavior at 18 

high cutting speeds. With the increase in cutting speed, chip morphology 19 

generally evolves from continuous to serrated and then to fragmented. 20 

Different prediction models have been developed for serrated and 21 

fragmented chips formation. The variation of material dynamic properties 22 



85 

 

at high cutting speeds is the underlying mechanism responsible for the 1 

transition of chip morphologies. The cutting energy consumption of brittle 2 

regime machining in UHSMC can be decreased by more than 19% 3 

compared with ductile regime machining in HSMC, which indicates the 4 

advantage of UHSMC in terms of energy savings. 5 

⚫ Various surface defects and different surface topographies on the machined 6 

surface are generated in HSMC compared to low-speed machining. Less 7 

surface defects and lower surface roughness can be obtained at a specific 8 

range of high cutting speeds, and the speed range depends on the workpiece 9 

material, cutting mode, and cutting tool used. Ultrafine grain layer and 10 

phase transformation are produced by severe plastic deformation on the 11 

machined surface during HSMC of different workpiece materials.  12 

⚫ With increasing the cutting speed, although larger compressive residual 13 

stresses are generated at a deeper subsurface due to severer plastic 14 

deformation, a thin layer exhibiting very high tensile residual stresses is 15 

generally induced on the superficial surface, which may become a hidden 16 

danger in service. The high cutting speeds may not improve all surface 17 

integrity parameters (e.g., the residual stress, the surface topography, and 18 

the microstructural alteration, etc.) simultaneously. Optimized cutting 19 

speed need to be determined based on a balanced surface quality.  20 

⚫ The cutting force can be reduced in the cutting speed range of HSMC due to 21 

thermal softening caused by chip plastic deformation that is beneficial for 22 
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weakening material deformation resistance. Brittle fracture of removed 1 

layer material can also help to keep the cutting force at a low level when 2 

the cutting speed increases to the range of UHSMC. The friction coefficient 3 

at the tool-chip interface presents a decreasing trend with increasing the 4 

cutting speed. Different opinions have been proposed about the existence of 5 

Salomon’s cutting temperature curve. It indicates that interrupted 6 

machining may be a necessary condition for the tenability of Salomon’s 7 

assumption, and the time ratio of cutting to non-cutting is a significant 8 

parameter that affect the variation of cutting temperature. 9 

⚫ Severe tool wear under extreme thermal-mechanical loading conditions is 10 

one of the most critical challenges for application of HSMC in industries. 11 

Understanding tool wear behavior and associated wear mechanism can 12 

instruct design and fabrication of cutting tools adaptable for HSMC, and 13 

recommend suitable tools for machining of specific work materials. 14 

⚫ HSMC has been applied successfully in industrial manufacture of different 15 

mechanical components. It has presented prominent advantages in the 16 

fabrication of components that require the removal of a high volume of 17 

material. The speed range used in industries has been improved 18 

significantly by the advancements in ultra-hard cutting tools that can 19 

achieve higher cutting speeds. Meanwhile, with the development of 20 

advanced engineering materials that display higher strength and toughness, 21 
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the high-efficient machining of mechanical components made of these 1 

materials presents further challenges for HSMC.  2 
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