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Abstract
The aerospace community widely uses difficult-to-cut materials, such as titanium alloys,
high-temperature alloys, metal/ceramic/polymer matrix composites, hard and brittle materials,
and geometrically complex components, such as thin-walled structures, microchannels, and
complex surfaces. Mechanical machining is the main material removal process for the vast
majority of aerospace components. However, many problems exist, including severe and rapid
tool wear, low machining efficiency, and poor surface integrity. Nontraditional energy-assisted
mechanical machining is a hybrid process that uses nontraditional energies (vibration, laser,
electricity, etc) to improve the machinability of local materials and decrease the burden of
mechanical machining. This provides a feasible and promising method to improve the material
removal rate and surface quality, reduce process forces, and prolong tool life. However,
systematic reviews of this technology are lacking with respect to the current research status and
development direction. This paper reviews the recent progress in the nontraditional
energy-assisted mechanical machining of difficult-to-cut materials and components in the
aerospace community. In addition, this paper focuses on the processing principles, material
responses under nontraditional energy, resultant forces and temperatures, material removal
mechanisms, and applications of these processes, including vibration-, laser-, electric-,
magnetic-, chemical-, advanced coolant-, and hybrid nontraditional energy-assisted mechanical
machining. Finally, a comprehensive summary of the principles, advantages, and limitations of
each hybrid process is provided, and future perspectives on forward design, device
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development, and sustainability of nontraditional energy-assisted mechanical machining
processes are discussed.

Keywords: difficult-to-cut materials, geometrically complex components, nontraditional energy,
mechanical machining, aerospace community

Nomenclature

BUE Built-up edge
LAM Laser-assisted machining
CAMM Chemical-assisted mechanical machining
LAT Laser-assisted turning
CAP Chemical-assisted polishing
LIAAG Laser-induced ablation-assisted grinding
CCAM Cryogenic cooling-assisted mechanical

machining
LN2 Liquid nitrogen
CCAG Cryogenic cooling-assisted grinding
MAB Magnetic field-assisted burnishing
CFRP Carbon fiber-reinforced plastic
MAF Magnetic abrasive finishing
Cf/SiC Carbon fiber-reinforced silicon carbide
MAMP Magnetic field-assisted mass polishing
CM Conventional milling
MAP Magnetic field-assisted polishing
CMC Ceramic matrix composite
MEAP Magnetic energy-assisted polishing
CMP Chemical mechanical polishing
MEAT Magnetic energy-assisted turning
CNMQL Cryogenic nanofluid minimum quantity

lubrication
MEAMM Magnetic energy-assisted mechanical

machining
CRUM Chemical-assisted rotary ultrasonic

machining
MECM Mechanoelectrochemical milling
DS-CMP Double-sided chemical mechanical polishing
MMC Metal matrix composite
EAMM Energy-assisted mechanical machining
MQL Minimum quantity lubrication
EBSD Electron backscatter diffraction
MR Magnetorheological
ECM Electrochemical machining
MRF Magnetorheological fluid
ECMP Electrochemical mechanical polishing
MRR Material removal rate
EDAG Electric discharge-assisted grinding
MWF Metal working fluid
EDAM Electric discharge-assisted milling
nMQL Nanofluid minimal quantity lubrication
EDAMM Electric discharge-assisted mechanical

machining
PCBN Polycrystalline cubic boron nitride
EDG Electrical discharge grinding
PCD Polycrystalline diamond
EDM Electric discharge machining
PEEK Polyether ether ketone
EFAP Electric field-assisted polishing
SiCf/SiC Silicon carbide fiber-reinforced silicon carbide
EFAMM Electric field-assisted mechanical machining
SiCf/Ti Silicon carbide fiber-reinforced titanium

ER Electrorheological
SiCp/Al Silicon carbide particle-reinforced

aluminum
FRCMC Fiber-reinforced ceramic matrix composite
SPDT Single-point diamond turning
FRP Fiber-reinforced plastic
SS-CMP Single-sided chemical mechanical polishing
GFRP Glass fiber-reinforced plastic
SSD Subsurface damage
HAZ Heat-affected zone
TEM Transmission electron microscopy
HE-LAT High effective laser-assisted turning
TPS Thermal protection system
HF Hydrofluoric
UAECMP Ultrasonic vibration-assisted electrochemical

mechanical polishing
HPPT High-pressure phase transformation
UAMP Ultrasound-assisted magnetorheological

polishing
HF-EDAM High-frequency electrical discharge-assisted

milling
UVAG Ultrasonic vibration-assisted grinding
LAG Laser-assisted grinding
UVAM Ultrasonic vibration-assisted milling
LAMM Laser-assisted micro-milling
UVAT Ultrasonic vibration-assisted turning

1. Introduction

Aerospace equipment has always been at the forefront of sci-
entific and technological innovation chains because of its great
significance for national economic and defense development.
High performance, light weight, reliability, and long service
life are essential themes in the design and manufacture of
aerospace equipment, such as aircraft, rockets, aeroengines,
satellites, and spacecraft [1–3]. These requirements have pro-
moted the wide application of difficult-to-cut materials and
geometrically complex components with excellent mechan-
ical, thermal, and tribological properties, as shown in figure 1.
Difficult-to-cut materials in the aerospace community can be
classified into three categories according to the main proper-
ties that determine the performance of the parts or components.
Materials in the first category are characterized by excellent
strength and high toughness, such as titanium alloys, high-
temperature alloys, high- and ultrahigh-strength steels, and
stainless steels [4–8]. These materials are used in aerospace
parts or components operated under high stress or high temper-
ature, including aeroengine blisks and turbine blades [9–12].
The second category of materials, such as advanced ceramics
(Al2O3, Si3N4, SiC, ZrO2, etc) and glasses, is mainly utilized
in tribological or optical applications [13–15]. The typical
properties of these materials are their high hardness and
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Figure 1. Difficult-to-cut materials and geometrically complex components in the aerospace community. (GLARE: Glass Laminate
Aluminum Reinforced Epoxy)

brittleness. The microstructural characteristics of materials
in the third category are anisotropy and heterogeneity. Typical
materials in this category are FRPs (such as CFRP and GFRP),
FRCMCs (such as Cf/SiC and SiCf/SiC), and MMCs (such
as SiCp/Al and SiCf/Ti) [16–20]. The geometrically com-
plex components in the aerospace community mainly include
micro-features (e.g. S-shaped micro-slots in terahertz radar
and film-cooling micro-holes in turbine blades), low-stiffness
components (such as aircraft wing panels and aeroengine
casings), honeycomb structures (e.g. aluminum honeycombs
and Nomex honeycombs), and laminated structures (e.g. glass

fiber-reinforced aluminum laminates and composite/metal
stacks) [21–24]. The mechanical machining of difficult-to-cut
materials and geometrically complex components is usually
accompanied by high cutting force and temperature, rapid tool
wear, low MRR, low machining accuracy, poor surface fin-
ish, and machining-induced defects [25–29]. These issues can
further result in a reduced machining efficiency, inconsistent
quality, increased energy consumption, and higher machining
cost.

The improvement of service performance requires key
materials and components of aerospace equipment to work
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in extremely harsh environments, such as ultrahigh or ultra-
low temperatures, complex stresses, and strong mechanical
and thermal shocks. As a result, advanced materials and
components with extreme performance are constantly emer-
ging. For example, the TPS of a spacecraft must with-
stand extremely high temperatures of up to 1800 ◦C and
high aerodynamic force during the reentry phase into Earth’s
atmosphere [30]. Conventional high-temperature materials,
such as high-temperature alloys, are no longer suitable due
to their insufficient mechanical and thermal properties under
such harsh environmental conditions. FRCMCs, including car-
bon fiber or silicon carbide fiber-reinforced silicon carbide
matrix (Cf/SiC or SiCf/SiC) composites, display high thermal
stability and mass specific properties [31, 32]. This makes
them appropriate materials for hot-end applications, such as
the TPS of Boeing’s X-37B space plane and the nose cap
of NASA’s X-38 space vehicle. However, the mechanical
machining of FRCMCs is an extremely difficult task, which
is ascribed to their high hardness and brittleness, anisotropy,
and heterogeneity. The machining process of FRCMCs is
characterized by a high cutting force, rapid tool wear, deteri-
orated surface quality, and machining-induced defects, such
as cavities, debonding, edge collapse, and delamination [33,
34]. CFRP–titanium alloy (CFRP/Ti) stacks are increasingly
becoming the most commonly used laminated structures in
the aerospace community because they combine the unique
properties of both CFRP and titanium alloy, such as high spe-
cific strength and stiffness, great corrosion resistance, and low
density. They are widely used for skin segments, fuselages,
and wing segments of commercial aircraft. A large number of
holes are drilled on stacks during assembly. However, because
of the significant differences in the mechanical and thermal
properties between CFRP and titanium alloy, their machining
characteristics differ in terms of cutting force and temperat-
ure. As a result, the drilling of CFRP/Ti stacks has problems
of low accuracy, poor hole quality, and even defects, which
further affect the strength and fatigue life of the components
[35–38].

Machining processes for these materials and components
are of great significance and versatility for the aerospace
community because they affect the service performance, sta-
bility, and reliability of the aerospace equipment. The main
machining processes are divided into traditional mechanical
machining and nontraditional machining processes [39, 40].
Traditional mechanical machining consists mainly of cut-
ting processes (e.g. turning, milling, drilling, and boring)
and abrasive machining processes (grinding, honing, lap-
ping, and polishing), in which edged tools, wheels, discs, or
abrasives are employed to remove materials. According to
the source energy used to remove the material, nontraditional
machining is divided into thermal energy-based processes
(e.g. laser machining), electric energy-based processes
(e.g. EDM), acoustic energy-based processes (e.g. ultra-
sonic machining), and chemical and electrochemical energy-
based processes (e.g. chemical milling and electrochemical
machining). Traditional mechanical machining is the main

Figure 2. Evolution of published papers in reference to
nontraditional EAMM over the past two decades [source: Scopus].

material removal process for the vast majority of aerospace
components. It can achieve the most conceivable geomet-
rical contours, surface topographies, dimensional tolerances,
and positional accuracies. In addition, traditional mechanical
machining can be applied to most available materials and has
a minimal influence on the original properties of materials
[41, 42]. For the aerospace community, the most signific-
ant advantage of traditional mechanical machining is that
it is the most favorable way to generate prototypes or a lim-
ited number production-run components. However, traditional
mechanical machining has certain limitations for constantly
emerging difficult-to-cut materials and geometrically complex
components, such as extremely lowMRR, poor machined sur-
face integrity, and inability to remove materials. Therefore,
it is necessary and urgent to develop innovative traditional
mechanical machining processes to overcome the aforemen-
tioned problems and respond to challenges in the aerospace
community.

The challenges in machining of difficult-to-cut materials
and components, as well as the difficulties in achieving the
desired geometric shape and surface integrity at low costs,
limit the application of mechanical machining in the aerospace
community [43, 44]. Nontraditional EAMM, as a hybrid
manufacturing method, has been proposed and developed to
address these challenges. In this process, mechanical machin-
ing is the main technique for material removal, which is
assisted by nontraditional energies that have significant pos-
itive effects on the material removal process. Nontraditional
energies, such as thermal, acoustic, electric, magnetic, and
chemical energies, are responsible for enhancing the mach-
inability of the local workpiece material, resulting in the
reduction of material properties or modification of material
microstructures [45–47]. In the past two decades, a number of
papers have reported the process principles, material removal
mechanisms, tool performance, and surface integrity of vari-
ous nontraditional EAMM processes. As shown in figure 2,
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Figure 3. Nontraditional EAMM processes and their advantages and applications in the aerospace community.

the number of published papers in this scope is increasing year
by year, indicating that nontraditional EAMM technique has
become a global research hotspot.

Nontraditional EAMM provides a novel path for the
efficient and precise machining of difficult-to-cut mater-
ials and components in the aerospace community. The
motives for developing nontraditional EAMM processes are
driven by various aspects from the aerospace community,
as shown in figure 3. From the perspective of increasing

MRR, nontraditional energies reduce the physical and mech-
anical properties of the material (such as laser-induced-
softening-assisted machining), change the tool–workpiece
contact mode (e.g. vibration-assisted machining), modify the
material microstructure (e.g. laser-induced-oxidation-assisted
machining), or even remove part of the material directly (e.g.
laser ablation-assisted machining). As a result, the cutting
force and temperature are reduced, tool life is prolonged, and
larger machining parameters can be adopted. Therefore, the
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MRR is improved. From the perspective of improving the pro-
cessing quality, owing to the reduced mechanical, thermal,
tribological, and chemical loads on the workpiece material
when assisted by nontraditional energies, the grades of work
hardening, residual stresses, brittle fracture, lamination, and
burr formation are significantly decreased. In addition, a sub-
stantial decrease in the tool wear rate and retention of edge
sharpness are achieved. As a result, the machined surface qual-
ity and dimensional accuracy are improved. From the per-
spective of lowering processing costs, the tool usage costs
are decreased because of the prolonged life in nontraditional
EAMM processes. Moreover, the reduced mechanical and
thermal loads also retard depreciation and prolong the life of
machine tools. Additionally, the rate of rejection is reduced
due to the improved processing stability, thus lowering the pro-
cessing costs.

The rapid development of the aerospace community has
significantly promoted the constant advent of novel difficult-
to-cut materials and components with excellent properties
[48–50]. Moreover, the demands for enhanced dimension-
al/geometrical accuracies, improved workpiece surface integ-
rity, and expanded production capacities are becoming
increasingly high and urgent. Nontraditional EAMM has
become a vital and indispensable machining process that
provides an advanced technique for meeting these challenges
and demands. Therefore, this paper presents a systematic
review of recent research progress on techniques for machin-
ing difficult-to-cut materials and components in the aerospace
community. The process principles, key features, outcomes,
advantages, and limitations are comprehensively discussed.

The remainder of this paper is organized as follows.
Section 2 describes vibration-assisted mechanical machining
processes. Section 3 introduces the laser-assisted mechanical
machining processes. Section 4 introduces hybrid nontradi-
tional energy-assisted mechanical machining processes (i.e. a
combination of two or more of the aforementioned nontradi-
tional energies). Sections 5–7 describe electric energy, mag-
netic energy, and CAMM, respectively. Section 8 presents a
review of the advanced coolant-assisted mechanical machin-
ing. Finally, a summary of process characteristics, advantages,
limitations, and future development trends is presented at the
end of this paper.

2. Vibration-assisted mechanical machining

Vibration-assisted mechanical machining technology is based
on conventional machining by applying regular vibrations to
tools or workpieces. This technology has attracted increasing
attention from researchers worldwide, with the aim of obtain-
ing the desired machining quality and excellent machining
efficiency. Vibration-assisted mechanical machining techno-
logy plays a crucial role in dynamically changing the instant-
aneous motion relationship between the workpiece and tool.
Ultrasound (high frequency; >20 kHz), a major form of
vibration, is combined with traditional mechanical machin-
ing techniques to change the tool and workpiece trajector-
ies, material removal, and surface formation mechanisms [51].

Currently, ultrasonic vibrations can be utilized in various
mechanical machining processes for difficult-to-cut materials
(e.g. titanium alloys and nickel-based superalloys), including
turning, milling, and grinding operations to achieve a higher
MRR and improved machined surface quality [52].

Studies on the preparation of ultrasonic vibration-assisted
systems (e.g. vibrating spindle, vibrating toolholder, and
vibrating clamp), relative trajectories between tools and work-
piece, material removal mechanism, and tool wear mech-
anism are discussed in the following sections. In addition,
the research challenges, status, and progress of each ultra-
sonic vibration-assisted technology are summarized. The
detailed framework of ultrasonic vibration-assisted mechan-
ical machining technology is illustrated in figure 4.

2.1. Ultrasonic vibration-assisted turning

The UVAT process utilizes ultrasonic vibrations to alter the
state of material removal from continuous to intermittent cut-
ting, thereby enhancing the machining efficiency and quality
of difficult-to-cut materials. Recent domestic and international
research has focused on understanding the material removal
mechanism, optimizing the process, and developing vibrating
equipment or systems.

In terms of material removal mechanism and process
optimization, Jamshidi and Nategh [56] studied the tool chip
contact behavior during UVAT of Al 6061 workpiece and con-
cluded that the reduction in cutting force was caused by the
decrease in the friction coefficient. Peng et al [57] found that
ultrasonic vibration transformed the material removal mode
into intermittent cutting, reducing the main cutting force by
40%. The external turning precision of thin-walled titanium
cylinders was greatly increased by the effective suppression
of flutter by ultrasonic vibration. Liu et al [58] constructed a
one-dimensional UVAT system for PCD tools. By optimizing
the process parameters, a regular micro-texture morphology
was manufactured, which exhibited a good friction perform-
ance. To explore the variations in cutting force during material
removal, Duan et al [59] developed a cutting force simulation
model that considered the effects of vibration amplitude and
other cutting parameters on cutting force.

In terms of vibrating equipment or systems,Wang et al [60]
connected an ultrasonic generator to a turning tool through a
piezoelectric ceramic transducer and then machined 304 stain-
less steel. They discovered that UVAT altered both the sur-
face profile of the substrate and the path taken by the tool tip.
Traditional 3D ultrasonic vibration-assisted machining sys-
tems often require two or more ultrasonic actuators [61, 62],
which are complex and lead to a slow response. Wei et al
[63] developed a new ultrasonic vibration actuator through
simulation and experimental design and prepared a new 3D
UVAT system with a single ultrasonic actuator (figure 5). A
vibration-carrying rod with spiral grooves represented a signi-
ficant innovation of this device, enabling the transmission of
the vibration signals to the turning tool. Consequently, it facil-
itated the attainment of 3D curved motion for the tool. This
novel 3D UVAT system effectively reduced the friction coeffi-
cient, resulting in a significantly smaller peak to valley on the
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Figure 4. Classification diagram of ultrasonic vibration-assisted mechanical machining [53–55]. Reprinted from [53],© 2018 Elsevier B.V.
All rights reserved. Reproduced from [54], with permission from Springer Nature. Reprinted from [55], © 2021 Elsevier Ltd. All rights
reserved.

machined surface, measuring only 5.7 µm. This is far lower
than that of the traditional processing method, which yields a
height of 15.1 µm. Júnior et al [64] designed a unique ultra-
sonic vibration turning device using flexible hinges. The vibra-
tion of the cutting tool acted as a ‘vibrating screen’, thereby
achieving the self-cleaning effect of the tool.

The implementation of workpiece UVAT is constrained
and challenging due to the impact of workpiece geometry,
mass variability, and machine configuration. Furthermore,
most studies on UVAT have primarily concentrated on ultra-
sonic devices and processes, with little attention paid to cut-
ting tools. The direct application of high-frequency ultrasonic
vibration and high cutting loads to the tool necessitates a high
level of tool performance [52, 65, 66]. Therefore, the devel-
opment of turning tools suitable for ultrasonic machining may
become a prominent research direction in the future. In addi-
tion, achieving UVAT for workpieces faces numerous limita-
tions and challenges due to factors, such as workpiece shape,
mass variability, and machine tool structure. Currently, no
relevant research on workpiece vibration-assisted turning has
been identified.

2.2. Ultrasonic vibration-assisted milling

The UVAM technology combines ultrasonic machining with
traditional milling, applying ultrasonic vibration to the milling
cutter or workpiece. Compared to traditional machining, this
technique enables periodic high-frequency separation of tool
parts, resulting in superior machining performance.

2.2.1. Tool ultrasonic vibration-assisted milling. Research on
UVAM technology started relatively late, and published stud-
ies are mainly from the early 21st century. Many scholars [67–
69] have investigated the impact of process parameters, includ-
ing spindle speed, depth of cut, feed rate, vibration amplitude,
and vibration frequency, on outcome performance indicators
(e.g. machined surface roughness, surface topography, cutting
edge, and tool wear).

Considering the impact of UVAM on machining per-
formance, a number of investigations have demonstrated
that UVAM, particularly longitudinal tool vibration-based
ultrasonic milling, can significantly enhance machining
performance by reducing the cutting force and improving
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Figure 5. 3DThree-dimensional ultrasonic vibration-assisted turningUVAT and generated surface. (a) 3D UVAT system [63]. (b) Surfaces
generated with 3D UVAT and conventional turning processes [63]. Reproduced from [63], with permission from Springer Nature.

tool durability. Tong et al [70] simulated milling with high-
frequency periodic vibrations applied simultaneously into
the circumferential and axial axes of cutting tools. It was
found that various cutting forces frequently returned to zero,
and the average cutting force decreased significantly. Hence,
the deformation of the thin-walled items was substantially
reduced throughout the machining process. Gao et al [71] real-
ized high-frequency longitudinal torsional compound motion
of AlTiN coated tool using a self-designed ultrasonic sys-
tem. They carried out machining experiments on Ti–6Al–4V
alloys and studied the milling cutter wear mechanism. Their
results demonstrated the significant advantages of UVAM
in terms of both milling forces and machined morphology.
Xiong et al [72] used an ultrasonic vibration tool holder and
PCD composite tool for milling SiCf/SiC composite materi-
als. Combined with UVAM, the tool service life was over four
times longer than that of the traditional machining method.
Ultrasonic vibration also exhibited a significant strengthen-
ing effect on the machined surface. Yin et al [73] found that
ultrasonic vibration milling caused high-frequency squeezing
of Inconel 718 workpiece by the tool, resulting in a surface
hardness increase of 79.93%. In addition, ultrasonic vibra-
tion also refined the subsurface grains, and a single treatment
could increase the thickness of the plastic deformation layer
by nearly 80%, contributing to the improved fatigue life of
the workpiece. Similarly, Xu et al [74] used the longitud-
inal UVAM method to machine Inconel 718. They found that
ultrasonic high-speed impact extrusion increased the micro-
hardness by 13.8%, while the plastic deformation thickness
increased from 3.1 to 8.2 µm.

In recent years, an increasing number of researchers have
focused on the effects of ultrasonic vibration on the interior
of workpieces because the vibration results in residual stress
inside the machined surface, which affects the machining per-
formance of the workpiece [75, 76]. Xie et al [77] examined
the machining pattern of longitudinal torsional UVAM of

TC18 titanium alloys by applying vertical ultrasonic vibra-
tion on an end mill. The continuous machining surface impact
changed the grain morphology and microstructure inside the
workpiece. Under higher amplitude conditions, longitudinal
torsional UVAM generated over 20% larger residual stresses
and thicker (up to 5.4 µm) subsurface deformation layers than
CM. Chang et al [78] investigated an ultrasonic vibration-
assisted side milling process by clamping an ultrasonic vibra-
tion system on the tool spindle, with the goal of decreasing
machining flaws during side milling of Inconel 718 superal-
loy. A schematic of the UVAM system and surface forma-
tion is shown in figure 6. The constant intervention of ultra-
sonic high-frequency energy impact not only suppressed tool
clatter and surface defects but also led to subsurface grain
refinement.

The aforementioned research indicates that UVAM causes
milling forces to fluctuate with vibration, and thus reduces the
average milling force, due to the fast separation cutting mech-
anism and influence of the dynamic cutting thickness. At the
same time, the workpiece achieves better processing quality
and has a broad application space, owing to the constant effect
of ultrasonic energy.

2.2.2. Workpiece vibration-assisted milling. Workpiece
vibration-assisted milling is a machining technique that
enhances the performance of traditional milling by apply-
ing auxiliary ultrasonic vibrations to the workpiece [79, 80].
In recent years, researchers have primarily concentrated on
investigating the effects of various machining and vibration
parameters on milling outcomes as well as exploring the
impact of ultrasonic vibrations on workpiece surface mor-
phology and tool wear mechanisms.

In recent years, many academics have examined the influ-
ence of machining settings and vibration parameters on
milling performance. Fang et al [81] investigated the effects
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X

Z

Figure 6. Schematic diagram of the UVAM system and surface formation. (a) UVAM system [78]. (b) Formation of ultrasonic vibration
texture on the machined surface [78]. Reprinted from [78], © 2022 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All
rights reserved.

of feed per tooth on milling force and surface morphology
of a high-temperature nickel-based alloy. Properly increas-
ing the feed per tooth effectively suppressed the formation of
stacked edges and reduced defects, such as pits, protrusions,
and grooves, caused by traditional micro-milling processes.
Shen and Xu [82] used vibration to guide a workpiece along
the tool feed direction and investigated the influence of vibra-
tion amplitude on milling performance. It was found that a lar-
ger ultrasonic amplitude leads to excessive mechanical shock
and tool instability.

In addition, some studies have focused on the role of
ultrasonic milling in the functionalization and texturing of a
machined surface. Börner et al [83] added ultrasonic vibra-
tions to a workpiece during surface milling to achieve func-
tionalization of the sample surface. Lu et al [55] investigated
the mechanism of ultrasonic vibration-assisted surface texture
generation and achieved quantitative design of surface tex-
tures. Ni et al [84] designed a workpiece UVAM system con-
sisting of four parts (i.e. the ultrasonic vibration system, CNC
machining center, online monitoring system, and data acquis-
ition system), as shown in figure 7. Traditional cutting pro-
duced obvious tool marks, protrusions, and jumps, whereas
ultrasonic milling resulted in homogeneous vibration textures
on the machined surface due to the constant separation and
contact between the cutting edge and the workpiece.

Regarding the wear mechanism of cutting tools in UVAM,
Maurotto and Wickramarachchi [85] investigated the effect
of ultrasonic vibration frequency on milling cutter damage
characteristics. They discovered that the ultrasonic vibration
frequency had a significant influence on tool wear. Ni et al
[65] discovered that during the ultrasonic vibration cycle, the
rapid change of friction and friction direction easily generated
microcracks at the tool tip, and the effect of high-frequency
pulse cutting forces and alternating stiffness aggravated tool
wear, eventually causing tool fatigue failure.

In summary, both tool and workpiece vibration-assisted
milling processes have the potential to enhance the machining
performance. However, the relatively simple structure of tool
ultrasonic vibration system exerts a greater influence on work
hardening and residual stress. The application of ultrasonic
vibration to workpieces offers significant advantages in enhan-
cing machining quality and surface morphology. However,
varying the processing conditions requires distinct process
optimizations to avoid negative processing effects.

2.3. Ultrasonic vibration-assisted grinding

UVAG applies ultrasonic frequency vibrations to a grinding
wheel or workpiece during conventional grinding, resulting
in a surface finish that is processed through a combination
of ultrasonic frequency vibrations and the grinding wheel. In
the past few years, ultrasonic-assisted machining has gained
increasing popularity in the grinding of difficult-to-cut mater-
ials because it effectively addresses a range of issues, such
as high grinding forces, poor surface quality, severe wheel
wear, and limited lifespan associated with traditional machin-
ing processes.

2.3.1. Tool ultrasonic vibration-assisted grinding. Tool
UVAG is a process in which an ultrasonic transducer is tightly
connected to the grinding wheel through a spring chuck or
other connection methods, forming a resonant system that
generates ultrasonic vibration in a fixed direction and fre-
quency within the grinding wheel. Recent research includes
exploration of the impact of vibration parameters on machin-
ing quality, material removal processes, and wear reduction
mechanisms.

Several studies have confirmed the benefits of utiliz-
ing ultrasonic-assisted grinding tools to achieve high-quality
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Figure 7. Schematic of a workpiece UVAM system [84]. Reprinted from [84], © 2018 Elsevier Ltd. All rights reserved.

material removal across various machining and vibration
parameters [86]. Li et al [87] combined vibration-assisted
machining technology with abrasive belt grinding, as shown
in figure 8. They experimentally analyzed the impact of linear
speed and feed rate on the machined surface and simulated the
material removal mode of sand belts with flexible characterist-
ics under vibration assistance. Compared with traditional belt
grinding, this technology reduced surface roughness by 25%
and generated a peak-like intermittent texture surface morpho-
logy of Inconel 718 superalloys. At the same time, the impact
strengthening of abrasive particles increased the residual com-
pressive stress on the surface more than twice. Qin et al [88]
developed a new theoretical model to predict the machined
surface morphology after studying the surface characteristics
of UVAG of hard brittle materials. Smaller feed rates and lar-
ger ultrasonic amplitudes were found to be more suitable for
UVAG processes.

Ultrasonic vibration is widely used in grinding because of
reduced friction. Although many attempts have been made
to analyze it from the perspective of kinematics in the lit-
erature, the friction mechanism of the tool–workpiece con-
tact remains unknown. Because of the Poisson effect, when
ultrasonic vibration is applied in the spindle direction, the
tool can generate an additional amplitude of 0.4 µm along
the radial direction. Zhou et al [89] proposed a new pre-
dictive model for calculating the plowing friction coefficient
with the assistance of two-dimensional ultrasonic vibration
and attempted to explain the friction reduction mechanism
of ultrasonic vibration in view of the tool–workpiece con-
tact deformation process. Ultrasonic waves drive the grinding
wheel in both radial and circumferential directions to generate
high-frequency vibrations. Feng et al [90] applied ultrasonic
vibration to diamond grinding wheels for machining blind

holes in hard alloys. The UVAG process, characterized by a
high overlap rate of motion trajectories, reduced the grinding
forces. The high-frequency vibration changed the contact state
between the abrasive grains and workpiece, reducing friction
and improving the cooling and lubrication properties of cutting
fluids.

The tool ultrasonic vibration machining process does not
have strict requirements for the shape and size of the work-
piece and can be used to process complex-shaped parts.
Therefore, it has received widespread attention from schol-
ars and industries. However, the size of the grinding wheel
is limited, which in turn limits the grinding speed and mater-
ial removal efficiency because ultrasonic vibrations must meet
system resonance conditions.

2.3.2. Workpiece ultrasonic vibration-assisted grinding.
The UVAG process for workpieces involves the utilization of
an ultrasonic vibration platform to achieve workpiece vibra-
tion during the grinding process. Currently, researchers are
primarily focused on developing workpiece vibration plat-
forms and studying the complex machining processes that
involve auxiliary procedures.

Compared with tool ultrasonic vibration, workpiece ultra-
sonic vibration requires specific equipment designs based
on the characteristics of part structure, material, size, and
ultrasonic vibration direction [91, 92]. Therefore, equipment
structures for workpiece ultrasonic vibration vary widely
[93]. Paknejad et al [94] created a special ultrasonic vibra-
tion device for workpiece to achieve low-temperature slow
feed deep grinding. Cao et al [95] investigated the influ-
ences of two-dimensional vibration coupling on workpiece
UVAG. Compared with conventional grinding, the optimized
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Figure 8. Ultrasonic vibration-assisted abrasive belt grinding and generated surface morphology. (a) Schematic of the process [87]. (b)
Comparison of surface morphology generated with and without vibration assistance [87]. Reprinted from [87], © 2022 The Society of
Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

two-dimensional workpiece UVAG reduced the cutting force
and surface roughness by more than 10%. Zhao et al [96]
created an innovative radial UVAG device, as illustrated in
figure 9. The vibration converter designed with a special cross
structure can achieve better vibration uniformity. The inter-
mittent cutting action of UVAG minimized the proportion of
sliding and plowing, as depicted in figure 9(b). MRR was

increased by 2.8 times, whereas the grinding temperature was
reduced by more than 20%.

Combining UVAG with other auxiliary processes can fur-
ther improve the MRR. Singh and Sharma [97] introduced
ultrasonic vibration with an actual amplitude of 9.2 µm into
a workpiece, supplemented by atomized cutting fluids to
achieve double-assisted vibratory grinding of nickel-based
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Figure 9. Schematic of (a) radial UVAG system and (b) grain trajectory [96]. Reproduced with permission from [96]. © 2023 Production
and hosting by Elsevier Ltd on behalf of the Chinese Society of Aeronautics and Astronautics.

superalloys. Ultrasonic vibration softened the material and
reduced the cutting force by more than 50%. Simultaneously,
the intermittent cutting effect of ultrasonic vibrations facilit-
ated the entry of tiny lubricating droplets into the grinding
area, thus allowing the wetting and spreading properties of the
cutting fluid to be fully utilized and reducing the optimal sur-
face roughness by 46.48%.

When ultrasonic vibration is applied to the tool, the effect-
ive tool diameter becomes smaller, resulting in a low grind-
ing speed and, consequently, a reduced MRR. The workpiece
UVAG process applies vibrations to the workpiece platform,
and the grinding wheel is not affected. Therefore, the work-
piece UVAG can be carried out using large-diameter grinding
wheels, achieving slow near-deep grinding, high-speed grind-
ing, and efficient deep grinding. It is especially suitable for
working conditions with a high grinding load and high MRR.
However, the quality, material, and shape of the workpiece
can all have an impact on the effectiveness of ultrasonic vibra-
tion. Existing ultrasonic vibration processing devices are lim-
ited by power and other factors, making it difficult to achieve
ultrasonic vibration on large, heavy, and complex materials
and workpiece shapes, which affects their industrial applica-
tion. Wang et al [98, 99] used both workpiece vibration and
tool vibration to achieve three-dimensional rotational ultra-
sonic vibration for machining CFRPmaterials. Two ultrasonic
power sources were used to drive the workpiece horizontal
ultrasonic vibration and tool vertical vibration, which were
superimposed with the grinding rotational motion to form a
special three-dimensional abrasive grain motion trajectory, as
shown in figure 10. The grinding force and ground surface
roughness were lower in 3D rotary UVAG than in conven-
tional rotary UVAG. However, compared with tool ultrasonic
vibrations, the workpiece ultrasonic vibration system is more
specific according to the particular material properties and

structures of components. Therefore, the module cannot be
universally applied to machine different components.

The UVAG technique is well suited for processing small
and medium-sized workpieces, while also being capable of
accommodating large-diameter grinding wheels. This makes
it particularly suitable for working conditions characterized by
high grinding loads and MRRs. Moreover, there is no univer-
sally fixed equipment structure for workpiece ultrasonic vibra-
tion, and specific designs must be tailored based on the char-
acteristics of the part structure, material, size, and ultrasonic
vibration direction. Consequently, the equipment structure for
ultrasonic vibration of workpieces exhibits a greater degree of
diversity.

Because of the sensitivity of the ultrasonic vibration sys-
tem to the load, excessive loading can disrupt its stability and
alter the resonant frequency. Therefore, ultrasonic vibration-
assisted drilling is primarily suitable for machining conditions
with low or uniform loads. Compared with high-frequency
vibration machining, low-frequency vibration is typically gen-
erated by a mechanical vibration device with a higher load-
ing capacity and larger amplitude, resulting in the ability to
achieve a higher MRR [100]. Many studies [101–104] have
demonstrated the efficacy of high-frequency vibration-assisted
drilling in enhancing hole quality. However, low-frequency
vibration-assisted drilling is hampered by challenges, such as
the intricate development of vibration equipment and subop-
timal stability. To address these issues, it is recommended
to conduct further analysis on the specific impact patterns of
vibration on tool–workpiece interaction, including tool traject-
ory, cutting angle, and chip breaking mechanism.

Overall, the integration of ultrasonic vibration with tradi-
tional machining techniques is a highly effective approach
for enhancing the machining performance. Table 1 presents a
comparison of the output parameters of various ultrasonic
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Figure 10. Schematic of 3D rotating ultrasonic vibration machining [99]. Reprinted from [99], © 2020 The Society of Manufacturing
Engineers. Published by Elsevier Ltd. All rights reserved.

vibration-assisted machining processes and conventional
mechanical machining processes. However, the current
vibration-assisted machining systems often possess intric-
ate configurations and large footprints that are frequently
added to or modified from existing machine tools, ren-
dering their implementation challenging. Novel ultrasonic
vibration-assisted machining systems can be designed using
professional-grademachine tools and other equipment tailored
to match. During ultrasonic vibration-assisted machining, the
tools, as the primary object of high-frequency vibration, often
endure prolonged dynamic impact loads, thereby imposing
new and elevated demands on machining tools. This neces-
sitates the development of novel tools that are suitable for
ultrasonic vibration to meet increasingly exacting machin-
ing requirements. The technology of ultrasonic vibration-
assisted machining tools has undergone rapid development
and boasts broad application prospects, yet its MRR remains
relatively low. Conversely, the system of workpiece ultrasonic
vibration-assisted machining is comparatively simple and
yields a high MRR. However, the promotion and application
of this method are hindered by severe restrictions on the size,
weight, and shape of the processed workpiece. Further devel-
opment is necessary to fulfill the ultrasonic equipment require-
ments for power, workpiece shape, and size. Although there
is currently some research on the mechanism of ultrasonic
vibration-assisted machining, most of it is based on analyz-
ing experimental results and process characteristics, lacking a
unified and scientifically quantitative description. Therefore,
it is critical to increase the use of finite-element technology
and develop new mathematical models and characterization
techniques.

3. Laser-assisted mechanical machining

It is well known that the strength and hardness of most
materials tend to decrease upon heating. In addition, the
microstructure or phase of these materials may be altered
at elevated temperatures. This phenomenon is behind the
development and innovation of heat-assisted machining [112–
114]. In heat-assisted mechanical machining, an external heat-
ing source is utilized to heat the local workpiece mater-
ial prior to mechanical machining, resulting in softening or
modification of the material. As a result, a reduced cutting
force and prolonged tool life are achieved. For hard mater-
ials, such as ceramics and cemented carbides, their deform-
ation behavior at elevated temperatures is transformed from
brittle to ductile, which is beneficial for improving the qual-
ity of the machined surface. According to the type of heating
source, heat-assisted mechanical machining can be classified
into laser-assisted mechanical machining, induction-assisted
mechanical machining (using an induction coil as the heat-
ing source), flame-assisted mechanical machining (using acet-
ylene gas as the heating source), and plasma-assisted mechan-
ical machining.

Owing to the advantages of lasers in terms of energy
concentration, fast processing, good controllability, and high
accuracy, laser-assisted mechanical machining has become
a research hotspot [115–121]. Laser-assisted mechanical
machining is a hybrid process that uses a laser to reduce
the physical/mechanical properties of materials or to modify
the phase/microstructure of local materials to improve mach-
inability. According to the output waveforms, lasers can
be divided into two categories: continuous-wave lasers and

13



Int. J. Extrem. Manuf. 6 (2024) 022007 Topical Review

Table 1. Ultrasonic vibration-assisted mechanical machining processes and output parameters. (↑: increased by.↓: decreased by)

Reference
Workpiece
material Hybrid process Process parameters

Output parameters
(compared with
conventional)

Jamshidi and Nategh
[56]

Al 6061 UVAT Cutting speed: 27 m min−1

Frequency: 20 kHz
Amplitude: 4–10 µm

Normal force: ↓19%–82%
Friction force: ↓24%–76%

Peng et al [57] Ti–6Al–4V High-speed ultrasonic
vibration cutting

Frequency: 22 kHz
Amplitude: 20 µm
Cutting speed: 200 m min−1

Feed: 0.05 mm rev−1

Depth of cut: 0.1 mm

Cutting force: ↓40%
Surface roughness:
↓1.7%–20.4%

Duan et al [59] AISI 304 3D UVAT Frequency: 20/30 kHz
Cutting speed: >320 rpm
Depth of cut: 0.05 mm
Feed: 0.08 mm rev−1

Cutting force: ↓63.5%

Zhou et al [105] SiCp/Al Ultrasonic elliptical
vibration-assisted
turning

Frequency: 43.194 kHz
Amplitude: 3.9/3.59 µm
Cutting speed: 200 mm min−1

Feed: 0.2 mm rev−1

Depth of cut: 0.025 mm

Surface roughness: ↓20%

Kang et al [106] GH4068 super
alloy

UVAT Frequency: 18 kHz
Amplitude: 3–12 µm
Cutting speed: 14–66 m min−1

Feed: 0.08–0.24 mm rev−1

Depth of cut: 0.05–0.25 mm

Cutting force Fx: ↓44%
Cutting force Fy: ↓63%
Surface roughness: ↓31%

Bertolini et al [107] SiC/Al UVAT Frequency: 30 kHz
Amplitude: 5 µm
Cutting speed: 60/120 m min−1

Feed: 0.02/0.06/0.1 mm rev−1

Depth of cut: 0.05 mm

Tool wear: ↓51%
Surface roughness: ↓21%

Tong et al [70] TC4 titanium alloy Longitudinal–torsional
composite UVAM

Frequency: 35 kHz
Amplitude of the longitudinal
wave: 8 µm
Spindle speed: 1000 rpm
Feed per tooth: 0.09 mm z−1

Radial cutting force:
↓17.4%–31.3%
Feed cutting force:
↓5.4%–38.7%

Xie et al [77] TC18 titanium
alloy

Longitudinal–torsional
UVAM

Feed per tooth: 0.01–0.04 mm z−1

Cutting speed: 15–45 m min−1

Depth of cut: 0.5 mm
Amplitude: 2–5 µm

Surface roughness:
↑29.82%–42.63%
Residual stress:
↑20.62%–35.88%
Depth of the plastic
deformation layer: ↑134.78%

Shen and Xu [82] 2A12 aluminum
alloy

UVAM Feed per tooth: 3 µm z−1

Spindle speed: 3000 rpm
Depth of cut: 0.2 mm
Frequency: 19.58 kHz
Amplitude: 7 µm

Maximum milling force:
↓21.7%

Yin et al [73] Inconel 718 Ultrasonic vibration ball
end mill

Feed per tooth: 0.025 mm z−1

Spindle speed: 4000 rpm
Depth of cut: 0.05 mm
Frequency: 21 kHz
Amplitude: 6 µm

Surface hardness: ↑79.93%
Surface residual compressive
stress: ↑29.4%
Thickness of the plastic
deformation layer: ↑79.5%
Fatigue life of the workpiece:
↑210%

Xu et al [108] Inconel 718 Cryogenic UVAM Feed rates: 30–70 mm min−1

Spindle speed: 80–3000 rpm
Radial depth: 0.1 mm
Axial depth: 1.5 mm
Frequency: 43.26 kHz
Amplitude: 3.07 µm

Cutting force: ↓36.5%
Surface roughness: ↓39.1%

(Continued.)
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Table 1. (Continued.)

Reference
Workpiece
material Hybrid process Process parameters

Output parameters
(compared with
conventional)

Li et al [109] TC18 titanium
alloy

Ultrasonic-assisted
milling

Feed rates: 4–28 µm rev−1

Cutting speed: 15–45 m min−1

Depth of cut: 0.1–0.4 mm
Amplitude: 0–3.5 µm

Cutting force: ↓15%
Peak temperature: ↓42%
Residual compressive stress:
↑40%
Surface roughness: ↓44%

Xu et al [74] Inconel 718 Longitudinal UVAM Spindle speed: 3000 rpm
Feed rates: 50–150 mm min−1

Depth of cut: 0.05–0.11 mm
Frequency: 30.8 kHz
Amplitude: 3.12 µm

Cutting force: ↓23.3%
Average cutting temperature:
↓19.8%
Microhardness: ↑13.8

Li et al [87] Inconel 718 Ultrasonic-assisted
abrasive belt grinding

Depth of cut: 0.05 mm
Line speed: 2–4 m s−1

Feed speed: 2–8 mm s−1

Frequency: 24.62 kHz
Amplitude: 10 µm

Surface roughness: ↓25%
Surface residual compressive
stress: ↑110%

Cao et al [95] Inconel 718 UVAG Grinding speed: 10–30 m s−1

Workpiece infeed speed:
100–400 mm min−1

Depth of cut: 0.1–0.4 mm
Frequency: 20 kHz

Normal grinding force: ↓15%
Tangential grinding force:
↓11%
Surface roughness Ra: ↓10%

Zhao et al [96] Particle-reinforced
titanium matrix
composites

Radial UVAG Amplitude: 5 µm
Frequency: 19.5 kHz
Amplitude: 5 µm
Depth of cut: 20–80 µm
Grinding speed: 90–120 m s−1

Tangential grinding force:
↓5.0%–17.2%
Normal grinding force:
↑6.5%–14.9%
Grinding temperature:
↓24.2%–51.8%
Removal rate: ↑280%

Wang et al [110] γ-TiAl Ultrasonic
vibration-assisted
high-efficiency deep
grinding

Grinding speed: 80–140 m s−1

Workpiece speed: 1.5–6 m min−1

Depth of cut: 0.15–0.6 mm
Ultrasonic frequency: 19.56 kHz
Ultrasonic amplitude: 8 µm

Normal grinding force:
↓38.69%
Grinding temperature:
↓39.05%
Specific grinding energy:
↓23.95
Surface roughness: ↓19.53%

Huang et al [111] Hardened GCr15
steel

UVAG Grinding speed: 15–30 m s−1

Feed speed: 4–10 m min−1

Depth of cut: 10–25 mm
Ultrasonic frequency: 19.6 kHz
Ultrasonic amplitude: 6 µm

Normal grinding force:
↓18.91%
Tangential grinding force:
↓20.51%
Surface roughness: ↓9.47%

pulsed lasers. Continuous-wave lasers with relatively high
power are employed to heat and soften the local work-
piece material, resulting in decreased properties and increased
machinability. Pulsed lasers can be classified into milli-
second, microsecond, nanosecond, picosecond, and femto-
second lasers according to the range of the pulse width.
Generally, the effects of millisecond, microsecond, and nano-
second lasers onmaterials are the same as those of continuous-
wave lasers. On the contrary, due to the ultrashort pulse width,
picosecond and femtosecond lasers possess ultrahigh instant-
aneous energy density, resulting in direct material removal.

The physical process of laser–material interaction is essen-
tially the interaction between the electromagnetic field (optical
field) and material microstructure, involving resonance inter-
action and energy conversion. It is a cross-coupling process

of disciplines, such as optics, thermodynamics, and mech-
anics. When a laser beam is irradiated onto a material, sev-
eral physical and chemical changes occur on both the surface
and subsurface. Under the irradiation of continuous-wave or
long-pulse laser, energy is absorbed by the material through
the conversion of incident photons, stimulated electrons, and
phonons. As a result, a three-phase thermal melting process
of solid–liquid–gas takes place, and material processing is
achieved. However, thermal energy also diffuses to the adja-
cent zones of the irradiated area due to heat conduction, res-
ulting in undesired thermal effects or severe thermal damage.

As the laser pulse width decreases, the area and degree of
thermal effects and damage also decrease. The pulse widths of
ultrafast pulsed lasers are much smaller than both the thermal
diffusion time and the electron–phonon coupling time in the
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Figure 11. Classification diagram of laser-assisted mechanical machining.

material. Therefore, it is necessary to consider only the excit-
ation and energy storage processes of electron absorption of
incident photons during laser irradiation, while the electron
temperature resulting from the cooling of radiative phonons
and thermal diffusion processes can be completely ignored.
The interaction between the laser and the material mainly
manifests as the process of stimulated absorption and energy
storage by electrons, fundamentally avoiding the transfer, con-
version, and existence of energy, as well as the effects caused
by thermal energy and thermal diffusion, achieving nonther-
mal melting processing with lasers [122–124].

To date, research on laser-assisted mechanical machining
has mainly focused on LAT, milling, grinding, and planing.
The detailed framework of laser-assisted mechanical machin-
ing technologies is illustrated in figure 11.

3.1. Laser-assisted turning

LAT is a popular research interest in the field of LAM. The cur-
rent research on LAT is mainly focused on two aspects: laser
preheating-assisted turning and in situ laser-assisted diamond
turning.

3.1.1. Laser preheating-assisted turning. Laser preheating-
assisted turning mainly uses laser-induced thermal effects

to soften the irradiated local material in advance, thereby
enhancing its machinability and reducing the cutting force
during subsequent turning. A schematic illustrating its prin-
ciple is depicted in figure 12(a). During the machining pro-
cess, the temperature of the material to be removed can be
controlled by manipulating the laser parameters, such as vary-
ing the laser power or adjusting the distance between the laser
spot and the tool tip. Research has indicated that the strength
of materials undergoes changes at different temperatures. At
elevated temperatures, materials tend to soften, resulting in a
decrease in strength, as illustrated in figure 12(b). This soften-
ing effect makes them more amenable to the machining pro-
cesses. Therefore, scholars have conducted extensive research
on laser preheating-assisted turning [125–130]. Attia et al
[131] investigated the processing characteristics of Inconel
718 in laser-assisted high-speed turning, and a comparison
with dry turning process was performed. The results demon-
strated that under optimal LAT conditions, a significant reduc-
tion in cutting forces and improvement in surface finish were
achieved in the hybrid process, as shown in figures 12(c) and
(d), respectively. Moreover, the MRR of the hybrid process
increased by approximately 800%. Wei et al [132, 133] repor-
ted a new LAT approach to process silicon carbide particle-
reinforced aluminum matrix composite (SiCp/Al composite),
employing a high-speed and high-density continuous-wave
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Figure 12. Laser preheating-assisted turning process and outcomes. (a) Schematic of LAT [43]. (b) Strength of various materials at elevated
temperatures [43]. (c) Comparison of resultant forces between conventional turning and LAT under various cutting speeds [131]. (d)
Comparison of tool wear between conventional turning and LAT under various cutting speeds [131]. (e) Cross-sectional morphology
showing particle deposition that resulted from laser heating [135]. Reprinted from [43], Copyright © 2014 CIRP. Published by Elsevier Ltd.
All rights reserved. Reprinted from [131], Crown copyright © 2010 Published by Elsevier Ltd. All rights reserved. Reprinted from [135], ©
2016 Elsevier Ltd. All rights reserved.
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laser. A high cutting speed was used to ensure the timely
removal of the locally heated material, thereby reducing heat
conduction from the heated material to adjacent areas. The
experimental results demonstrated that compared to conven-
tional machining, LAT reduced the cutting force by 62.5% and
decreased tool wear by 65%. Moreover, the machined surface
exhibited superior quality, with a reduction in surface rough-
ness of 75.4%. Xu et al [134] carried out a fully coupled ther-
momechanical simulation of LAT Ti–6Al–4V alloy to study
the formation mechanism and morphological evolution of ser-
rated chips. Their results indicated that the chip morpho-
logy was mainly influenced by the thermoplastic instability
caused by laser heating. Przestacki et al [135, 136] found that
two distinct layers were formed on the workpiece surface of
an A359/20SiCp composite after laser heating, as shown in
figure 12(e). The top layer was an overheated zone free of SiC
particles or possessing a small amount of them. The second
layer was a reinforced zone with a higher contribution of SiC
particles. The formation mechanism of the layer structure was
the sedimentation of SiC particles in the liquid aluminummat-
rix resulting from laser overheating. The unique phenomenon
of enhanced particle deposition resulting from laser heating
can yield numerous beneficial effects on machining. Because
of the deposition of the reinforced phase particles, there were
fewer SiC particles in the upper layer of the material, mak-
ing it easier to remove. As a result, the cutting forces in LAT
were significantly reduced, tool wear was reduced by approx-
imately 50%, and surface roughness was decreased by 32%.
Furthermore, the post-machining surface acquired more rein-
forced phase particles through deposition, leading to a 27%
improvement in surface wear resistance.

3.1.2. In situ laser-assisted turning. The high-efficiency and
ultraprecision machining of hard and brittle materials, such as
ceramics, cemented carbides, and sapphire, has always been a
hot topic. Studies have demonstrated that the brittle-to-ductile
transition mechanism plays an important role in achieving a
super surface finish of brittle materials. In situ LAT is a hybrid
process in which a laser beam is delivered through a cut-
ting tool, focusing on the material. Diamond cutting tools are
mostly used in this process because of their good transpar-
ency and low absorptivity to lasers. The in situ laser increases
the ductility and machinability of the local material. Dong
[137] incorporated a laser heating system into the SPDT pro-
cess, forming an in situ LAT platform. Experiments on the
hybrid processing of silicon wafer showed that the cutting
force and tool wear were reduced, which can be ascribed
to thermally softened high-pressure phase transformation of
silicon (covalent to metallic crystalline structure). You et al
[138–140] proposed anHE-LATmethod and conducted exper-
iments on binderless tungsten carbide (WC). A schematic of
the HE-LAT process is shown in figure 13(a). The laser beam
passes through a diamond tool, refracts at the tool rake face
and cutting edge, and then totally reflects at tool flank face,
as shown in figure 13(b). In this process, surface fluctuation

was effectively eliminated, and a great surface finish with Sa
of 0.92 nm was achieved. In addition, local graphitization of
the diamond tool was suppressed, and chip adhesion on tool
cutting edge was inhibited effectively, which can be attributed
to the relatively low laser power. Zhang et al [141, 142] studied
the brittle-to-ductile transition behavior of reaction-bonded
silicon carbide (RB SiC). Grooving experiments were per-
formed under both conventional and in situ laser-assisted dia-
mond cutting conditions. The results showed that the critical
depth of cut for the brittle-to-ductile transition of RB SiC was
increased from 52.2 nm in conventional cutting to 106.7 nm in
in situ laser-assisted diamond cutting. The increment of crit-
ical depth of cut allows higher cutting parameters to be used
in the hybrid process, thus improving the MRR. By employ-
ing in situ LAT, a significant reduction in surface defects can
be achieved. Compared to turning without laser assistance, the
surface roughness was reduced by 84.3%, and tool wear was
greatly diminished, as shown in figures 13(c) and (d), respect-
ively. Park et al [143] also observed a reduction in cutting force
(by approximately 30%) and surface roughness (by approxim-
ately 68%) in in situ laser-assisted cutting of Zr bulk metallic
glasses, compared to those in conventional cutting.

3.2. Laser-assisted milling

Current research on laser-assisted milling is mainly focused
on laser preheating-assisted milling. Laser heating can effect-
ively reduce the milling force and improve the machinability
of materials [144]. Scholars have primarily studied the effects
of laser parameters and laser scanning paths on machining.

3.2.1. Laser preheating-assisted milling. Yang et al [145]
studied the effect of laser preheating on tool edge chipping
during laser-assisted milling of silicon nitride (Si3N4) ceram-
ics. When the temperature of a laser preheated material was
between 1300 ◦C and 1400 ◦C, a substantial decrease in edge
chipping was achieved. This resulted from the reduced cut-
ting force in the laser preheating-assisted milling process. To
predict the temperature near the edge of zinc oxide (ZnO)
ceramics irradiated by a laser, Muženič et al [146] established
a novel transient analytical thermal model and carried out a
theoretical analysis and experimental verification. Their res-
ults revealed that the propagation of intergranular fracture of
ZnOmaterial was prevented at elevated temperatures. The sur-
face damage could be controlled by adjusting the process para-
meters, and the minimum damage was realized at a temperat-
ure of 380 ◦C and a feed per tooth of 0.18 mm. Ding et al
[147] performed thermal and mechanical modeling analysis
of LAMM of difficult-to-cut materials, including Ti–6Al–4V
alloy, Inconel 718 alloy, and stainless steel AISI 422. They
found that proper heating of the local material in front of the
cutting tool reduced or eliminated the formation of BUE.

Lasers can be easily controlled spatially and temporally by
adjusting parameters, such as laser power, frequency, scanning
speed, and scanning path. Shang et al [148] proposed a novel
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Figure 13. In situ LAT and process characteristics. (a) Schematic of the process [138]. (b) Laser beam path in the diamond tool [142]. (c)
Morphologies of the surfaces machined without and with in situ LAT [142]. (d) Tool cutting edges after turning without and with in situ
LAT [142]. Reprinted from [138], © 2021 Published by Elsevier Ltd. Reprinted from [142], © 2022 The Society of Manufacturing
Engineers. Published by Elsevier Ltd. All rights reserved.

laser heating approach, in which a small laser spot was used
to heat up a large workpiece area, as shown schematically in
figure 14(a). In a conventional laser-assisted milling setup, the
laser spot is focused at a fixed position ahead of the cutting
tool, resulting in some problems in terms of small heating area
and uneven heat distribution. This novel approach solves these
problems. The experimental results indicated a 55% reduction
in the cutting force during the processing of the Inconel 718
alloy using the novel approach, as shown in figure 14(b). By
comparing the surfaces machined using conventional laser-
assisted milling, path-optimized laser-assisted milling, and
dry milling, it was found that the surface roughness of the

path-optimized laser-assisted milling decreased by approxim-
ately 10.8%. Furthermore, unlike conventional laser-assisted
milling, no surface burn was observed in path-optimized
laser-assisted milling, as illustrated in figure 14(c). Kang and
Lee [149] introduced a novel back-and-forth laser preheating
method to obtain the desired material temperature at the laser
spot. Through finite-element analyses, the researchers determ-
ined the appropriate laser power and feed for cutting Si3N4

ceramics and successfully conducted experiments using these
parameters. The results showed good agreement between the
finite-element analyses and experiments, and the material tem-
perature was within a 10% margin of error.
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Figure 14. Laser preheating-assisted milling process and outcomes. (a) Schematic of the spatially and temporally controlled laser-assisted
milling [148]. (b) Comparison of cutting forces in dry and laser-assisted milling [148]. (c) Surface roughness generated using three
processes [148]. Reprinted from [148], © 2018 Elsevier Ltd. All rights reserved.

3.2.2. Laser-induced modification-assisted milling. Some
researchers have used lasers to induce material surface modi-
fications to assist milling. Xia et al [150–161] proposed a novel
hybrid machining process of laser-induced oxidation-assisted
milling (LOAM) to enhance the machinability of difficult-to-
cut materials. By utilizing a pulsed laser, an oxidation reac-
tion was induced between the irradiated workpiece material
and oxygen, as shown in figure 15(a). This resulted in the
formation of loose and porous oxides, which could be easily
removed with the milling tool (figure 15(b)). The outcomes
were improved MRR and extended tool life. Experimental
research has been conducted on difficult-to-cut materials,
such as Inconel 718, Ti–6Al–4V, WC-Co cemented carbide,

SiCp/Al composites, TiB2–TiC composites, and Cf/SiC com-
posites. The results indicated that compared with CM, LOAM
can significantly reduce the milling force, effectively extend
tool life, and decrease surface damages, thereby obtaining
high-quality machined surfaces, as shown in figures 15(c)–
(e). In a separate study by Chen et al [162], the mechanism of
laser-induced ablation in SiCf/SiC composites was explored,
along with the correlation between laser parameters and abla-
tion depth. The results highlighted the influential role of laser
scanning speed and scanning spacing in determining the abla-
tion depth. Notably, the continuous-wave mode resulted in a
greater ablation depth due to the continuous input of energy.
Consequently, the continuous-wave laser proved to be more
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Figure 15. LOAM process and outcomes. (a) Process principle. (b) Surface microstructure before and after laser irradiation [157]. (c)
Comparison of cutting forces in milling oxide layer and matrix [161]. (d) Comparisons of milling force and tool life in CM and LOAM
[152]. (e) 3D confocal images of the surfaces machined with and without LOAM [161]. Reprinted from [157], © 2019 Elsevier Ltd and
Techna Group S.r.l. All rights reserved. Reprinted from [152], © 2020 Elsevier Ltd and Techna Group S.r.l. All rights reserved. Reprinted
from [161], © 2022 The Author(s). Published by Elsevier B.V.
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suitable for generating varying and larger ablation depths,
thereby accommodating different cutting allowances.

Currently, research on laser-assisted milling is only applic-
able to unidirectional plane milling or groove structure
machining. For laser-assisted milling of complex parts, it is
necessary to develop specialized LAM equipment. In addition,
during continuous machining, the temperature of the cutting
zone may continue to increase considering the inability to use
a coolant. Realizing the precise control of the workpiece and
tool temperatures in real time during LAM can also be a focus
of future research.

3.3. Laser-assisted grinding

The purpose of LAG is to generate a temperature increase
through laser beam irradiation, thereby reducing the temper-
ature gradient during the grinding process or reducing the
hardness of local materials [163, 164]. Consequently, LAG is
highly effective for enhancing both the efficiency and grinding
quality of hard and brittle materials.

3.3.1. Laser preheating-assisted grinding. Ma et al [165,
166] proposed a model for predicting the grinding force in
the LAG process of zirconia ceramic, which comprehens-
ively considered the material temperature-dependent mechan-
ical properties, interactions between the grit and the mater-
ial, and the stochastic shapes and random distributions of
abrasive grits. The LAG experimental setup is shown in
figure 16(a). The simulated results are in good agreement with
the experimental measurements, with error rates within 12%.
Furthermore, by optimizing the machining parameters, the
grinding force can be effectively reduced by 29.4%–60.1%, as
shown in figure 16(b). Fortunato et al [167] introduced a novel
hybrid process for grinding Si3N4 ceramics, which incorpor-
ated a laser treatment phase for weakening the material to
assist the subsequent diamond grinding. By leveraging laser-
induced cracking, the grinding force was reduced by 30%,
thereby reducing wheel wear when operating with identical
cutting parameters or improving machining efficiency, main-
taining the same wear rate. He et al [168] investigated the sur-
face formation process during LAG of high-strength alloys. A
laser-assisted scratching experiment and a molecular dynam-
ics simulation were conducted on TC17 titanium alloy. The
findings revealed that the scratch force decreased with the
increment in laser power, whereas MRR initially increased
and then decreased. Through TEM and EBSDmapping, it was
observed that laser-assisted scratching resulted in a reduction
in SSD compared to conventional scratching, owing to the
reduced force (figure 16(c)). Molecular dynamics simulations
indicated that heat accumulation led to an annealing effect that
promoted the growth of refined grains. The LAG experiments
further demonstrated less damage during the grinding process,
highlighting the superiority of LAM.

3.3.2. Laser-induced modification-assisted grinding.
Kumar et al [169] investigated a two-step laser-assisted
micro-grinding technique. With this innovative approach,

they utilized laser irradiation to selectively weaken the
Si3N4 ceramic material, followed by micro-grinding of the
debilitated material to achieve a refined microscale feature.
Compared with conventional micro-grinding, up to 43.2%
reduction in grinding forces was achieved with laser assist-
ance. Moreover, the integration of laser assistance exhibited a
notable advantage in terms of reducing tool wear (figure 17).

A novel two-step LAG technique was proposed by
Azarhoushang et al [170] to enhance the MRR in the pro-
cessing of Si3N4 ceramics. In this method, they employed
lasers to create microstructures on the surface of the mater-
ial prior to grinding, which aided in the subsequent step of
grinding. The findings indicated that the proposed approach
reduced the specific grinding energy by up to 55% and led
to a slight improvement in ground surface quality. Zhou et al
[171] proposed a novel method of LIAAG to machine Cf/SiC
composites, in which the workpiece was ablated by lasers
before grinding. At elevated temperatures, Cf/SiC composites
underwent a remarkable chemical metamorphosis, transform-
ing into loose products consisting of SiO2 and recrystallized
SiC. This transformation rendered them easier to remove dur-
ing the grinding process. Under ideal conditions, the applic-
ation of optimal parameters resulted in a 47% reduction in
the grinding force, 40% reduction in the grinding temperat-
ure, and 26% reduction in the surface roughness, as illustrated
in figure 18.

3.4. Laser-assisted planing

Chang andKuo [172, 173] conducted an investigation on laser-
assisted planing (LAP) of Al2O3 ceramics. A schematic of the
LAP setup is shown in figure 19. The experimental findings
demonstrated that LAP effectively reduced the feed force by
22% and the thrust force by 20%while simultaneously achiev-
ing superior workpiece surface quality compared with conven-
tional planing. Zhai et al [174] investigated the characterist-
ics and underlying mechanism for LAP of C/SiC composites
with varying fiber orientations. The results revealed that the
degree of surface roughness reduction varied and was depend-
ent on fiber orientation. The largest reduction in roughness was
observed at a 90◦ fiber orientation, followed by 0◦ and 45◦,
whereas the smallest reduction was obtained at a 135◦ fiber
orientation (figure 20).

In summary, the primary application of LAM currently
lies in the realm of laser heating-assisted machining. Table 2
lists various laser-assisted mechanical machining processes
and output parameters compared with conventional mechan-
ical machining. By utilizing laser-induced material soften-
ing and removing the material during the softening phase,
the cutting-zone temperature increases significantly. However,
when employing diamond or similar cutting tools, the elevated
temperature can accelerate tool failure. Thus, further research
is necessary to thoroughly investigate the impact of LAM on
cutting tool performance, particularly the influence of cutting-
zone temperature on tool performance. To address this con-
cern, it is imperative to establish a comprehensive mapping
model that correlates the process parameters with cutting-zone
temperature. In laser-assisted milling, the coordination and
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Figure 16. Laser preheating-assisted grinding process, resultant force, and damage. (a) Experimental setup of LAG [165]. (b) Grinding
forces under various laser powers [165]. (c) Thicknesses of the damage layer generated in conventional and laser-assisted scratches [168].
Reprinted from [165], © 2022 Elsevier B.V. All rights reserved. Reprinted from [168], © 2023 Elsevier Ltd. All rights reserved.

control of laser scanning and tool feed remain relatively under-
studied. Therefore, additional research is needed to explore the
synergistic collaboration between laser scanning parameters,
scanning paths, and cutting feed parameters in laser-assisted
milling processes. In current studies, the employed laser beam
energy distribution predominantly follows aGaussian distribu-
tion, resulting in nonuniform energy distribution that hampers
temperature control. Future investigations may be considered
by adopting laser beam shaping techniques to transform the
Gaussian beam into a flat-top beam with a uniform energy
distribution. Furthermore, it is worth noting that the current
LAM technique is only suitable for unidirectional cutting and

is not effective for machining parts with complex surfaces.
Consequently, the development of advanced LAM equipment
is crucial for meeting the processing requirements associated
with complex surfaces.

4. Hybrid nontraditional energy-assisted
mechanical machining

Hybrid nontraditional energy-assisted mechanical machining
is a technique that employs two or more nontraditional ener-
gies to improve the machinability of the workpiece material
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Figure 17. SEM images of tool before and after cutting (a) with and (b) without laser assistance [169]. Reprinted from [169], Copyright ©
2011 CIRP. Published by Elsevier Ltd. All rights reserved.
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Figure 18. Laser-induced ablation-assisted belt grinding process and outcomes. (a) Experimental setup [171]. (b) Surface roughness
generated with and without laser ablation assistance [171]. (c) Comparison of tangential grinding force [171]. (d) Comparison of
temperature field [171]. Reprinted from [171], © 2022 Elsevier B.V. All rights reserved.

prior to mechanical machining. The combination of hybrid
nontraditional energies has multiple positive effects on the
mechanical machining process, which mainly includes chan-
ging the properties or deformation behavior of workpiece
materials, inducing phase transition or structural modification,

altering tool/workpiece interaction, and improving the chip-
ping process. The hybrid nontraditional energy-assisted mech-
anical machining process can effectively leverage the unique
benefits of each nontraditional energy while mitigating the
limitations of individual nontraditional EAMM. This process
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Figure 19. Schematic of the LAP process [172]. Reprinted from [172], Copyright © 2006 Elsevier Ltd. All rights reserved.

(µ
m
)

R
a

Figure 20. Surface roughness of different fiber orientations of C/SiC composites machined at various laser power densities [174]. Reprinted
from [174], © 2021 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

has tremendous potential for enhancing material machinabil-
ity, thereby further improving processing efficiency, tool ser-
vice life, and machining quality. An example of hybrid non-
traditional energy-assisted mechanical machining is the com-
bination of laser and ultrasonic vibration-assisted mechanical
machining. In laser-assisted mechanical machining, the elev-
ated temperatures resulting from laser irradiation may exacer-
bate tool wear. When mechanical machining is assisted only
by ultrasonic vibration, further improvement in machining
efficiency is required. However, through the combination of
laser and ultrasonic vibration energies into a hybrid nontradi-
tional energy, the process performance of ‘1 + 1 > 2’ is real-
ized. The machining temperature is effectively reduced by the
discontinuous cutting effect generated by ultrasonic vibration.
Because of the laser-induced material modification, mater-
ial machinability is significantly enhanced. In addition, tool
wear is greatly reduced, and machining efficiency is markedly
increased. The detailed framework of the hybrid nontraditional

energy-assisted mechanical machining technologies is illus-
trated in figure 21.

4.1. Hybrid nontraditional energy-assisted turning

In current research on hybrid nontraditional energy-assisted
turning, ultrasonic vibration and laser are two prominent forms
of energy fields. The focus of investigation is to understand
the material removal process and mechanisms when subjec-
ted to the combined action of ultrasonic vibration, laser, and
mechanical machining. Temperature control and chip forma-
tion during the machining process are areas that require close
attention. In most studies, tool life is extended, but improve-
ment in surface quality aftermachining has only been observed
in certain research endeavors. Kim et al [176, 179] and Li
et al [180] studied a distinct and unique machining pro-
cess named laser and ultrasonic vibration-assisted machining
(LUVAM), and its schematic is shown in figure 22(a). This
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Table 2. Laser-assisted mechanical machining processes and output parameters. (↑: increased by.↓: decreased by)

Reference
Workpiece
material Hybrid process Process parameters

Output parameters (compared with
conventional)

Germain et al
[116]

42CrMo4 Laser
preheating-assisted
turning

Laser power: 1000 W
Cutting speed: 1, 2, and 4 m s−1

Feed: 0.1 mm rev−1

Cutting force: ↓ up to 40%
Residual stress: ↓ 35% of
compressive stresses

Bejjani et al [118] TiC/Ti–6Al–4V Laser
preheating-assisted
turning

Laser power: 840–1875 W
Cutting speed: 100 and 170 m min−1

Feed: 0.2 mm rev−1

Depth of cut: 0.15 mm

Cutting force: ↓ maximum 25%
Total cut volume: ↑ 180%
Surface roughness: ↑ 15%

Navas et al [125] Inconel 718 Laser
preheating-assisted
turning

Laser power: 2000 W
Cutting speed: 50 and 70 m min−1

Feed: 0.1–0.25 mm rev−1

Depth of cut: 0.25–0.8 mm

Cutting force: ↓ up to 36%
Surface roughness: ↓ more than
50%
Surface hardness: ↓ 41%
Tool life: shortened for carbide
insert, decreased notching, and
chipping

Wang et al [126] Al2O3/Al Laser
preheating-assisted
turning

Laser power: 150 W
Cutting speed: 25.12 m min−1

Feed: 0.1 mm rev−1

Depth of cut: 0.38 mm

Cutting force: ↓ 30%–50%
Tool wear: ↓ 20%–30%
Residual stress: ↑ 200% of
compressive stresses

Rashid et al [127] Ti–6Cr–5Mo–5V–
4Al

Laser
preheating-assisted
turning

Laser power: 1200 W
Cutting speed: 9.5–200 m min−1

Feed: 0.054–0.28 mm rev−1

Depth of cut: 1 mm

Cutting force: ↓ maximum 15%

Attia et al [131] Inconel 718 Laser
preheating-assisted
turning

Laser power: 2.5–3 kW
Laser spot diameter: 0.3–3 mm
Cutting speed: 200–500 m min−1

Feed: 0.25–0.50 mm rev−1

Depth of cut: 0.25 mm

Cutting force: ↓ maximum 38.3%
Surface hardness: −13.5% ∼
+8.4%
MRR: ↑ 800%
Tool life: ↑ 40%
Surface roughness: ↓ maximum
29.5%

Wei et al [132,
133]

SiCp/Al composite Laser
preheating-assisted
turning

Laser power: 7.5–13 kW
Cutting speed: 188 and 565 m min−1

Feed: 0.1 mm rev−1

Depth of cut: 0.75 mm

Cutting force: ↓ maximum 62.5%
Tool wear: ↓ maximum 65%
Surface roughness: ↓ maximum
75.4%

Przestacki et al
[135, 136]

A359/20SiCp Laser
preheating-assisted
turning

Laser power: 300–1400 W
Cutting speed: 10 m min−1

Feed: 0.04 mm rev−1

Depth of cut: 0.1 mm

Tool wear: ↓ maximum 50%
Surface roughness: ↓ maximum
32%
Surface wear resistance: ↑
maximum 27%

You et al [139,
140]

Binderless WC In situ LAT Laser power: 5–20 W
Cutting speed: 100 m s−1

Depth of cut: 5 nm

Surface roughness Sa: optimal
0.97 nm
Tool wear: no chip adhesion
Residual stress: ↓ 40% of
compressive stresses

Zhang et al [141,
142]

RB SiC In situ LAT Laser power: 2 and 4 W
Cutting speed: 500 and 1000 mm min−1

Depth of cut: 52.2 and 106.7 nm

Surface defects significantly
decreased
Surface roughness Sa: ↓ maximum
84.3%

Park et al [143] Zr bulk metallic
glasses

In situ LAT Laser power: 2.8 and 7.9 W
Cutting speed: 50–150 mm min−1

Depth of cut: 15 µm

Cutting force: ↓ 40%
Surface roughness Sa: ↓ maximum
68%

Muženič et al
[146]

ZnO ceramics Laser
preheating-assisted
milling

Laser power: 400 W
Cutting speed: 75.4 m min−1

Depth of cut: 0.1 mm
Width of cut: 2.2 mm

Surface damage: ↓ 55%
Edge chipping: similar

Ding et al [147] Inconel 718 Laser
preheating-assisted
micro-milling

Laser power: 17.4 and 20.6 W
Cutting speed: 58.8 m min−1

Depth of cut: 200 µm
Width of cut: 10 µm

Tool wear rate: ↓ 72%
BUE formation was eliminated

(Continued.)
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Table 2. (Continued.)

Reference
Workpiece
material Hybrid process Process parameters

Output parameters (compared with
conventional)

Shang et al [148] Inconel 718 Laser
preheating-assisted
milling

Laser power: 4800 W
Laser scanning speed: 1.5 m s−1

Cutting speed: 41 m min−1

Feed: 0.5 mm/tooth
Depth of cut: 0.26 mm
Width of cut: 19 mm

Cutting force: ↓ maximum 55%
Surface roughness Sa: ↓ 10.8%

Xin et al [151] Inconel 718 Laser-induced
modification-
assisted
micro-milling

Laser power: 3.5–6.5 W
Feed speed: 80 mm min−1

Depth of cut: 4 µm
Width of cut: 500 µm

Cutting force: ↓ maximum 79%
Surface roughness Sa: ↓ maximum
49%
Tool life: ↑ 50%

Xia et al [152] TiB2–TiC ceramic Laser-induced
modification-
assisted
micro-milling

Laser power: 3.5–6.5 W
Feed speed: 60–240 mm min−1

Depth of cut: 1 and 2 µm
Width of cut: 400 µm

Cutting force: ↓ maximum 70%
Surface roughness Sa: optimal
146 nm
Tool life: ↑ at least 400%
Machining efficiency: ↑ 106%

Zhao et al [155] SiCp/Al
composites

Laser-induced
modification-
assisted
milling

Laser power: 10 W
Feed rate: 5, 10, 15, and 20 µm z−1

Depth of cut: 0.1 and 0.2 mm
Width of cut: 10 mm

Cutting force: ↓ maximum 55%
Surface roughness Sa: ↓ maximum
12%
Tool wear: ↓ 25%

Zhao et al [157] WC-Co cemented
carbide

Laser-induced
modification-
assisted
micro-milling

Laser power: 4–7 W
Feed speed: 6, 20, 30, and 40 mm min−1

Depth of cut: 2 and 4 µm
Width of cut: 700 µm

Cutting force: ↓ maximum 58%
Surface roughness Sa: optimal
57 nm
Cutting length: ↑ 45%

Zhao et al [161] Cf/SiC composite Laser-induced
modification-
assisted
milling

Laser power: 60–90 W
Feed speed: 120 mm min−1

Depth of cut: 0.8 mm
Width of cut: 1 mm

Cutting force: ↓ maximum 97%
Surface roughness Sa: optimal
9.5 µm
Tool wear: ↓ maximum 90%

Ma et al [165] Zirconia ceramic Laser
preheating-assisted
grinding

Laser power: 75–175 W
Wheel speed: 8–14 m s−1

Feed speed: 1–4 mm s−1

Depth of grinding: 25–100 µm

Grinding force: ↓ maximum 60.1%
Surface roughness Sa: ↓ maximum
69.4%

Fortunato et al
[167]

Si3N4 ceramics Laser
preheating-assisted
grinding

Laser power: 20–560 W
Wheel speed: 28.7 m s−1

Feed speed: 130 mm s−1

Depth of grinding: 12.7 µm

Grinding force: ↓ maximum 30%
Surface hardness: similar

Kumar et al [169] Si3N4 ceramics Laser-induced
modification-
assisted
grinding

Laser power: 15 W
Wheel speed: 3.3 m s−1

Feed speed: 50 mm s−1

Depth of grinding: 5 and 10 µm

Grinding force: ↓ maximum 43.2%
Surface roughness: similar
Tool wear: ↓

Zhou et al [171] Cf/SiC composites Laser-induced
modification-
assisted
grinding

Laser power: 10–70 W
Wheel speed: 62.5 m s−1

Depth of grinding: 200 µm

Grinding force: ↓ maximum 47%
Grinding temperature: ↓ maximum
40%
Surface roughness Ra: ↓ maximum
41%
Tool wear: ↓

Chang and Kuo
[172, 173]

Al2O3 ceramics LAP Laser power: 25 W
Cutting speed: 0.5 and 1 m min−1

Depth of cutting: 50 µm

Cutting force: ↓ maximum 16%
Surface roughness Ra: ↓ maximum
74%

Zhai et al [174] C/SiC composites LAP Laser power density: 7.5–22.5 W mm−2

Cutting speed: 200 mm s−1

Depth of cutting: 35 µm

Surface roughness Ra: ↓ maximum
72.4%

Ding and Shin
[175]

AISI 4130 Laser
preheating-assisted
turning

Laser power: 1500 W
Cutting speed: 150–300 m min−1

Feed: 0.075–0.1 mm rev−1

Depth of cut: 0.36 mm

Cutting force: ↓ 20%
Residual stress: ↑ 150 MPa of
compressive stresses
Surface hardness: similar
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Figure 21. Classification diagram of hybrid nontraditional energy-assisted mechanical machining [176–178]. Reproduced from [176].
CC BY 4.0. Reprinted from [177], © 2023 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.
Reprinted from [178], © 2021 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

process aims to enhance the machining performance of three
types of micro-SiC/AA2124 composites. During this novel
process, the material is first heated and softened using a laser
before it is removed. The softened material is then removed
with ultrasonic vibration cutting edge. As a result of the peri-
odic separation and contact between the tool and workpiece,
the machining process experiences notable reductions in tem-
perature, defects, and cutting force. The results showed that
optimizing the laser power was crucial for machined surface
roughness and machining efficiency, as shown in figure 22(b).
Dominguez-Caballero et al [181] and Deswal and Kant [182]
introduced a hybrid LUVAM technique to enhance the mach-
inability of Ti–6Al–4V alloy in a turning process. The com-
bined effect of the laser and ultrasonic assistance was partic-
ularly noticeable at the lowest cutting speed of 20 m min−1,
resulting in significant reductions in cutting forces in the tan-
gential, radial, and feed directions, as shown in figure 22(c).
Specifically, the cutting forces were reduced by 70.1%, 59%,
and 43%, respectively. Peng et al [183] proposed a novel
machining method that combines ultrasonic elliptical vibra-
tion with laser heating to assist turning of 70% SiCp/Al
composites. The results of their study demonstrated that this
hybrid process effectively reduced the cutting forces and sur-
face roughness, improved the plastic removal capacity, and
decreased the surface damage and SSD. In a separate investig-
ation, Jiao et al [184, 185] conducted a study on the behavior
of PCD tools during the turning of tungsten carbides. In their
research, they applied ultrasonic vibration to the tools and util-
ized laser-induced heating on the workpieces. A comparison
with conventional turning revealed a significant reduction in
cutting forces by 67.5% in LAT and UVAT. In addition, this
process exhibited a substantial enhancement in tool life, with
an improvement of 95.3%, as shown in figure 22(d).

In addition, Wang et al [186] conducted a comprehensive
analysis of the combination of turning with cryogenic cooling
and plasma-enhanced machining. A cryogenic cooling tech-
nique was utilized to reduce the machining temperature, and

plasma was employed to soften the workpiece. In compar-
ison to conventional turning, the novel process demonstrated
a significant improvement in the machining of Inconel 718.
The cutting force was reduced by 30%–50%, whereas the
surface roughness showed a remarkable reduction of 250%.
Additionally, the tool life experienced a substantial improve-
ment of up to 170%.

4.2. Hybrid nontraditional energy-assisted drilling

There is relatively limited research on hybrid nontraditional
energy-assisted drilling. This is primarily because of the fact
that during drilling, the tool penetrates deep into the work-
piece, and many specialized energy field generation devices
cannot be integrated or directly applied to the drilling tool.
As a result, ultrasonic vibration and chemical methods are
currently among the few energy fields that can be effect-
ively employed as auxiliary techniques in drilling processes.
Sharma et al [187] introduced a novel machining technology
named chemical-assisted rotary ultrasonic machining, and its
schematic is shown in figure 23(a). Brazed diamond core drills
with abrasive grits of 100–150 meshes were used in the exper-
iment. Microscopic images of the fresh and used tools are
displayed in figures 23(b) and (c), respectively. HF acid was
used to weaken the intermolecular structure of the glass. The
corrosive properties of HF acid stem from its strong acidity
and the action of fluoride ions. HF acid is capable of break-
ing the silicon–oxygen bonds present on the surface of the
glass, leading to the release of free silicon and oxygen atoms.
Simultaneously, fluoride ions can react with these free silicon
and oxygen atoms to form compounds, such as silicon fluoride
and aluminum fluoride. These compounds possess high solu-
bility and can be further dissolved by HF acid, thereby accel-
erating the corrosion process of the glass. The results showed
that this novel process resulted in the smallest chipping size
(0.32 mm); however, the strong corrosion of the HF acid res-
ulted in rapid tool wear.
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Figure 22. Laser andLUVAM process and comparisons with conventional machining, ultrasonic vibration-assisted machining, and LAM.
(a) Process principle of LUVAM [180]. (b) Surface roughness generated at various laser powers [180]. (c) Comparison of cutting forces in a
single run [181]. (d) Comparison of cutting force and tool wear progression [184]. Reprinted from [180], © 2022 Elsevier Ltd and Techna
Group S.r.l. All rights reserved. Reproduced from [181]. CC BY 4.0. Reproduced from [184]. CC BY 4.0.
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and

Figure 23. CRUM process and tool wear. (a) Principle of the hybrid process [187]. (b) Lateral and end faces of the fresh and used tools
[187]. Reprinted from [187], © 2019 Elsevier Ltd. All rights reserved. Selection and peer review under responsibility of the scientific
committee of the 10th International Conference on Materials Processing and Characterization.

4.3. Hybrid nontraditional energy-assisted grinding

Similarly, there is limited research on hybrid nontraditional
energy-assisted grinding techniques. Current studies have
primarily focused on utilizing ultrasonic vibration and surface
treatments to assist grinding processes. Emphasis is placed on
investigating the material removal mechanisms during grind-
ing. Wu et al [177] conducted a study on a hybrid machining
process involving ultrasonic vibration and plasma oxidation-
assisted grinding (UPOAG) of Ti–6Al–4V titanium alloy.
Researchers have focused on investigating the effects of ultra-
sonic vibration on the machining characteristics. A schematic
of the chip formation process is shown in figure 24(a). The
findings revealed that as the vibration amplitude increased, the
value of removal ratio η exhibited a linear increase, regardless
of the presence or absence of plasma oxidation. However, the
rate of increase was significantly higher when plasma oxid-
ation was applied, as shown in figure 24(b). The intensity
of the plasma discharge also increased with the increment in
vibration amplitude. This increment in intensity reduced the
microhardness of the plasma-oxidized layer on the Ti–6Al–
4V specimens (figure 24(c)). The combination of the ‘over-
lapped ironing effect’ of ultrasonic vibration and the lubrica-
tion effect of the plasma-oxidized layer resulted in a reduction
in the redeposition of the work material on the ground surface.

Consequently, this led to an improvement in machined surface
quality. With an increase in vibration amplitude, the machined
surface quality was improved. The surface roughness (Ra) was
reduced by approximately 60%. The minimum Ra achieved in
the study was 0.6 µm.

4.4. Hybrid nontraditional energy-assisted polishing

In contrast to the fields of drilling and grinding, scholars have
conducted extensive research on hybrid nontraditional energy-
assisted polishing techniques. The combined effect of ultra-
sonic vibration with magnetic or electric fields has attracted
significant attention because of the remarkable improvement
in MRRs during polishing. An ER fluid is a functional fluid
that exhibits variable viscosity in response to an applied elec-
tric field strength. Zhang et al [188–190] conducted research
on a polishing method called ER fluid-assisted polishing, in
which an effective area was created between the tool and the
workpiece by applying an electric field. Within this area, the
abrasives effectively removed the material from the work-
piece. The researchers developed a specialized five-axis ER
fluid-assisted polishing equipment specifically designed for
finishing curved surfaces. The results of their study indicated
that the minimum surface roughness achieved after polishing
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Figure 24. UltrasonicUPOAG and process characteristics. (a) Schematic of chip formation [177]. (b) MRRs under various ultrasonic
amplitudes with and without plasma oxidation-assisted grinding [177]. (c) Microhardness of the plasma-oxidized surfaces under different
conditions [177]. Reprinted from [177], © 2023 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.
(UAG: ultrasonic vibration-assisted grinding. CG: conventional grinding)

optical glass was 7 nm, whereas it was 40 nm for tungsten
carbide.

An innovative approach combining megasonic vibration
and CMP was developed by Zhai et al [191], as shown in
figure 25, which improved the process performance of global
planarization of silicon wafer. Under megasonic vibration,
the slurry is well dispersed. The adhesive force of abras-
ive particles is detached efficiently. The megasonic acous-
tic streaming generated by the vibration promotes slurry
exchange. In addition, the chemical reaction is accelerated due
to the megasonic vibration. Therefore, bothMRR and machin-
ing quality are enhanced inmegasonic vibration-assisted CMP.
In this process, the surface roughnessRa reached 0.387 nm (vs.
0.509 nm in conventional CMP).

Yang et al [178] introduced UAECMP, which exhib-
ited a remarkable polishing efficiency that was 4.5 times
higher than that of conventional ECMP in polishing 4H-SiC
wafers. As depicted in figures 26(a)–(d), the enhanced effi-
ciency is attributed to the intensified contact force between
the abrasive and the SiC surface, which is facilitated by
the impact of ultrasonic vibrations. The average MRRs of

MP, ECMP, and UAECMP are shown in figure 26(e). MP
and ECMP showed average MRRs of 0.05 and 3.20 µm
h−1, respectively, whereas UAECMP had an average MRR
of 14.54 µm h−1. This impact induces a substantial local
strain on the SiC surface, thereby promoting anodic oxida-
tion. Additionally, the heat generated by the ultrasonic vibra-
tions further augments the anodic oxidation. However, the
surface roughness of UAECMP is increased by the vibra-
tion; thus, the machined surface needs a subsequent finishing
with ECMP.

Ultrasonic vibration-assistedmagnetorheological polishing
(UAMP) technology was used to polish a sapphire substrate
using an Fe3O4/SiO2 core–shell abrasive [192]. Figures 27(a)–
(d) illustrate the experimental setup employed in this study.
By applying ultrasonic vibrations to the sapphire wafer, MRR
was significantly enhanced, reaching approximately 3.4 times
higher than that achieved through conventional magnetorhe-
ological polishing. Through the application of UAMP, the ulti-
mate MRR of 1.974 µm h−1 was achieved, accompanied by a
comparatively low surface roughness of 0.442 nm, as shown
in figure 27(e).
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Figure 25. Schematic of megasonic vibration-assisted CMP system [191]. Reprinted from [191], © 2017 Elsevier B.V. All rights reserved.

Figure 26. Mechanical polishing (MP), ECMP, and UAECMP processes and their MRRs. (a)–(d) Material removal mechanisms of MP,
ECMP, UAECMP with a large vibration amplitude, and UAECMP with a small vibration amplitude [178]. (e) Comparison of average
MRRs between these processes [178]. Reprinted from [178], © 2021 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Guo et al [193] investigated the refinement of rectangu-
lar microfeatures through utilization of a localized vibration-
assisted magnetic abrasive polishing technique. Their findings
verified the efficacy of the method in treating curved rectangu-
lar microfeatures, irrespective of themagnetic properties of the
material. The surface integrity exhibited a notable enhance-
ment, as depicted in figures 28(a) and (b), wherein the elimin-
ation of burrs and tool marks was achieved while preserving
the form of the microfeatures. The surface roughness of both
the top and side microfeatures decreased as the polishing time
increased (figures 28(c) and (d)).

Hybrid nontraditional energy-assisted mechanical machin-
ing techniques effectively combine the unique advantages of
each nontraditional energy while mitigating the limitations

of individual nontraditional energy-assisted machining pro-
cess. This approach has tremendous potential for enhancing
material machinability, thereby further improving machin-
ing efficiency, tool life, and overall machining quality.
Table 3 presents a comparison of hybrid nontraditional energy-
assisted mechanical machining processes and their output
parameters with conventional mechanical machining pro-
cesses. Current research on hybrid nontraditional energy-
assisted mechanical machining is primarily focused on the
areas of polishing and turning. The exploration of newmachin-
ing processes in this domain is limited by the increased
complexity and difficulty of integrating and applying two or
more nontraditional energy fields concurrently. Additionally,
the research interest of scholars can only be aroused when
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Figure 27. UAMP process and outcomes when various abrasives are used. (a) Experimental setup [192]. (b) Two-component dynamometer
for force testing [192]. (c) The developed CNC circularly translational movement system [192]. (d) Schematic of polishing contact model
[192]. (e) MRRs and surface roughness with different abrasives (1 and 2 are pure Fe3O4 particles, 3 and 4 are mixed compounds of Fe3O4

and SiO2, and 5 and 6 are Fe3O4/SiO2 core–shell abrasives) [192]. Reprinted from [192], © 2021 Elsevier Ltd and Techna Group S.r.l. All
rights reserved.

the positive effect achieved by the combination of hybrid
energy fields is greater than the cost required by adopting
them. In future research, it is crucial for scholars to focus
on determining the combination of energy fields that should
be employed in auxiliary machining processes based on spe-
cific requirements and demands in different processes and
materials. Furthermore, understanding the coupling mechan-
isms between different energy fields should be a key area of
investigation.

5. Electric energy-assisted mechanical machining

EAMM can be categorized into two main techniques:
EDAMM and EFAMM. EDAMM, a type of heating-assisted
mechanical machining technique, involves the sequential
and cyclic occurrence of discharge heating, cooling, and
mechanical machining. The EDAMM process combines the

advantages of both EDM and mechanical machining. During
EDAMM, the maximum workpiece surface temperature can
reach 7000 K or even higher when high electric discharge
energy is utilized [194–196]. This extreme temperature
causes the complete melting and vaporization of materials.
Additionally, a well-known by-product called recast layer is
formed [197–199]. The modified layer is removed using a sub-
sequent mechanical machining process. It should be noted that
the machinability of the subsurface material (material beneath
the modified layer) is also enhanced, which is attributed to
the softening effect of elevated temperature caused by electric
discharge. EFAMM utilizes electric field to control the beha-
vior of abrasive particles, which are mixed with an ER fluid to
remove material from the raw workpiece. The viscosity of the
ER fluid varies with the applied electric field intensity, leading
to an enhanced stabilization of the abrasive particles surround-
ing the tool tip. EFAP represents a prototypical EFAMM pro-
cess. By adjusting the electric field intensity, the shear strength
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Figure 28. Morphologies of curved microfeatures (a) before and (b) after 40 min polishing, and surface roughness with respect to polishing
time on (c) top and (d) side of microfeatures [193]. Reprinted from [193], © 2019 The Society of Manufacturing Engineers. Published by
Elsevier Ltd. All rights reserved.

of the ER polishing liquid can be controlled. The ER compon-
ents in the polishing fluid form a chain or columnar structure.
The abrasive particles are retained within the microstructure,
thereby forming a flexible polishing head. This process facilit-
ates precise machining control and enables polishing of com-
plex structures [200, 201]. Figure 29 illustrates the research
framework of EAMM.

5.1. Electric discharge-assisted milling

EDAM is a hybrid technology that combines EDM with
CM, utilizing sharp cutting edges to effectively remove meta-
morphic material through the generation of electric sparks
[206]. This method reduces tool wear, improves machining
quality, and enhances machining efficiency. Li et al [202, 207–
210] extensively investigated the processmechanisms, specific
tool design, process simulation, output parameters, and effects
of process parameters on them. A schematic of the material
removal process is presented in figure 30(a). Following EDM

of the local material to be processed, an easily machinable
layer consisting of a recast layer and a heat-affected layer
is generated. Subsequently, mechanical milling is performed
to eliminate this layer. To ensure that the microstructure and
phase of the machined surface remain consistent with those
of the raw material, a small amount of matrix material is also
removed through mechanical milling. The capacitance exerts
a significant influence on the process performance. As the
capacitance increases, both the maximum temperature of the
workpiece surface and the EDM-induced crater size increase,
whereas the cutting force and stress decrease. Experimental
results on EDAM of Ti–6Al–4V titanium alloy demonstrated
that the cutting force in EDAMwas reduced bymore than 50%
compared to CM, as depicted in figure 30(b). Furthermore, the
surface roughness and tool wear rate exhibited a remarkable
reduction of five times and three times, respectively, compared
to CM, as evidenced in figures 30(c) and (d). Additionally,
an investigation was conducted to compare the surface integ-
rity parameters, including surface hardness, residual stress,
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Table 3. Hybrid nontraditional energy-assisted mechanical machining processes and output parameters. (↑: increased by.↓: decreased by)

Reference
Workpiece
material Hybrid process Process parameters

Output parameters (compared
with conventional)

Wu et al [177] Ti–6Al–4V UPOAG Plasma current: 2.0 A
Frequency: 40 kHz
Duty ratio: 50%
Vibration frequency: 25 kHz
Amplitude: 0, 2.2, 2.9, 4.0, and 4.9 µm
Grinding speed: 94.2 m min−1

Feed: 60 mm min−1

Depth of cut: 0.01 mm

MRR: ↑ maximum 210%
Surface roughness Ra: ↓
maximum 60%

Yang et al [178] 4H-SiC UAECMP Wafer speed: 50 rpm
Grinding stone speed: 200 rpm
Oscillation rate: 2 mm s−1

Oscillation distance: 3 mm
Polishing pressure: 30 kPa
Ultrasonic frequency: 35 kHz
Ultrasonic power: 500 W
Abrasive particle size: 0.5–2.0 µm

MRR: ↑ maximum 450%

Kim et al [179] SiCp/AA2124
composites

LAT and UVAT Laser power: 529, 476, and 582 W
Frequency: 20.33 kHz with WC tool and
20.23 kHz with PCD tool
Amplitude: 28, 1, and 1.7 µm with WC
tool and 28, 0.9, and 1.5 µm with PCD tool
Cutting speed: 30 m min−1

Feed: 0.14 mm rev−1

Depth of cut: 0.15 mm

Cutting force: ↓ maximum 43.6%
Surface roughness Sa: ↓ maximum
19.3%
Surface roughness Ra: optimal
765.3 nm

Dominguez-
Caballero et al
[181]

Ti–6Al–4V LAT and UVAT Laser power: 60–750 W
Frequency: 20.33 kHz
Amplitude: 28.8, 7.2, and 8.1 µm
Cutting speed: 20, 45, and 70 m min−1

Feed: 0.04 mm rev−1

Depth of cut: 0.15, 0.2, and 0.25 mm

Cutting force: ↓ maximum 70.1%
Surface roughness Ra: optimal
0.7 µm

Deswal and
Kant [182]

Ti–6Al–4V LAT and UVAT Laser power: 100, 200, and 300 W
Frequency: 20 kHz
Amplitude: 20 µm
Cutting speed: 11 and 21 m min−1

Feed: 0.1 mm rev−1

Depth of cut: 0.1 mm

Cutting force: ↓ maximum 79%
Surface roughness Ra: ↓
maximum 45%

Zhang and Jiao
[184]

WC LAT and UVAT Laser power: 350 W
Frequency: 35 kHz
Amplitude: 1.4 and 2.1 µm
Cutting speed: 30 m min−1

Feed: 0.014 mm rev−1

Depth of cut: 15 µm

Cutting force: ↓ maximum 67.5%
Tool life: ↑ maximum 95.3%
Surface roughness Ra: ↓
maximum 91%

Wang et al [186] Inconel 718 Cryogenic
cooling and
plasma-assisted
turning

Plasma gas flow rate: 1.7 l min−1

Shield gas flow rate: 14 l min−1

Arc current: 265 Amp
Cutting speed: 5.2 m min−1

Feed: 0.127 mm rev−1

Depth of cut: 0.76 mm
LN2 pressure: 160 psi

Cutting force: ↓ maximum 50%
Tool life: ↑ maximum 156%
Surface roughness Ra: ↓
maximum 51%

Zhai et al [191] Silicon Megasonic
vibration and
chemical
assisted-
polishing

Megasonic frequency: 1.7 MHz
Pressure: 2 psi
Platen speed: 55 and 35 rpm
Carrier speed: 50 rpm
Time: 20 and 30 min
Flow rate of polishing slurry: 20 ml min−1

MRR: ↑ maximum 25%
Surface roughness Ra: ↓
maximum 24%

Zhai et al [192] Sapphire UAMP Polishing pressure: 25 kPa
Relative velocity: 0.1 m s−1

Polishing time: 2 h
Ultrasonic frequency: 20 kHz
Ultrasonic amplitude: 50 µm

Surface roughness Ra was slightly
deteriorated.
MRR: ↑ maximum 340%
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Figure 29. Classification diagram of electric EAMM [200, 202–205]. Reprinted from [200], © 2022 Elsevier B.V. All rights reserved.
Reprinted from [202], © 2022 Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers. Reprinted from [203], ©
2022 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved. Reprinted from [204], Copyright © 2015
CIRP. Published by Elsevier Ltd. All rights reserved. Reproduced from [205], with permission from Springer Nature. (HVDC: High Voltage
Direct Current. DC: Direct Current)

and surface defects, between EDAM and CM. The residual
stress generated in EDAM,mainly compressive stress, is much
lower than that generated in CM. The two processes exhibit
similar surface hardness, suggesting that electric energy has a
minor influence on work hardening. The predominant surface
defects in EDAM are chips, pits, and pitting corrosion. As a
result of the elevated temperature during the EDM and milling
processes, chips adhere to the tool surface following EDAM.
The occurrence of tool edge fracture after CM, as depicted in
figure 30(e), is a common phenomenon observed during the
machining of Ti–6Al–4V titanium alloy. The enhancement in
surface integrity and tool performance can be attributed to the
softening effect resulting from the heat generated by electric
discharge.

Additionally, Xu et al [203] developed an improved pro-
cessing technique, known as HF-EDAM, for the machining of
Inconel 718. A specifically designed electrode using a copper–
beryllium bundle is shown in figure 31(a). In HF-EDAM, the
copper–beryllium bundle not only serves as an electrode dur-
ing the EDM stage but also effectively eliminates chips at
the milling stage, thereby improving both discharge efficiency
and process performance. The results demonstrated that the
application of this process led to a significant reduction in cut-
ting forces (up to 32.55%) compared to CM. Furthermore, the
surface roughness in HF-EDAM was considerably decreased,
with a measured Ra value of 1.09 µm. Moreover, the issue
of chip adhesion commonly observed on the machined sur-
face during CM of Inconel 718 was significantly mitigated in
HF-EDAM because of the effective cleaning action facilitated
by the copper–beryllium bundle, as illustrated in figure 31(b).

Kim et al [211] investigated the mechanisms of burr reduc-
tion in EDAM of AISI 1045 alloy steel. Owing to the thermal
effect of EDAM, burr adhesion was greatly weakened, and the
burr was easy to fracture. Compared with CM, the generation
of burrs in EDAM was suppressed effectively. The increase in
discharge capacitance resulted in a minimized burr height.

5.2. Electric discharge-assisted grinding

EDAG is a hybrid process that combines the interactions of
EDM and mechanical grinding to machine electrically con-
ductive materials. Electric discharge occurs when the dis-
tance between the grinding wheel and the workpiece surface is
appropriate, causing localized thermal softening in the grind-
ing zone. This results in an improved machinability. In addi-
tion, electric discharges are utilized for dressing and declog-
ging the grinding wheel, thereby enhancing the process per-
formance. The schematic in figure 32(a) illustrates the process
principle of EDAG. Current research on the EDAG process
primarily focuses on investigating the impact of EDM para-
meters (e.g. voltage, current, pulse width, and pulse interval)
and grinding parameters (e.g. wheel speed, radial depth of cut,
and feed speed) on various process outcomes, including force
generation, surface integrity, and wheel performance.

The process characteristics of high-speed steel with a hard-
ness of 1200 HV in EDAG were investigated by Koshy
et al [214]. They also examined the influence of machining
parameters on these characteristics. The experimental results
showed that MRR was improved with an increase in cur-
rent, whereas the normal grinding force and specific grinding
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Figure 30. EDAM process and outcomes. (a) Process principle and electric discharge-induced modified layer [202]. Comparisons of (b)
cutting force, (c) surface roughness, and (d) tool wear between EDAM and CM [210]. (e) Tool wear morphologies in CM and EDAM [202].
Reprinted from [202], © 2022 Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers. Reprinted from [210], ©
2020 Elsevier B.V. All rights reserved.

energy displayed the opposite trend. Compared to pure grind-
ing, EDAG showed a significant improvement in both MRR
(eight times higher) and specific grinding energy (86% lower).
However, the radial wheel wear rate exhibited a substantial
increase with an increase in current, reaching approximately
five times higher than that observed in pure grinding. Wei et al

[213] compared the surface integrity of Inconel 718 in EDAG
with that in CM. They found that the microhardness and mod-
ulus of the machined surface in EDAG were much lower than
those in CM (figures 32(a) and (b)). The softened layer can
be removed easily during the finishing stage. Moreover, the
local misorientations in the EDG zonewere significantly lower
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Figure 31. HF-EDAM process and resultant surface defects. (a) Schematic of the developed specific tool using copper–beryllium bundle
electrodes [203]. (b) Resultant surface defects in CM and HF-EDAM processes [203]. Reprinted from [203], © 2022 The Society of
Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

than those in the pure grinding zone. However, the corrosion
resistance of the EDG zone was considerably inferior to that
of the pure grinding zone. Shu and Tu [215] found that the
MRR in EDAG of HPM50 mold steel using a metal matrix
(Cu/SiCp) grinding wheel was up to seven times higher com-
pared to pure EDM.Yan and Tan [204] demonstrated the form-
ation of a recast layer consisting of SiC, Si, and C in the EDAG
process of single-crystal SiC. As voltage increased from 70
to 110 V, the thickness of the recast layer increased from 2
to 3 µm (figure 32(d)). The hardness of the recast layer was
lower than that of the bulk because of the material decom-
position. An extremely smooth surface with a roughness Ra

of 1.85 nm was achieved. Because of the interdependence
and interaction of EDM and mechanical grinding, the material
removal mechanism in EDAG is complicated. Satyarthi and
Pandey [212] established a mathematical model to investig-
ate the influence of the two processes on material removal.
This model can be used to predict the MRR of EDAG and
analyze the effects of the input process parameters on MRR.
They found that the electric discharge energy was the main
factor influencing the material removal. The corresponding
experimental results for the Al2O3–SiCw–TiC ceramic com-
posite indicated that the accuracy of the mathematical model
was more than 97%. Similarly, a prediction model of MRR
was established by Shrivastava and Dubey [216] by applying a
hybrid approach of neural network and genetic algorithm. This
model was used to optimize the process parameters of EDAG,
and a significant improvement of 48.24% was realized for the
MRR of copper–iron–carbide MMC.

The defects generated in EDAG are significantly distinct
from those produced in conventional machining processes
because of the coupling effect of discharge sparks and abras-
ive grains. For this reason, Rao et al [205, 217] analyzed
the subsurface defects in EDAG of RB SiC. Different mater-
ial removal mechanisms and distinctive morphologies of the
machined surface were exhibited in the EDM and grind-
ing zones. When pure grinding was used, a thick SSD layer
with many voids was produced (figure 33(a)), resulting from
the brittle fracture of the material under grinding action.
The increase in discharge energy promoted the brittle–ductile
transition and workpiece decomposition while initially redu-
cing and subsequently increasing the thickness of the SSD
layer (figures 33(b)–(d)). The damages mainly consisted of
voids, microcracks, and stacking faults. In addition, consider-
ing the limitation of EDAG, Ji et al [218] proposed a new elec-
tric discharge method using synchronous servo double elec-
trodes. The utilization of this method effectively enhanced
tool longevity, enabled in-process wheel dressing, improved
surface quality, and facilitated machining of nonconductive
materials.

5.3. Electric field-assisted polishing

EFAP is an advanced machining method that selectively pol-
ishes surfaces using the ER effect. The polishing compound
used in EFAP contains an ER material that can be classi-
fied into two types: particle and liquid crystal polymer. As a
remarkable class of intelligent functional materials, ER fluids
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Figure 32. EDAG process and comparisons with pure grinding. (a) Schematic of process principle [212]. (b) Surface hardness and (c)
modulus of the materials in the EDAG and pure grinding zones [213]. (d) Morphologies of recast layers showing thickness evolution with
input voltage [204]. Reprinted from [212], Copyright © 2013 Elsevier Ltd. All rights reserved. Reproduced from [213], with permission
from Springer Nature. Reprinted from [204], Copyright © 2015 CIRP. Published by Elsevier Ltd. All rights reserved.

demonstrate a distinctive rheological behavior triggered by
an electric field. When subjected to an electric field, ER flu-
ids exhibit a rapid increase in apparent viscosity and yield
strength, resembling the characteristics of solids. After the
removal of the external electric field, ER fluids return to their
original fluidic properties. Current studies on EFAP primarily
focus on optimizing the machining parameters and investigat-
ing the material removal mechanisms.

Kuriyagawa et al [219] proposed a novel ER fluid-assisted
polishing method for miniaturized components. The effects of
polishing parameters, including electrode shape, electric field
strength, and abrasive particle type, on the machining quality
of BK7 glass were investigated. The dielectric constant of the

abrasive surpassed that of the ER fluid to ensure a high-quality
polishing process. Feng et al [220] conducted a study on the
machining influence of different electrode materials and vari-
ous ER fluids on glass. The utilization of quenched steel and
stainless-steel electrodes yielded larger and deeper machining
regions with uniformmaterial removal, whereas graphite elec-
trodes exhibited a lower MRR and nonuniform material elim-
ination. Furthermore, the machining trace of zeolite ER fluid
demonstrated enhanced integration and depth compared with
the SiO2 ER fluid. Fan et al [221] investigated the possible
factors affecting the ER polishing of aluminum. They found
that tool spindle speed, polishing time, and applied voltage
had a significant influence on the roughness of the machined
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Figure 33. SSDs generated in (a) pure grinding, and (b)–(d) EDAG using various open-circuit voltages and pulse-on times [217]. Reprinted
from [217], © 2020 Elsevier Ltd. All rights reserved.

surface. Subsequently, they established a material removal
model to describe the material removal process, providing a
technical basis for predicting the ER polishing surface quality
[200]. Su et al [222] analyzed the interaction force of differ-
ent microparticles (including starch and ceria particles) in the
polishing compound based on a body-centered tetragonal lat-
tice model (figure 34(a)). As shown in figures 34(b)–(d), the
influence of machining parameters, such as supply voltage and
working distance, on particle force and footprint depth was
evident. A significant correlation between the particle force
and the material removal capability was observed. When the
supply voltage increased from 3000 to 5000 V, the particle size
and the polishing footprint depth increased by more than one
and three times, respectively. On the contrary, the depth of the
footprint and the particle size were reduced with an increase
in the working distance. An ultrasmooth polished spot with a
surface roughness of 1.04 nm was achieved.

EAMM has great advantages in terms of reducing pro-
cess force and tool wear rate, as well as enhancing surface
integrity and process efficiency. EDAG allows the in-process
dressing of the grinding wheel, thereby enhancing the overall

performance of the process. EFAP can realize ultraprecision
polishing of freeform components and microparts due to the
high abrasive concentration. However, only electrically con-
ductive materials can be processed using either EDAM or
EDAG. Novel techniques to address this limitation need to
be developed in the future, such as pretreating the work-
piece surface to make it locally conductive. Further theoretical
investigations into the synergistic mechanisms between elec-
tric discharge and mechanical machining are required. Table 4
presents a comparison of the output parameters of the various
EAMM processes and conventional mechanical machining.

6. Magnetic energy-assisted mechanical machining

MEAMM is a novel technology in which an external mag-
netic field is applied to control the properties of MRF. When
an external magnetic field is applied, the magnetic particles
in MRF condense rapidly, and the viscosity of the fluid
increases [223, 224]. The surface of the workpiece is pro-
cessed using a ‘small polishing head’ formed within the MRF
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Figure 34. Characteristics of EFAP with different particles and process parameters. (a) Body-centered tetragonal (BCT) lattice model of
particles [222]. (b), (c) Evolution of forces on particles with electric field intensity and working distance [222]. (d) Evolution of footprint
depth with working distance [222]. Reprinted from [222], © 2016 Elsevier B.V. All rights reserved.

in the polishing area. Because of the real-time control of the
shape and hardness of the small polishing head, the MEAP
technology not only controls the size and shape of the polish-
ing area but also ensures the stability, contact stiffness, and
toughness of the polishing fluid [225]. These advantages are
incomparable to those of the conventional mechanical polish-
ing. In addition, MEAT, milling, and boring processes have
been investigated. Damping is implemented by utilizing an
external magnetic field on either the tool or workpiece, effect-
ively reducing vibration during the cutting process and enhan-
cing the machining quality [226–228]. The research frame-
work of MEAMM is shown in figure 35.

6.1. Magnetic energy-assisted polishing

MEAP utilizes a flexible MRF as a polishing medium,
enabling the removal of surface material from the work-
piece through shear force. A schematic of the MEAP pro-
cess is shown in figure 36(a). During the polishing process,
the MRF entering the polishing area is constantly renewed.
The polishing head is barely worn, thus ensuring the stability

of the material removal efficiency. The polishing head size is
small, which is suitable for machining complex structures, and
can effectively control the edge effect. Compared with conven-
tional polishing, MEAP has the advantages of high efficiency,
less SSD, adjustable hardness of the polishing head, and no
tool wear during machining [231]. MEAP is a research hot-
spot at home and abroad, which ranges from simple plane pol-
ishing to freeform surface polishing and from hard and brittle
material polishing to hard metal surface polishing. Suzuki et al
[223] proposed a MAP method for finishing synthetic silica
diffractive optical element (DOE) lenses. To reduce the surface
sagging of the DOE lens step, a brush-type polisher was used
(figure 36(b)). These brushes could equally press the peak and
valley of the lens surface, thus improving the form accuracy.
During the MEAP process, the structured surface of lens can
be finished without compromising the form accuracy or caus-
ing surface sagging, and a form accuracy of 1.1 µm P–V was
achieved. Yamaguchi et al [224] studied the surface roughness
and residual stress of selective laser melting-manufactured
316L stainless steel in MEAP. The results showed that the
roughness underwent significant modifications over a wide
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Table 4. Electric EAMM processes and output parameters. (↑: increased by.↓: decreased by)

Reference
Workpiece
material

Hybrid
process Process parameters

Output parameters (compared with
conventional)

Li et al [202] Ti–6Al–4V EDAM Discharge voltage: 220 V
Capacitance: 1000, 10 000, and 100 000 pF
Spindle speed: 3000 rpm
Feed rate: 0.01 mm z−1

Radial cutting depth: 0.08 mm
Axial cutting depth: 0.2 and 1.5 mm

Cutting force: ↓ maximum 43.98%
Cutting stress: ↓ 17.27%

Xu et al [203] Inconel 718 EDAM Discharge voltage: 200 V
Capacitance: 10 000, 100 000, and 1 000
000 pF
Dielectric: EDM oil
Spindle speed: 3000 rpm
Feed rate: 1, 5, and 10 mm z−1

Radial cutting depth: 0.1 mm
Axial cutting depth: 1 mm

Cutting force: ↓ maximum 32.55%
Surface roughness: ↓ maximum
56.8%

Yan and Tan
[204]

Single-crystal SiC EDAG Voltage: 70 and 110 V
Capacitance: 100–3000 pF
Wheel speed: 3000 rpm

Surface roughness Ra: optimal
1.85 nm

Li et al [207] STD 11 alloy steel EDAM Discharge voltage: 220 V
Capacitance: 100 pF
Spindle speed: 3000 rpm
Feed speed: 1 mm min−1

Radial cutting depth: 0–1 mm
Axial cutting depth: 0.3 mm

Tool life: ↑ more than five times
Surface roughness: ↓ 140.1%
Process efficiency: 14.4 times faster

Xu et al [208] Ti–6Al–4V EDAM Discharge voltage: 220 V
Capacitance: 1000, 10 000, and 100 000 pF
Spindle speed: 2000–5000 rpm
Feed rate: 10–70 mm min−1

Radial cutting depth: 0.15 mm
Axial cutting depth: 1.5 mm

Surface roughness: ↓ 193%
Surface hardness: ↓ 3.91%
Burr free
Lower compressive residual stress

Xu et al [209] Ti–6Al–4V EDAM Discharge voltage: 220 V
Capacitance: 1000, 10 000, and 100 000 pF
Dielectric: kerosene, EDM oil, and DI water
Spindle speed: 3000 rpm
Feed speed: 30, 60, and 90 mm min−1

Surface roughness: ↓ maximum
121.68%

Li et al [210] Ti–6Al–4V EDAM Discharge voltage: 220 V
Capacitance: 100 000 pF
Discharge gap: 20 µm
Spindle speed: 3000 rpm
Feed rate: 10, 20, and 30 µm z−1

Radial cutting depth: 0.05 mm
Axial cutting depth: 1.5 mm

Cutting force: ↓ more than 50%
Surface roughness: five times lower
Tool wear rate: three times lower

Kim et al [211] AISI 1045 alloy
steel

EDAM Discharge voltage: 220 V
Capacitance: 10, 100, 1000, and 10 000 pF
Dielectric: EDM oil
Spindle speed: 3000 rpm
Feed speed: 2 mm min−1

Radial cutting depth: 0.25 mm
Axial cutting depth: 0.1, 0.3, 0.5, and
0.7 mm

Cutting force: ↓ maximum 50%
Burr height: ↓ maximum 84%

Koshy et al
[214]

High-speed steel EDAG Voltage: 40 V
Pulse width: 100 µs
Duty factor: 0.5
Wheel speed: 60 m min−1

MRR: ↑ more than eight times
Specific grinding energy: ↓
maximum 86%
Radial wheel wear rate: ↑ about five
times

(Continued.)
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Table 4. (Continued.)

Reference
Workpiece
material

Hybrid
process Process parameters

Output parameters (compared with
conventional)

Wei et al [213] Inconel 718 EDAG Voltage: 70, 100, and 140 V
Current: 2, 4, and 6 A
Pulse width: 50 µs
Pulse interval: 50 µs
Wheel speed: 30 m s−1

Feed speed: 20, 40, and 60 mm s−1

Depth of cut: 10, 40, and 100 µm

Surface hardness: ↓ approximately
50%
Modulus: ↓ approximately 35%

Kuriyagawa
et al [219]

BK 7 glass EFAP Tool rotational speed: 5000 rpm
Workpiece rotational speed: 200 rpm
Abrasive: SiC
Gap between wheel and workpiece: 3 µm
Polishing time: 10 min

Efficiency: ↑ 5.6 times

Su et al [222] — Electric field-
assisted
polishing

Voltage: 3, 3.5, 4, and 4.5 kV
Working distance: 0.4, 0.6, 0.8, and 1 mm
Wheel speed: 600 rpm

Surface roughness: optimal 1.04 nm

Figure 35. Classification diagram of MEAMM [223, 224, 226–230]. Reprinted from [223], Copyright © 2014 CIRP. Published by Elsevier
Ltd. All rights reserved. Reprinted from [224], © 2017 Published by Elsevier Ltd on behalf of CIRP. Reproduced from [226]. CC BY 4.0.
Reprinted from [227], © 2017 Elsevier B.V. All rights reserved. Reprinted from [228], Copyright © 2008 Elsevier B.V. All rights reserved.
Reproduced from [229]. © IOP Publishing Ltd. All rights reserved. Reprinted from [230], Copyright © 2014 Elsevier Ltd. All rights
reserved.

range, ranging from over 100µm (initial roughness) to 0.1µm.
The roughness Sa of the MEAP surface decreased by approx-
imately 65% compared with that of the sanded surface, as
shown in figures 36(c) and (d). The residual stress generated
with MEAP was tensile stress, and the residual stress in the
laser scanning direction was lower than that of the raw work-
piece.

Wu et al [233] proposed a novel ultraprecision MAF tech-
nique, utilizing a low-frequency alternating magnetic field.
The process principle is shown in figure 37(a). The mag-
netic cluster experienced vertical oscillations under the influ-
ence of the alternating magnetic force. The movement not
only enhanced the dispersion of magnetic particles but also
improved the cross-cutting and stirring effects of the abrasives.
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Figure 36. MEAP process and resultant surface roughness. (a) Schematic of the MEAP process [232]. (b) Principle of uniform polishing of
DOE lens [223]. Surface geometries obtained with (c) sand polishing and (d) MEAP [224]. Reprinted from [232], © 2020 Elsevier B.V. All
rights reserved. Reprinted from [223], Copyright © 2014 CIRP. Published by Elsevier Ltd. All rights reserved. Reprinted from [224], ©
2017 Published by Elsevier Ltd on behalf of CIRP.

As a result, circulation and updating were achieved, ensuring
grinding stability. The results demonstrated that this novel pro-
cess enabled the ultraprecision finishing of flat surfaces. The
surface roughness of the machined SUS304 stainless steel was
decreased from 240 to 30 nm, as shown in figure 37(b). In addi-
tion, MRR was improved by applying this novel technique.
After processing for 60 min, the material removal amount of
MAF was twice as high as that of the direct polishing process.
Murata et al [234] prepared a unique core–shell abrasive for
polishing soda-lime glass with the assistance ofmagnetic field.
They achieved a significantly higher MRR when using the
magnetic field compared to conventional abrasives. In addi-
tion, this process had superior surface quality and higher pol-
ishing efficiency than conventional polishing methods.

Wang et al [235] put forward an innovative MAMP
technique for achieving high-efficiency polishing of mul-
tiple freeform components. The process principle is shown
in figure 38(a). A rotational magnetic field was applied to

an annular chamber with six pieces of workpiece moun-
ted inside. Simultaneously, the magnetic abrasives inside the
annular chamber are driven to work on the workpiece surface
and remove the material. Two types of abrasives, i.e. large
bonded magnetic abrasives and loose magnetic abrasives,
were applied in rough polishing and fine polishing, respect-
ively. The morphologies, surface roughness, and microstruc-
tures of the unpolished and polished surfaces are shown in
figure 38(b). The experimental findings validated the effect-
iveness of MAMP in machining freeform surfaces, resulting
in nanometric surface roughness. The surface roughness was
reduced by up to 96.97% with MAMP, as demonstrated in
figure 38(c). The surface roughness rapidly decreased initially
and then showed only a slight change with an increase in the
polishing time. Furthermore, the rotational speed had a sig-
nificant impact on the MRR. As shown in figure 38(d), the
MRR at a rotational speed of 2000 rpm was ten times that
at 100 rpm.
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Figure 37. MAF) and comparison with direct polishing. (a) Process setup of MAF [233]. (b) Comparisons of surface roughness and material
removal amount between MAF and direct polishing [233]. Reprinted from [233], Copyright © 2015 Elsevier B.V. All rights reserved.

6.2. Magnetic energy-assisted turning

MEAT differs from MEAP in terms of process principles.
MEAT is a machining technique that utilizes a magnetic
field to produce damping on the workpiece, thereby reducing
machining vibration and improving machining stability. As
a result, the tool life, generated geometrical accuracy, and
surface integrity are improved. Vibration suppression in the
MEAT process is due to the eddy damping effect. When an
external magnetic field is applied to a rotational conductive
workpiece, an eddy current is generated through a stationary
magnetic field inside the workpiece. As a result, another mag-
netic field is formed due to the eddy current, and the direction
of this magnetic field is opposite to that of the external mag-
netic field. Consequently, a repulsive force (i.e. Lorentz force)
is induced, which is proportional to the workpiece rotational
speed and external magnetic field intensity. The external mag-
net and rotational workpiece act as a viscous damper system,
enabling the suppression of machining vibration.

The process performance of the magnetic energy-assisted
SPDT of Ti–6Al–4V titanium alloy was investigated by Yip
et al [227, 229, 236]. The repulsive force due to the eddy
damping effect compensated for the machining vibration
induced by the turning process. Consequently, the machinab-
ility of the titanium alloy was improved, adhesive tool wear
was reduced significantly, and cutting force variation was
improved remarkably. The surface roughness and coefficient
of force variation were reduced by up to 55% and 65.88%,
respectively. In addition, chip formation was improved in the
hybrid process, as shown in figure 39(a). When no magnetic
field was applied (intensity of 0 T), discontinuous chips were
formed, indicating the formation of defects on the machined
surface due to tool vibrations. In contrast, when a magnetic

field with an intensity of 0.2 T was applied, long and continu-
ous chips were formed.Moreover, the chip surface was flat and
smooth without sawtooth tips, indicating a continuous turning
and stable cutting mode. The presence of a magnetic field dur-
ing turning also prevented material swelling/recovery on the
machined surface (figure 39(b)), reducing adhesive wear and
flank wear, as well as BUE in processing Ti–6Al–4V titanium
alloy. The form error of the samples processed with MEAT
was less than 4%, whereas it was 25%–37% for those pro-
cessed with conventional turning. The maximum flank wear
width in MEAT decreased by approximately 58% compared
with that in conventional turning, as shown in figure 39(c). The
improved process performance is attributed to the suppression
of vibration in MEAT.

Magnetic field intensity is a key factor of MEAMM that
influences the viscosity of MRF, further affecting the machin-
ability, tool wear, chip formation, and surface quality of the
workpiece material. Khalil et al [237] studied the influence of
magnetic field intensity on themachining performance inmag-
netic energy-assisted ultraprecision single-point turning of Ti–
6Al–4V titanium alloy. The results demonstrated that for the
investigated range of magnetic field intensities, the machined
surface roughness decreased with an increase in the mag-
netic field intensity. The minimum value of surface roughness
(13.33 nm at magnetic field intensity of 0.02 T) achieved with
MEAT was 33% lower than that achieved without MEAT. In
addition, magnetic energy improved the chipping process and
led to continuous chip formation. Moreover, lower tool wear
rate was achieved in MEAT due to the reduction in BUE form-
ation. Magnetic energy was also applied to facilitate the penet-
ration of cutting fluids into the cutting zone, which had a bene-
ficial effect on cooling and lubrication. Zhang et al [238] car-
ried out a very interesting study on the MEAT of Ti–6Al–4V
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Figure 38. MAMP and process characteristics. (a) Schematic of process principle [235]. (b) Surface geometries at different polishing stages
[235]. Evolution of (c) surface roughness and (d) material removal amount with rotational speed [235]. Reprinted from [235], © 2019
Elsevier B.V. All rights reserved.
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Figure 39. Comparisons of chip formation, form accuracy, and tool wear between conventional turning and MEAT. (a) Morphologies of
chips when using various magnetic field intensities [229]. (b) Cutting curves and (c) evolution of the maximum tool flank wear width with
and without magnetic energy assistance [227, 236]. Reprinted from [227], © 2017 Elsevier B.V. All rights reserved. Reproduced from
[229]. © IOP Publishing Ltd. All rights reserved. Reprinted from [236], © 2017 Elsevier Ltd. All rights reserved.

titanium alloy with micro-textured tool and Fe3O4@CNTs
nanofluid. By applying magnetic energy in the direction paral-
lel to the tool micro-texture, the nanofluid was transported to
the tool/chip interface in a directional manner, forming a long-
chain structure. This was advantageous for forming a more
stable lubrication layer and preventing direct contact between
the tool and chip, as shown in figure 40. As a result, the cutting
forces and tool wear of the textured tool were alleviated. With
an increase in the magnetic field intensity, the cutting per-
formance improved. Under the highest intensity of 1200 Gs,
micro-textured tools achieved a 36.9% reduction in cutting
force and 28.15% reduction in surface roughness compared
to non-textured tools.

6.3. Magnetic energy-assisted milling

During the mechanical machining operation, long cantilevered
high-performance milling tools often experience vibrations
caused by process excitation. These vibrations can negatively
impact the surface quality and limit the MRR. Optimizing
the dynamic properties of the milling process can greatly
improve the machining performance, which can be achieved
with the assistance of a magnetic field. Möhring and Werkle
[226] introduced an end mill with an internal damping sys-
tem based on MRFs. The structure of the end mill is shown
in figure 41(a). By implementing a CFRP structure and an

MRF damper, the dynamic stiffness of the tool was increased,
whereas its mass was reduced. The investigations demon-
strated that this approach enabled adjustment of the dynamic
behavior of the tool. In the presence of the magnetic field the
settling time was only 0.005 s, whereas it was 0.04 s in the
absence of the magnetic field. Because of the improvement
in dynamic properties, a higher cutting depth can be adop-
ted, and the MRR can be improved substantially. The compar-
ison experiments indicated that the MRR increased by a factor
of 4, which was eight times that of the conventional tool in
processing AISI 1024. As shown in figure 41(b), the surface
roughness decreased by approximately 90%when the damped
tool was used.

6.4. Magnetic energy-assisted boring

Similar to the milling process, a long and cantilevered bor-
ing tool used in deep-hole boring also has inherently low stiff-
ness. As a result, chatter is prone to be induced even when
adopting a very low depth of cut, leading to a reduction in the
dimensional and form accuracy, surface integrity, MRR, and
tool life. To suppress the chatter of the boring tool, Mei et al
[228] proposed a novel method using an MRF-controlled bor-
ing bar during the boring of AISI 1020 low-carbon steel. The
structure of the boring bar is shown in figure 42(a). By apply-
ing a magnetic field to the MR fluid, a phase transformation
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Figure 40. Distribution of nanofluids at the tool/chip contact zone under various conditions. (a) Non-textured tool + Fe3O4 nanofluid
without magnetic field [238]. (b) Textured tool + Fe3O4 nanofluid without magnetic field [238]. (c) Textured tool + Fe3O4 nanofluid under
magnetic field [238]. (d) Textured tool + Fe3O4@CNTs nanofluid under magnetic field [238]. Reprinted from [238], © 2022 The Society of
Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

p
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Figure 41. Milling tool with an internal damping system and its performance. (a) Structure of the tool [226]. (b) Surface roughness
generated with different magnetic field intensities [226]. Reproduced from [226]. CC BY 4.0.

occurred, resulting in changes in its viscosity and shear stress.
The stiffness of the boring tool increased, and the chatter was
suppressed. The FEM analysis of the MR fluid-controlled bor-
ing tool indicated that the regenerative chatter was suppressed

effectively. The experimental results also showed that the chat-
ter marks, which were formed in conventional boring, disap-
peared with theMR fluid-controlled boring tool (figure 42(b)).
The maximum vibration acceleration amplitude was reduced
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Figure 42. MRF-controlled boring bar and its performance. (a) Structure of the boring bar [228]. (b) Chatter marks generated with and
without control [228]. (c) Components of the active damped boring bar [230]. (d) Comparison of surface morphology with and without
active damping [230]. Reprinted from [228], Copyright © 2008 Elsevier B.V. All rights reserved. Reprinted from [230], Copyright © 2014
Elsevier Ltd. All rights reserved.

by 100%, and the values of accelerations in the frequency
domain were approximately 50 times lower than those in
conventional boring. In addition, the surface roughness Ra

decreased from 5 µm when using a conventional tool to 1 µm
when using the MR fluid-controlled tool. Chen et al [230,
239, 240] proposed a novel noncontact linear magnetic actu-
ator with two radial and one rotational degrees of freedom.
The structure and components are shown in figure 42(c). The
magnetic actuator was able to damp both lateral and tor-
sional vibrations, thereby increasing both the damping and
static stiffness of the boring bar. The experiments on bor-
ing of 6061 T6 aluminum demonstrated that chatter occurred
when no active damping was applied due to the high flexib-
ility of the boring bar. In contrast, when active damping was
applied, no chatter was observed, and a stable boring process
was achieved. The enhanced machining stability improved the

surface quality (figure 42(d)). Except for long boring bars, the
proposed novel magnetic actuator can also be applied to other
rotation shafts.

Studies on MEAMM have mainly focused on magnetic
energy-assisted polishing and material removal mechanisms.
In addition, the introduced magnetic field was proved to be
helpful in enhancing the stiffness of flexible parts and stabil-
ity of the machining process. Table 5 presents a comparison of
the output parameters of the various MEAMM processes and
conventional mechanical machining.

7. Chemical-assisted mechanical machining

CAMM is a hybrid machining technique in which a chem-
ical reaction is introduced to enhance the machinability of the
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Table 5. MEAMM processes and output parameters. (↑: increased by.↓: decreased by)

Reference
Workpiece
material Hybrid process Process parameters

Output parameters (com-
pared with conventional)

Yamaguchi et al [224] 316L steel MEAP Magnet revolution: 600 rpm
Diamond abrasive: 120 mm mean size

Surface roughness Sa: ↓
65%
Residual stress: ↓ (tensile
stress)

Mohring and Werkle
[226]

AISI 1024 Magnetic
energy-assisted
milling

Magnetic field strength: 57.6 kA m−1

Spindle speed: 318 rpm
Feed speed: 411 mm min−1

Cutting depth: 6.5 mm
Cutting width: 65 mm

Settling time: ↓ 87.5%
MRR: ↑ seven times
Surface roughness Rz: ↓
90%

Yip and To [227] Ti–6Al–4V MEAT Magnetic field intensity: 0.02 T
Feed rate: 200 mm min−1

Depth of cut: 3 µm

Form errors: under 4%,
whereas 25%–37% in
conventional

Mei et al [228] AISI 1020 Magnetic
energy-assisted
boring

Current: 0–2 A
Frequency: 1 Hz
Spindle speed: 200 rpm
Feed rate: 0.1 mm rev−1

Depth of cut: 0.2 mm

Maximum vibration
acceleration amplitude: ↓
100%
acceleration in the
frequency domain: ↓ 50
times
Surface roughness Ra: ↓
80%

Yip and To [229] Ti–6Al–4V Magnetic
energy-assisted
turning

Magnetic field intensity: 0.01, 0.02, and
0.03 T
Spindle speed: 1500 rpm
Feed rate: 8 mm min−1

Depth of cut: 4 µm

Coefficient of force
variation: ↓ maximum
65.88%

Wu et al [233] MEAP Direct current: 1.9 A
Current frequency: 1, 3, 5, and 7 Hz
Rotation speed: 200, 250, 300, and 350 rpm
Feed speed of mobile stage: 260 mm min−1

Surface roughness: ↓
87.5%
MRR: ↑ two times

Wang et al [235] 304 stainless steel MEAP Rotational speed: 100–2000 rpm
Gap between the magnet and chamber: 1, 5,
and 9 mm
Polishing time: 5–30 min

Surface roughness: ↓
96.97%

Yip and To [236] Ti–6Al–4V MEAT Magnetic field intensity: 0.02 T
Spindle speed: 1500 rpm
Feed rate: 8 mm min−1

Depth of cut: 5 µm

Flank wear width: ↓
57.2%–68.99%

material. Currently, the primary focus of CAMM research is
on CAP and milling, as shown in figure 43.

7.1. Chemical-assisted polishing

The CAP technology, also known as CMP, emerged in the late
1980s. It was first developed by IBM for the production of a 64
MBDRAM. It then progressed rapidly and was widely applied
in the manufacture of the first generation of semiconductor
single-crystal silicon [244, 245]. This technology was origin-
ally called chemical mechanical planarization because that
was the purpose why it was invented. CAP is a hybrid method
that takes into account both chemical corrosion and mechan-
ical removal. Figure 44 shows the basic setup and pad/work-
piece interaction in the CAP process. The principle of CAP is
to realize the flat processing of hard-to-machine material by
chemical corrosion effect on the polishing compound and the

mechanical removal of abrasive particles to achieve an excel-
lent machining quality [246]. Generally, there are two chem-
ical reaction modes in the CAP process: solid–solid and solid–
liquid modes. In the first mode, a chemical reaction takes place
between the solid abrasive particles and the solid workpiece,
forming a soft layer that can be easily removed by the abrasive
particles. In the second mode, a chemical reaction takes place
between the liquid reagent and solid workpiece, forming a soft
layer. Nowadays, CAP is widely used in processing not only
silicon wafer but also sapphire, diamond film, and metals. It is
generally believed that the reaction process of CAP involves
the self-dissolution process of the metal in an electrolyte solu-
tion. Therefore, CAP is an electrochemical process. Although
there is no external power supply, CAP has different elec-
trode potentials due to the uneven microstructure and different
surface finishes of different materials [247]. Once the metal
materials are immersed in a chemical polishing solution, a
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Figure 43. Classification diagram of CAMM [241–243]. Reprinted from [241], © 2020 CIRP. Reproduced from [242], with permission
from Springer Nature. Reprinted from [243], © 2021 Elsevier B.V. All rights reserved.

Figure 44. Schematic of (a) CAP process, (b) pad–workpiece
interaction, (c) particle–film interaction, and (d) surface morphology
of pad [250]. Reproduced from [250]. CC BY 2.0.

complex hybrid micro-battery system is formed [248, 249]. As
a result, the parts with negative electrode potential lose elec-
trons and enter the solution to dissolve continuously. Thus, the
thickness of the workpiece is reduced, and the convex peaks
are removed.

The slurry plays an important role and impacts the pro-
cess performance of CAP significantly because the chem-
ical reaction and machinability of the produced layer are
predominantly affected by it. Zhang et al [241] studied the

effects of slurry on the chemical reaction mode and polishing
performance in the CAP of yttrium aluminum garnet (YAG)
and sapphire. Two slurries, colloidal SiO2 (slurry 1) and
ZrO2 + 5 wt% Na2SiO3∙5H2O (slurry 2), with the same
abrasive size and concentration were employed. The chemical
reaction mode when using slurry 1 was a solid–solid mode,
whereas it was a solid–liquid mode when using slurry 2. For
both modes, the same chemical reaction was generated on the
polishing interface. However, the forms of Si–OH were dif-
ferent, i.e. solid state in slurry 1 and ion state in slurry 2. The
formation mechanism of the soft layer (consisting of yttrium
silicate and andalusite) is shown in figure 45(a). The experi-
mental results showed that the solid–liquid mode can achieve
better surface quality (figure 45(b)) and uniform material
removal. Takaya et al [251, 252] developed a novel slurry of
water-soluble fullerenol for polishing a patterned Cu wafer.
An in situ surface analysis method based on surface-enhanced
Raman scattering was also developed to reveal the mater-
ial removal mechanism. During the CAP process with the
novel slurry, a chemical reaction occurred between fullerenol
and copper, producing a complex Cu–fullerenol brittle layer.
Figures 45(c) and (d) demonstrate the formation mechanism
and morphology of the brittle layer, respectively. The brittle
layer can be easily removed by the friction force between
the polishing pad and the workpiece surface. A higher MRR
and low dishing performance were achieved. When using
the water-soluble fullerenol slurry, the MRR was approx-
imately twice as high as when using conventional colloidal
SiO2 slurry (particle size of 20 nm). The surface roughness
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Figure 45. Performance of the CAP process. (a) Chemical reaction on the polishing interface and formation mechanism of soft layer [255].
(b) Surface roughness obtained when using colloidal SiO2 (slurry 1) and ZrO2+ 5 wt% Na2SiO3∙5H2O (slurry 2) [241]. (c) Chemical
reaction between fullerenol and copper, producing a complex Cu–fullerenol brittle layer [252]. (d) Morphology of the complex
Cu–fullerenol brittle layer [251]. Reprinted from [241], © 2020 CIRP. Reprinted from [251], Copyright © 2011 CIRP. Published by Elsevier
Ltd. All rights reserved. Reprinted from [252], Copyright © 2013 CIRP. Published by Elsevier Ltd. All rights reserved. Reprinted from
[255], © 2021 Elsevier B.V. All rights reserved.

decreased by 18%. To obtain a copper surface roughness of
less than 1 nm, Zhang et al [253] developed an environment-
ally friendly slurry consisting of silica, hydrogen peroxide,
and chitosan oligosaccharide. The chemical reaction between
hydrogen peroxide and copper produced CuO and Cu(OH)2,
which can be dissolved by the ionization of the chitosan oli-
gosaccharide. As a result, Cu2+ ions were chelated by chitosan
oligosaccharide molecules, and the absorbed layer was sub-
sequently removed by abrasive silica. A surface roughness
Sa of 0.444 nm was achieved. Guo et al [254] proposed a
novel slurry of KOH-based silica slurry containing graph-
ite oxide nanosheets to achieve close-to-atomic polishing of
LiNbO3 crystal, which is widely used in advanced photonics
and nonlinear optics. An ultrasmooth surface with roughness
Sa of 0.15 nm was obtained. Compared to polishing with the
SiO2 abrasive slurry, the surface roughness decreased by 52%,
and MRR increased by 125% when polishing with the novel
slurry.

The polishing pad is a key factor that influences the planar-
ity and surface quality in the CAP process because the pad sur-
face is responsible for delivering forces to abrasives by phys-
ical contact of surface peaks. Byrne et al [256] investigated
the effect of pad wear on wafer planarity by analyzing the

process of new and worn pads. The FEM analysis indicated
that pad wear resulted in increased stress at the outer regions of
the wafer and a reduction in stress at its center. The polishing
process shifted toward a ‘center slow’ approach when the pad
was worn. Generally, the surface of a polishing pad is geomet-
rically rough and mechanically soft, which can suppress the
hydroplaning phenomenon and prevent stretching of the work-
piece surface. Ryu et al [257] established a contact mechanics
model in the CAP process to reveal the effects of pad rough-
ness on polishing performance. They found that a high MRR
could be obtained when the polishing pad possessed both a
mechanically compliant material and a hard surface. However,
compliant materials are usually soft with low surface hard-
ness, resulting in a large contact width but small indentation
depth on the wafer, as shown in figure 46(a). On the contrary,
materials with high hardness are usually rigid, resulting in a
large indentation depth but small contact width. Based on this
conclusion, they proposed a bilayered pad using compliant
and rigid materials as the base and coating surface, respect-
ively (figure 46(b)). Consequently, both mechanical compli-
ance and surface hardness were achieved, which was benefi-
cial for obtaining a large contact width and indentation depth
on the wafer.
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Figure 46. Schematic of contact width and indentation depth of (a) a pad made of compliant and rigid materials and (b) a bilayered pad
[257]. Reprinted from [257], © 2021 CIRP. Published by Elsevier Ltd. All rights reserved.

The effects of process parameters, such as pressure, relat-
ive rotational speed, and polishing time, on the output para-
meters were investigated by Li et al [242]. SS-CMP and DS-
CMP experiments on sapphire wafers were performed. The
results demonstrated that both the surface quality and MRR
improved with an increase in the polishing pressure within a
certain range, which was due to the strengthening of mech-
anical action. However, excessively high pressure prevented
the contribution of chemical reaction and caused defects, such
as mechanical scratches on the wafer surface. The polishing
performance of DS-CMP was significantly better than that of
SS-CMP under identical process parameters. Polishing of nar-
row channels is challenging.Wang et al [258] proposed a novel
CMPmotion pattern and built a track polishing device for pol-
ishing narrow channels on single-crystal silicon. The effects of
themotion cycle ratio between theworkpiece and the polishing
pad on surface roughness were investigated. An inappropriate
motion cycle ratio would result in insufficient coverage of the
workpiece surface by the trajectory of the abrasive particles.
The optimal motion cycle ratio was 4.77 under which a min-
imum surface roughness of 0.864 nm was achieved.

7.2. Chemical-assisted milling

Chemical-assisted milling is a novel processing method in
which chemical reactions are introduced into the CM process
to deteriorate the material in the cutting zone, thereby redu-
cing the mechanical properties of the material and making it
easier to remove. The material removal mechanisms of the
MECM of TC4 titanium alloy have been investigated in depth
by Qu et al [243, 259]. A schematic of the material removal
process is shown in figure 47(a). A specific structured elec-
trode tool (figure 47(b)) was designed and used in the experi-
ments. In addition, the contributions of CM and electrochem-
ical machining (ECM) during MECM were analyzed. The
material removal behavior in the MECM process was depend-
ent on the tool feed speed. Two critical feed speeds related
to the processing parameters were proposed to generalize the
material removal process. When the tool feed speed was lower
than the first critical feed speed, the material removal pro-
cess of MECM was pure ECM. When the tool feed speed was
higher than the second critical feed speed, thematerial removal
process was CM → ECM. When the tool feed speed was
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Figure 47. MECM of TC4 titanium alloy. (a) Schematic of the material removal mechanism [243]. (b) Specific structured electrode tool for
MECM [243]. (c) Relative contribution of ECM and CM in the MECM process [243]. Reprinted from [243], © 2021 Elsevier B.V. All
rights reserved.

between the two critical values, the material removal process
was ECM→ CM→ ECM. The relative contributions of ECM
and CM under various feed speeds, as shown in figure 47(c),
verified the analysis.

For an in-depth understanding of the material removal
mechanisms in the MECM process, the interaction between
the ECM and CM processes has also been studied [259]. The
electrochemical dissolution behavior of the initial CM sur-
face of TC4 titanium alloy is shown in figure 48. During
the CM process with the milling tool, numerous tooth marks
were generated on the surface. The electrochemical dissolu-
tion of the initial CM surface occurred first at the junction
of the adjacent tooth marks, shown as ‘first dissolution stage’
in figure 48. Subsequently, the area of dissolution expanded
gradually, leading to large-scale local dissolution during the
‘second dissolution stage’. Finally, all the tooth marks on the
intimal CM surface were completely dissolved and removed.

The experimental results indicated that the microhardness of
the initial ECM surface was lower than that of the initial
CM surface. Therefore, the milling force in the CM process
decreased, resulting in reduced tool wear and improved tool
life.

Overall, CAMM is known for its high-precision and effi-
cient machining capabilities. Table 6 presents a comparison of
the output parameters of CAMM and conventional mechan-
ical machining. The precise control of the chemical reaction
process and balancing the contributions of chemical reactions
and mechanical polishing in the CAMM process are challen-
ging tasks. Further research on chemical reaction kinetics and
development of novel and sustainable slurries and polishing
pads is needed. Moreover, to obtain higher form accuracy and
better planarity, techniques for in-process monitoring of pad
wear and controlling of pad surface need to be proposed, and
advanced pad design should be explored.
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Figure 48. Schematic showing the three stages of the electrochemical dissolution behavior of the initial CM surface of TC4 titanium alloy
[259]. Reproduced from [259]. © IOP Publishing Ltd. All rights reserved.

Table 6. CAMM processes and output parameters. (↑: increased by.↓: decreased by)

Reference Workpiece material Hybrid process Process parameters
Output parameters (compared
with conventional)

Zhang et al [241] YAG and sapphire CAP Conventional abrasive: 2.5 mm Al2O3

Slurry 1: colloidal SiO2 Slurry 2:
ZrO2 + 5 wt% Na2SiO3∙5H2O

Surface roughness: ↓ 45%
(slurry 1) and 63% (slurry 2)

Takaya et al [251] Cu CAP Conventional slurry: colloidal SiO2

Novel slurry: fullerenol
Surface roughness: ↓ 18%
MRR: ↑ two times

Zhang et al [253] Cu CAP Novel slurry: mixture of silica,
hydrogen peroxide, and chitosan
oligosaccharide

Surface roughness of 0.444 nm

Guo et al [254] LiNbO3 CAP Conventional slurry: colloidal SiO2

Novel slurry: graphite oxide nanosheet
added KOH-based silica

Surface roughness: ↓ 52%
MRR: ↑ 125%

Zhang et al [255] YAG CAP Conventional slurry: colloidal SiO2

Novel slurry: ZrO2 + 5 wt%
Na2SiO3∙5H2O

Surface roughness: ↓ 47%
MRR: ↑ 240%

8. Advanced coolant-assisted mechanical
machining

The energy expended during a typical mechanical machining
operation is predominantly transformed into thermal energy.
The majority of issues encountered during machining arise
from the generation of heat during the deformation process
and the friction at the interfaces between the tool and chip as
well as the tool and workpiece. Consequently, elevated tem-
peratures are associated with machining issues [260]. When
dealing with difficult-to-cut alloys, the cutting zone experi-
ences even more pronounced heat generation, as the machin-
ing process demands greater energy compared to working
with materials of lower strength. Advanced coolant-assisted
mechanical machining encompasses three main techniques:
CCAM, minimum quantity lubrication (MQL)-assisted mech-
anical machining, and high-pressure coolant-assisted mechan-
ical machining. The research framework for advanced coolant-
assisted mechanical machining is shown in figure 49.

Cryogenic cooling-assisted technology uses strong cooling
media, such as liquid ammonia, to lower the machining tem-
perature through the mechanisms of heat conduction and heat
convection, resulting in a reduction in the temperature of the

cutting zone [266]. In addition, some scholars have demon-
strated the significant impact of cryogenic cooling-assisted
technologies on the properties of the workpiece (for example,
reducing ductility), ultimately enhancing its machinability
[260, 267]. CCAM technology also has distinct advantages
in terms of improving the surface quality and efficiency of
machining, prolonging tool life, and reducing the overall costs
[268].

The MQL-assisted technique mixes compressed air with
a small amount of lubricating fluid and precisely delivers a
millimeter- or micron-level gas mist into the cutting zone at
high pressure [269]. This method effectively accomplishes
the cooling and lubrication of the tool–workpiece interface.
Furthermore, it has exceptional environmental friendliness and
economic efficiency [270–272].

High-pressure coolant-assisted technology involves precise
and rapid injection of pressurized cutting fluid into the cut-
ting zone [273, 274]. This enhances the cooling and lubrica-
tion performance in the cutting area, leading to an improved
heat transfer efficiencywithin the cutting zone. Additionally, it
reduces the contact stress between the tool and workpiece and
between the tool and chip contact surfaces [275]. Furthermore,
by altering the chipmorphology, the technique reduces the size
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Figure 49. Classification diagram of advanced coolant-assisted mechanical machining [260–265]. Reprinted from [260], © 2023 The
Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved. Reprinted from [261], © 2021 CIRP. Reprinted from
[262], © 2022 CIRP. Reprinted from [263], Crown Copyright © 2021 Published by Elsevier Ltd. All rights reserved. Reprinted from [264],
Copyright © 2000 Elsevier Science B.V. All rights reserved. Reproduced from [265]. CC BY 4.0. (HPC: high-pressure coolant)

of the tool–chip contact area and subsequently diminishes fric-
tion at the tool–chip interface [276, 277]. This achieves wear
reduction and temperature moderation, thereby enhancing tool
durability and refining workpiece quality.

8.1. Cryogenic cooling-assisted mechanical machining

8.1.1. Cryogenic cooling-assisted turning. Cryogenic
cooling-assisted turning has been widely studied because of
its simple experimental device and considerable outcome
improvements. Klocke et al [278] investigated the influences
of high-pressure lubricoolant supply and cryogenic cooling
on thermomechanical tool load during turning of Ti–6Al–
4V alloy. Their results revealed that the enhanced cooling
provided by the high-pressure lubricoolant supply and cryo-
genic cooling had a positive effect on tool life, as shown in
figure 50(a). Wang and Rajurkar [279] reported consistent
improvements in surface quality and extended tool life when
utilizing LN2 for turning Ti- and Ni-based alloys. Moreover,
cryogenic turning has been employed in the machining of
Si3N4 ceramics using PCBN tools [280]. Notably, a signi-
ficant reduction in Ra from 7.8 to 1.5 µm (with a machin-
ing length of 60 mm) was observed in the machining of
Inconel 718. Pusavec et al [281] found that cryogenic machin-
ing of Inconel 718 resulted in a thicker compressive zone
beneath the surface, expanding it from 40 to 70 µm. The
lower temperatures led to reduced tool wear and improved
surface quality. Paul et al [282] investigated the impact of
cryogenic cooling using a LN2 jet on tool wear and sur-
face finish in plain turning of AISI 1060. Cryogenic cooling

resulted in a better tool lifespan and surface finish compared
to dry machining and machining with soluble oil as a
coolant.

8.1.2. Cryogenic cooling-assisted milling. Pei et al [260]
analyzed the jet flow characteristics of cryogenic gas inmilling
of GH4169. They investigated the core length of the jet flow
with a single nozzle and the envelope effect of the jet flow field
on the cooling heat transfer process with multiple nozzles. The
results demonstrated that cryogenic gas jet cooling signific-
antly improved the tool life and surface quality. The changes
in tool wear and surface roughness with varying initial jet flow
temperatures across different milling durations are shown in
figures 50(b) and (c), respectively. As the cutting temperat-
ure decreased, the width of the flank wear region narrowed,
whereas the surface roughness experienced an initial reduc-
tion followed by an eventual increase. The continuous cutting
time with optimal processing parameters reached approxim-
ately 50min. Augspurger et al [261] proposed a novel method-
ology to decouple the mechanical effects from thermal effects
in machining, which allowed for the calculation of heat flow
and heat partitions in milling of 42CrMo4 and Ti–6Al–4V.
This study revealed the combined influence of cooling and
process parameters, tool wear, and material properties. The
results indicated that the cutting forces were influenced by
the temperature in the cutting zone and thermal softening of
the workpiece material. Additionally, the cutting forces were
higher with high-pressure cutting fluid supply than with cryo-
genic cooling lubrication.
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Figure 50. Performance of cryogenic cooling-assisted turning and milling. (a) Tool wear progression in turning Ti–6Al–4V alloy with
conventional flood, CO2, and LN2 as coolants [278]. Evolution of (b) tool wear and (c) surface roughness with initial jet flow temperature at
different cutting times [260]. Evolution of tool wear when using (d) external and (e) inner LN2 injection cooling methods in milling of
nickel-based alloy [283]. Reprinted from [260], © 2023 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights
reserved. Reprinted from [278], Copyright © 2012 Alexander Krämer. Published by Elsevier B.V. Reprinted from [283], © 2021 The
Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved. (Conv.: Conventional)

Some scholars have studied the machining quality and tool
wear progression in cryogenic cooling-assisted milling. Wang
and Wang [283] investigated the distinctive impact of various
cooling methods on machining precision, LN2 flow require-
ments, and tool wear. Their findings revealed that flood cool-
ing resulted in cutting temperatures of over 400 ◦C, whereas
LN2 cooling maintained temperatures below 0 ◦C, particu-
larly at high speeds. The tool life of LN2 cooling increased
by approximately 100% (figures 50(d) and (e)) compared to
that of conventional flood cooling. Furthermore, the utilization
of an inner injection strategy proved to be more economical
in terms of LN2 consumption than external spray methods. In
addition, Huang et al [284] found that LN2 cooling surpassed

the stability limit of the CM processes. The utilization of LN2

in the machining environment significantly enhanced the cut-
ting stability by 50%–100%.

8.1.3. Cryogenic cooling-assisted drilling. Rodríguez et al
[285] researched the drilling mechanism of CFRP–Ti–6Al–
4V stacks with the assistance of CO2 cryogenic cooling.
The findings revealed that when CO2 was applied during
drilling operations, the divergence of the hole-diameter values
from their nominal counterparts was limited to a mere 0.5%
(figure 51(a)). Moreover, the utilization of CO2 as a coolant
led to a substantial reduction in tool-tip temperature, thereby
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Figure 51. Performance of cryogenic cooling-assisted drilling and grinding. (a) Hole diameters obtained by dry and cryogenic CO2-assisted
drilling of CFRP–Ti–6Al–4V stacks [285]. (b) Tool wear morphologies during dry and cryogenic CO2-assisted drilling [285]. (c)
Experimental setup of CCAG [289]. (d) Generated surface residual stresses in conventional wet grinding and CCAG [289]. Reprinted from
[285], © 2021 The Authors. Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers. Reprinted from [289], © 2023
The Author(s). Published by Elsevier B.V.

ensuring the preservation of the pristine surface integrity of
the CFRP layers. The tool wear morphologies, shown in
figure 51(b), demonstrate that BUE was avoided by cryo-
genic CO2. The machinability of CFRP was improved by the
cryogenic cooling. Mura and Dini [286] compared the hole-
making quality under dry and precooled conditions. Although
the thrust force was higher in cryogenic drilling than in dry
drilling, delamination was significantly reduced using a cryo-
genic coolant. However, because of the large thrust force, the
tool wear was accelerated under cryogenic conditions. Kumar
et al [287] studied the cutting temperature with LN2 coolant
supply during drilling of titanium. Their findings showed that
the cryogenic conditions led to a remarkable reduction in the
machining temperature by 33%–50%. Attanasio et al [288]
proposed a tool wear model to describe the tool wear progres-
sion during drilling of Inconel 718 under conventional MWF
and LN2 cooling. The tool life under the LN2 cooling condi-
tion was only two-fifths that under the MWF condition.

8.1.4. Cryogenic cooling-assisted grinding. CCAG can
significantly lower the temperature within the grinding

zone, thereby relieving the surface burning and excessive
residual stress. Cryogenic cooling, with its exceptionally low
temperature, has garnered considerable attention as a nonpol-
luting cooling method. Paul and Chattopadhyay [290, 291]
extensively explored the outcomes achieved when employing
cryogenic cooling in terms of grinding forces, specific energy,
and grinding zone temperature, as well as surface residual
stress. These findingswere comparedwith those obtained from
dry grinding and grinding with soluble oil. Cryogenic cooling
exhibited a distinct advantage over other coolants in terms of
temperature control, residual stress management, and forces.
Fredj and Sidhom [292] further investigated the advantage-
ous effects of LN2 on the ground surface integrity of AISI
304 stainless steel. The investigation revealed that cryogenic
cooling during grinding yielded surfaces with reduced rough-
ness, fewer defects, enhanced work hardening, and dimin-
ished tensile residual stresses compared to surfaces ground
with an oil-based grinding fluid. Moreover, a notable increase
of nearly 15% in the endurance limit at 2 × 106 cycles was
observed. Fatigue cracks on the ground surfaces of the spe-
cimens under cryogenic cooling were also shorter, measuring
30–50 µm, in contrast to those formed under oil-based cooling
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Figure 52. MQL-assisted turning and process performance. (a) Preparation and application of MQL [296]. Variations in (b) average
chip–tool interface temperature and (c) chip reduction coefficient with cutting velocity and feed rate during turning under dry, wet, and
MQL conditions [296]. Reprinted from [296], Copyright © 2005 Elsevier B.V. All rights reserved.

(150–200 µm). These improvements in surface integrity and
fatigue behavior can be attributed to the reduction in the
grinding zone temperature. During the grinding process, the
excessive machining load applied to the machined surface was
mainly responsible for inducing defects in the polymer mater-
ials. According to Khoran et al [293], the implementation of
cryogenic cooling effectively enhanced the machinability of
PEEK. This approach yielded significant reductions in both
the grinding load and surface quality. Abedrabbo et al [289]
investigated the surface integrity and fatigue performance of
cryogenically ground surfaces of 27MnCr5 steel. The exper-
imental setup is shown in figure 51(c). The findings revealed
that the compressive residual stresses resulting from cryogenic
grinding were 10%–20% lower than those obtained by tradi-
tional wet grinding, as shown in figure 51(d). This investiga-
tion demonstrated the potential of replacing traditional lubric-
ating fluids in grinding operations.

8.2. Minimum quantity lubrication-assisted mechanical
machining

MQL-assisted technology is an effective machining approach
in which the cutting fluid performs the roles of cooling, lub-
rication, and chip transport. This technology was applied in
theAmerican aerospace industry during the 1970s, specifically
tailored for difficult-to-machine materials [294]. This tech-
nique, also known as near-dry machining, involves dispensing
cutting fluids at meticulously calibrated (typically minimal)
flow rates, wherein minute volumes of cutting fluid are care-
fully directed to the cutting zone [295].

8.2.1. Minimum quantity lubrication-assisted turning. Dhar
et al [296] investigated the role of MQL on cutting temper-
ature, chip formation, and product quality in turning of AISI-
1040 steel. The MQL principle is displayed in figure 52(a).
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Figure 53. Process characteristics of MQL-assisted milling. (a)–(d) Thermal images acquired under dry, MQL, nMQL (MoS2), nMQL
(graphite) conditions, respectively [262]. (e)–(g) Tool wear morphologies under dry, flood cooling, and MQL conditions, respectively [299].
Reprinted from [262], © 2022 CIRP. Reprinted from [299], Copyright © 2002 Published by Elsevier Ltd.

The experimental results indicated that MQL enabled a sub-
stantial reduction in the cutting temperature. The MQL jet
demonstrated a notable reduction in cutting temperature, albeit
to varying extents, for different combinations of cutting velo-
city and feed, as depicted in figure 52(b). Furthermore, it was
observed that the chip formation and the interaction between
the chip and tool exhibited a more advantageous behavior
under MQL conditions, as exemplified in figure 52(c). Wang
et al [297] examined the impact of LN2 andMQL+CO2 cool-
ing on tool wear mechanisms and chip formation while milling
Ta-2.5W. The transition from adhesive wear to notch wear in
tool failure occurred as a result of the changes in the mechan-
ical properties of the workpiece caused by cryogenic cooling.
In a separate study, Das et al [298] discovered that the con-
current utilization of LN2 and vegetable oil-based MQL in a
hybrid cooling approach improved the machining quality and
extended tool life during the micro-turning of lead-free brass.

Makhesana et al [262] investigated the cutting perform-
ance during the turning of Inconel 625 using dry, MQL,
and nanofluid-based MQL (nMQL). It was found that nMQL

incorporating graphite and MoS2 effectively showed the pro-
gression of tool wear. This enhanced performance of nMQL
was attributed to its superior ability to penetrate machining
interfaces. The application of MQL with compressed air facil-
itated the efficient chip evacuation and heat dissipation during
the machining process. As depicted in figures 53(a) and (d),
MQL, nMQL with MoS2, and nMQL (graphite) lowered the
cutting temperatures by 18%, 35%, and 25%, respectively, in
comparison with dry turning.

8.2.2. Minimum quantity lubrication-assisted milling.
Rahman et al [299] carried out milling experiments to invest-
igate the influence of MQL technique on milling of ASSAB
718 HH steel by utilizing carbide inserts. In contrast to the
fracture observed during flood cooling or flaking in dry cut-
ting, the carbide inserts used with MQL exhibited continued
usability despite displaying a greater width of flank wear.
The MQL technique is an economically and environmentally
sustainable lubrication method that is particularly suitable for
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Figure 54. Impact of top-burr height on MQL performance. (a) Schematic of a smaller shadow zone that resulted from a smaller top burr
[302]. (b) Schematic of the broader shadow zone that resulted from a large top burr [302]. (c) Evolution of shadow zone dimensions with
top-burr height in MQL-assisted micro-milling of Ti–6Al–4V with axial depths of cut of 50 and 200 µm [302]. Reprinted from [302], ©
2022 Elsevier Ltd. All rights reserved.

operations characterized by low speed, feed rate, and depth
of cut.

Duan et al [300] explored the influence of Al2O3 nanofluid
derived from cottonseed oil on the milling of 45 steel. The out-
comes revealed that the lowest milling force was achieved at a
concentration of 0.2 wt% (Fx = 58 N; Fy = 12 N). The min-
imum surface roughness (Ra = 1.009 µm; RSm = 0.136 mm)
was attained with a mass concentration of 0.5 wt%.

Laghari et al [301] investigated the effect of lubricool-
ing technique on the machining process of SiCp/Al (SiCp

65%). Both MQL and CO2 cooled cutting environments were
employed. The investigation revealed that the combination of
lubrication and cooling effectively mitigated tool wear and
enhanced tool life by up to 29% for SiCp and 65% under mod-
erate cutting conditions.While subzero cooling conditions and
dry cutting led to the formation of a build-up edge on the
rake face of the cutting tool, MQL-assisted machining proved
advantageous in preventing material adhesion to the cutting
tool. Haq et al [263] investigated the manufacturing process of
face milling Inconel 718, employing two distinct lubrication
conditions: MQL and nanofluid-based MQL (nMQL). The
findings underscored the significance of the depth of cut as the
primary process parameter for both lubrication environments.
Notably, the results indicated that nMQL is a superior altern-
ative, yielding reductions of 20.1%, 14.7%, and 13.3% in sur-
face roughness, temperature, and power consumption, respect-
ively. Furthermore, the study revealed that nMQL exhibited
a higher desirability achievement score (71.3%) than that of
MQL (70.1%).

In addition, Saha et al [302] investigated the reachabil-
ity of MQL oil droplets and the subsequent decline in the
wetting efficiency at a constant MQL oil flow rate, attrib-
uted to the enlargement of top burrs due to tool wear dur-
ing micro-milling of Ti–6Al–4V at varying aspect ratios. At
an axial depth of 200 µm, the height of the burr increased
from 21 to 190 µm over a cutting length of 125 mm, result-
ing in a decrease in the wetted area from 1036 to 3776 µm2.
Inadequate wetting led to the cutting edge operating under
partially dry conditions, subsequently lowering the effective-
ness of MQL in improving the machinability as the machin-
ing process progressed. In the milling process, some of the oil
droplets were obstructed by the sidewalls of the milled fea-
ture before they reached the tool–workpiece interaction zone.
The occurrence of this phenomenon led to the formation of a
region devoid of droplets adjacent to the slot wall, as illustrated
in figure 54. Introducing this concept for the first time, Saha
et al [303] termed these regions ‘shadow zones’. Notably, the
shadow zone on the up-milling side was exclusively linked to
the up-milling side nozzle. Within this shadow zone, the oil
droplets discharged by the down-milling nozzle were capable
of reaching. Similarly, the shadow zone on the down-milling
wall occurred exclusively in the context of the down-milling
nozzle.

Khosravi et al [304] investigated the effects of supercrit-
ical CO2 cooling (Sc-CO2) on the high-speed milling of Ti–
6Al–4V with an Sc-CO2 + MQL delivery system. The side
milling experiments under Sc-CO2 + MQL and flood cool-
ing are shown in figure 55(a). The experimental findings
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Figure 55. Comparisons of MQL-assisted, conventional flood coolant, and dry milling. (a) Experimental setups of Sc-CO2

cooling + MQL-assisted milling and conventional flood coolant milling [304]. (b)–(e) Tool wear morphologies under two
cooling–lubricating conditions [304]. (f)–(k) Surface defects induced in MQL-assisted and dry milling processes [305]. Reprinted from
[304], © 2022 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved. Reprinted from [305], © 2023 The
Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

highlighted that Sc-CO2 milling led to diminished tool wear
(figures 55(b)–(e)), reduced cutting forces (by up to 50%),
elevated surface microhardness (up to 30%), and lower surface
roughness (by up to 50%) in comparison to milling processes
with flood coolants.

Li et al [305] compared the cutting mechanisms between
MQL and dry milling in the fabrication of titanium alloy
holes. The hole wall morphologies of the specimens under
different processes are shown in figures 55(f)–(k). It was
found that the MQL process with a feed rate of 20 mm
min−1 had the best hole wall quality and the least chip–
hole wall adhesion and tool scratch defects. The MQL pro-
cess involved the utilization of relatively small chip sizes
and increased intercalation of metal powder. A small chip
size is more conducive to discharge, as the lubricant encap-
sulates the chips. Similarly, effective discharge of the resid-
ual metal powder occurred during the MQL process. Kim
et al [306] explored the influence of nozzle spray angles
and cooling media in milling of Ti–6Al–4V. As illustrated
in figure 56, numerical models were established to ana-
lyze the impact of different nozzle spray angles and fluid
volumes on machining performance. The results demon-
strated that LN2 spraying provided highly effective cooling
for both the Ti–6Al–4V workpiece and the tungsten carbide
tool during milling. The 0◦ nMQL spray angle was the most
favorable for enhancing cooling and lubrication performance,
regardless of whether N2 or LN2 spraying conditions were
employed.

8.2.3. Minimum quantity lubrication-assisted drilling. The
impact of liquid carbon dioxide (LCO2) cooling combined
with MQL in the drilling of 42CrMo4 steel was examined
by Sterle et al [307]. The experimental setup is shown in
figure 57(a). The utilization of the MQL technique led to a
noteworthy decrease and stabilization in the drilling torque
and machining temperature. Under the optimal processing
condition, the torque exhibited a reduction of 0.56%, and the
drilling temperature showed a substantial decrease of 71%, as
illustrated in figure 57(b).

Khunt et al [308] assessed the efficacy of vegetable
oil-based MQL during drilling of aluminum alloys. They
examined the impact of various processing parameters on sur-
face roughness and cutting force. The findings demonstrated
that the utilization of sunflower oil-based MQL led to a reduc-
tion in surface roughness of as much as 44%, accompanied by
up to 52% decrease in torque. Pal et al [309] introduced alu-
minum oxide nanoparticles into sunflower vegetable oil dur-
ing MQL drilling of AISI 321 stainless steel and analyzed the
performance of this technique. Their findings revealed that
employing MQL drilling with Al2O3–mixed vegetable oil-
based cutting fluid yielded superior results compared with dry,
wet, and pure MQL drilling processes. Specifically, when util-
izing nMQL drilling with a composition of 1.5 wt% Al2O3

nanoparticles, thrust force, torque, surface roughness, and drill
tip temperature exhibited reductions of approximately 44%,
67%, 56%, and 26%, respectively, in contrast to conventional
flood conditions.
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Figure 56. Modeling of the velocity vector field for nozzle spray angles of (a) 0◦, (b) 45◦, and (c) 90◦ in latent cooling system at 0 and 6 ms
[306]. Reprinted from [306], © 2021 Elsevier Ltd. All rights reserved.
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Figure 57. MQL-assisted drilling and its performance. (a) Illustration of the experimental setup [307]. (b) Comparisons of torque, thrust
force, and temperature between dry, liquid CO2, and liquid CO2 +MQL-assisted drilling [307]. Reprinted from [307], © 2021 The
Authors. Published by Elsevier Ltd on behalf of CIRP.

8.2.4. Minimum quantity lubrication-assisted grinding.
Tawakoli et al [310] determined that MQL grinding substan-
tially enhanced the cutting performance, leading to extended
wheel longevity and elevated quality in machining of 100Cr6
and 42CrMo4. Notably, MQL grinding provided more advant-
ages for high-hardness materials. Examination of the ground
surfaces revealed that the predominant mechanism of metal

removal was through shearing and fracturing in MQL grind-
ing, as opposed to the prevalence of plastic deformation, grain
pullout, and ploughing observed in conventional fluid and
dry grinding methods. Furthermore, MQL grinding allowed
higher removal rates while concurrently delivering improved
surface quality and a reduced grinding friction coefficient
compared to conventional methods (figure 58).
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Figure 58. Generated surface roughness and force ratio in dry, fluid cooling, and MQL-assisted grinding at different feed speeds. (a)
Comparison of surface roughness [310]. (b) Comparison of force ratios [310]. Reprinted from [310], Copyright © 2009 Elsevier Ltd. All
rights reserved.

In addition, the implementation of CNMQL represents a
pioneering methodology that capitalizes on the extraordinary
heat transfer capabilities of cryogenic air in tandem with the
exceptional anti-wear and anti-friction properties of nanol-
ubricants. In the study conducted by Cui et al [311], calcula-
tion formulas were established to assess the grindability of Ti–
6Al–4V, specifically focusing on the energy ratio coefficient of
the cooling medium and defect ratio (Dr) of the workpiece sur-
face. The schematic in figure 59 shows the underlying mech-
anism of material removal. The results revealed that the utiliz-
ation of CNMQL yielded remarkable outcomes. The Dr value
of CNMQL was 84.5% lower than that of cryogenic air cool-
ing and 69.2% lower than that of nMQL. The cryogenic nanol-
ubricant exhibited exceptional grinding performance, owing to

its elevated viscosity and ability to augment convective heat
transfer capacity.

8.3. High-pressure coolant-assisted mechanical machining

The utilization of a pressurized jet for augmented cooling dates
back to 1952, which is credited to the pioneering efforts of
Pigott and Colwell. Their experiments yielded seven to eight
times augmentation in tool lifespan, eradication of BUEs,
and improved machining precision. Pigott and Colwell [312],
in a comprehensive assessment, expounded upon the trans-
formative enhancements yielded by the application of cut-
ting fluids through the hi-jet modality, juxtaposing these out-
comes against the precedent approach. They elucidated the
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Figure 59. Schematic showing the (a) stress–strain curves, (b) debris shapes, and (c) surface defect patterns in grinding of Ti–6Al–4V
under various cooling and lubrication conditions [311]. Reprinted from [311], © 2022 Published by Elsevier Ltd on behalf of The Society of
Manufacturing Engineers.

adaptations of diverse recording instruments and the evolution
of other refinements throughout the hi-jet testing phase. They
also outlined numerous practical applications of the hi-jet
approach. According to the reported assessment, this method
represents a significant advancement in the field of mechanical
machining.

8.3.1. High-pressure coolant-assisted turning. Wertheim
et al [313] employed the forceful impetus of high-pressure
flow to permeate along the expanse of rake face, thereby
reducing the temperature within the cutting zone. This com-
prehensive investigation encompassed different cutting tool
materials and workpiece compositions. The ensuing improve-
ment in the thermal environment of the cutting zone induced a
transformation in the chips, rendering them narrow and curly,
thus enhancing the efficacy of chip removal. Ezugwu and
Bonney [314, 315] investigated the effects of cooling pres-
sure on the roughness of machined surfaces and longevity of
tools in the context of single-point turning of Inconel 718.

The results revealed the presence of a critical coolant pressure
threshold, below which the performance of the cutting tools
was significantly enhanced in terms of coolant supply. The
operational lifespan of the tools was significantly extended by
740% (figure 60(a)) when the machining process was conduc-
ted with a coolant supply pressure of 20.3 MPa and cutting
speed of 50 m min−1. Kaminski and Alvelid [264] employed
a high-pressure coolant jet directed into the interface between
the tool and chip. They observed a significant reduction in the
cutting temperature, even within the pressure range of 20–
70 MPa. The cutting-edge temperature was lowered by an
impressive 40%–45%. The variation in cutting temperature
with jet pressure and cutting speed is shown in figure 60(b).
In addition, the jet pressure had a substantial influence on
the fracture of the chip and morphology of the resultant frag-
ments. The reported investigations also revealed that increas-
ing the water flow and jet pressure resulted in a reduction in
tool–chip contact length, chip compression ratio, and cutting
force.
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Figure 60. The variation in (a) tool life and (b) cutting temperature with cutting speed and jet pressure [264, 314]. Reprinted from [314],
Copyright © 2004 Elsevier B.V. All rights reserved. Reprinted from [264], Copyright © 2000 Elsevier Science B.V. All rights reserved.

Klocke et al [316] investigated the effect of high-pressure
lubricoolant jets on both the cutting temperature and tool wear
in turning of Inconel 718 and Ti–6Al–4V. A solution com-
prising 7 vol% (ECOCOOL TN 2525 HP) was utilized as the
cutting fluid. The results indicated that the cutting temper-
ature was reduced by 25%. Under optimal processing para-
meters, the tool life was extended by 50%. Dahlman [317]
explored the relationship between pressure and flow rate,
which affects heat dissipation within the cutting zone. The
workpiece materials were SS 2258, SS 2541, and Ti–6Al–
4V. The findings revealed that the pressure–flow rate rela-
tionship exerted a significant influence on heat dissipation of

steel materials. High-pressure cooling resulted in an approx-
imately 50% reduction in temperature compared to conven-
tional cooling, making it particularly advantageous for mater-
ials with lower ductility. Furthermore, achieving an optimal
temperature reduction relied on precisely balancing the pres-
sure and flow rate. Hosokawa et al [318] conducted an invest-
igation into the influence of high-pressure cutting fluid on
turning of Ti–6Al–4V alloy. Figure 61(a) presents the turn-
ing tool holders equipped with dual-sided outlets for dispens-
ing high-pressure cutting fluid and the correlation between the
fluid pressure (Pf) and the flow rate (Qf) of the cutting fluid.
They found that the cutting edge was subjected to abrasion or
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Figure 61. High-pressure coolant-assisted turning and its performance in machining titanium alloys. (a) Experimental setup of dual-sided
outlets for dispensing a high-pressure cutting fluid [318]. (b) Schematic of the chip bending mechanism under different jet pressures [265].
(c) Tool wear morphology at a jet pressure of 140 bar [265]. Reprinted from [318], © 2022 The Author(s). Published by Elsevier Ltd on
behalf of CIRP. Reprinted from [265], © 2022 The Authors. Published by Elsevier Ltd on behalf of The Society of Manufacturing Engineers.

deformation due to diffusion or adhesion wear at high temper-
atures. The application of a high-pressure cutting fluid signi-
ficantly reduced tool wear. The cutting speed was increased to
a maximum of 125 mmin−1 when the cutting temperature was

reduced by the high-pressure coolant equipment. In addition,
when the coolant jet was directed toward the cutting zone on
the rake face, it effectively lowered the cutting temperature due
to the commensurate reduction in the length of the chip–tool
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Figure 62. Evolution of tool wear, accuracy, and surface roughness with coolant pressure in high-pressure coolant-assisted drilling of
Inconel 718 [323]. Reproduced from [323], with permission from Springer Nature.

contact. Masek et al [265] examined the optimal mode and
intensity of a high-pressure coolant for mitigating tool wear
during the turning of titanium alloys. The schematic of chip
bending is shown in figure 61(b). Their findings indicated that
an exceedingly high-pressure coolant (over 140 bars) could
result in mechanical harm to the cutting edge (figure 61(c))
or unmachined surface due to chip blasting. However, the util-
ization of a 60 bar high-pressure coolant yielded a compar-
able reduction in tool wear without incurring additional dam-
age to the cutting edge. In addition, the coolant pressure was
observed to influence chip morphologies, with a pronounced
increase in chips banding at high pressures.

8.3.2. High-pressure coolant-assisted milling. Kovacevic
et al [319] devised an equipment for the application of high-
pressure waterjet cooling at the tool–chip interface during the
milling process. The milling experiments involving stainless-
steel AISI 304 demonstrated that high-pressure waterjet-
assisted milling yielded superior surface roughness compared
to that achieved through flood cooling. This improvement res-
ulted from the substantial reduction in friction at the tool–
chip interface, leading to accelerated dissipation of heat from
the cutting zone and extended tool lifespan. Furthermore, the
cutting force exhibited a consistent decrease in response to
the increase in both water pressure and orifice diameter. In a
study by Rahman et al [320], the utilization of a high-pressure
coolant within its effective zones was associated with the
emergence of gradual flank wear. The investigation revealed
that the application of a high-pressure coolant led to a reduc-
tion in cutting temperature (63%), enhancement of surface fin-
ish (up to 78%), narrowing of chip width, and an improved
cooling effect. Lakner et al [321] analyzed the implementation
of a high-pressure coolant in conjunction with a multiple-row
shell milling tool. The investigation revealed potential cost

savings of up to 20% when employing this technological
approach for machining titanium alloys. Additionally, there
was a significant reduction in the amount of waste filter mater-
ial contaminated with cutting fluid during the process.

8.3.3. High-pressure coolant-assisted drilling. Lopez de
Lacalle et al [322] conducted a comparison of tool lifespans
between externally and internally cooled tools. In the context
of drilling Ti–6Al–4V, the tool life of the internally cooled
tool exceeded that of the externally cooled tool by over 100%.
Oezkaya et al [323] investigated the tool wear and bore-hole
quality in drilling of Inconel 718. Figure 62 illustrates the mor-
phologies of the tool wear and the quality of the bore holes
under different coolant pressures. The enhanced heat dissipa-
tion achieved at elevated coolant pressures resulted in reduced
tool wear at a coolant pressure of 120 bar, concurrently leading
to a diminished roundness deviation.

8.3.4. High-pressure coolant-assisted grinding. Very
Impressive Performance Extreme Removal (VIPER) grinding
was developed through a collaborative effort between Rolls-
Royce and the Grinding Division of Makino-NCMT [324]. It
serves as a substitute for the creep feed grinding of Inconel
and other nickel-based alloys by utilizing cubic boron nitride
(CBN) wheels. The methodology involves the utilization of a
high-pressure coolant delivered through both the spindle and
programmable coolant nozzle. The results demonstrated that
VIPER grinding achieved a metal removal rate that was four
times faster than that achieved through milling.

In today’s industrial landscape, advanced coolant-assisted
mechanical machining is a favorable processing techno-
logy due to its environmentally friendly nature. Table 7
presents a comparison of the output parameters of the
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Table 7. Advanced coolant-assisted mechanical machining processes and output parameters. (↑: increased by.↓: decreased by)

Reference Workpiece material Hybrid process Process parameters
Output parameters (com-
pared with conventional)

Makhesana et al
[262]

Inconel 625 MQL-assisted turning Medium: vegetable oil and MoS2
nanoparticles
Cutting speed: 70 m min−1

Feed: 0.2 mm rev−1

Depth of cut: 0.5 mm
Pressure: 3 bar

Cutting temperature: ↓
35%

Klock et al [278] Ti–6Al–4V and
Inconel 718

Cryogenic
cooling-assisted
turning

Cryogenic medium: LN2 and
CO2

Cutting speed: 150 m min−1

Depth of cut: 0.3 mm
Feed: 0.13 mm rev−1

Tool life: ↑ more than two
times

Wang and Rajurkar
[279]

Inconel 718 Cryogenic
cooling-assisted
turning

Cryogenic medium: LN2

Cutting speed: 2.23 m s−1

Depth of cut: 0.5 mm
Feed: 0.1 mm rev−1

Surface roughness: ↓ up to
81%
Tool life: ↑ more than two
times

Pusavec et al [281] Inconel 718 Cryogenic
cooling-assisted
turning

Cryogenic medium: LN2

Cutting speed: 60 m min−1

Depth of cut: 0.5 mm
Feed: 0.05 mm rev−1

Pressure: 1.5 MPa

Microhardness: ↑ 60%
Surface roughness: ↓ 22%
Compressive residual
stresses ↑ 50%

Wang and Wang
[283]

GH4169 alloy Cryogenic
cooling-assisted
milling

Cryogenic medium: LN2

Cutting speed: 75, 100, 150, 200,
and 300 m min−1

LN2 nozzle temperature:
−30 ◦C, −80 ◦C, −130 ◦C, and
−190 ◦C
Depth of cut: 0.1, 0.3, 0.6, 0.9,
and 1.2 mm
Width of cut: 6 mm
Feed: 0.01, 0.03, and 0.05 mm
rev−1

Surface roughness: ↓ up to
65%
Tool life: ↑ more than two
times

Huang et al [284] 7075-T6 aluminum
alloy

Cryogenic
cooling-assisted
milling

Cryogenic medium: LN2

Spindle speed: 12 240 rpm
Axial depth of cut: 2–8 mm
Radial depth of cut: 4 and
1.2 mm
Feed: 0.05 mm/tooth

Stability limits: ↑
50%–100%

Rodríguez et al
[285]

CFRP–Ti–6Al–4V
stacks

Cryogenic
cooling-assisted
drilling

Cryogenic medium: liquefied
CO2

Cutting speed: 15 and 70 m
min−1

Feed: 0.025 mm/tooth

Cutting temperature was
reduced to 350 ◦C
Drilling accuracy: ↑ 0.5%

Mura et al [286] CFRP Cryogenic
cooling-assisted
drilling

Cryogenic medium: LN2

Cutting speed: 56.5 m min−1

Feed: 0.01, 0.02, 0.03, and
0.04 mm rev−1

Cutting force: ↓ 50%
Delamination factor: ↓ up
to 30%

Kumar et al [287] Ti–6Al–4V Cryogenic
cooling-assisted
drilling

Cryogenic medium: LN2

Cutting speed: 65 and 95 m
min−1

Feed: 0.1 and 0.2 mm rev−1

Exit coolant velocity: 2.91 m s−1

Cutting temperature: ↓ up
to 50%

Fredj and Sidhom
[292]

AISI 304 stainless
steel

Cryogenic
cooling- and
MQL-assisted
grinding

Medium: Soluble oil (20%) and
LN2

Peripheral speed: 30 m s−1

Feed: 9 m min−1

Depth of cut: 53 µm
Pressure: 0.3 MPa

Work harding: ↑ 86% and
137%
Endurance limit: ↑ 15% in
LN2 cooling mode

(Continued.)
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Table 7. (Continued.)

Khoran et al [293] PEEK CCAG Cryogenic medium: CO2 snow
Peripheral speed: 5, 10, and
15 m s−1

Feed: 2000 mm min−1

Depth of cut: 30 µm

Surface roughness: ↓ up to
40%
Tangential cutting force: ↓
15.5% Normal cutting
force: ↓ 28.5%

Abedrabbo et al
[289]

27MnCr5 steel CCAG Cryogenic medium: LN2

Peripheral speed: 40 and 53 m
s−1

Feed: 10 mm min−1

Compressive residual
stresses: ↓ 10%–20%

Wang et al [297] Tantalum–tungsten
alloy Ta-2.5 W

Cryogenic
cooling-assisted
milling

Cryogenic medium:
MQL + CO2

Cutting speed: 60, 120, and
180 m min−1

Depth of cut: 0.1, 0.125, and
0.15 mm
Feed: 0.1, 0.125, and 0.15 mm
rev−1

Tool life: ↑ 50%
Chip thickness: ↓ 34.7%

Laghari et al [301] 65 vol% SiCp/Al MQL and CO2

snow
coolant-assisted
milling

Medium: CO2 snow
Cutting speed: 160 and 200 m
min−1

Feed: 0.06, 0.12, and
0.24 mm/tooth
Pressure: 0.6 and 5.5 MPa

Tool life: ↑ more than 13%

Sterle et al [307] 42CrMo4 Cryogenic
cooling-assisted
drilling

Cryogenic medium:
MQL + CO2

Cutting speeds: 30, 50, and 70 m
min−1

Feed: 0.1 mm rev−1

Depth of cut: 10 mm
qLCO2: 0, 125, and 250 g min−1

qMQL: 0, 50, and 100 ml h−1

Torque: ↓ up to 56%
Thrust force: ↑ 18%
Cutting temperature: ↓ up
to 249%

Khunt et al [308] 6063 Aluminum
alloy

MQL-assisted
drilling

Medium: vegetable oil
MQL supply rate: 50 ml h−1

Pressure: 2 bar
Feed: 0.2 m rev−1

Spindle speed: 80, 122, 160,
244, 290, 445, 580, and 890 rpm

Surface roughness: ↓ up to
44%
Torque: ↓ up to 52%

Pal et al [309] AISI 321 stainless
steel

MQL-assisted
drilling

Medium: 1.5 wt% aluminum
oxide nanoparticles with
sunflower vegetable oil
Cutting speed: 7.91 m min−1

Feed: 0.125 mm rev−1

Pressure: 6 bar

Thrust force: ↓ 44%
Torque: 67% ↓
Surface roughness: ↓ 56%
Drill tip temperature: ↓
26%

Tawakoli et al [310] 100Cr6 and
42CrMo4

MQL-assisted
grinding

Medium: LB8000 MQL oil
Peripheral speed: 20, 25, and
30 m s−1

Feed: 2.5, 5, and 10 m min−1

Depth of cut: 5, 10, 15, and
25 µm
Flow rate: 66 ml h−1

Pressure: 4 bar

Surface roughness: ↓ up to
51% and 40%

Cui et al [311] Ti–6Al–4V Cryogenic air
cooling and
nanolubricant-
assisted
grinding

Medium: Al2O3 nanofluids
Peripheral speed: 24 m s−1

Feed: 4 m min−1

Depth of cut: 10 µm
Flow rate: 50 ml h−1

Pressure: 0.6 MPa

Tangential force: ↓ 16.6%
Normal force: ↓ 13.2%
Grinding temperature: ↓
29.4%

(Continued.)
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Table 7. (Continued.)

Reference Workpiece material Hybrid process Process parameters
Output parameters (com-
pared with conventional)

Dahlman [317] SS 2258, SS 2541,
and Ti–6Al–4V

High-pressure
coolant-assisted
turning

Medium: Sintolin 86
Cutting speed: 300 m min−1

Feed: 0.3 mm rev−1

Depth of cut: 3 mm
Pressure: 270 MPa
Flow rate: 1.5 l min−1

Tool–chip contact length:
↓ 50%

Hosokawa et al
[318]

Ti–6Al–4V High-pressure
coolant-assisted
turning

Medium: water soluble (1:30 in
water)
Cutting speed:100, 125, 150, and
200 m min−1

Feed: 0.1 mm rev−1

Depth of cut: 0.5 mm
Pressure: 0.6 and 15 MPa

Cutting speed: ↑ up to
125 m min−1

Tool life: ↑ 50%
Cutting temperature: ↓
34.9%

Rahman et al [320] ASSAB 718 mold
steel

High-pressure
coolant-assisted
milling

Cutting speed: 150 m min−1

Depth of cut: 0.35 mm
Feed: 0.05 mm/tooth
Pressure: 17 bar

Surface roughness: ↓ up to
78%
Machining temperature: ↓
63%

Lakner et al [321] Ti–6Al–4V High-pressure
coolant-assisted
milling

Feed: 0.1 mm/tooth
Depth of cut: 43 mm
Width of cut: 10 mm
Pressure: 70 bar

Tool life: ↑ 50%
Cost: ↓ up to 20%

Venables [324] Nickel-based alloys High-pressure
coolant-assisted
grinding

Feed: 1.5 m min−1

Peripheral speed: 60 m s−1

Depth of cut: 4 mm
Width of cut: 34 mm

MRR: ↑ 300%

advanced coolant-assisted mechanical machining and con-
ventional mechanical machining. By utilizing the advanced
coolant technologies mentioned previously, these methods can
improve the surface integrity, enhance the machining effi-
ciency, and reduce tool wear. Extensive research has been
conducted by scholars, both domestically and internationally,
on the material removal mechanisms associated with mechan-
ical machining while utilizing advanced coolant techniques.
However, the utilization of advanced coolant technology
incurs high costs. Therefore, optimizing the tradeoff between
machining efficiency, quality, and cost is crucial for maxim-
izing the widespread adoption of this technique. The future
research agenda include exploring strategies to lower the
cost of advanced coolant-assistedmechanicalmachiningwhile
simultaneously enhancing machining quality. Furthermore, it
is imperative to consider the impact of cryogenic coolants on
both the workpiece and cutting tool materials, such as potential
cryogenic-induced brittleness, during process design.

9. Conclusions and future perspectives

Difficult-to-cut materials with extremely high mechanical,
thermal, tribological, and optical properties, as well as geo-
metrically complex components, such as micro-features, low-
stiffness structures, and honeycomb or laminated structures,
are widely applied in the aerospace community. Mechanical
machining of these materials and components has the
characteristics of low process efficiency, rapid tool wear,
poor surface integrity, high machining cost, or even incapable

of being machined. To cope with these critical challenges,
in-depth research has been conducted on nontraditional
EAMM technologies, including processing principles, para-
meter optimization, material removal mechanisms, and other
related areas. Numerous nontraditional EAMM processes
have been developed. The primary principles, advantages, and
limitations of each technology are summarized in table 8.

(1) Vibration-assisted machining involves the application of
low-frequency or ultrasonic vibrations in various direc-
tions to a tool or workpiece, transforming conventional
continuous contact machining into intermittent, instant-
aneous, and reciprocating intermittent contact machining.
Vibration-assisted machining can reduce cutting forces
and temperatures, mitigate tool wear, and enhance the sur-
face quality. However, this method incurs additional costs
to the machining system and imposes new and elevated
demands on the tools employed. It is crucial to enhance the
performance of vibration processing equipment, provide
innovative tools compatible with ultrasonic vibrations,
and strengthen fundamental theoretical research to meet
increasingly stringent processing demands.

(2) Laser-assisted mechanical machining mainly uses a laser
beam to soften the local material or induce material
modification (forming a metamorphic layer) to enhance
machinability. A laser is also used to ablate the local
material directly. Thus, mechanical machining is only
responsible for removing the heat-affected zone or recast
layer resulting from the laser ablation. Laser-assisted
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Table 8. Summary of nontraditional EAMM.

Processing
method Primary principles Advantages Limitations

Vibration Intermittent machining Suitable for difficult-to-cut
materials, low machining force
and temperature, and high
machined surface quality

Complex equipment and high
difficulty in application

Laser Soften, ablate, or modify materials Low cutting force, high
controllability, easy integration,
and high machining efficiency

Inapplicable for machining
complex surfaces

Hybrid
nontraditional
energies

Coupling effects of several energy
fields on a workpiece or tool

Combination of the advantages of
several nontraditional EAMM
technologies

Low machining efficiency,
complex device, and high cost

Electric energy Degrade the material or change the
properties of machining fluids

Reduced tool wear, suitable for
microstructures, and enhanced
machining efficiency

Electrical conductivity
requirement for workpiece and
complex device

Magnetic energy Reduce machining vibration or
change the properties of
machining fluids

Superior machining quality,
suitable for complex structures,
and eco-friendly machining

Magnetism requirement for
workpiece or machining media,
complex device, and high cost

Chemical Modify and degrade the materials
by a chemical reaction

Superior machining quality and
reduced tool wear

Complex chemical solution
formula, low machining efficiency,
and environmental pollution

Advanced coolant Reduce the machining temperature
and friction and remove chips
efficiently

Improved machining efficiency
and eco-friendly machining

Difficult to control the temperature

mechanical machining can effectively reduce the cut-
ting force and tool wear and improve the quality of the
machined surface. In addition, larger mechanical machin-
ing parameters can be used because the material is
much easier to remove, which contributes to an improved
MRR. However, it remains difficult to apply laser-assisted
mechanical machining to process geometrically complex
structures. The designed laser path should not be blocked
by the workpiece. Moreover, collaborative cooperation
between laser scanning and cutting tool movement should
be considered.

(3) Hybrid nontraditional energy-assisted mechanical
machining is a hybrid machining technology in which
two or more nontraditional energies are applied simul-
taneously, considering the processing characteristics of
materials and the structural characteristics of parts. This
method combines the advantages of several nontraditional
energies. However, due to the requirement of exerting
different types of energy on the workpiece or tool dur-
ing machining, the equipment for this technology is very
complex. In addition, the synergistic effects of these non-
traditional energies on the material removal process have
not yet been thoroughly investigated.

(4) In electric, magnetic, and chemical energy-assisted mech-
anical machining processes, nontraditional energy is
applied to degrade the properties of the workpiece mater-
ial, control the fluid behavior, or produce damping on
either the workpiece or cutting tool. As a result, the
machinability of the material and the stability of the pro-
cess are improved. These hybrid processes can achieve
an ultraprecision surface and stable process performance,
particularly for the machining of freeform components

and microparts. However, the integration of nontraditional
energy sources with machine tools is a difficult task that
requires consideration of the interaction between them. In
addition, process designmethods and process optimization
considering the synergistic effects of nontraditional ener-
gies and mechanical processes need to be explored.

(5) Advanced coolants in terms of cryogenic medium, MQL,
and high-pressure fluid-assisted mechanical machining
can significantly reduce the cutting temperature and fric-
tion, especially in the machining of difficult-to-cut mater-
ials in the aerospace community, such as nickel-based
superalloys and titanium alloys. Although numerous stud-
ies have demonstrated that machining performance can be
improved substantially by optimizing coolant parameters,
such as pressure, jet angle, and supply method (internal or
external), some issues still need to be considered to pro-
mote their industrial applications. Specialized equipment
for delivering cryogenicmedia, especially LN2, is required
because parts tend to be damaged at such a low temper-
ature. It is not possible to supply LN2 through the fluid
supply system of the machine tool because LN2 may dam-
age some parts of the machine, and deformation of some
precision parts may occur, resulting in a loss of accuracy
and even fluid leakage. Attention should also be paid to
handling the mist resulting from using MQL. Evaluating
the sustainability of advanced coolant-assisted mechanical
machining processes is also necessary in practice.

With the rapid development of the aerospace community,
more and more difficult-to-cut materials and components with
excellent comprehensive properties and the ability to operate
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Figure 63. Prospects of future studies with regard to nontraditional EAMM in the aerospace community.

in extremely harsh environments are being invented and util-
ized. Remarkable progress in nontraditional EAMM techno-
logy has been made by researchers. Although some of the
technologies listed in table 8 can achieve high efficiency and
surface integrity in processing these materials and compon-
ents, some specific challenges remain unaddressed. Future
research should be conducted on forward design, intelligent
equipment development, and sustainability of nontraditional
EAMM, as shown in figure 63. The purpose of forward design
is to achieve an optimal match between the technology and
processing demands in terms of efficiency, quality, and cost. In
forward design, the machining characteristics of materials or
components should be first investigated and understood based
on the properties of materials/components and fundamental
knowledge on machining. This step of ‘why’ is the ground-
work and the foundation of forward design. Subsequently, the
capabilities of various nontraditional energies in machining or
pretreating materials should be clearly revealed. The realiza-
tion of forward design is only possible if it is accomplished
with the help of this step of ‘what’. The final step of ‘how’
relies highly on a solid understanding of the previous two
steps. The development of intelligent equipment for nontra-
ditional EAMM is mandatory to promote the wide application
of these technologies. In addition, the sustainability of hybrid
machining should be considered when designing hybrid
processes.
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