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Abstract: Investigation into the post-processing machinability of Ti6Al4V alloy is increasingly crucial
in the manufacturing industry, particularly in the machining of additively manufactured (AM)
Ti6Al4V alloy to ensure effective machining parameters. This review article summarizes various
AM techniques and machining processes for Ti6Al4V alloy. It focuses on powder-based fusion
AM techniques such as electron beam melting (EBM), selected laser melting (SLM), and direct
metal deposition (DMD). The review addresses key aspects of machining Ti6Al4V alloy, including
machining parameters, residual stress effects, hardness, microstructural changes, and surface defects
introduced during the additive manufacturing (AM) process. Additionally, it covers the qualification
process for machined components and the optimization of cutting parameters. It also examines
the application of finite element analysis (FEA) in post-processing methods for Ti6Al4V alloy. The
review reveals a scarcity of articles addressing the significance of post-processing methods and the
qualification process for machined parts of Ti6Al4V alloy fabricated using such AM techniques.
Consequently, this article focuses on the AM-based techniques for Ti6Al4V alloy parts to evaluate and
understand the performance of the Johnson–Cook (J–C) model in predicting flow stress and cutting
forces during machining of the alloy.

Keywords: additive manufacturing; direct metal deposition; tool wear; energy consumption;
optimization; qualification; machining operation; Johnson–Cook model; Ti6Al4V alloy

1. Introduction

This paper presents a systematic review of the literature on the machinability of ad-
ditively manufactured Ti6Al4V alloy, focusing on energy consumption, the qualification
process of machined parts for assembly, and the effects of the tool wear rate. The review
specifically addresses AM-based techniques for producing Ti6Al4V components and ex-
amines post-processing methods to evaluate machining performance responses, including
tool wear rate, surface quality, chip morphology, and the optimization of cutting parame-
ters. Additionally, it explores the application of the Johnson–Cook (J–C) model as a finite
element analysis (FEA) tool to predict flow stress, cutting forces, and temperature fields
during turning operations to achieve the desired final surface quality. The article begins by
analyzing the properties, applications, advantages, and disadvantages of Ti6Al4V alloy as
the material of focus.

The AM techniques reviewed include selective laser melting, laser metal deposition,
electron beam melting, gas tungsten arc welding, the plasma arc welding process, and direct
metal deposition. The machinability of the titanium alloy covered includes cutting tool
material, tool geometry, tool wear rate, chip morphology, specific cutting energy, surface
roughness, cutting forces, optimization processes, and qualification of machined parts
for assembly.

AM is a promising technology that is capable of manufacturing metallic parts in a
layer-by-layer manner. AM has vast advantages of reducing lead time, cost, and energy
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consumption both in process energy consumption and wholistically due to material saving,
stocking decrease, and assembly line reduction. The motivation behind AM is the need to
automate machines to minimize waste material, reduce energy consumption, and improve
material efficiency [1]. Moreover, the overall decline in component weights, especially
in aerospace and automotive structural parts, significantly reduces energy consumption
during their service period.

The lack of surface finishing is the only challenge of metal AM processed factors, which
leads to post-processing (end-machining) requirements, especially at mating surfaces in
an assembly. Manufacturing is energy-intensive, and techniques are developed to reduce
energy consumption, especially in machining. Manufacturing accounts for 60% of the total
energy used in the industry [2–4]. However, the cited references did not account for the
energy consumption specifically associated with the machining process for titanium alloy.
This review will help in understanding the amount of energy consumed by the machining
process. Despite its advantages, the post-processing of AM parts still consumes power
and needs to be investigated and optimized. The energy used in machining processes
typically comes from various sources, such as electricity and fossil fuels, which can often
be carbon-intensive. Reducing energy consumption decreases the demand for these energy
sources, thus leading to lower carbon emissions.

The machining process involves the removal of unwanted material from a workpiece
to achieve the desired surface finish. It is a critical and versatile method utilized across
various industries, including the aerospace, automotive, and electronics fields. Machining
processes are essential for the production of precise and complex components, ranging
from simple parts to intricate prototypes.

Machining plays a central role in the manufacturing of a wide array of products, from
everyday items like screws and bolts to critical components in industries like aerospace and
medical devices. It is a versatile and indispensable manufacturing process that continues
to evolve with advances in technology and materials, enabling the creation of increasingly
complex and precise parts [5]. Apart from the poor surface finishing and low dimen-
sional accuracy of AM titanium alloy, the mechanical and geometrical requirements of the
aerospace industry are the main reasons for adopting the end-machining process as the
most common approach to finish AM parts [6]. Figure 1 represents the ultimate tensile
strength of classes of Ti alloys compared to the ASTM standard.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 3 of 30 
 

 
Figure 1. Ultimate tensile strength of Ti6Al4V alloy compared with other materials [7]. 

Motivation of the Study 
This review paper aims to provide a comprehensive understanding of the state-of-

the-art in the machining of additively manufactured Ti6Al4V parts. The areas to be ad-
dressed include the following. 
• Significance of Ti6Al4V alloy 
• Advancement and integration of additive manufacturing with conventional/tradi-

tional machining will help to bridge the gap between the two manufacturing pro-
cesses and enhance process efficiency. 

• A review of cutting parameters, including cutting speed, feed rate, and depth of cut, 
is crucial for improving surface roughness and tool life. By considering existing stud-
ies, this analysis can inform future research and enhance industrial practices. Opti-
mizing these parameters can reduce cutting energy, contributing to sustainable man-
ufacturing and supporting economic viability. 

• Technical challenges such as tool wear and tool life: Ti6Al4V alloy is known as a dif-
ficult-to-cut material, posing significant tool wear. A review of existing studies will 
help to determine a durable material for cutting AM Ti6Al4V parts. 

• Research gaps: A review of existing studies will highlight areas where current re-
search is lacking and suggest the direction for future studies. 

2. Additive Manufacturing Techniques 
Metallic AM techniques can be broadly classified according to feedstock type, pow-

der-fed or powder-bed fusion processes, and heat source type (laser or electric). Laser AM 
employs a gas or solid-state optical device with a focusing lens that produces a laser energy 
beam through rays. The advantages of a laser heat source include a small heat-affected zone, 
but high reflectivity is a drawback [8]. AM processes such as selective laser melting (SLM), 

0

200

400

600

800

1000

1200

1400

220

970 1050
950

1250 1350

310

896

Ul
tim

at
e 

te
ns

ile
 st

re
ng

th
 (M

Pa
)

Figure 1. Ultimate tensile strength of Ti6Al4V alloy compared with other materials [7].
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Motivation of the Study

This review paper aims to provide a comprehensive understanding of the state-of-the-
art in the machining of additively manufactured Ti6Al4V parts. The areas to be addressed
include the following.

• Significance of Ti6Al4V alloy
• Advancement and integration of additive manufacturing with conventional/traditional

machining will help to bridge the gap between the two manufacturing processes and
enhance process efficiency.

• A review of cutting parameters, including cutting speed, feed rate, and depth of cut, is
crucial for improving surface roughness and tool life. By considering existing studies,
this analysis can inform future research and enhance industrial practices. Optimizing
these parameters can reduce cutting energy, contributing to sustainable manufacturing
and supporting economic viability.

• Technical challenges such as tool wear and tool life: Ti6Al4V alloy is known as a
difficult-to-cut material, posing significant tool wear. A review of existing studies will
help to determine a durable material for cutting AM Ti6Al4V parts.

• Research gaps: A review of existing studies will highlight areas where current research
is lacking and suggest the direction for future studies.

2. Additive Manufacturing Techniques

Metallic AM techniques can be broadly classified according to feedstock type, powder-
fed or powder-bed fusion processes, and heat source type (laser or electric). Laser AM
employs a gas or solid-state optical device with a focusing lens that produces a laser energy
beam through rays. The advantages of a laser heat source include a small heat-affected
zone, but high reflectivity is a drawback [8]. AM processes such as selective laser melting
(SLM), direct metal deposition (DMD), and wire-based fusion employ laser heat energy
to melt the feedstocks. Feedstock in additive manufacturing can be either wire-based or
powder-based. Examples include wire arc additive manufacturing (WAAM) for wire-based
processes and selective laser melting (SLM) for powder-based processes.

• Powder-bed fusion is an additive manufacturing process in which a layer of metallic
powder is deposited and selectively melted using a laser or electron beam. Common
techniques within this category include direct metal laser sintering (DMLS), electron
beam melting (EBM), and selective laser melting (SLM).

Powder-fed fusion is an additive manufacturing process in which both the feedstock
and laser energy are delivered through the same source. Common examples of this tech-
nique include direct metal deposition (DMD), laser additive deposition (LAD), and thermal
spraying. Figure 2 shows a comparison of machining using different additive manufactur-
ing techniques, obtained from a systematic literature review. However, the cited reference
does not specify the criteria used for article selection, which represents a limitation of the
paper. Different metallic AM techniques are described in Figure 3.

Laser-based AM processes are subject to a significant degree of induced residual
stresses [9,10], which in Ti6Al4V AM are typically 5 × 104 K/cm [11]. The maximum stress
value always occurs at or just below the surface, and the ultimate residual stresses will rise
as the number of layers increases. According to the free surface of the final deposited layer,
the residual stress profile is composed chiefly of tensile stresses at the top section of the
material, the value of which is equivalent to the yield strength of a component [12]; adding
a new layer causes compressive stress in the layers below the previous one to increase
and tensile stress in the top layers to change into compressive stress [13,14]. Also, as the
scan length advances, so do residual strains [10] representing various stresses of a different
material at some selected tool geometry, cutting speed, and nose radius.
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2.1. Selective Laser Melting

SLM is a powder-based AM process that utilizes laser energy to melt powder particles
for the production of intricate components. This process is primarily suited for low-
melting-point materials, such as aluminum and titanium. Reports indicate that the turning
operations for Ti6Al4V alloy produced via the SLM process are associated with high cutting
forces and increased surface roughness [15]. High feed rates and cutting speeds result in
poor surface finishes in the turning of Ti6Al4V alloy parts produced from the SLM process
compared to conventionally manufactured Ti6Al4V alloy parts; this is because the SLM
process uses materials with high hardness and higher strength properties, which affect
the plasticity of the materials. SLM process produces parts with relatively high residual
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stresses; this is because of high mechanical and thermal loading during the manufacturing
process [16].

In the milling operation for Ti6Al4V alloy parts made from the SLM process, it was
observed that flow stress decreases at high temperatures and strain rates. Also, the cutting
forces decrease when the cutting speeds reach 80 m/min [17]. Many researchers have reported
on the machinability of Ti6Al4V alloy parts manufactured by the SLM process [18–21]. Many
of the cited papers exhibit a common limitation by focusing exclusively on the selective
laser melting (SLM) technique for manufacturing Ti6Al4V alloy parts and employing
specific scanning strategies. Consequently, the findings may not be generalizable to other
alloys or additive manufacturing (AM) techniques without proper validation. The Ti6Al4V
melt pool produced by SLM has an optimal temperature of around 2710 K and cools at a
rate of roughly 104–106 K/s [12]. Another report employed multiple lasers to replace the
traditional laser powder bed fusion process. The results show that the energy absorption
rate increased by 14%, with a recorded cooling rate of 600 ◦C/s [22].

2.2. Direct Metal Laser Sintering

DMLS is a powder-based AM technique that employs laser energy to melt powder
particles. This process can be used to melt metal with a high melting point, unlike SLM,
such as cobalt, steel, and chromium, in addition to aluminum and titanium. Feed rates were
reported to affect cutting forces and temperature fields at a higher speed than the cutting
speed in the milling operation for Ti6Al4V alloy parts manufactured from the DMLS process.
Continuous chip formation was also observed [23]. Chip adhesion and microchipping were
also responsible for the tool wear [23]. However, higher residual stresses were generated
compared to dry cutting in the turning operation for Ti6Al4V alloy parts manufactured
from the DMLS process [24]. Continuous chip formation was observed in the drilling
operation for Ti6Al4V alloy parts fabricated from the DMLS process, and microchipping
and chip adhesion were observed [25]. Many studies reported the machinability of Ti6Al4V
alloy parts fabricated from the DMLS process [26–28].

2.3. Electron Beam Melting

EBM is the primary heat source for AM technology, melting metals by using the
cathode of a beam gun through the anode, which might be a charged filament. This has the
advantage of high power density, hence high heat imparts melting, and in turn reduces
defects and residual stress [8]. DMLS/SLM: Surface defects that arise include surface
roughness and porosity due to incomplete melting of powder particles; spatter is caused
by the laser. These can be minimized through the optimization of process parameters or
the application of post-processing techniques like machining or polishing. Electron Beam
Melting: EBM has lower defects because of the high amount of heat applied during melting;
hence, the defects and residual stresses are significantly low as compared to other AM
techniques, such as powder bed fusion processes like SLM. In comparison to conventionally
produced parts, the microhardness of Ti6Al4V alloy parts produced from EBM and DMLS
has been observed to have 21% and 26% higher microhardness, respectively [27]. Results
indicated that EBM exhibits a cooling rate of around 106 K/min and an equivalent cooling
rate of about 7 × 104 K/s during the AM fabrication process for Ti6Al4V alloy parts [12,29].

2.4. Direct Metal Deposition

DMD is a powder-fed fusion process capable of additively manufacturing large-scale
complex metallic parts, unlike SLM, DMLS, and EBM. This process has the advantage of
creating a layer thickness of up to 2 mm. The laser scanning speed is the most critical
factor in determining whether the final parts manufactured have acceptable dimensions
and properties.
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The compressive stresses were observed to be the common factor in DMD wire-based
manufacturing of Ti6Al4V alloy parts [30]. Therefore, the cutting forces are greatly affected
by the nature of the stresses developed during the manufacturing process. A 300 ◦C
preheating temperature was applied to reduce the effect of temperature build-up during
side milling of DMD-manufactured Ti6Al4V alloy parts; the results showed a significant
reduction in the milling forces observed, which was due to the thermal softening effect
in the titanium part [31]. Preheating the workpiece before the machining operation could
increase the tool’s life. This research focuses exclusively on the Ti6Al4V alloy, omitting the
exploration of other alloys. It investigates milling forces and temperature effects only at
300 ◦C and above, neglecting lower temperatures and extreme conditions. Additionally,
the study does not consider other machining responses, such as tool wear rate, residual
stresses, or microstructural changes.

There needs to be more reported literature on the DMD powder-based fusion process.
Selection of the best laser scanning process parameters results in minimal or zero defects
in the specimen. Reports show 850, 1000, 1250, and 1500 mm/s were selected for laser
scanning speed; 55% to 100% for laser power, depending on the machine’s maximum
power output (Pmax = 200 W); spot size: smaller (S), medium (M), and large (L)—based
on the settings specific to the machine (from 150 µm to 250 µm); the layer always had a
40 µm thickness [29]. The larger spot size was prepared, and a 1250 mm/s scanning speed
resulted in less porosity within the temperature fields [29]. The melt pool region’s optimum
temperature is an independent singularity higher than the temperature at which Ti-6Al-4 V
vaporizes. The design of a laser scanning technique should incorporate a considerable scan
beam length that uniformly rotates the scan vector directions, thereby creating an isotropic
stress distribution within the part. In each case, the hatched area is scanned first, followed
by a single outer contour. The surface temperature of a single scan vector approximates
a melt pool size of 0.14 mm [10]. This paper presents simulation results; however, it
lacks comprehensive experimental validation to corroborate its findings. Without such
validation, the reliability of the outcomes remains uncertain. Additionally, the study does
not fully address the temperature profiles, which is necessary to understand their effects
on residual stresses.

The molten pool experiences high temperatures and rapid cooling rates due to the
concentrated energy source and the relatively short contact time. In the direct metal
deposition (DMD) process for Ti6Al4V alloy, the cooling rate can reach approximately
7 × 104 K/s [12,29]. AM titanium alloy fabricated by EBM was reported to have low
residual stresses, with DMD having low porosity, and SLM high residual stress [12,32]. Still,
they have the advantage of having lower residual stress, and the parts processed utilizing
an electron beam can be used without any stress-relieving processes. DMD produces high
deposition rates with a higher layer thickness than other AM processes.

It was observed that no previous article had reported on investigating the reduction
in energy consumption, machined part qualification process, and optimization during the
machining of Ti6Al4V parts produced by the AM process. Hence, this review article will
focus on this critical gap. Table 1 below summarizes findings from various articles focusing
on the machining process, AM techniques, and machining responses. From the table, many
researchers focused on low-speed machining (40 to 100 m/min) and dry cooling strategy
as the cutting environment due to advantages in cleanness; however, few reports were
found on the DMD powder-based AM process. However, there are limited articles that
reported on the DMD powder-based fusion process to manufacture Ti6Al4V alloy parts for
machining operations.
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Table 1. Summary of previous articles on machinability of AM Ti6Al4V alloy.

Reference Machining
Process Machining Parameters AM

Techniques
Cutting

Environment Machining Responses

[15] Turning
V = 45, 90, 180 m/min

f = 0.05, 0.1, 0.2 mm/rev
d = 0.5 mm

SLM Dry Surface roughness and
cutting forces

[17] Milling
V = 40, 60, 80 m/min

f = 0.06, 0.1, 0.2 mm/tooth
d = 1.0, 2.0 mm

SLM Dry and MQL Cutting forces and
residual stress

[33] Turning
V = 50, 80, 110 m/min

f = 0.1 mm/rev
d = 1.0 mm

EBM Dry and cryogenic
cooling

Cutting force and
temperature

[34] Turning
V = 50, 80 m/min

f = 0.1, 0.2 mm/rev
d = 0.25 mm

EBM Dry and cryogenic
conditions Tool wear

[35] Turning
V = 50, 80 m/min

f = 0.1, 0.2 mm/rev
d = 1.0 mm

EBM Dry and cryogenic Tool wear and surface
roughness

[19] Micro-
Milling

V = 23.6, 31.4, 39.3, 47.1, and
55.0 m/min

f = 30, 60, and 90 mm/rev
d = 0.075 mm (axial)

SLM MQL Tool wear and surface
burning

[20] Face Milling
V = 55 m/min

f = 0.08 mm/rev
d = 0.5 mm

SLM Dry Surface roughness and
cutting forces

[21] Turning
V = 80 m/min
f = 0.2 mm/rev

d = 0.5 mm
SLM Cryogenic Surface roughness

[18] Milling

Spindle speed =
4000–10,000 rpm

V = 50.24–125.6 m/min
f = 0.01–0.08 mm/tooth
d = 0.1–0.8 mm (axial)

SLM Dry

Surface roughness,
wear rate, hardness,
microstructure, and

adhesion

[23] High-speed
milling

V = 150, 200, and 250 m/min
f = 0.05, 0.07, and
0.09 mm/tooth

d = 8.0 mm (radial) and
0.5 mm (axial)

DMLS Dry
Cutting forces, chip
morphology, surface

quality, and tool wear

[24] Turning
V = 80 m/min

f = 0.1 and 0.2 mm/rev
d = 0.25 mm

DMLS Dry and cryogenic
(LN2) Surface roughness

[27] Turning
V = 50 and 110 m/min

f = 0.2 mm/rev
d = 1.0 mm

DMLS, EBM,
and Wrought Dry Surface roughness

[25] Drilling

Spindle speed = 500–1200 rpm
f = 0.06, 0.09, 0.12, and

0.15 mm/rev
d = 12 mm (h)

DMLS Dry Surface roughness and
tool wear

[28] Drilling
V = 500, 800, 1200, and

1500 rev/min
f = 0.06, 0.09, 0.12, 0.15 mm/rev

HTDMLS Dry Chip morphology,
surface integrity

[26] Side Milling

V = 40, 80, 120, and 180 m/min
f = 0.08 mm/tooth

d = 1.0 mm (radial) and
10 mm (axial)

DMLS
Dry and

supercritical
CO2-based MQL

Milling force,
subsurface

microstructure
evolution, residual

stress, and
crystallographic

texture
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Table 1. Cont.

Reference Machining
Process Machining Parameters AM

Techniques
Cutting

Environment Machining Responses

[36] Drilling and
milling

Milling parameters
V = 80 m/min

f = 0.06 mm/rev
d = 30 mm (axial) and

1.0 mm (radial)
Drilling parameters

V = 9.0 m/min
f = 0.09 mm/rev

hole depth = 12.5 mm

WAAM
(GTAW) Dry

Surface roughness,
cutting forces, and tool

wear

[6]

Up-milling,
down-

milling, and
slot-milling

V = 50, and 60 m/min
f = 0.12 mm/rev

d = 0.4 mm (axial)
WAAM (PAL) Dry Surface roughness

[37] LAM-Milling

F =100 mm/min
d = −0.3 mm

Spindle speed (N) = 6000 rpm
Preheating temp—600 ◦C

DED Dry Surface roughness

[30] Turning
V = 70 m/min
d = 1.25 mm

f = 0.15 mm/rev
DMD Dry Surface roughness

[31] Side Milling
N = 4000 rpm

d = 0.6 mm
f = 0.05–0.13 mm/tooth

DMD Dry and cooling
water

Tool flank wear,
cutting forces, and

subsurface
deformation

Table 2 presents mechanical properties of Ti6Al4V alloy parts manufactured by the
DMD process and compared with the ASTM standard.

Table 2. Mechanical properties of titanium alloy parts manufactured by DMD as built and heat-
treated [7].

Process Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa)

Percentage
Elongation (%)

ASTM Standard 827 896 10
As deposited 1105 + 19 1165 + 22 4 + 1

Air-cooled at 950 ◦C 975 + 15 1053 + 18 7.5 + 1
The furnace cooled at 950 ◦C 959 + 12 1045 + 16 10.5 + 1

Air-cooled at 1050 ◦C 931 + 16 1002 + 19 6.5 + 1
The furnace cooled at 1050 ◦C 900 + 14 951 + 15 7.5 + 1

3. Machinability of AM Ti6Al4V Alloy

Machinability is assessed based on factors such as tool wear, tool life, chip formation,
cutting forces, temperature fields, burr size, and surface quality. To enhance productiv-
ity, tungsten carbide (WC) inserts, whether coated or uncoated, are commonly used for
machining titanium alloys. Wet cutting environments help control heat generation and
accumulation at the tool–workpiece interface, while dry cutting results in a cleaner working
environment. In wet cutting conditions, lower temperatures at the cutting tip lead to
reduced cutting forces. Additionally, a significant challenge in machining Ti6Al4V alloy
is its chemical reactivity with the tool material, which can result in rapid tool wear due
to either dissolution of the tool material or chemical reactions with the chip [38]. Ti6Al4V
alloy’s machinability depends on cutting force, tool life, missing temperature, burr size,
chip formation, and surface integrity [39,40]. The elasticity of a material contributes a
significant portion to determining its machinability [41].
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3.1. Titanium Alloy

Titanium alloy, also known as Ti64, is extensively used for structural and engine
components in the aerospace industry and for onshore and offshore equipment owing to
its excellent corrosion resistance, high strength, and low density. Ti6Al4V alloy is the most
widely used alloy, accounting for over half of all titanium goods used worldwide. In the
1950s, Ti6Al4V alloy was first fabricated for structural uses in the aircraft industry [12].
In addition to its widespread use in the aerospace industry, titanium and its alloys are
utilized in various other applications, including surgical implants, heat exchangers, bioengi-
neering, valve bodies, marine hardware, missile fuel tanks, compressors, and lightweight
springs [42].

Titanium alloys can be classified into three classes based on their crystal structure, as
follows [7,18,41,43]:

• Pure titanium, such as commercially pure Ti, has excellent corrosion resistance but low
mechanical strength properties and good weldability. The addition of small amounts
of Fe and O could increase its strength.

• Alpha and near-alpha class (α-phase), such as Ti3Al2.5V, contain alpha stabilizers and
possess excellent creep resistance.

• Alpha-beta class (α–β-phase), such as Ti6Al4V and Ti5Al2.5Fe; this class at room
temperature presents both ‘alpha’ and ‘beta’ phases. It is mainly used for mechanical
applications requiring high strength and low density at raised temperatures.

• Beta class (β-phase), such as Ti5Al5Mo5V3Cr, contains a significant amount of beta
stabilizers and is characterized by high density and hardenability. Moreover, β-phase
has been known for its excellent biomedical properties and is used as an orthopedic
(bone) implant.

At room temperature, titanium alloy exists as a stable closed packed hexagonal (HCP)
structure called the alpha phase; it changes to a stable body-centered cubic (BCC) structure
called the beta phase at higher temperatures (880 ◦C). The α-phase of titanium has an HCP
structure with 12 primary slip systems. The α-phase exhibits higher strength, hardness,
and toughness than the β-phase, which contains many β-phase additions and is a BCC
structure containing standard 48 slip systems. Vanadium, niobium, and tantalum are
β-phase stabilizers, while aluminum and tin are α-phase stabilizers [16,44–46]. The cited
papers overlook important aspects, such as the focus on emerging technologies like AM,
which are increasingly significant for titanium-based materials. Additionally, they do
not address the cost and sustainability of titanium materials, factors that are critical for
assessing their economic feasibility and industrial adoption.

Aluminum, vanadium, oxygen, hydrogen, zirconium, and palladium are the alloying
elements of titanium. Aluminum and vanadium are the principal alloying elements.
Aluminum offers corrosion resistance and strengthens solid solutions, while vanadium
is a beta stabilizer that widens the temperature range to retain the beta properties. The
corrosion resistance of the one-way scanning method was found to be superior to that of
cross scanning. However, both methods demonstrated slightly lower corrosion resistance
compared to wrought materials. This difference is likely due to variations in phase and
element distribution, grain size, and crystal texture [47]. Table 3 shows the mechanical
properties of different materials, with Ti6Al4V alloy having low density coupled with high
strength and good corrosion resistance. Reports indicate that the Ti6Al4V alloy exhibits
a corrosion rate of 5 µm per year, which is considered negligible compared to that of
aluminum, of 30 µm per year [48,49].
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Table 3. Mechanical properties of Ti6Al4V and other alloys [3,44].

Property
Material

Ti Ti10Vfe3Al
(β-alloy)

Ti6Al4V2Sn
(α-βalloy)

Ti6Al4V
(α-β-alloy)

Ti8V6Cr4
Mo4Zr3Al (β-alloy)

Inconel
718 Al

Density (g/cm3) 4.5 4.65 4.54 4.42 4.81 8.22 2.7
Hardness (HRC) 10–12 32 38 30–36 37–43 38–44 60
Ultimate tensile
strength (MPa) 220 970 1050 950 1250 1350 310

Yield strength (MPa) 140 990 980 880 1150 1170 300
Modulus of

elasticity (GPa) 116 110 110 113.8 102 200 68.3

Ductility (%) 54 9 14 14 15 16 17
Fracture toughness.

(MPa m1/2)
70 - 60 75 65 96.4 29

Thermal conductivity
(W/Mk) 17 7.8 6.6 6.7 8.4 11.4 167

Max. operating
temperature (°C) 150 315 315 315 315 650 170

In machining operations involving challenging materials such as Ti6Al4V alloy, sub-
stantial mechanical and thermal loads are generated, which may be detrimental to the
performance and life of a cutting tool during the chip formation process [50]. The poor
machinability of Ti6Al4V alloy is due to its outstanding mechanical properties, which are
characterized by high energy consumption, low tool life, and inferior surface finishing [3].
A low thermal conductivity value results in heat accumulation at the tooltip, thus result-
ing in early tool failure. The lower value of thermal conductivity (5.5 to 25.0 W/mK, at
temperatures ranging from 273 to 1073 K) of Ti6Al4V results in heat accumulation at the
tooltip, thus resulting in early tool failure [40]. Table 4 represents the chemical properties of
Ti6Al4V alloy reported by some researchers.

Table 4. Chemical composition of titanium alloy [3,6].

Element Al V Fe Cu Cr Ti

Composition (Wt. %) 5.7 4.2 0.15 0.003 0.0023 89.44

Turning is the most commonly used machining process for shaping titanium alloy
parts. Key factors influencing the machinability of titanium alloys during turning include
cutting parameters, tool geometry, and the cutting environment, particularly the use of
cutting fluid. Cutting fluid serves to cool, lubricate, and facilitate chip removal during the
machining of metallic materials. Given that manufacturing is energy-intensive, ongoing
efforts are focused on developing new techniques to reduce energy consumption, especially
in machining processes.

3.2. Material of a Cutting Tool

The integrity of a cutting tool is primarily evaluated based on its ability to resist wear,
particularly flank wear, which has a significant impact on tool edges and the dimensional
accuracy of the workpiece. Tool materials can be classified according to their performance
and durability. One commonly used coating material is titanium nitride (TiN), known for
its excellent coating properties, which allow for increased cutting speeds and extended
tool life; and coating material include titanium carbon nitride (TiCN), titanium aluminum
nitride (TiAlN), and aluminum oxide (Al2O) [51]. The purpose of the coating is to protect
the tool from being worn. The report shows that coated inserts yield good results at higher
cutting speed, feed rate and a depth of cut 4 µm thick [52] was chosen for the coating
process with TiAlN during the cutting operation for titanium alloy parts [53]. This paper
narrows its investigation to cutting speed, without exploring other critical parameters
such as feed rate and depth of cut, both of which significantly impact surface integrity and
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cutting force. Furthermore, it lacks attention to the lifecycle impact of titanium materials, an
essential consideration for understanding their long-term performance and sustainability.

The tungsten or cemented carbide WC+Co tools contain tungsten, carbon, and cobalt.
They have 6% content of the Co element. These are the most used cutting tools in ma-
chining processes and include straight-grade tungsten carbide and cobalt grade. Carbide
tools possess excellent wear resistance and toughness properties even at high cutting
temperatures above 600 ◦C and a maximum cutting speed of 300 m/min. Delicate grain
structures were reported to have performed better against grains with larger sizes or with
high cobalt content (10% Co). Also, TiCN-coated tools performed significantly better than
CrN-coated tools in turning titanium alloy [38]. The following describe the properties and
characteristics of different cutting tools:

• Carbon tool steel (0.6% to 1.5% C) having a maximum cutting speed of 5 m/min.
• Satellites are tungsten, molybdenum, or molybdenum–cobalt base grades with a

maximum cutting speed of 100 m/min.
• High-speed steel (HSS) ratio 18:4:1 of W:Cr:V is the most applicable tool and pos-

sesses excellent toughness but low hardness among all types of cutting tools, with a
maximum cutting speed of 33 m/min.

• Ceramic tools contain aluminum oxide (Ai2O3), Cr2O3, Zr2O, TiN, or silicon nitride.
They are referred to as having less toughness compared to carbide tools. The maximum
cutting speed is 650 m/min.

• Special-purpose tools (up to 4500 HV) such as cubic boron nitride and polycrystalline
cubic boron nitride with a maximum cutting speed of 800 m/min, a polycrystalline
diamond with a top cutting speed of 1300 m/min. These are the less applicable cutting
tools in the machining industry because of their high tool cost, low toughness, and
high hardness compared to other cutting tools, showing that ceramic and carbide tools
perform better at high cutting temperatures.

Several reports indicate that straight tungsten carbide (WC/Co) tools have demon-
strated superior performance in nearly all machining processes involving titanium alloys.
These tools offer enhanced wear resistance and durability, making them well-suited for
the challenges associated with machining titanium [42,51,54]. It was indicated that these
WC/Co alloys with a Co concentration of 6 Wt% and a minimum WC grain size of between
0.8 and 1.4 µm might achieve the best performance [54]. The carbide tool with H13A grade
type K20 was found to perform excellently in the titanium alloy turning operation [3,53].
The cutting material must have the following properties when machining difficult-to-cut
material (like titanium alloy):

• Excellent chipping resistance
• Hot hardness, necessary to maintain the high cutting temperature
• Good compressive strength
• Fatigue resistance and high toughness value, to withstand the cyclic machining

forces generated
• Low chemical affinity with the titanium atom
• Outstanding thermal conductivity, to dissipate the heat generated quickly.

The limited machinability of titanium alloys is primarily due to their high reactivity
with most cutting tool materials. Performing cutting operations in an inert environment
has shown to enhance tool life by reducing chemical interactions between the tool and
the material, even in conventional machining settings. However, during the machining
of titanium alloys, the high-temperature accumulation between the tip of the workpiece,
cutting tool, and chip results in tool coating failure and delamination [39]. The heat partition
during machining titanium alloys was observed to be 80% transferred to the cutting tool,
while only 20% was transferred to the chips [52]. Therefore, it might cause frequent loss or
change of cutting tools, which leads to high machining costs. Due to the high machining
costs in traditional processes, titanium alloys have drawn the utmost interest in metal
additive manufacturing, reducing the cost in return [55]. Table 5 highlights the mechanical
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properties of a tungsten carbide tool with high density and excellent thermal conductivity
compared to Ti6Al4V alloy.

Table 5. Mechanical properties of a tungsten carbide tool [56].

Property Value

Density (kg/m3) 14.5 × 103

Ultimate tensile strength (MPa) 3000
Young’s modulus of elasticity (GPa) 650

Thermal conductivity (W/Mk) 58.98
Poisson ratio 0.25

Heat capacity (J/kg K) 15.0018

3.3. Tool Geometry

The cutting tool geometry refers to its dimensional design, which includes the rake
angle, flank or clearance angle, and nose radius or cutting-edge radius. It was observed that
the normal rake angle and normal flank angle of the cutting tool for WC CNMA432 were
15◦ and 6◦, respectively, selected to perform an orthogonal cutting on titanium alloy, with
the tool’s cutting-edge radius of 0.030 mm, a 90◦ cutting edge angle, and a 0◦ cutting edge
inclination angle. The author used no cutting fluid [56]. It was deduced that the cutting
material workpiece suffering from compression would deform plastically [53].

Machining AM-based Ti6Al4V parts typically requires specialized cutting tools due
to the material’s high strength and toughness. Improper selection of cutting parame-
ters can lead to accelerated tool wear, increasing energy consumption during machining.
Reducing energy consumption is a complex challenge that requires optimizing cutting
parameters, utilizing advanced tool materials and coatings, adopting sustainable cutting
environments, and incorporating advanced technologies. Combining these strategies can
produce more energy-efficient machining processes with economic and environmental
benefits. Upgrading to more energy-efficient machining equipment, such as CNC machines
or high-speed machining centers, can significantly reduce energy consumption. These
machines were designed to operate with minimal waste, which not only saves energy but
also reduces emissions associated with the manufacturing of the equipment itself. Sev-
eral studies [3,15,19,20,34,36,57] have explored various machining techniques, including
milling, turning, drilling, and grinding, to improve surface roughness and tool wear, reduce
energy consumption, and reduce mechanical damage caused by drilling operations.

3.4. Selection of Cutting Conditions

The selection of cutting conditions, environments, and inserts plays a crucial role in the
effective machining of titanium alloys. Polycrystalline diamond (PCD) inserts have been
reported to be particularly effective in high-speed machining processes, offering enhanced
performance and tool life due to their superior hardness and wear resistance at elevated
cutting speeds up to 150 m/min, Titanium diboride (TiB2) is used for intermediate rates
up to 100 m/min, and cubic boron nitride (CBN) tools for lower cutting speeds ideally
for finishing cuts [40]. Cutting conditions played a vital role in the analysis of energy
consumption and surface quality in the machining of titanium alloy [58].

The levels and cutting conditions, such as cutting speed, feed rate, and depth of cut, can
be selected based on any previously reported work in the literature or tool manufacturers’
guidelines, as listed in Table 6. Experiments can be repeated two or three times for data
repeatability. However, a new insert needs to be used in each experimental run.
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Table 6. Guidelines from manufacturers for turning heat-treated titanium alloy [59,60].

Cutting Condition Carbide Tool Cast Alloy Tool HSS Tool

Cutting speed (SFPM) 75–275 75–275 30–50
Feed rate (IPR) 0.003–0.01 0.002–0.005 0.002–0.005

Depth of cut (In) 0.0003–0.03 0.003–0.03 0.0003–0.03

Hardness refers to a material’s resistance to plastic deformation, often resulting from
rapid cooling. It is typically measured using scales such as Vickers, Rockwell, or Brinell,
with the hardness value indicating the material’s (or cutting tool’s) ability to resist deforma-
tion and achieve the desired surface finish. Studies have shown that hardness is a key factor
in determining cutting forces and burr formation during micromachining processes [7]. A
comparison of hardness and toughness across different cutting tools reveals that polycrys-
talline diamond (PCD) exhibits high hardness but low toughness. In contrast, high-speed
steel (HSS) tools demonstrate low hardness combined with high toughness. Ceramics
and coated carbide tools offer a balance, displaying moderate levels of both hardness and
toughness, making them suitable for a range of machining applications [51].

3.5. Tool Wear Rate

Tool wear is a gradual breakdown or failure of a cutting tool due to regular machining
operation, and it can be identified as edge chipping, built-up edge, fracture, flank wear,
etc. Tool life can be enhanced by the appropriate selection of cutting speed, feed rates, and
cutting environment. Tool wear can be monitored by vibration signal measurement during
the machining process. Tool material is expected to possess high hardness at elevated
temperatures to withstand the stresses involved, chipping resistance, toughness, and
fatigue resistance to resist the chip segmentation process, and good thermal conductivity to
minimize thermal shock on the cutting tool. Another report showed that mixed ceramic
silicon shows the highest wear rate of 2304 µm/min [43]. This paper primarily focuses on a
specific cooling strategy utilizing liquid nitrogen, without exploring alternative cooling
methods such as air cooling, oil-based cooling, or hybrid cooling techniques. This limited
scope may restrict the applicability of the findings to broader machining contexts and does
not provide a comprehensive understanding of the various cooling options available.

During high-speed machining of titanium alloys, the presence of compressive solid
loads and elevated temperatures near the cutting edge significantly influences tool wear.
Consequently, plastic deformation emerges as a critical factor in the wear analysis of various
tool materials [54]. Turning titanium alloy at 51 m/min with TiCN or CrN-coated inserts
developed high flank wear in the flank edges, as shown in Figure 4, in addition to notch
wear [52]. One of the disadvantages of uncoated tools is that they reach their maximum
process temperature easily compared to coated tools. A common sign that a tool’s life has
ended is flank wear [61]. The advantage of employing cutting fluids was found to increase
the tool life [24].

Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 30 
 

Hardness refers to a material’s resistance to plastic deformation, often resulting from 
rapid cooling. It is typically measured using scales such as Vickers, Rockwell, or Brinell, 
with the hardness value indicating the material’s (or cutting tool’s) ability to resist defor-
mation and achieve the desired surface finish. Studies have shown that hardness is a key 
factor in determining cutting forces and burr formation during micromachining processes 
[7]. A comparison of hardness and toughness across different cutting tools reveals that 
polycrystalline diamond (PCD) exhibits high hardness but low toughness. In contrast, 
high-speed steel (HSS) tools demonstrate low hardness combined with high toughness. 
Ceramics and coated carbide tools offer a balance, displaying moderate levels of both 
hardness and toughness, making them suitable for a range of machining applications [51]. 

3.5. Tool Wear Rate 
Tool wear is a gradual breakdown or failure of a cutting tool due to regular machin-

ing operation, and it can be identified as edge chipping, built-up edge, fracture, flank 
wear, etc. Tool life can be enhanced by the appropriate selection of cutting speed, feed 
rates, and cutting environment. Tool wear can be monitored by vibration signal measure-
ment during the machining process. Tool material is expected to possess high hardness at 
elevated temperatures to withstand the stresses involved, chipping resistance, toughness, 
and fatigue resistance to resist the chip segmentation process, and good thermal conduc-
tivity to minimize thermal shock on the cutting tool. Another report showed that mixed 
ceramic silicon shows the highest wear rate of 2304 µm/min [43]. This paper primarily 
focuses on a specific cooling strategy utilizing liquid nitrogen, without exploring alterna-
tive cooling methods such as air cooling, oil-based cooling, or hybrid cooling techniques. 
This limited scope may restrict the applicability of the findings to broader machining con-
texts and does not provide a comprehensive understanding of the various cooling options 
available. 

During high-speed machining of titanium alloys, the presence of compressive solid 
loads and elevated temperatures near the cutting edge significantly influences tool wear. 
Consequently, plastic deformation emerges as a critical factor in the wear analysis of var-
ious tool materials [54]. Turning titanium alloy at 51 m/min with TiCN or CrN-coated 
inserts developed high flank wear in the flank edges, as shown in Figure 4, in addition to 
notch wear [52]. One of the disadvantages of uncoated tools is that they reach their maxi-
mum process temperature easily compared to coated tools. A common sign that a tool’s 
life has ended is flank wear [61]. The advantage of employing cutting fluids was found to 
increase the tool life [24]. 

 
Figure 4. SEM image of a tool insert’s wear, with a contact length of lc [3]. 

An H13 uncoated carbide insert was employed in turning titanium parts and opti-
mizing four responses: SCE, Ra, R, and MRR [62]. Straight carbide insert (WC/Co) cutting 
tools were reported to be superior when machining titanium alloys, irrespective of the 
wear mechanism [63]. Straight-grade WC is the best tool material for cutting tool life [64]. 
The report shows that coated carbide offers no significant advantage due to its increased 
wear rates [42,65]. 

Figure 4. SEM image of a tool insert’s wear, with a contact length of lc [3].



Appl. Sci. 2024, 14, 10340 14 of 28

An H13 uncoated carbide insert was employed in turning titanium parts and optimiz-
ing four responses: SCE, Ra, R, and MRR [62]. Straight carbide insert (WC/Co) cutting
tools were reported to be superior when machining titanium alloys, irrespective of the wear
mechanism [63]. Straight-grade WC is the best tool material for cutting tool life [64]. The
report shows that coated carbide offers no significant advantage due to its increased wear
rates [42,65].

3.6. Chip Morphology

High cutting speeds lead to more frequent chip segments, especially in turning tita-
nium alloy [3]. Scanning electron microscopy (SEM) is an optical investigation methodology
that produces high-resolution visual images such as those of chip morphology. The chip
morphology helps to analyze the cutting forces and the energy consumption during ma-
chining by calculating the chip compression ratio, which can be obtained by dividing uncut
chip thickness (t1) by cut (deformed) chip thickness (t2) and chip shear angle (ϕ), as shown
in Figure 5. Different methods used by some researchers [3,66,67] for describing the chip
morphology were reported, where the researcher considered a minimum chip thickness
and maximum chip thickness to calculate the degree of segmentation (G), as shown in the
equation below. The results show that chip formation depends on cutting speed and uncut
chip thickness.

G =
t2max − t2min

t2max
(1)
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Another interesting report described the chip morphology using an undeformed chip
cross-sectional area of the line (A, B) and its characteristic length of (L), as shown in Figure 6.
The results show that the slipping angle (θ) of the segmented chip was 55◦, higher than
that of a continuous chip, at 38◦. The characteristic length was observed to be increased
with feed rate, but independent of cutting velocity [66].
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The chip compression ratio (r) was found to be an essential factor in estimating
energy consumption efficiency, cutting forces, chip formation, and shear angle during
machining [3]. The larger value of r results in a smaller shear plane angle and leads to
larger strain and energy consumption, as shown in Figure 7.

r =
h1

h2
(2)
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3.7. Machining Forces Generated

The cutting forces generated during the machining operation are normal force (Fn),
tangential force (Ft), cutting force (Fc), and feed rate force (Fa). The coating layer minimizes
friction at the tool–chip interface, reducing the cutting forces and heat produced by friction.
Additionally, the coating layer serves as a shield protecting against thermal shocks in
milling [51]. Cutting stresses (energies) can be measured using a force dynamometer and a
load cell to measure forces, or by monitoring power usage [68].

The cutting force (FC) and tangential force (F t) can be determined from Equations (3) and (4),
respectively. Frictional (F) and resultant force (R) can be obtained from Equations (5) and (6),
respectively. SCE can be determined from either Equation (7) or (8), and shear plane
angle (ϕ) can be determined from Equation (9), while chip compression ratio (r) can be
determined from Equation (10) [53,69–72].

FC = Rcos(λ − α) (3)

Ft = Rsin(λ − α) (4)

F = Rsin λ (5)

R =
FS

cos θ
(6)

SCE =
Pcut

MRR
(7)

SCE =
FC

w·t0
(8)

tanϕ =
rcosα

1 − sinα
(9)

r =
t1

t2
(10)
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The observed weak cutting forces can be attributed to the low friction resulting from
the high rake angle of 20 degrees selected for the machining process [53]. In the machining
of titanium alloys, the high heat level at the cutting tip may sometimes approach 1100 ◦C.
Due to this high temperature, the cutting edge may deteriorate rapidly and become dull
due to the elevated temperature close to the cutting zone [51]. It was observed that at
any cutting speed selected and if the cutting temperature was less than the beta transit of
titanium alloy (880 ◦C), no phase transition occurred during orthogonal cutting of titanium
alloy [53]. The different types of heat generated because of tool-to-workpiece interaction
and the deformation zones have been reported [51].

It was reported that energy stored during a cutting operation generates more softening
effects in titanium alloy [53]. Another apparent reason for the heat accumulation in the
titanium workpiece is that the workpiece is diffused with oxygen and nitrogen from
the air, which hardens the surface layer when the cutting zone temperature surpasses
600–700 ◦C [51]. This report lacks a comparative analysis of different cutting tools and
materials specifically in the context of machining titanium alloys. Such an analysis would
be instrumental in understanding the advantages and disadvantages of various tools
under identical conditions, thereby providing valuable insights for optimizing machining
processes. It was reported that short contact time between the tool and workpiece due to
high cutting velocities affected heat transfer efficiency; in other words, low cutting speed
improves heat transfer effectively [68]. Another study showed that an increase in cutting
speed results in lower cutting forces that lead to low SCE due to the thermal softening
effects during machining [73].

3.8. Surface Roughness

The surface roughness (Ra) measurement refers to the average texture of a finished
machined surface, and it plays an important part in the functionality and reliability of a final
product. It is a predominant requirement for the machined part to perform satisfactorily
and depends on cutting conditions, workpiece, and tool material properties. The surface
roughness can be measured using different means, such as contact-based devices and
digital holographic microscopes.

High surface roughness can be desirable in certain applications; however, it is often
undesirable, particularly when surface contact necessitates low friction for mating with
another surface or when a smooth appearance is required to minimize wear on materi-
als [74]. It was concluded that a cutting speed of 70 m/min and a depth of cut of 0.1 mm
was insignificant in increasing the surface roughness, whereas a feed rate of 0.1 mm/rev
contributed to an increase of 83.69% in surface roughness [75]. Surface roughness of less
than 2 µm can be achieved by selecting a suitable combination of a considerable depth
of cut and high spindle speed [46]. It was reported that maximum surface roughness
of 2.16 µm and tool flank wear of 0.201 mm could be achieved with a cutting speed of
250 m/min, feed rate of 0.1 mm/rev, and depth of cut of 0.1 mm [76]. Another report shows
that surface roughness decreased with increased nose radius. Therefore, the roughness
value of a machined surface was reduced by 27.90% and 26.70% for the predicted and
measured values, respectively [77,78]. Cutting forces and tool wear variations for a ma-
chined part were insignificant in affecting roughness values of both wrought and smelted
laser-manufactured Ti6Al4V parts, even below 2 µm [7,79]. The surface roughness value
increases with an increased cutting speed of up to 80 m/min and decreases with further
cutting speed increases [80].

It was observed that the surface finish can be improved by increasing the cutting
speed. However, the built-up edge formation on the tooltip subsequently deteriorates the
workpiece quality due to high surface roughness at low cutting speed. The quality of a
surface finish decreases as the feed rate increases because of the high friction developed
due to a large amount of chips flowing on the cutting tool edge.
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3.9. Energy Consumption

The estimated power can be divided into air cut (PI) and actual or total cut (PT)
powers. It was reported that energy and power consumption could be investigated using a
quality analyzer (CA8331) manufactured by Chauvin Arnoux (Asnières-sur-Seine, France)
to measure and control the energy consumed during the machining process [81]. The
mathematical difference between PA and PT will determine the cutting power (PC) needed
for material removal during the cycle, as shown in Equation (12) [62]. Power cut represents
the energy consumed by machine tools to achieve a workpiece’s final surface finish [82].

Modern manufacturing requires reducing the electrical energy consumption of ma-
chine tool operations to achieve cleaner and more efficient production [82,83]. Manu-
facturing equipment widely used in the industry includes machine tools, which share a
significant part of the energy consumed [84,85]. As the machining process progresses, the
primary reason for tool wear is seen in the variation of the specific cutting energy. Tool
life is also affected by increased cutting speed and the feed rate [62]. It was reported that
the up-milling machining process consumes more energy than the down-milling process,
which is 8.5% on average [86]. Nguyen employed multi-response optimization to inves-
tigate energy consumption during dry milling. The results indicate that a reduction in
cutting forces also leads to a decrease in SCE [77]. However, this paper neglects to address
tool wear and tool life, and it fails to incorporate other cooling strategies, such as oil-based
cooling or hybrid cooling. This oversight may overlook significant variables that influence
machining efficiency and surface integrity.

Accurately selecting cutting parameters reduces energy consumption to an optimum
level with high surface quality [87,88]. SCE and MRR were observed to be reduced by 16%
and 127%, respectively, at a higher cutting speed of 125 m/min [3]. As the cutting condition
increases, the energy efficiency is reported to increase during milling operation. As such,
most of the energy was consumed by the supporting system [86]. The power of machine
tool feature transitions was reduced by 28.60% [83]. According to some reports, the world
economy depends mainly on energy savings because the sector that consumes energy is the
manufacturing industry [2,89,90]. Cryogenic machining has been reported to have reduced
the energy consumption of a machine tool by 80% at a cutting speed of 200 m/min [91]. It
was reported that tool life increased by 28.9% and 38.6% in the dry cutting environment
and deep cryogenically treated WC tools, respectively [40]. The main reasons for the energy
consumption during machining processes is resistance to the cutting forces and movement
of the spindle, as well as adjusting the speed up or down. To determine the required energy
consumed during the cutting process or chip removal, it is vital to consider the different
power dissipated during air cutting (PI), cutting process (PC), and total energy (PT) from
Equation (11):

PTotal =
√

3VICosσ (11)

where V is the CNC vertical operating voltage in (V)
I = the current indicated by the ammeter in (A)
Cosσ is the phase angle.
Equation (12) determines the cutting power during chip removal by subtracting the

idle power from the actual power dissipated [92].

PCutting = PTotal − PIddle (12)

PCutting is an essential factor affecting cutting force, tool wear, surface roughness, and
chip formation [89].

SEC
(

J
mm3

)
=

PTotal
MRR

(
KW
mm3

s

)
(13)

Energy map development in machining refers to the graphical representation of
energy consumption into low, medium, and high levels to identify the safe zone in the
machining process. Several studies [3,93] have used this mapping approach to develop
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energy maps during machining. Energy mapping involves plotting feed rate (rev/mm)
against cutting speed (m/min) to divide the map into three energy zones: low, medium,
and high. One report shows that SCE of <1.00 is classified as a low energy zone, 1.00 to 1.10
as a medium energy zone, and >1.10 as a high energy zone [3]. This study primarily focused
on varying cutting speed and feed rates without considering tool geometry or depth of cut,
which can significantly influence tool wear and energy consumption. While the research
successfully identifies zones of wear and energy consumption, it lacks a comprehensive
analysis of the underlying mechanisms driving these phenomena, thereby limiting the
depth of understanding of tool wear processes. Additionally, the energy consumption maps
developed may not account for variations in machine tool dynamics and environmental
factors, which could potentially impact their applicability in diverse manufacturing settings.
The report shows that in the milling process of Ti6Al4V alloy, SCE, the depth of cut, and
cutting speed increase with a decrease in the feed rate [94]. Another researcher showed that
energy consumption was heavily dependent on the cutting speed and feed rate. However,
an increase in both leads to lower energy consumption in turning of Ti6Al4V alloy [73].
The report shows that an increase in feed rate leads to an increase in the shear plane angle
and results in lowering the SCE by 27% per 1 kg of the MRR, as indicated in the energy
map [93].

3.10. Optimization Process

The cutting speed, feed rate, and depth of cut are the key cutting parameters that
must be optimized in machining experiments to enhance the quality and efficiency of ma-
chined parts. Proper optimization of these parameters significantly impacts surface finish,
dimensional accuracy, and overall process efficiency, making them critical for achieving
high-quality results in machining operations [95]. The report shows that the optimization
process reduced surface roughness and specific cutting energy by 2% and 6%, whereas it
increased the material removal rate and tool life by 34% and 7%, respectively [92].

Dr. Genichi Taguchi first developed the Taguchi method, which is employed in
engineering analysis to determine the optimum combinations of process conditions for
improving performance characteristics in manufacturing systems [89]. The Taguchi method
was combined with statistical analysis to optimize the machining process for design pur-
poses [88]. It was widely acknowledged that the Taguchi approach is a solid and efficient
technique for reducing energy intensity, significantly increasing process performance with
minimal testing, production, and cycle time to determine the optimal conditions for the
objectives [78,96–98].

Grey relational analysis is another optimization technique that converts multiple re-
sponse values into a single grey relational grade value. It can be applied in decision-making
to find the most significant relations in the complicated context system characterized by
multiple impute [96]. The main advantage of grey relational analysis is that it simplifies
the optimization process by converting the numerous performance characteristics problem
into a single performance characteristic [82]. The report shows that during the machining
of Ti6Al7Nb alloy, the feed rate was the most influencing factor; about 11.3% enhancement
was achieved compared to the previous value by using the GRA optimization process [96].
In addition, multi-objective optimization can achieve the sustainable goal of machining
Ti6Al4V alloys with a high material removal rate, longer tool life, and minimum energy
consumption. A multi-objective analysis is an optimization process that involves establish-
ing multiple objectives by combining multiple prediction models to obtain an objective
model’s final and optimal solution for the evaluation indices [99]. In implementing energy-
saving efficiently, a multi-objective analysis has been conducted between cutting conditions
and energy consumption to optimize energy efficiency and meet other manufacturing
requirements [90].

Analysis of variance (ANOVA) is a statistical analysis package that assesses the signifi-
cant involvement of cutting parameters on output responses. This is achieved by computing
the sequential sum of squares for the given parameters at a stated confidence level. ANOVA
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was performed to assess the most significant cutting conditions for material removal rate,
tool wear, and surface roughness in machining operations with the determination of the
optimal parameters [96,100,101].

MINITAB 21® is statistical software that designs the experiment for the optimization
process, where the software investigates the significance levels of the cutting conditions
(v, f, and d) on the machining responses. It was reported that the interaction effect (vxv,
fxv) was more significant than the individual effect in investigating the effect of cutting
conditions on the machining responses using statistical software, where ANOVA was
achieved at a 95% confidence level. Table 7 represents many studies that have optimized
the machining process using the Taguchi method, Grey relational analysis, ANN, and
regression. However, the Taguchi method was found to be the most effective.

Table 7. Summary of literature on optimization in the machining of Ti6Al4V alloy.

Reference Optimization Method Cutting Environment Cutting Condition Machining Responses

[96] Grey Taguchi Wet and dry

V = 60, 80, and 100 m/min
f = 0.08, 0.16, and

0.24 mm/rev
d = 0.2, 0.3, and 0.4 mm

Surface roughness, tool wear,
power consumption, and

material removal rate.

[102] Grey relational analysis
based on Taguchi MQL

V = 50, 80, and 100 m/min
f = 1 mm/rev
d = 1.5 mm

Surface roughness and
flank wear.

[96] Grey-Taguchi approach Dry

V = 35, 70, and 105 m/min
f = 0.08, 0.12 and

0.16 mm/rev
d = 0.1, 0.2 and 0.3 mm

Tool wear and surface
roughness.

[92] Grey relational
analysis, Taguchi Dry

V = 50, 100, and 150 m/min
f = 0.12, 0.16 and

0.20 mm/rev
d = 1, 1.5 and 2 mm

Tool wear rate, SCE, surface
roughness, material

removal rate

[103] Grey relational analysis,
ANN, and regression Dry

V = 140, 224, and 315 m/min
f = 0.051, 0.071 and

0.102 mm/rev
d = 0.5, 0.75 and 1 mm

Cutting force temperature
and surface roughness

[57] Taguchi Dry Drilling speed (V) = 20, and
165 mm/min

Induced mechanical damage
by drilling operation

[96] Grey relational analysis Dry

V = 174, 420, and 930 m/min
f = 0.08, 0.28 and

0.52 mm/rev
d = 0.4, 0.6 and 0.8 mm

Material removal rate, tool
flank wear, tool nose wear,

and surface roughness.

[68] Taguchi L27 (313) Dry

V = 250, 500, 750, 1000, 1250,
1500, 1750, and 2000 m/min

f = 0.1, 0.2, 0.3, and
0.4 mm/rev
d = 4.1 mm

Chip formation and
cutting forces

3.11. Qualification of Machined Parts for Assembly

The AM parts can be machined to precise specifications, making them suitable for
prototype applications, one-time parts, and mass production of stock components. The
precision and consistency achieved in the machining of these parts enhance the reliability
of the final product, which is especially crucial in critical onshore, offshore, medical and
transportation applications. As industries often require replacement parts, the demand for
machined components continues to grow. Geometrical product specification (GPS) provides
guidelines for the qualification processes of profile and surface texture dimensions, ensuring
the accuracy of surface roughness measurements [101]. Whenever any part in machinery
or equipment suffers wear and tear, or breaks, it can be replaced with a perfectly fitted
machined component, hence extending equipment life. Standards and specifications, such
as ISO 9001 [104], AS9100, and ISO 13485 [105], set the foundation for defining qualification
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requirements. It was noticed that a limited number of standards and specifications are
present in the AM-process parts for assembly [106].

The qualification process employs both non-destructive and destructive testing meth-
ods to verify that components meet the specified quality standards for their intended
applications. These methods are crucial for ensuring the safety, reliability, and overall
quality of machined parts. The process typically begins with a visual inspection of the
machined component, during which the dimensional accuracy is assessed for compliance
with ISO designation standards. ISO 13485 was established to qualify the AM Ti6Al4V
alloy for medical implants accepted for applying heart valve frames [107]. EN ISO 3452
and ASTME 1417 present guidelines for detecting a crack on the threads and surface AM
hydraulic manifold by dye penetrant [108]. ISO 21920-2:2021 [109] is a proper qualification
process that helps in ensuring that machined parts are of the required standards in terms of
quality. It includes dimensional accuracy, surface finish, material integrity, and many other
vital specifications. A researcher can produce goods that have quality by keeping up with
all these standards, hence reducing defects and variability in products.

3.12. Finite Element Analysis

The Johnson–Cook (J–C) model is the best model for predicting material behavior
that involves dynamic loading with enormous strain hardening, high strain rates, and
elevated temperature. The J–C model is one of the constitutive equations employed to
simulate the thermo-elastoplastic behavior of the work piece’s Ti6Al4V alloy and the WC-
Co tool material [56]. This model has the advantage of predicting material behavior at
different strain rates and temperatures but with the disadvantage of requiring extensive
experimental data [110]. The J–C model, the most popular model used to predict high
strain rate deformations, was employed for the workpiece material. The J–C plasticity
model contains analytical strengthening rate and temperature dependence models [68].

Several mathematical models created based on the material’s plastic deformation
principles can express cutting force, temperatures, stress, or strain [7]. The first part of
the J–C model is the strain hardening effect, the second part has the strain rate effect
or (viscous effect), and the last is the thermal softening effect. The J–C model material
parameters (A, B, C, m, and n) are determined by the split Hopkinson pressure bar (SHPB)
mechanical test conducted at strain rates from about 800 to 3300 s−1 and temperatures
from 20 to 1100 ◦C [111]. SHPB has some imperfections that might compromise the test
result validity, including the swinging effects that flow stress shows, especially at low strain
values, because the flow stress always depends heavily on the strain pathway [112]. Due to
this limitation, some researchers were able to modify the J–C model equation to predict
the flow stress in machining operations accurately. For example, the J–C model equation
was modified to consider the strain-softening effect to predict the flow stress [113], and the
temperature effect was considered in the modified J–C model. The result was acceptable
and validated using the modified J–C models [111].

It was observed that no previous model has been reported for predicting the cutting
forces and flow stress during the turning operation for cylindrical bars of Ti6Al4V alloy
used in the AM (DMD) process. Therefore, this reviewed article focuses on this critical gap.
Table 8 below summarizes the findings of different models from various themes, focusing
on the investigated parameters, material type, and model type. The J–C material model is
the most used plastic model due to its ability to incorporate strain hardening, strain rates,
and thermal softening effects.
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Table 8. Synopsis of the application of different models from the literature.

Model Formula Coefficients Investigated Parameters Type of Material Reference

Johnson–Cook σ = (A + Bεn)
(

1 + Cln ε̇
ε̇0

)[
1 −

(
T−T0

Tmelt−T0

)m]
A, B, C, m, n Flow stress Wrought Ti6Al4V

alloy [114,115]

Johnson–Cook σ = (A + Bεn)
(

1 + Cln ε̇
ε̇0

)[
1 −

(
T−T0

Tmelt−T0

)m]
A, B, C, m, n Cutting forces and chip

morphology Al 6061-T6 [68]

Johnson–Cook σ = (A + Bεn)
(

1 + Cln ε̇
ε̇0

)[
1 −

(
T−T0

Tmelt−T0

)m]
A, B, C, m, n Cutting temperature

and tool wear
Wrought Ti6Al4V

alloy [56]

Johnson–Cook σ = (A + Bεn)
(

1 + Cln ε̇
ε̇0

)[
1 −

(
T−T0

Tmelt−T0

)m]
A, B, C, m, n Chip morphology and

adiabatic shear banding
Refractory Ti6Al4V

alloy [110,111]

Johnson–Cook σ = (A + Bεn)
(

1 + Cln ε̇
ε̇0

)[
1 −

(
T−T0

Tmelt−T0

)m]
A, B, C, m, n Strain (ε), strain rate (έ),

and temperature Brass [112]

Power Law (PL) σ = σ0εn
(

ε̇
ε̇0

)m (
T

T0

)−υ
σ0, m, n,
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It was found that the J–C model shows a poor prediction of cutting forces at higher
cutting speeds, up to 2000 m/min in orthogonal cutting of Al 6061-T6 [68]. However, re-
garding the Ti6Al4V alloy, reports indicate that the J–C model has several limitations. These
include inaccuracies in capturing phase transformations and strain hardening saturation,
as well as neglecting the effects of fracture or damage accumulation and microstructural
variations within the Ti6Al4V alloy [116,117]. Future research directions aimed at address-
ing these limitations may involve the development of a numerical model that modifies the
J–C model to better predict microstructural effects, including grain size, phase changes, and
texture formation. Additionally, it would be beneficial to incorporate more comprehensive
damage criteria, such as micro-crack nucleation, into the modified J–C model. One report
showed that the J–C model was able to predict the milling forces when the preheating
temperature exceeded 300 ◦C, and the milling forces were found to be reduced significantly
in the milling operation of Ti6Al4V alloy, which was due to the thermal softening effect of
the workpiece [31]. The J–C model shows a high plastic strain value on the chip contact
side with the tool [115]. The modified Arrhenius model was more accurate in predicting
flow stress than the Zerilli–Armstrong and Rusinek–Klepaczko models [107]. Some reports
indicated the degradation in the mechanical behavior of a composite material that was
caused by the initiation of damage using FEA, and the results were affected significantly
by the depth of cut and fiber orientation rather than the tool edge and rake angle [118]. The
J–C model shows that chip morphology depends considerably on the adiabatic shear zones,
which rely intensely on cutting parameters such as cutting forces and temperature [110].
Another researcher used optimized J–C model parameters to calculate the flow stress under
different conditions; the calculated results showed excellent agreement with the experi-
mental results reported, with less than 4% error [108]. Tables 9 and 10 provide the required
material constants and mechanical and physical properties for numerical analysis using
the J–C model. The crack initiates at the free surface of the chip and propagates toward
the tool, developing into micro-cracks during the machining operation as reported [119].
J–C model captures the essential characteristics required to simulate cutting forces, chip
morphology, and flow stress accurately. It emerges from this model that while accounting
for material thermal softening is necessary, it is not sufficient that the model should also
incorporate strain-softening to represent a material’s behaviours as reported by many
researchers [112,120–123].
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Table 9. Mechanical properties of Ti6Al4V alloy for J–C model [56].

Property Value

Density (kg/m3) 4.43 × 103

Ultimate tensile strength (MPa) 950
Tensile yield strength (MPa) 880

Young’s modulus of elasticity (GPa) 113.8
Thermal conductivity (W/Mk) 17

Poisson ratio 0.32
Heat capacity (J/kg K) 526

Table 10. Material constants of J–C model parameters for the tool and workpiece [56].

Constant A B C m n TO (◦C) TMelting (◦C)

Ti6Al4V 782.7 498.4 0.028 1 0.28 20 1668
WC/Co 0.003 8.0471 0.000 0.179 0.0003 20 1372

4. Summary of AM and Conventionally Manufactured Titanium Alloy

The AM Ti6Al4V parts need post-processing due to inconsistency in surface hardness,
residual stresses, and roughness, which is carried out by machining. Although the post-
processing of AM titanium is still very efficient compared to conventionally processing
parts (casting, molding, forging, etc.), it should be noted that since titanium machining is
also challenging, it needs to be thoroughly investigated and optimized for minimum energy
consumption. Even though the machining of conventional titanium alloy has been exten-
sively studied, the machining of AM titanium is significantly different, with the cutting
forces observed to be about 55–70% higher compared to those for conventional titanium
parts [6,74]. Higher cutting forces lead to increased energy consumption during the machin-
ing of Ti6Al4V parts produced through additive manufacturing (AM). The machinability
of these parts presents unique challenges, including high hardness and strength, as well as
residual stresses. These factors contribute to elevated energy consumption, a higher tool
wear rate, and increased surface roughness in the machining process.

5. Conclusions

This paper has presented a systematic review of the machinability of AM Ti6A4V
alloy, covering the wide range of AM techniques used to manufacture titanium parts.
The effects of cutting conditions, stresses generated during AM processes on the energy
consumption during machining of Ti6Al4V parts produced from AM techniques, FEA
models for machining processes, and the qualification process were examined critically. The
following key points were noted, which will aid in the machinability of AM Ti6Al4V alloy.

• It can be concluded that the machinability of a Ti6Al4V alloy is very challenging due
to its low thermal conductivity. The AM titanium alloy was more difficult due to its
resulting higher residual stresses, which could lead to high cutting forces in addition
to the low thermal conductivity of the Ti6Al4V alloy.

• It was also deduced that energy maps plotted (feed rate against cutting speed) can be
used to identify and classify energy consumption into low, medium, and high.

• The DMD-based process is the least reported and used among the AM techniques. Hence,
this article finds a gap for recommendation as part of the methodology approach.

• It was reported that a laser scanning speed of 1200 mm/s at a more prominent spot
size yields a low porosity during AM processing of titanium alloy.

• It was shown that the Johnson–Cook model was the model most predominantly
employed in the numerical analysis of the machining process due to its ability to
predict both the lower and higher cutting forces and stresses and its smaller number
of constants.
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• It was observed that the Johnson–Cook model was unable to predict the cutting forces
at higher cutting speeds of up to 2000 m/min for Al 6061-T6 alloy.

• Multi-objective optimization can achieve the sustainable goal of machining Ti6Al4V
alloys with a high material removal rate, longer tool life, and minimum energy con-
sumption. The Taguchi method was found to be more effective than other optimiza-
tion methods.

• There were limited or no articles to review regarding the qualification of machined
parts for assembly manufactured by the AM process. Therefore, this research finds
another exciting gap to fill.

• The focus will be developing a numerical model that represents the modified J–C
model as a way to incorporate the prediction of microstructural changes such as grain
size, phase changes, and texture formation. To develop a modified J–C model in a way
to incorporates enlarged damage criteria, such as micro-crack nucleation, is important.

• Finite element modeling can be further integrated with experimental results to enhance
the understanding of machining performance in AM-produced Ti6Al4V alloy parts.

• The energy consumption maps may be further developed to investigate the variations
in machine tool dynamics and environmental factors, which could potentially impact
their applicability in diverse manufacturing settings.
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List of Notations

Symbol Definition Unit
A J–C model initial yield strength MPa
B J–C model strength coefficient MPa
C J–C model strain rate constant -
n J–C model strain hardening exponent -
m J–C model thermal softening -
f Frictional force -
Fc Cutting force along cutting speed direction N
θ Angle between resultant force and line AB o
ϕ The shear angle between the shear plane o
α Rake angle o
σ Flow stress MPa
ε Equivalent strain -
lε̇ Equivalent strain rate s−1

t1 Uncut chip thickness mm
t2 Cut chip thickness mm
v Cutting speed m/min
f Feed rate mm/rev
d Depth of cut mm
MRR Material removal rate mm3/min
R Wear rate mm3/N
Ra Surface roughness um
SCE Specific cutting energy J/mm3

RPM Revolutions per minute N
Pa Actual power cut W
Pair Air power cut W
CNC Computer numerical control -
GMAW Gas metal arc welding -
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GTAW Gas tungsten arc welding -
PAL Plasma arc welding -
DMD Direct metal deposition -
DED Directed energy deposition -
DMLS Direct metal laser sintering -
EBM Electron beam melting -
WAAM Wire + arc additive manufacturing -
FEA Finite element analysis -
AM Additive manufacturing -
CAD Computer-aided design -
CAM Computer-aided manufacturing -
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