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Abstract
Titanium and nickel alloys have been used widely due to their admirable physical and mechanical properties, which also result in
poor machinability for these alloys. Improvement of surface integrity of titanium and nickel alloys is always a challengeable
subject in the area of manufacture. Besides the cutting parameters and cutting environments, the structure and material of cutting
tools are also the most basic factors that govern the machined surface integrity. This review paper provides an overview of the
machined surface integrity of titanium and nickel alloys with reference to the influences of tool structure, tool material, as well as
tool wear. Surface integrity mainly covers geometrical characteristics, microstructure alterations and mechanical properties of the
machined surface. Influences of cutting tool parameters on above characteristics of machined surface integrity are reviewed
respectively, and there are many different types of surface integrity problems reported in the literatures. However, the current
research on the effects of tool parameters on machined surface integrity mainly depends on practical experiments or empirical
data, a comprehensive and systematic modeling approach considering the process physics and practical application is still
lacking. It is concluded that further research for the influence of tool parameters on machined surface integrity should consider
the requirements of service performance (e.g. fatigue life) for machined components. It is vital important to establish the mapping
relationships among the cutting tool parameters, machined surface integrity, and the service performance of machined
components.

Keywords Machining . Surface integrity . Tool structure andmaterial . Tool wear . Titanium and nickel alloys

1 Introduction

Titanium and nickel alloys are widely used as structural ma-
terials due to their high strength-to-weight ratio (especially for
titanium alloys), high fracture toughness and fatigue strength,

superior corrosion and creep resistance, and ability to operate
at high temperatures, etc. [1–4]. These admirable properties
make titanium and nickel alloys be extensively used in such
fields as aerospace, automotive, power stations, petrochemi-
cal, biomedical, marine, military and nuclear sectors [5–8].
Based on the forecast of Airbus Global Market, over 29,000
commercial airplanes are demanded all over the world from
the year of 2013 to 2032 (http://www.aircraft.airbus.com/
market/global-market-forecast-2017-2036/), which also
demonstrates the huge demand for titanium and nickel alloys.

A typical turbofan engine primarily comprises of such four
major components as fan, compressor, combustor and turbine
as shown in Fig. 1 [9], in which extensive use of titanium and
nickel alloys in the engine can be noted. Because titanium
alloys can maintain high creep and oxidation resistance at
temperatures under 400 °C, they are mainly used for the man-
ufacture of fan and compressor within the turbofan engine.
Nickel alloys have the ability to retain most of their strength
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even after long exposures to extremely high temperatures up
to 600 °C, so they are mainly used in the hot sections of
critical components in turbofan engine including combustor
and turbine. About 50% by weight of an aero-engine is made
up of nickel alloys [10–12]. Most of the turbofan engine com-
ponents need to be machined to remove excess material (by
processes such as turning, milling, drilling and grinding, etc.)
and achieve final dimension in addition to surface finish be-
fore they are put into service.

With the objectives to possess high service performance
and reach high reliability levels for a product, improving
the machined surface integrity is one of the most relevant
factors especially for critical structural components in aero-
space industry. The evaluation on surface integrity covers
geometrical characteristics, microstructure alteration and
mechanical properties of the machined surface. The geo-
metrical and microstructural characteristics of the ma-
chined surface are also called as topological parameters
and metallurgical states, respectively. The geometrical
characteristics of machined surface include geometrical
morphology, surface roughness and surface defects, etc.
The microstructure alterations of machined surface consist
of plastic deformation layer, grain size and texture, phase
transformation, etc. The mechanical properties of machined
surface mainly indicate the state of residual stress and
micro hardness.

Despite the increased demand of titanium and nickel alloys
in engineering fields, there are difficulties to achieve good
machined surface integrity due to their low machinability rat-
ing [13]. Because titanium and nickel alloys maintain high
strength and hardness at elevated temperatures, machining is
difficult to perform on them. In addition, the physical proper-
ties of these alloys such as low thermal conductivity, high
work hardening, and high chemical reactivity aggravate their
poor machinability rating.

Large amounts of literature have been reported related to
machining of titanium and nickel alloys such as rapid tool
wear and undesirable machined surface quality [14–17]. The
low thermal conductivity of such alloys is prone to cause
increased temperatures at the tool cutting edge and results in
adhesion of workpiece material to the cutting edge. Then these
factors lead to accelerated tool wear during machining pro-
cess. In addition, severe localized heat, high stresses and tem-
perature gradients within the cutting zone are prone to cause
undesirable microstructure alterations of machined surface
and subsurface. For example, the white layer formation and
surface damage may cause detrimental effects on the perfor-
mance of the machined part. The undesirable surface defects
and tensile residual stresses tend to cause the stress corrosion
cracking, failure due to fatigue and creep on the machined
surface [18]. Due to significant difficulty associated with ma-
chining, these unfavorable alterations are particularly of more
concern for titanium and nickel alloys. It is very important to
obtain superior surface quality including geometrical, micro-
structural and physical characteristics of machined surface and
subsurface to enhance the resistance to fatigue and creep fail-
ure for components made up of titanium and nickel alloys.

Apart from the cutting parameters (cutting speed, feed rate
and depth of cut, etc.) and cutting environments (dry cutting,
wet cutting, and cryogenic cutting, etc.), the structure and
material of cutting tools have been recognized as one of the
most basic factors that govern the machined surface integrity
[19–22]. One cannot achieve good surface integrity without
considering appropriate tooling (including material and struc-
ture) requirements. Selection of cutting tool with good ma-
chining performance has been always a big challenge to man-
ufacturers. The application of advanced processing methods
such as minimum quantity lubrication, high pressure cooling
system and subzero cooling systemwhich aims to improve the
machinability of titanium and nickel alloys have been
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Fig. 1 Cross section of Rolls-Royce Trent 800 turbofan engine (a) main structure; (b) illustration of material usage in the Trent 800 engine
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emerged and gradually applied in recent years. Nevertheless,
the traditional machining modes, especially for turning and
milling, are still widely used due to their wide applicability.
Several review literatures [5, 7, 12, 17] can be tracked related
to the machining induced surface integrity of titanium or nick-
el alloys considering the influences of cutting parameters and
cutting environments. While the research about the influences
of tool material and tool structure on the machined surface
integrity are still lacking and have not been reviewed inten-
sively. It is highly desirable to develop surface integrity data
for general guidelines to be employed or considered for the
manufacture of critical components.

The paper aims to present an overview of the machined
surface integrity of titanium and nickel alloys with reference
to the influences of different cutting tool structures and mate-
rials. The paper mainly illustrates the state of the art research
work performed for turning and milling applications by utiliz-
ing different cutting tools. These two kinds of cutting methods
are the most widely used processes in manufacture. The re-
view can also provide instruction for other cutting modes such
as drilling, grinding, boring, reaming and broaching, etc. This
review starts with the illustration of tool structures and tool
materials in turning and milling processes. Then the influ-
ences of cutting tool structure and material on the machined
surface integrity of titanium and nickel alloys are reviewed.
These researches cover the experimental, theoretical and nu-
merical investigations in the field of turning and milling pro-
cesses. After that, the influence of cutting tool wear on the
machined surface integrity is reviewed. Finally, the existing
research limitations and the latest ideas are presented. The
relationships between machined surface quality and its influ-
ence factors as well as the evaluation parameters are summa-
rized in Fig. 2, in which the review scope of this paper is
emphasized by the dashed line area.

2 Workpiece materials

2.1 Titanium alloys

Titanium alloys have been widely used due to their superior
mechanical properties and improvements of machinability. The
good bio-compatibility in addition to the excellent corrosion
and creep resistance for titanium alloys have also made them
suitable for bio-medical applications [18, 23–26]. Based on
different phase compositions, titanium alloys are normally cat-
egorized into such four main types asα-titanium alloys, nearα-
titanium alloys, α + β alloys, and β alloys [23]. The phase
diagram for titanium alloys is presented in Fig. 3 [2]. The α-
titanium alloysmainly containα-phase which has close-packed
hexagonal microstructure at ambient steady state. The alloy
elements that increase the transformation temperature from α
to β phase are known as α-phase stabilizers. These elements

include oxygen, nitrogen, carbon, boron and aluminum, etc.
[23]. The α-alloys exhibit high hardness and excellent creep
resistance, which make them be widely used as structural com-
ponents demanded with good high temperature creep resis-
tance. Near α-alloys act more like α-alloys but they contain
small quantities of β-phase less than 10% in volume generally.
Typical examples of near α-alloys include Ti6.5Al2Zr1Mo1V,
Ti8Al1Mo1Vand Ti6Al5Zr0.5Mo0.25Si, etc.

The α + β dual phase titanium alloys contain both α and β
stabilizers with high proportions. The β-phase has body-
centered cubic structure, and the alloying elements act as β-
stabilizers include molybdenum, vanadium, niobium, tanta-
lum, iron, silicon, etc. [23]. α + β titanium alloys possess me-
dium strength and good hardenability. The volume fractions
of α and β phases in addition to the mass fractions of alloying
elements in both phases can be adjusted through different heat
treatments. This kind of titanium alloy is commonly used for
high strength applications with working temperature range of
350–400 °C in industry. The commonly used α + β titanium
alloys include Ti6Al4V, Ti2Al1.5Mn, Ti4Al1.5Mn,
Ti6Al2.5Mo1.5Cr0.5Fe0.3Si, Ti6Al7Nb, among which
Ti6Al4V is the most widely used one [27–30]. The β titanium
alloys have enough β stabilized alloying elements, and this
kind alloy exhibits all β phase under ambient temperature.
The β titanium alloys are denser in nature and present high
strength at low operating temperatures [2]. The tensile
strength of β titanium alloys at ambient temperature can reach
1300–1400 MPa through aging treatment. The commonly
used β titanium alloys include Ti5Mo5V8Cr3Al and
Ti15Mo2.7Nb3Al0.25Si, and they are mainly used as struc-
tural components in aerospace industry.

2.2 Nickel alloys

Nickel alloys have also been extensively used in various in-
dustry fields due to its admirable physical and mechanical
properties. Nickel alloys belong to the most widely used heat
resistant alloys (also called as super alloys), which are mainly
divided into such subcategories as nickel base, iron base and
cobalt base alloys [12]. Nickel base alloys consist of nickel as
the main component with at least 50% content, and Inconel
718 is the most popular nickel base alloy [31–34].

Figure 4 provides a perspective for the development of nick-
el alloys since their first appearance in the 1940s [9]. Over the
development of more than half one century, a concerted period
of alloy and process development has enabled the performance
of super alloys to be improved dramatically. It can be seen from
Fig. 4 that the development history for nickel alloys is wrought
alloy, conventionally cast alloy, directionally solidified alloy,
and single crystal alloy. The mechanical properties and high
temperature resistance of such above four kinds of nickel alloys
promote progressively. Correspondingly, the machinability for
these alloys becomes poorer.
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It is well known that the number of alloying elements is
generally greater than ten for nickel alloys and they are among
the most complexed engineered materials. Although a wide
variety of alloying elements are added, some broad rules can
be tracked. Figure 5 shows the categories of important
alloying elements in the constitution of nickel alloys and their
relative positions in the periodic table [35]. It can be seen that
most of the alloying elements in the nickel alloys are located
in the d block of transition metals. Nearly all nickel alloys
contain significant amounts of chromium, cobalt, aluminum
and titanium, as well as small amounts of boron, zirconium
and carbon. Other elements are also added for partial nickel
alloys, including rhenium, tungsten, tantalum and hafnium
from the 5d block of transition metals, and ruthenium, molyb-
denum, niobium and zirconium from the 4d block [35]. The
behavior of each alloying element and its influence on the

phase stability depends strongly upon its position within the
periodic table as shown in Fig. 5.

Different alloying elements have their own contributions
in constituting the phases and affecting the properties of
various grades of nickel alloys [9]. The values located at
the top left corner of each square box in Fig. 5 indicate the
percent difference in atomic diameter from Ni for the lo-
cated elements. Taking the two elements of metallic ele-
ment niobium (i.e. Nb) and non-metallic element carbon
(i.e. C) for example, the atomic radius (or called as metallic
radius for metallic elements) of Ni is 124.6 pm, while those
of elements Nb and C are 147 pm and 91 pm, respectively.
In result, the percent difference in atomic diameter between
Nb and Ni can be calculated as (147–124.6)/124.6 ×
100%= 18%, while that between C and Ni can be calcu-
lated as (91–124.6)/124.6 × 100%= −27%.

A first group of alloying elements includes iron, cobalt,
chromium, ruthenium, molybdenum, rhenium and tungsten,
which prefer to constitute and stabilize the phase of austenitic
γ. These elements have atomic radii approximate equal to that
of nickel. A second group of alloying elements including alu-
minum, titanium, niobium and tantalum, have greater atomic
radii and promote the formation of ordered phases such as the
compoundNi3(Al, Ta, Ti), which is known as γ' phase. A third
group of elements including boron, carbon and zirconium tend
to assemble on the grain boundaries of the γ phase, due to their
much different atomic sizes compared with nickel. The phases
of carbide and boride are also promoted to be formed with the
third group of elements.

The microstructure of a typical nickel alloy consists of such
different phases as following [36].

Fig. 2 The review scope of this
paper
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Fig. 3 Phase diagram of titanium alloys [2]
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(1) The gamma phase denoted by γ. It exhibits the face-
centered cubic structure and forms a continuous ma-
trix phase, in which the other phases reside. This
phase contains significant concentrations of such ele-
ments as cobalt, chromium, molybdenum, ruthenium
and rhenium, etc.

(2) The gamma prime phase denoted by γ′. It forms as a
precipitate phase coherent with the matrix of γ phase,
and it is rich in such elements as aluminum, titanium
and tantalum. In some nickel-iron super alloys which is
rich in niobium, another ordered phase γ″ is preferred to
be formed instead of γ′.

(3) Carbides and borides. Carbon, often present at concen-
trations up to 0.2 wt.%, combines with reactive elements
such as titanium, tantalum, chromium, molybdenum,
tungsten, niobium, and hafnium to form carbides. The
elements of chromium and molybdenum promote the

formation of borides. Both carbides and borides prefer
to reside on the γ-grain boundaries.

(4) Other phases such as the topologically close-packed
(TCP) phases μ, σ and Laves can also be found in certain
nickel alloys, particularly in the service aged condition.
However, the formation of these compounds has nega-
tive influence on the material property and should be
avoided to form.

3 Tool structure, tool material and tool wear

The structure and material of cutting tools are important fac-
tors that govern the machined surface integrity. Selection of
appropriate cutting tools is the basis to achieve good surface
integrity. There are different geometrical parameters to
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characterize the cutting tool structure for different kinds of
cutting tools including turning and milling tools. There are
also varied cutting tool materials to select for machining of
the same workpiece material.

3.1 Tool structure

3.1.1 Turning

Turning is the most widely used machining process to fabri-
cate the rotatory components. The main parameters to de-
scribe the turning tool structure mainly include tool angles
and cutting edge parameters. The main turning tool angles
include the rake angle, the clearance angle, the cutting edge
angle, the minor cutting edge angle, and the inclination angle,
etc. The cutting edge of turning tool can be characterized by
the tool nose radius, the cutting edge radius, in addition to the
cutting edge shape [37]. Different cutting edges are prepared
to improve the tool cutting performance such as chamfered
edge, honed edge, and wiper, etc. The variation of such above
geometrical parameters for turning tools affects the material
deformation and removal behavior within the cutting zone
including the chip and the machined surface.

3.1.2 Milling

Milling is a commonly used machining process to achieve
finished flat and curved surfaces. For milling tool with small
diameter (generally smaller than 25 mm), the solid milling
tool is used, while the milling inserts combined with milling
tool holder are used for the milling tools with large diameter.
The geometrical parameters to characterize the milling insert
are similar with the turning one. The solid milling tool mainly
includes flat end milling tool and ball-end milling cutter.

The basic geometry of flat end milling tool includes exter-
nal shape dimensions and geometrical parameters of side edge
and end edge. Besides the tool diameter, tool length and tool
flute length, the helical angle and cutting edge angles are the
main geometrical parameters that influence the milling pro-
cess [38]. The cutting edge angle can be subdivided into the
side edge angles and the end edge angles. Compared with the
flat end milling tools, the ball end milling tools have another
important geometrical parameter of ball nose radius. The num-
ber of tool flutes and the pitch between adjacent flutes also
affect the milling process through changing the dynamic be-
havior of milling tools for both flat and ball end milling tools.

3.2 Tool material

Cutting tool material is one of the most basic factors that
influence the machined surface integrity especially for the
difficult-to-machine materials including titanium and nickel
alloys [12]. A machining process cannot be conducted

efficiently if inappropriate cutting tool material is selected,
which is apt to result in poor machined surface quality. Low
machinability rating of titanium and nickel alloys causes the
high mechanical and thermal stresses within the cutting zone,
which then causes severe plastic deformation on machined
surface and undesirable tool wear. In addition, the high chem-
ical reactivity of titanium accelerates the tool wear rate and
deteriorates the machined surface further consequently. The
cutting tool materials should exhibit excellent physical and
mechanical properties to withstand elevated temperatures
and high stresses during machining of titanium and nickel
alloys. It is concluded from previous literature [39] that the
cutting tool materials should possess the characteristics of
high hot hardness, high thermal shock resistance, low chemi-
cal affinity, excellent oxidation resistance, and high fracture
toughness to guarantee the machined surface integrity with
excellent tool life. A cutting tool should keep the five charac-
teristics in correct balance to perform cutting process econom-
ically and efficiently.

Figure 6 presents the properties of different cutting tool
materials at hardness and toughness scales (http://www.
mitsubishicarbide.net/contents/mmus/enus/html/product/
technical_information/information/sessaku.html). The cutting
tool materials cover high speed steel (HSS), cemented carbide,
coated cemented carbide, ceramics, cubic boron nitride (CBN)
, diamond, and etc., among which HSS is the toughest
material and diamond is the hardest material. High fracture
toughness is required for cutting tools to avoid chipping,
shocks, vibrations, misalignments, and runouts, while high
hardness is needed to improve the tool wear resistance and
guarantee the ability to machine workpiece materials with
high hardness [40].

HSSs are complex iron-base alloys of tungsten, molybde-
num, chromium, vanadium, cobalt or combinations, which be-
long to strong carbide forming elements [41]. Although HSSs
possess the highest toughness, they are not preferred for turning
and milling of difficult-to-machine materials such as titanium
and nickel alloys due to their relative low hardness. However,
they are recommended to be used in some complex shaped tools
like drilling application for titanium alloys, because HSS has
high bending strength than other tool materials and HSS tool
materials are easier to be processed for drilling applications.

Cemented carbide is fabricated through powder metallurgy
technology with hard metal carbides (WC, TiC, etc.) and
bonding metals such as Co, Ni or Mo, etc. Cemented carbide
tools have been widely used due to their combined superior
properties of high strength and hardness, high toughness, ex-
cellent wear and heat resistance [42–44]. The emergence of
new kind cemented carbides such as micro-grain cemented
carbide and cermet has improved the cutting performance fur-
ther. Coatings are also utilized to improve machining perfor-
mance of carbide tools. Higher hardness of coating increases
resistance towards tool wear due to abrasion, adhesion,
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diffusion, and oxidation wear [14, 45, 46]. The tool coating
can also decrease the friction coefficient which is beneficial to
lower the cutting temperature by easier chip flow through tool
rake face [45]. Previous researches have demonstrated that the
thin tool coating canmake a noteworthy promotion inmachin-
ing performance, tool life, and productivity [47–49]. Based on
the preparation technology, the tool coating can be divided
into physical vapor deposition (PVD) coating and chemical
vapor deposition (CVD) coatings. The coating materials in-
clude TiC, TiN, Al2O3, TiCN, TiAlN, TiAlN, etc. The coating
tools also develop from single layer to multiple layers, ultra-
thin and nano layers to enhance machining performance [12].

Ceramicmaterials have unique physical andmechanical prop-
erties especially at high temperature, such as high hot hardness,
high wear resistance, relatively low chemical reactivity with
steels and many other materials [50]. Consequently, ceramic cut-
ting tools exhibit superior machining performance especially for
machining of super hard materials that are hard to be performed
with traditional tool materials. In addition, the optimum cutting
speed of ceramic cutting tools is three to ten times larger than that
of ordinary cemented carbide tools with the same geometrical
parameters, which can improve the processing efficiency dramat-
ically. However, literatures [12, 51] suggest that titanium alloys
are not recommended to bemachinedwith ceramic tools because
of high chemical affinity between ceramic tools and workpiece
material, but nickel alloys have been proved to be machined
efficiently with ceramic cutting tools [52].

Beside ceramic inserts, solid ceramic cutting tools have
also been developed with the advancement of ceramic
sintering and ceramic grinding techniques [38, 53, 54].
Kennametal has introduced new SiAlON KYS40 ceramic
grade for rough milling of nickel alloys [55]. Through com-
parison of suggested cutting speed between solid ceramic
tools against carbide tools for machining of nickel alloys, it
is indicated that the solid ceramic tools are capable to operate

at cutting speed 20 times higher than ordinary carbide tools
and provide longer tool life simultaneously [55].

Diamond and CBN are the top two hardest tool materials at
present. Diamond-coated and polycrystalline diamond (PCD)
tools have been used successfully for machining of titanium
alloys, while it does not recommend to perform nickel alloys
machining with PCD tools due to chemical reaction between
diamond and nickel leading to accelerated tool wear and dam-
age [56]. Although CBN tools can be used for machining of
both titanium and nickel alloys, they are still limited to be used
in finishing operations due to the high preparation cost.

3.3 Tool wear

Some specific researches on tool wear mechanisms and tool
failure modes during machining titanium and nickel alloys
have been conducted [15, 57–59]. Cutting tools experience
severe thermal and mechanical shocks during machining pro-
cess. The high cutting stresses and high temperatures are gen-
erated at and/or close to the cutting edge to affect the tool wear
rate and tool life greatly. Consequently, the tool wear behavior
plays an important role on machined surface formation and
affects the machined surface integrity greatly.

The main difference between turning and milling is that
turning is continuous machining mode while milling is inter-
mittent one, which results in variations of tool wear behavior
and corresponding tool wear mechanism. For turning of tita-
nium and nickel alloys, high temperature is the main factor
that induces the tool wear due to thermal accumulation close
to the cutting edge [57]. Consequently, flankwear, crater wear,
chipping or notching caused by thermal shocks are the prom-
inent tool failure modes. Comparatively, the combination of
high thermal, high mechanical and cyclical stresses, as well as
adhesion of the work material onto the tool faces are the main
factors that induces the tool wear during milling process of

Fig. 6 The properties of hardness
and toughness for different
cutting tool materials
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titanium and nickel alloys. In result, notching, chipping and
catastrophic failure are the prominent tool failure modes.

Moreover, the different tool materials exhibit varied tool
wear behavior and wear mechanisms during machining of
titanium and nickel alloys due to their different mechanical
and thermal properties. For the tool materials with low hard-
ness such as high speed steels, rapid loss of their hardness at
elevated cutting temperatures above 600 °C tends to cause
severe plastic deformation of tool material. For the tool mate-
rials with moderate hardness and toughness such as cemented
carbide and coating tools, the rake and flank surface wear
resulted from dissolution-diffusion and attrition are the prom-
inent tool failure modes during machining of titanium and
nickel alloys. Moreover, the high chemical activities for tita-
nium alloys also aggravate the tool crater wear. Due to high
brittleness accompanied with high hardness for ceramic tools,
notch wear and chipping are the main tool wear mechanisms.

4 Research and analysis methods ofmachined
surface integrity

Machined surface integrity can be evaluated by a group of
parameters to describe the geometrical characteristics, micro-
structure alterations, and mechanical properties of machined
surface as summarized in Fig. 2. There are different research
and analysis methods about machined surface integrity based
on different characteristic parameters of machined surface,
and the methods can be divided into experimental investiga-
tion, empirical modeling, analytical modeling and numerical
analysis mainly based on finite element method (FEM).

4.1 Experimental investigation of machined surface
integrity

Experiments have been the primary method to investigate the
machined surface integrity including the geometrical charac-
teristics, microstructure alterations, and mechanical properties
of machined surface. Although the costs of research and time-
consuming are always high for experiments, the experimental
results can provide direct answers for what demanded. There
are many accessible literatures [5, 7, 12] conducting experi-
ments to investigate the machined surface roughness, surface
defects, machining affected layer, white layer formation, re-
sidual stress and micro hardness distribution, etc. The influ-
ences of input variables (including cutting parameters, cutting
tool parameters, and cutting environments, etc.) on the ma-
chined surface integrity can be obtained. In addition to the
direct outputs of experimental research, the experiments can
be used to validate the results of analytic models and numer-
ical analyses. Empirical fitting or extrapolation based on lim-
ited experimental results can also provide effective instruction
for practical application.

The geometrical characteristics of machined surface are
usually measured or observed with the aid of profilometer,
optical microscope (OM) or scanning electron microscopy
(SEM) which includes backscattered electron microscopy
(BSE) and secondary electron (SE) modes. Surface
profilometer, OMs including super-depth microscope, white-
light interferometry and laser scanning confocal microscope
are commonly used to achieve three dimensional (3D) images
of the machined surface [60]. These instruments can provide
detailed information about the topological parameters of the
machined surface including the geometrical morphology, sur-
face roughness as well as surface defects. Measurement of
surface profile or observation of surface morphology does
not need any further processing on the machined surface.

In-depth analysis of microstructure alterations of machined
surface and subsurface have been carried out with the help of
advanced micro-examination techniques such as high magni-
fication OM, SEM, energy dispersive spectroscopy (EDS), X-
ray diffraction (XRD), electron backscatter diffraction
(EBSD) and transmission electron microscopy (TEM), etc.
[5]. Among above advanced techniques, OM and SEM are
the most convenient operated and have been the most widely
used methods, while EBSD and TEM have higher magnifica-
tion and can observe the microstructures with smaller scales.
The techniques of EDS and XRD are always used to examine
the elements and phase compositions. The specimen prepara-
tion for in-depth observation generally needs the procedures
of sample cutting, inlay, grinding and polishing, followed by
metallographic etching in the end [61]. Then the microstruc-
ture alterations (including the plastic deformation degree and
depth, white layer formation, evolution of grain size and grain
orientation, recrystallization, phase transformation, etc.) can
be analyzed with above micro-examination techniques.

Mechanical properties including residual stress and micro
hardness also present gradient distribution characteristics
along the in-depth direction from machined surface to bulk
material. Measurements of residual stress within machined
subsurface can be conducted with destructive or nondestruc-
tive test methods [5]. The residual stress measured with de-
structive test method is calculated indirectly through measure-
ment of material macro or micro deformation after residual
stress release within the tested area. The commonly used de-
structive test method of residual stress mainly include hole
drilling method [62], ring core method [63], contour method
[64], etc. The nondestructive test method of residual stress
mainly include X-ray diffraction method [65], synchrotron
X-ray diffraction method [66], neutron diffraction method
[64], ultrasonic method [67], in addition to electromagnetic
method [68], etc. X-ray diffraction is the most widely used
nondestructive test method due to the advantages of easy op-
eration and relative higher measurement accuracy. With the
help of electrochemical polishing, the in-depth profiles of re-
sidual stress within machined subsurface can be depicted. The
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micro hardness of machined surface can be measured with the
aid of micro hardness tester. The characteristic parameters of
work hardening for machined surface mainly include the mi-
cro hardness values within machined subsurface and the depth
of hardening layer. The in-depth profiles of micro hardness for
machined subsurface can be measured after treatment of spec-
imen with the same procedures as in-depth microstructure
observation while etching may be not necessary.

4.2 Empirical modeling of machined surface integrity

Empirical models of machined surface integrity are
established based on mathematical statistic analysis of exper-
imental results of characteristic parameters for machined sur-
face. The empirical models are generally developed according
to minimum error principles, and aim to express the relation-
ships between dependent variables (i.e. the parameters to char-
acterize machined surface integrity) and independent variables
(i.e. cutting parameters, tool parameters, and the other param-
eters that influence the machining process) [69]. Actually, the
research on machined surface integrity based on empirical
models is the extension of experimental investigation. The
most widely used expression form for empirical is polynomial
equation fitted based on least square method. Empirical
models are obtained with limited experimental results and
can be extrapolated to predict the machined surface roughness
in a relative larger range of independent variables. The reli-
ability and accuracy of empirical models depend on the ap-
propriate expression functions and experimental sample size,
in addition to the dependent experimental techniques.

Some research has established empirical models to predict
different characteristic parameters of machined surface integ-
rity including geometrical parameters [70, 71], microstructure
alterations [72] and mechanical properties [73–75]. The ef-
fects of cutting parameters such as cutting speed, feed rate
and depth of cut, tool parameters such as tool nose radius on
the machined surface integrity have been investigated. Joshi et
al. [71] established the empirical model of machined surface
roughness Ra corresponding to the cutting parameters for
nickel alloy UDIMET 720 expressed by Eq. (1). In the same
way, they developed the empirical models of residual stress σm
parallel with the milling direction, residual stress σn normal to
milling direction, in addition to shear residual stress 휏mn as
expressed by Eqs. (2)–(4), respectively. Similarly, Sridhar et
al. [73] proposed the empirical model of residual stress for
titanium alloy Ti-834 corresponding to the cutting parameters
of cutting speed, feed rate and depth of cut in the same pattern
as Eq. (1).

Ra ¼ a1 þ a2Vc þ a3 f þ a4ap þ a5Vc f þ a6fap

þ a7Vcap þ a8Vcfap ð1Þ

σm ¼ b1 þ b2Vc þ b3 f þ b4ap þ b5Vc f þ b6fap

þ b7Vcap þ b8Vcfap ð2Þ
σn ¼ c1 þ c2Vc þ c3 f þ c4ap þ c5Vc f þ c6fap

þ c7Vcap þ c8Vcfap ð3Þ
τmn ¼ d1 þ d2Vc þ d3 f þ d4ap þ d5Vc f þ d6fap

þ d7Vcap þ d8Vcfap ð4Þ

where ai, bi, ci, di (i = 1, 2, 3…) are the polynomial coefficients
to be fitted, Vc is the cutting speed, f is the feed rate, ap is the
depth pf cut.

Shi et al. [72] expressed the white layer thickness formed
during turning process as a linear equation with square root
transformation considering the influences of cutting speed,
feed rate, tool rake angle, tool nose radius, tool flank wear,
tool thermal conductivity, as well as coolant condition.

An important way for understanding machined surface in-
tegrity is to research the microstructure alterations under dif-
ferent cutting conditions, and to establish the relationship be-
tween microstructure alterations (including grain sizes with
phase fractions) and other surface integrity parameters such
as micro hardness and residual stress. Arisoy et al. [76] inves-
tigated the effects of workpiece material microstructure on the
micro hardness distribution of machined subsurface for
Inconel 100, and established the empirical model of micro
hardness as expressed by Eq. (5).

HV ¼ e0 þ e1 gm1
1 hn11

� �þ e2 gm2
2 hn22

� �þ e3 gm3
3 hn33

� �
þ e4 gm4

avg

� �
ð5Þ

where HV is the micro hardness, ei (i = 0, 1, 2…) are the
polynomial coefficients to be fitted, mi, ni (i = 0, 1, 2…) are
the exponents of empirical model. gavg, g1, g2, g3 are the γ-
matrix, primary, secondary and tertiary γ’ grain sizes, respec-
tively. h1, h2, h3 are corresponding volume fractions of γ’
grains. The above model parameters were obtained through
genetic algorithm based on measurements of different grain
sizes and corresponding fractions.

Capello [77] proposed a regression model of residual stress
σ expressed by Eq. (6) considering the influences of such
independent variables as feed rate f, tool nose radius r, and
entrance angle (χ) for different workpiece materials.

σ ¼ 1000log k1 f k2rk3
� �

−k4χ ð6Þ

where ki (i = 1, 2, 3…) are coefficients of empirical model for
residual stress.

Moreover, through analyzing the characteristics of residual
stress profiles within machined subsurface, Ulutan et al. [78]
and Yang et al. [74] developed the empirical models of resid-
ual stress based on sinusoidal decay function for nickel alloys
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GTD-111, Inconel 100, and titanium alloy Ti6Al4V, respec-
tively. The empirical model of residual stress σ is expressed
with Eq. (7) and the coefficients were fitted by Particle Swarm
Optimization (PSO) method.

σ ¼ C0e
− ςωd xffiffiffiffiffi

1−ς2
p

cos ωdxþ φð Þ ð7Þ
where C0 is the amplitude constant, x is the distance to the
machined surface, ωd is the damped frequency, ζ is the
damping coefficient, φ is the phase angle. Yang et al. [74]
found that the coefficients of C0, ωd, ζ and φ depended on
the cutting parameters of cutting speed and feed rate in milling
process of Ti6Al4V.

Pawade et al. [79], Ren and Liu [61] carried out turning
experiments of Inconel 718 to establish empirical prediction
models of the yield strength and strain of the workpiece ma-
terial within machined subsurface as expressed by Eqs. (8)
and (9). The authors found that the yield strength and strain
of workpiece material depended on the micro hardness and
material hardening coefficient. It is indicated that the material
yield strength has linear relationship with the micro hardness
while the strain has logarithmic relationship with it. Through
measurement of micro hardness along the direction from ma-
chined surface to bulk material, the corresponding yield
strength and strain within machining affected layer can be
obtained.

σy ¼ 0:801
HV
2:9

1− m−2ð Þ½ � 12:5 m−2ð Þ
1− m−2ð Þ

� �m−2( )
ð8Þ

ε ¼ lnσy−lnC
n

ð9Þ

where σy and ε are the yield strength and the strain of work-
piece material within machined subsurface, respectively. The
parameterm is Meyer’s index and it depends on the hardening
coefficient of workpiece material [79]. C is the yielding-to-
tensile ratio of workpiece material.

4.3 Analytical modeling of machined surface integrity

Analytical modeling of machined surface integrity de-
pends on analytical models of cutting process including
the kinematic and energy equations of cutting system,
models of cutting force, cutting temperature, material
deformation strain and strain rate within cutting zone,
etc. Because of large number of variables involved in
cutting process, analytical modeling of machined surface
integrity is faced with more challenges than other re-
search methods and it is always regarded as the most
difficult one to perform [5]. Nevertheless, analytical
modeling of machined surface integrity is beneficial to
understand the machining process from the viewpoint of
physical nature other than superficial phenomenon, so it

has remarkable advantages than other research methods.
Accurate description of initial conditions and boundary
conditions, in addition to appropriate assumptions of
cutting process are foundations to achieve reliable ana-
lytical models.

Through analysis of relative motion of milling tool and
workpiece during end milling process, Yang and Liu [80]
established an analytical model as expressed by Eq. (10) to
predict the machined surface topography of end milling sur-
face, based on which the surface generation mechanism in
peripheral milling with variable pitch end milling tools was
revealed. The model considered the influences of cutting pa-
rameters and several sources of machining errors such as the
tilting, run out and deflection of cutting tool. The authors
found that the helix angle of end milling tool and the feed rate
were the main factors influencing surface topography through
sensitivity analysis. The analytical model of surface topogra-
phy prediction as Eq. (10) describes the path of a point on one
tool flute (e.g. flute i) and the jth level with respect to the
workpiece in a Cartesian coordinate (x, y, z) at a given cutting
instant t. Through a set of peripheral milling experiments for
Ti6Al4V, it was confirmed that the proposed model could
predict the machined surface morphology with enough preci-
sion [80].

x i; z j; t
� � ¼ rcos wt þ φpi−z jtanβi=r

� �
y i; z j; t
� � ¼ rsin wt þ φpi−z jtanβi=r

� �
þ ft

ð10Þ

where r is the tool radius, w and f are the tool angular velocity
and the feed rate, respectively. βi is the helix angle of cutting
edge i,φpi is the pitch angle between cutting edge i and cutting
edge i + 1.

Cutting tool structure is one of the basic factors that influ-
ence the geometrical parameters of machined surface.
Analytical modeling of machined surface topography related
to different cutting edge geometry can provide instruction for
design and selection of cutting tools. Zhang and Liu [81]
established an analytical model of machined surface topogra-
phies in finish turning with conventional and wiper inserts
during turning process as expressed by Eq. (11).

x
y
z
1

2
664

3
775 ¼ TwtT tv

uv
vv
wv

1

2
664

3
775 ¼

1 0 0 2πR
0
⋅Δt⋅n=60

0 1 0 0
0 0 1 L−nf =60
0 0 0 1

2
664

3
775

1 0 0 0
0 1 0 r1
0 0 1 0
0 0 0 1

2
664

3
775

uv
vv
wv

1

2
664

3
775

ð11Þ
where [x y z]T is the path of an arbitrary point in the
workpiece coordinate system, based on which the ma-
chined surface topography can be generated. L is the
cutting length, R’ is the workpiece radius, n is the spin-
dle rotation speed. Twt and Ttv are transformation matrix-
es from cutting tool coordinate system to workpiece co-
ordinate system. [uv vv wv]

T is the path of a point in the
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cutting tool coordinate system with an angle θ relative to
the cutting direction expressed by Eq. (12).

uv
vv
wv

2
4

3
5 ¼

0
−r1cosθ
−r1sinθ

2
4

3
5 θ > 0ð Þ

0
r2 1−cosθð Þ−r1
−r2sinθ

2
4

3
5 −α≤θ≤0ð Þ

0
r2 1þ sinθ=sin δ−θð Þ½ �−r1
r2cosθ=sin δ−θð Þ

2
4

3
5 θ < −αð Þ

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð12Þ

where δ refers to the wiper angle, r1 and r2 represent the tool
nose radius and wiper radius of the cutting inserts, respectively.

Zhang and Liu [81] validated the reliability of their proposed
model in Eq. (11) with the turning experiments of Ti6Al4Vand
proved the agreement of machined surface topographies be-
tween predicted results and experimental measurements.

Some research has also been conducted to seek the analyt-
ical modeling of mechanical properties of machined surface.
Ulutan et al. [82] proposed an analytical prediction model of
residual stress as expressed by Eq. (13) based on elasto-plastic
analysis of machined subsurface, and their model could be
suitable to different workpiece materials including titanium
and nickel alloys. The model established by Ulutan et al.
[82] considered the combined effects of body forces, hydro-
static pressure, normal compressive pressure, tensile surface
traction, in addition to tangential traction on the machined
surface. The prediction accuracy was also proved through
comparison of analytical and experimental results of residual
stress within machined subsurface for bearing steel 100Cr6.

σel
xx ¼ σmech

xx þ σtherm
xx

σel
zz ¼ σmech

zz þ σtherm
zz

σel
xz ¼ σmech

xz þ σtherm
xz

σel
yy ¼ ν σel

xx þ σel
zz

� �
−αET

σmech
ij ¼ f z; x; f r; f tð Þ

σtherm
ij ¼ f z; x;α; T ;E; ν;Gð Þ

ð13Þ

where x and y are the distances parallel and vertical to the
cutting speed direction, respectively. z is the depth of investi-
gated location. fr is the radial cutting force, ft is the tangential
cutting force, T is the temperature, E is the Young’s Modulus
of workpiece material, ν is the Poisson Ratio, α is the thermal
expansion coefficient of workpiece material, G is the array of
plain strain Green’s function values.

Wu and Matsumoto [83] carried out analytical research on
residual stress distribution within machined surface based on
the assumption that the loading history of any point on the
machined surface was identical. They proposed that compres-
sive loading resulted in tensile residual stress, while compres-
sive residual stress was formed under tensile loading. Liu and
Barash [84] established prediction model of residual stress on
machined surface based on slip line field theory, and they used

the model to analyze the influence of tool wear on residual
stress distribution effectively. Liang and Su [85] also
established similar analytical model of residual stress to inves-
tigate the effects of cutting parameters and material properties
on residual stress profiles within machined subsurface.

4.4 FEM-based analysis of machined surface integrity

Some important characteristics of machined surface integrity
can be researched based on FEM analysis including micro-
structure alterations, micro harness, and residual stress distri-
bution within machining affected layer. Selection of appropri-
ate material models including material constitutive model and
fracture criterion, as well as chip separation criterion is the
prerequisite to get accurate results compared to the practical
situation [6]. Because cutting process is a typical elasto-
viscoplastic material deformation process, FEM-based simu-
lation techniques can provide fairly accurate results to under-
stand the physical phenomena occurring on machined surface
[5]. FEM-based analysis of machined surface integrity can
reduce the research cost due to much less experimental work
needed to be conducted. Only several groups of experiments
are needed to validate the reliability of FEM models. FEM-
based analysis provides the possibility to predict different
characteristics of machined surface integrity under different
cutting conditions. Nevertheless, research on surface integrity
based on FEM may take excessive computational time and
one main task of FEM-based analysis is to optimize the model
and improve the computational efficiency.

Compared to research on chip formation mechanism with
FEM-based analysis, the research on machined surface integ-
rity should be paid more attention to. Two dimensional (2D)
simulation has been widely used to analyze the distribution of
strains, strain rates, temperatures, stresses and residual stresses
on machined surface during machining of titanium and nickel
alloys, due to its relative simpler modeling procedures and
higher computational efficiency [6]. Different material models
including elastic, plastic, elastic-plastic, or elastic-viscoplastic
models have been used in the simulation models. Material
fracture models leading to chip formation based on material
damage criteria [6, 86, 87] or automatic remeshing techniques
[88] are used in FEM simulation. Considering practical appli-
cation of machining process like turning and milling, 3D
modeling based on FEM analysis have also been performed
to investigate machined surface integrity.

Ding and Shin [89] adopted coupled Eulerian-Lagrangian
FEM and dislocation density-based material model to investi-
gate grain refining behavior within cutting deformation zone
during orthogonal cutting process. They proved the effective-
ness of the model though analyzing the mechanical behavior
of pure titanium under different loading conditions of strains,
strain rates, and temperatures.Wang et al. [90] investigated the
grain size and micro hardness distribution within machined
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subsurface during high speed machining of Ti6Al4V with the
user subroutine VUSDFLD in Abaqus/Explicit software. The
models of Zener-Hollomon and Hall-Petch were used to pre-
dict the grain size d and micro hardness HV as expressed by
Eqs. (14) and (15), respectively.

d ¼ a1d0h1εn1ε˙
m1exp m1Q=R T þ 273ð Þð Þ þ c1 ð14Þ

where Q is the apparent activation energy for workpiece
material,R is the gas constant,d0 is the initial grain size of
workpiece material, ε、ε̇ 、T are the strain, the strain rate
and the temperature, respectively. a1、h1、m1 and c1 are ma-
terial constants.

HV ¼ c0 þ cd−0:5 ð15Þ
where c0 is the initial micro hardness of workpiece material
and c is material constant.

Calamaz et al. [91] proposed a modified material constitu-
tive model for Ti6Al4V through including of strain softening
item in FEM simulation, and the simulation results of material
deformation behavior during machining process was im-
proved. Ranganath et al. [92] performed FEM-based analysis
to investigate the white layer formation during machining of
Inconel 718 and suggested that further research was needed to
obtain more accurate and reliable FEM simulation models.
Arisoy et al. [76] performed 3D FEM simulations to predict
the average grain size during machining of Inconel 100 by
implementingmodified temperature dependent flow softening
based material and Johnson-Mehl-Avrami-Kolmogorov crys-
tallization models. Their simulation prediction results on the
average grain sizes, phase fractions, and resultant micro hard-
ness presented good agreements with experimental results and
revealed the reliability of their developed FEM model. With
the same method, Arisoy and Özel [93] established 3D FEM
model for machining of Ti6Al4Vand predicted the machining
induced microstructure successfully, and they also investigat-
ed the effects of tool micro-geometry, tool material as well as
cutting conditions on the microstructure alterations of ma-
chined surface. Yang et al. [74] carried out 2D FEM simula-
tion analysis for machining of Ti6Al4V to investigate the re-
sidual stress profiles within machined subsurface and
established empirical model of residual stress distribution.

5 Influence of tool structure on machined
surface integrity

Surface integrity is directly related to the physical property
and service performance of machined components. The de-
mand for machined surface integrity varies depending on the
surface working conditions. For the finished surface in me-
chanical contact, the parameters of machined surface integrity
that govern the wear and frictional behavior of contacting

bodies should be paid more attention to. These parameters
mainly involve the geometrical parameters including surface
roughness and surface defects. Having the possibly smoothest
surface and least surface defects are desired for such cases.
However, in other cases such as biomedical field, a rougher
machined surface will be preferred [94]. If the machined sur-
face is working under alternating loading conditions, the me-
chanical properties (especially the residual stress distribution)
of surface integrity are more important. The turbine disk and
blade are typical example for such cases, where the compres-
sive residual stress on the machined surface is desired [5].

Considering that cutting tool is one of the most basic fac-
tors that govern the machined surface integrity as mentioned
above, the influence of cutting tool structure on machined
surface integrity of titanium and nickel alloys is reviewed in
this section. Then the influences of tool material and tool wear
on machined surface integrity will be reviewed following. In
every section, the variation of machined surface integrity un-
der different cutting tools will be presented with respect to
geometrical characteristics, microstructure alterations, and
mechanical properties in details.

5.1 Influence of tool structure on geometrical
characteristics of machined surface

Geometrical characteristics of machined surfacemainly include
geometrical morphology, surface roughness, and surface de-
fects, etc. Surface roughness is widely described by arithmetic
average deviation of profile (Ra) and maximum profile height
(Rz). Surface defects refer to high frequency irregularities on the
machined surface caused by the interaction between the cutting
tool and the workpiece material. The common defects of ma-
chined surface include feed marks, grooves, pits, metal debris,
smeared material and micro cracks, etc. [20, 57, 95], which are
of interest as they possibly give an indication of weakness that
could influence the mechanical property and fatigue perfor-
mance of the machined parts.

The cutting tool structure including cutting tool angles and
cutting edge shape have great influence on the geometrical
characteristics of machined surface for titanium and nickel
alloys. Round insert with large nose radius [20, 96–98] can
improve the machined surface quality compared to square
insert due to larger contact length of the tool. The chamfered
and honed tools are beneficial to guarantee the strength of
cutting edge and prevent the cutting edge chipping [7].
Cutting tools with chamfered edge are recommended to be
used for machining of difficult to machined materials includ-
ing titanium and nickel alloys due to their high edge strength.

The single-point continuous turning of Inconel 718 using
round and rhomboid-shaped ceramic tools found that the
round inserts produced a better surface finish than the rhom-
boid inserts under the same cutting conditions [99].
Arunachalam et al. [20] investigated the effects of insert
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shape, cutting edge preparation and nose radius on surface
finish of Inconel 718 at such identical turning conditions as
the cutting speed Vc of 60m/min, feed rate f of 0.1 mm/rev and
depth of cut ac of 0.5 mm. Their investigation as shown in
Fig. 7 suggests that the coated carbide cutting inserts with
round shape, honed cutting edge, negative type and large nose
radius (0.8 mm) can decrease the surface roughness under dry
cutting conditions [20]. Correspondingly, the surface defects
can also be reduced under above cutting conditions. The larger
values of surface roughness obtained with the sharp cutting
edges are mainly related to the chipping of sharp cutting edge
during the entry and cutting process, while it can be alleviated
for the inserts with honed cutting edge leading to lower sur-
face roughness. Significant improvement in machined surface
roughness can be achieved if appropriate cutting tool geome-
try is selected. It has been demonstrated to produce surface
roughness Ra below 0.5 μm during turning Inconel 718 at
500 m/min, which provide the evidence to use modified edges
for finish machining where high finished surface quality is
required [97].

The higher value of chamfer angle is proved to produce lower
surface roughness and the influence of chamfer on themachined
surface roughness enhances at higher cutting speeds [100]. Özel
et al. [101–103] investigated the effects of uniform and variable
micro-geometry of cutting edge on the machinability and

machined surface integrity for Ti6Al4V (Fig. 8), which revealed
that the variable micro-geometry of cutting edge produced lower
cutting force under high cutting speeds, which can be expected
to generate better surface quality.

The modified cutting edge with wiper has been used to im-
prove the surface quality [104, 105]. A generalized analytical
model [81] of machined surface topography considered the
geometrical differences between conventional and wiper turn-
ing inserts and compared the topographies generated with these
two different inserts under the same cutting parameters. It can
be figured out in Fig. 9 that the peak-to-valley height on the
machined surface decreases with about 50% at the same cutting
parameters, although the texture of surface topography is nearly
the same. The role of modified wiper on the machined surface
roughness is similar with that of the large tool nose radius. The
model can be extrapolated to predict the machined surface to-
pography for machining of different workpiece materials with
varied cutting tools and cutting parameters.

There is little available research about the effect of solid
milling tool structure on the geometrical characteristics of ma-
chined surface. Milling tools with varied pitch or varied helix
angles are adopted to improve the vibration performance dur-
ing milling process, which can generate better surface quality
subsequently [106–108]. End milling of Ti6Al4V was per-
formed using AlTiN coated 4-flute end milling tool with

Fig. 7 Effect of insert geometrical parameters on machined surface
roughness after turning of Inconel 718 at Vc = 60 m/min, f = 0.1 mm/rev

and ap = 0.5 mm (a) effect of insert shape; (b) effect of cutting edge
preparation; (c) effect of rake angle; (d) effect of tool nose radius [20]
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varied helix angles (38° and 41°) [108]. Figure 10 presents the
surface defects generated with the same milling tools under
different cutting parameters. It indicates that the defects of end
milling surface for Ti6Al4Vunder low cutting speed are main-
ly scratch marks, plucking and dimples as shown in
Fig. 10(a)–(d) due to large cutting force leading to the tearing
of chip from the bulk material. With the cutting speed increas-
ing, the chip serrated degree increases and tends to form
fragmented chip due to poor thermo-physical properties of
Ti6Al4V, which has been researched widely from the view-
point of chip formation mechanism [8, 109, 110]. Then the
surface defects of Ti6Al4V evolve to adhered material parti-
cles and debris of microchips as shown in Fig. 10(e)–(h).

Fig. 8 Uniform and variable micro-geometry of cutting edge [101]

Fig. 9 Surface topography generated after turning with wiper and conventional inserts [81]
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Besides the commonly modified cutting edge and varied
cutting tool angles, the micro textures fabricated on the tool
rake or flank face are expected to improve the friction perfor-
mance of cutting tools and machined surface quality
[111–113]. Arulkirubakaran and Senthilkumar [111] per-
formed turning experiments on Ti6Al4V with coated (TiN,

TiAlN) and uncoated cutting inserts with different textured
patterns fabricated on the rake face. The textured patterns
include linear texture with grooves parallel to the chip flow
(PA.T), grooves perpendicular to chip flow (PE.T), cross-
texture (CR.T) and non-texture (NT) as shown in Fig. 11.
All the grooves fabricated on the tool rake face have an

Fig. 10 Machined surface defects for Ti6Al4V generated under different
milling parameters: (a), (b) Vc = 20 m/min, f = 0.03 mm/z, ae = 1.5 mm;
(c), (d)Vc = 50m/min, f = 0.05mm/z, ae = 2.0 mm; (e), (f)Vc = 80m/min,

f = 0.04 mm/z, ae = 1.0 mm; (g), (h) Vc = 110 m/min, f = 0.02 mm/z, ae =
0.5 mm [108]

Fig. 11 Topography of textures fabricated on tool rake face (a) non-texture (NT); (b) cross-texture (CR.T); (c) grooves parallel to chip flow (PA.T); (d)
grooves perpendicular to chip flow (PE.T) [111]
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average size of 250 μm in width and 100 μm in depth, and all
other tool geometrical parameters were kept as the same.

It was observed that the machined surface roughness of
Ti6Al4V decreased with cutting speed increasing for any
given tool texture pattern (Fig. 12) [111], which could be
attributed to the thermal softening effect at higher cutting
speed. The textured tools exhibited lower surface roughness
compared to those obtained with non-textured tools at a
given cutting speed, including the coated and uncoated
tools. The textures fabricated on the tool rake face can
decrease the tool-chip friction efficiently, which is benefi-
cial for the chip flow, lowering the cutting force and im-
proving the machined surface roughness. Among the cut-
ting inserts with different texture patterns, PE.T tool pre-
sented the best cutting performance and generated the low-
est machined surface roughness when other cutting param-
eters were the same. The combined effects of rake face
texture and tool coating enhance the cutting performance
further and generate better surface roughness compared to
that of uncoated or non-textured tools.

The diamond tool with textures fabricated on the tool rake
face having the depth of 43 nm and width of 1.8 μm was
prepared by Kawasegi et al., and used in the machining of
nickel phosphorus alloy [112]. Their research found that the
cutting performance of textured diamond tool was enhanced
by lowering the friction coefficient and cutting forces for nick-
el phosphorus alloy, while the machined surface quality was
qualified simultaneously. It is demonstrated that the textured
diamond cutting tool provides an effective way to improve the
machining performance of nickel alloys. In another study for
machining of nickel alloy, a novel CBN cutting tool with
textured flank face was developed to be used in high speed
machining of Inconel 718 [113]. It was identified that the
CBN cutting tool with textured flank face could improve the
cutting performance of cutting tool and prolong the tool life.
The micro grooves fabricated on the flank face significantly
suppressed the cutting edge chipping, which can be expected
to reduce the formation of surface defects and lower the ma-
chined surface roughness.

5.2 Influence of tool structure on microstructure
alterations of machined surface

It has been recognized that microstructure alterations occur in
surface layer as a function of cutting parameters and cutting
tool conditions in machining of several alloy systems includ-
ing titanium and nickel alloys [114]. As one of the significant
parameter to access the surface integrity, microstructure alter-
ation of machined surface also plays a critical role and can
tremendously affect the components performance and their
service life. It is important to understand the final state of the
machined surface microstructure after machining process ap-
plied with different tool structures. Microstructure alterations
induced by machining processes mainly include plastic defor-
mation layer, variation of grain size and grain orientation
through recrystallization and recovery, in addition to phase
transformation, etc. [5]. Accurate prediction for the effects of
tool structure, especially the effect of micro-geometry (cutting
edge radius, chamfer or wiper size, etc) of cutting tools on
machining induced microstructure alteration is one of the
great challenges that the machining workshop is facing.
Modeling of microstructure alteration for Ti6Al4V and
Inconel 718 has been focused on by many researchers, but
the vast majority of the current literatures concentrate on
thermomechanical processing rather than machining as indi-
cated in literature [115].

In-depth analysis of microstructure alteration of machined
surface and subsurface for titanium and nickel alloys has been
carried out with the help of different advanced micro-
examination techniques. The effects of cutting edge geometry
including chamfer angle and hone radius on microstructure
alteration during orthogonal cutting of Inconel 718 were in-
vestigated, in which the cutting speed and uncut chip thick-
ness were fixed at 70 m/min, and 0.1 mm, respectively [116].
The cutting edge geometrical parameters including chamfer
angle and hone radius were changed at four different levels
for each tool edge preparation as shown in Fig. 13.

Figure 13 indicates that increases of both chamfer angle
and hone radius result in the increase of machined surface

Fig. 12 Machined surface roughness of Ti6Al4V formed using cutting tools with different rake face textures (a) uncoated tool, (b) TiN coated tool, (c)
TiAlN coated tool [111]
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hardness (one index of mechanical properties for machined
surface) and decrease of surface grain size, and this variation
is more insensitive for chamfered tool than honed tool [116].
Figure 13(c) indicates that the depth of machining affected
layer formed with the chamfered tool is significantly larger
than that formed with the honed tool, which can be attributed
to the severer plastic deformation induced by chamfered edge
during machining process. It can also be seen from Fig. 13 (c)
that the depth of machining affected layer is more sensitive to
the tool edge type than specific geometrical parameters for
each tool edge.

The research on the effects of cutting edge radius on mi-
crostructure evolution of machined surface for Inconel 100
consisting of such two main phases as γ and γ’ revealed the
microstructure alteration within machined subsurface [76].
Three kinds of cutting tools with the edge radii of 5 μm,
10 μm and 25 μm were researched. Figure 14 presents the
microstructure of Inconel 100 subsurface including grain sizes
of primary γ′ (d1) and secondary γ′ (d2) under cutting speed of
12 m/min and feed rate of 0.05 mm/rev using different cutting
tools. The results showed that the uncoatedWC/Co tools with
edge radii of 5 mm and 25 mm generated larger primary γ′
precipitates (d1) on the machined surface, followed by the
uncoated WC/Co tools with the edge radius of 10 mm.
Comparatively, these trends were reversed for the sizes of
secondary γ′ precipitate, and the TiAlN coated tool generated
the largest secondary γ′ grains.

Another research performed by Arisoy and Özel [93] re-
vealed the effect of tool edge radius on microstructure evolu-
tion of machined surface for Ti6Al4V, in which the cutting
tools were the same as those in literature [76]. Under the
cutting speed of 55m/min, feed rate of 0.05mm/rev and depth
of cut of 2 mm, the grain size of machined surface generated
using the sharp tool with cutting edge radius of 5 μm was the
smallest. When the cutting speed increased to 90 m/min with
the other cutting parameter unchanged, the grain size of the
machined surface generated using the tool with cutting edge
radius of 5 μm was the largest. It means that the plastic defor-
mation behavior of the machined surface varies significantly

for cutting tools with different micro-geometries under differ-
ent cutting parameters.

Besides the grain size evolution, the depth of machining
affected layer is another commonly used parameter to charac-
terize the microstructure alteration induced bymachining. The
effects of tool nose radius on plastic deformation depth of
machined surface for Inconel 718 at the cutting speed of
40 m/min and depth of cut of 0.25 mm have been researched
[117]. The tool nose radius was varied from 2 mm to 6 mm
and the feed rate was varied from 0.25 mm/rev to 0.5 mm/rev.
It can be seen from Fig. 15 that the deformation depth of
machined surface increases to over 20 μm using the cutting
tool with 6 mm nose radius, while the deformation depth
fluctuates at about 12 μm for all the other tool nose radii used.
Arunachalam et al. [20] stated that round tools with 6 mm tool
nose radius produced higher cutting forces than square tools
with smaller tool nose radius during turning of Inconel 718.
The deeper plastic deformation layer formed with larger tool
nose radius can be attributed to the larger cutting forces lead-
ing to severer plastic deformation on the machined surface.

Microstructure alterations of end milling surface have also
been focused on, among which the variation of microstructur-
al features for Ti6Al4V machined with 4-flute and variable
helix angles end milling tools were investigated (Fig. 16)
[118]. The assessed microstructural features covered the grain
size, phase transformation, deformation layer thickness, as
well as the sensitivity of microstructure variation to milling
parameters. It was suggested that the 4-flute and variable helix
angles end milling tools can generate better surface quality for
Ti6Al4V under high cutting speeds, for which the microstruc-
ture alterations were slighter than those generated under lower
cutting speeds.

5.3 Influence of tool structure on mechanical
properties of machined surface

Residual stress is referred to the stress that remains when the
external force is absence [119]. Residual stress on the ma-
chined surface is generally formed by inhomogeneous plastic

Fig. 13 Effects of cutting edge geometry on microstructure alterations of
machined surface (a) grain size; (b) micro hardness; (c) depth of
machining affected layer. The hone radius and chamfer angle for tools

of L_(1), L_(2), L_(3) and L_(4) are 25 μm and 10°, 50 μm and 20°,
75 μm and 30°, 100 μm and 40°, respectively [116]
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deformation and/or phase transformations companied with ex-
tremely large strains, large strain rates and high temperatures
[120]. Depending on different distribution characteristics of
residual stress, it can be either beneficial or detrimental to
the service performance and life of manufactured components.
Previous research suggests that the compressive stresses are
usually beneficial to the fatigue life, the creep behavior as well
as stress corrosion resistance, while the effects of tensile re-
sidual stresses are usually adverse [121]. Consequently, it is of
vital importance to control the residual stresses within the

machining affected layer to fall in the compressive range.
The distribution of residual stress is one of the most significant
parameters in the manufacture of components especially in the
aerospace industry where components work under the alter-
nating mechanical and thermal loadings and fatigue failure
always occur. Bellows [122] concluded that the mechanical
properties of components made from Inconel 718 are more
sensitive to residual stresses than to surface finish.

The research on surface integrity during machining of age
hardened Inconel 718 [20] suggested that coated carbide inserts

(a) (b)

(c) (d)

Fig. 14 Microstructure of machined subsurface for Inconel 100 including
grain sizes of primary γ′ (d1) and secondary γ′ (d2) under Vc = 12 m/min
and f = 0.05 mm/rev (a) sharp WC/Co tool with rβ = 5 μm; (b) WC/Co

tool with rβ = 10 μm; (c) WC/Co tool with rβ = 25 μm; (d) effects of tool
type and edge radius on primary and secondary γ′ grains [76]

Fig. 15 Plastic deformation depth
for Inconel 718 formed using
cutting tools with different tool
nose radius [117]
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with round shape, chamfered cutting edge and negative rake
angle could generate primarily compressive residual stresses.
Generally, round inserts produced compressive residual stresses
on the machined surface while square inserts produced tensile
residual stresses. When the workpiece material near machined
surface is heated and elongated more than the bulk material, the
machined surface area expands and experiences a compressive
residual stress from the less deformed bulk material. A sharp
cutting edge leads to higher values of tensile residual stress than
the honed cutting edge, while chamfered cutting edge generates
more compressive residual stress. The compression imposed on
the machined surface by large edge honed tools is much severer
than that caused by small edge honed tools. Thus more com-
pressive residual stress is prone to be induced with large honed
edge tools compared with the small ones [123].

The effects of chamfered and honed cutting edges on resid-
ual stress formation have been investigated as illustrated in
Fig. 17 [79]. The chamfered plus honed edge results in larger
contact area between the cutting edge and the deformed ma-
terial ahead of the cutting edge, which causes greater plowing
effect and thereby greater plastic deformation of the work-
piece material. Consequently, the additional plowing due to

the honed radius compared to chamfered tools can induce
more compressive residual stresses.

As shown in Fig. 18, the effects of chamfered cutting edge
on residual stresses of machined surface for Inconel 718 using
ceramic cutting tools were assessed [97]. It was reported that
compressive residual stresses were generated with 20° cham-
fered insert (i.e. the commercial chamfer in Fig. 18), while the
magnitude of residual stresses increased when the tool with
15° chamfered (i.e. the modified chamfer in Fig. 18) and
honed edge was used. Matsumoto et al. [124] have confirmed
that the honed edge combined the double chamfered geome-
tries can offer greater subsurface penetration and then produce
larger values of maximum compressive stress.

The effect of negative tool rake angle on the residual stress
formation is similar with that of the chamfered cutting edge,
while the positive tool rake angle tends to induce the tensile
residual stress. However, Arunachalam et al. [96] revealed
that the smallest tool nose radius (0.8 mm) resulted in com-
pressive residual stresses while the larger radius resulted in
tensile residual stresses, which is different from the common
sense. They attributed the abnormal phenomenon to the poor
thermal conductivity of Inconel 718, which results in the

Fig. 16 Variation of microstructural features for Ti6Al4V machined with 4-flute and variable helix angles end milling tools (a) schematic diagram for
end milling tools; (b) variation of microstructural features for Ti6Al4V [118]

Fig. 17 Illustration for the effect
of tool edge shape on residual
stresses in machining of Inconel
718 [79]
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dominant role of plastic deformation associated with thermal
effects than the plowing effect for the larger tool radius.

Sharman et al. [117] investigated the effects of tool nose
radius on the residual stress distribution using coated tungsten
carbide tools at such fixed cutting parameters as the cutting
speed of 40 m/min and depth of cut of 0.25 mm. The tool nose
radius was varied from 2 mm to 6 mm and the feed rate was
varied from 0.25 mm/rev to 0.5 mm/rev. The variation of
residual stress profiles in cutting direction under different tool
nose radii can be seen in Fig. 19 [117]. The results showed that
an increase in tool nose radius resulted in deeper tensile and
compressive residual stress distribution when the cutting pa-
rameters were fixed, and they proposed that the shift to a
deeper tensile and compressive stress layer with larger tool
nose radius could be attributed to the depth increase of the
deformed subsurface microstructure. The investigation in fin-
ish turning regime for two aerospace grade titanium alloys
including Ti6Al4Vand Ti-6246 considered the effects of tool
nose radius on machined surface integrity [125], in which the
appropriate range of tool nose radius suitable to generate the
compressive residual stress which can promote fatigue-
inhibiting consequently was proposed.

Micro hardness is another important parameter to charac-
terize the mechanical properties of machined surface. The

turning experiments of Inconel 718 using PCBN rhomboidal
shaped insets with different cutting edge geometries, which
include 30° chamfer with 100 μm land (labeled as CWI), 20°
chamfer with 100 μm land (labeled as CWII), and 30° cham-
fer with 100 μm land plus honed edge (labeled as CH) were
performed [79]. It can be seen from Fig. 20 that under different
cutting parameters, the effects of cutting edge geometry on the
micro hardness of machined subsurface are different. At low
cutting speed of 125 m/min combined with feed rate of
0.05 mm/rev and depth of cut of 1 mm, the micro hardness
of machined surface obtained using the tool with chamfer plus
honed edge is the largest. It can be attributed to the severe
compression on the machined surface caused by the chamfer
plus honed cutting edge. However, with the cutting speed
increasing to 475 m/s, the effect of chamfer plus honed cutting
edge on the machined surface micro hardness decreases, while
the value of micro hardness obtained with the tool of 20°
chamfered edge is the largest.

Through establishment of a quantitative relationship be-
tween material yield strength and average micro hardness for
the machined surface, the variation of material yield strength
with depth below the machined surface for Inconel 718 ob-
tained with different cutting edge geometries were obtained
[79]. Because the material yield strength has positive relation-
ship with the micro hardness, the yield strength profiles of
machined subsurface for 718 obtained with different cutting
edge geometries are the same with those of the micro hardness
profiles.

Through turning experiments of Inconel 100 alloy, the ef-
fects of cutting edge radius on the variation of machined sur-
face micro hardness were investigated with two cutting speeds
(Vc = 12 and 24 m/min), a constant feed rate (f = 0.05 mm/rev)
and a constant depth of cut (ap = 1 mm), under dry cutting
conditions [76]. Uncoated tungsten carbide (WC/Co) cutting
inserts with three different edge radii (rβ) with rβ = 5 ± 0.5 μm
(sharp edge), rβ = 10 ± 0.7 μm and rβ = 25 ± 1.0 μm, as well
as TiAlN coated inserts with rβ = 10 ± 0.7 μm were
researched. It can be seen from Fig. 21 that larger cutting tool
edge radius caused a higher hardness profile into the depth
from the machined surface at both cutting speeds. Among
the uncoated cutting tools with three different edge radii, the
cutting tool with sharp edge of rβ = 5 ± 0.5 μm provided the
lowest hardness profile into the depth of Inconel 100 alloy,
while the cutting tool with cutting edge radius of rβ = 25 ±
1.0 μm produced severe deformation field and the hardest
subsurface. It has been demonstrated that the cutting tool with
large edge radius is not suggested to be used in finished pro-
cess during industrial applications where hardened machined
surface layer is not demanded.

Another research of Arisoy and Özel [93] focused on the
effects of cutting tool micro-geometry on the micro hardness
profile of the machined surface for Ti6Al4V (Fig. 22). The
green dashed line in Fig. 22 indicates the mean hardness of

Fig. 19 Variation of residual stress profiles in cutting direction under
different tool nose radii (error bars show the uncertainty of
measurement) [117]

Fig. 18 Residual stresses after turning of Inconel 718 at Vc = 70 and
500 m/min, f = 0.1 mm/rev, and ap = 0.35 mm with different chamfered
edge cutting tools (C: commercial chamfer, M: modified chamfer) [97]
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bulk material for Ti6Al4V. Unlike the results for machining of
Inconel 100 with the same cutting tools, the machined sur-
faces were found to be softer than the bulk material due to
the microstructural changes. The effects of tool edge radius on
hardness profiles indicate that the largest tool edge radius for
WC/Co tool with rβ = 25 ± 1.0 μm generated the highest sur-
face micro hardness. However, the machined surface hardness
produced with the tool with rβ = 10 ± 0.7 μm is the lowest,
which was also different form the result of that for Inconel 100

as shown in Fig. 21. Increasing the feed rate results in in-
creased machined hardness which can be attributed to the
larger cutting forces loaded on the machined surface.

The effects of tool rake face texture on the micro hardness
variation with depth below the machined surface for Ti6Al4V
were revealed [111]. The different textures fabricated on the
tool rake face have been introduced as shown in Fig. 11. It was
found that the micro hardness of machining affected layer
generated with non-textured tools was larger than those

Fig. 21 Micro hardness profiles
of machined subsurface for
Inconel 100 generated using
different cutting tools with varied
cutting edge radii (a) Vc = 12 m/
min; (b) Vc = 24 m/min (f =
0.05 mm/rev, ap = 1 mm) [76]

Machining affected layer Machining affected layer

(a) (b)

Fig. 20 Micro hardness profiles of machined subsurface for Inconel 718 obtained with different cutting edge geometries [79]
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obtained with textured tools. The distribution and variation
patterns for micro hardness of machined surface did not de-
pend on the cutting speed and coating type. Comparatively,
the micro hardness of machining affected layer obtained with
PE.T tool is the most approached to themicro hardness of bulk
material. Combined the geometrical characteristics and me-
chanical properties of machined surface, the PE.T tool pre-
sented the best cutting performance for Ti6Al4V, which gen-
erated the best surface quality evolving the lowest surface
roughness and the slightest hardened surface layer.

Table 1 provides a check list and summary of the important
studies dealt with the effects of tool structures on machined
surface integrity during machining of titanium and nickel al-
loys reviewed in this paper.

6 Influence of tool material on machined
surface integrity

6.1 Influence of tool material on geometrical
characteristics of machined surface

As the same with cutting tool structure, varied cutting tool
materials also generate different machined surface integrity
due to different interaction between the tool and workpiece.
Under different cutting parameters, the influence of cutting
tool material on machined surface integrity also changes.

The research of Ezugwu and Tang [99] found that machin-
ing of Inconel 718 with the mixed-oxide ceramic tools gener-
ally produced better surface finish than with the pure oxide
ceramics because of their improved hot hardness, fracture
toughness and wear resistance. Tanaka et al. [126] attempted
to optimize the material structures of PCBN to improve the
cutting performance and prolong the cutting tool life during
machining of nickel alloys. They suggested that a low CBN
content with TiN-based ceramic binder exhibited excellent
wear resistance in high speed machining of Inconel 718.

Akhtar et al. [127] investigated the effects of cutting tool ma-
terial on machined surface integrity of Inconel 718 during face
milling process, in which two kinds of cutting tools of TiAlN
coated cemented carbide inserts and SiC whisker-reinforced
coated ceramic inserts were used. The surface roughness gen-
erated with the two different tools was researched.
Considering the high hardness and high strength for ceramic
material, the ceramic inserts can be used under much higher
cutting speeds that those used for cemented carbide inserts.
However, the high brittleness for ceramic inserts generated
worse surface roughness than the cemented carbide ones. So
the ceramic inserts are recommended to be used in rough and
semi finish machining of Inconel 718 with high machining
efficiency, while the TiAlN coated cemented carbide inserts
are recommended to be used in finishing process with high
machining quality. The comparison of machined surface mor-
phology obtained with cemented carbide and ceramic inserts
have demonstrated this conclusion further [127]. The ceramic
insert generated a poor surface finish due to adherence of
material debris while the coated cemented carbide insert gen-
erated a better surface finish.

Generally, coating tools are used to improve the cutting
performance and modify the machined surface roughness dur-
ing machining of titanium and nickel alloys, because the coat-
ing are always used to improve either edge preparation prior to
coating or alternation of edge radius with deposition process
[7]. The roles of coating materials, coating layer number (i.e.
single, bilayer or multilayer configuration) or coating technique
(PVD or CVD) could be researched by maintaining the identi-
cal geometry of cutting edge. In order to improve the cutting
performance and prolong the tool life during machining of
titanium and nickel alloys, Biksa et al. [128] attempted the
application of nano-multilayered AlTiN/MexN PVD coatings
(where Mex is a transition metal of V-VI groups of periodic
table) on cemented carbide tools. Such coated cemented car-
bide tools have the advantage of noticeably lower friction co-
efficient at elevated temperatures during machining process.

Fig. 22 Effects of cutting tool edge radius on micro hardness profile of the machined subsurface for Ti6Al4V (a) Vc = 55 m/min, f = 0.05 mm/rev; (b)
Vc = 55 m/min, f = 0.10 mm/rev [93]
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Table 1 Summary of cutting tool structure on machined surface integrity of titanium and nickel alloys

Reference Workpiece material Tool structure Cutting parameters Remarks

Ezugwu and Tang [99] Inconel 718 Turning, round and
rhomboid-shaped
ceramic tools

Vc = 152 m/min
f = 0.125 mm/rev
ap = 2 mm

Round inserts produced a better
surface finish.

Arunachalam
et al. [20, 96]

Inconel 718 Turning, varied insert
shape, cutting edge
preparation and nose
radius

Vc = 60 m/min
f = 0.1 mm/rev
ap = 0.5 mm

Insert with round shape, honed
cutting edge, negative type
and large nose radius decreased
surface roughness.

Zhang and Liu [81] Applicable for
different materials

Turning, wiper and
conventional inserts

Applicable for varied
parameters

Wiper insert can decrease the surface
roughness.

Ulutan and Özel [103] Ti6Al4V Turning, varied cutting
edge geometry

Vc = 50, 100 m/min
f = 0.1, 0.2 mm/rev
ap = 2 mm

Cutting force was lowed and
generated better surface quality.

Yang and Liu [108] Ti6Al4V Milling, end milling tool
with varied helix
angles (38° and 41°)

Vc = 20–110 m/min
f = 0.02 mm/rev
ae = 0.5–2.0 mm

Varied helix angles decreased
the surface defects.

Arulkirubakaran and
Senthilkumar [111]

Ti6Al4V Turning, cutting inserts with
textured patterns on
rake face

Vc = 60, 90, 120 m/min
f = 0.1 mm/rev
ap = 0.5 mm

Textures on tool rake face
decreased machined surface
roughness, produced lower
micro hardness of machining
affected layer.

Jafarian et al. [116] Inconel 718 Orthogonal cutting, tools
with honed edge and
chamfer angle

Vc = 60 m/min
f = 0.05, 0.075, 0.1 mm/rev

Both chamfer angle and honed
edge increased surface
hardness while decreased
surface grain size. Machining
affected layer depth was more
sensitive to the tool edge type.

Arisoy et al. [76] Inconel 100 Turning, varied cutting
edge radii of 5 μm,
10 μm and 25 μm

Vc = 12, 24 m/min
f = 0.05 mm/rev
ap = 1 mm

Size of grains and precipitates
depended on the cutting edge
radius. Larger cutting tool
edge radius caused a higher
hardness profile into the
depth from surface.

Arisoy and Özel [93] Ti6Al4V Turning, varied cutting
edge radii of 5 μm,
10 μm and 25 μm

Vc = 55, 90 m/min
f = 0.05, 0.1 mm/rev
ap = 2 mm

Effects of cutting edge micro
geometries on surface grain
size varied with cutting
parameters.

Largest tool edge radius
generated the highest surface
micro hardness.

Sharman et al. [117] Inconel 718 Turning, varied tool
nose radii of 2–6 mm

Vc = 40 m/min
f = 0.25–0.5 mm/rev
ap = 0.25 mm

Larger tool nose radius produced
larger plastic deformation depth
and deeper residual stress.

Yang and Liu [118] Ti6Al4V Milling, end milling tools
with varied helix angles
of 38° and 41°

Vc = 20–110 m/min
f = 0.02–0.05 mm/rev
ae = 0.5–2.0 mm

End milling tools with varied helix
angles generated better surface
quality and slighter microstructure
alteration.

Coelho et al. [97] Inconel 718 Turning, tool cutting edge
with commercial and
modified chamfer

Vc = 70, 500 m/min
f = 0.1 mm/rev
ap = 0.35 mm

Compressive residual stresses were
increased using the cutting tool
with modified chamfer.

Pawade et al. [79] Inconel 718 Turning, insets with different
cutting edge geometries
including chamfer and
honed edges

Vc = 125, 300, 475 m/min
f = 0.05, 0.10, 0.15 mm/rev
ap = 0.50, 0.75, 1.0 mm

Insert with chamfer plus honed edge
produced the largest micro
hardness and yield strength profiles
of machined subsurface.

Abboud et al. [125] Ti6Al4Vand Ti-6246 Turning, varied tool nose
radii of 0.2–1.6 mm

Vc = 20–90 m/min
f = 0.05–0.25 mm/rev
ap = 0.1–0.3 mm

Tool nose radius range suitable
to generate compressive
residual stress was proposed.
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They recommended nano-multilayered AlTiN/MoN coated
cemented carbide tools for machining of Inconel 718 and
AlTiN/VN coated cemented carbide tools for machining of
Ti6Al4V. Nalbant et al. [98] investigated the effects of coating
material and coating layer number on the machined surface
roughness of Inconel 718 using CVD quadruple (top layer is
TiN), triple (top layer is Al2O3) and single (TiN) coated
cemented carbide inserts. Their results showed that the average
surface roughness generated with single layer (TiN) coated
cemented carbide inserts was much smaller than those gener-
ated with multicoated Al2O3 and TiN inserts. The coating layer
number and coating material have significantly effects on the
average surface roughness of Inconel 718. Liu et al. [129] per-
formed the turning experiments of Inconel 718 under the same
cutting parameters with uncoated and TiCN coated Sialon ce-
ramic inserts prepared by PVD technique. It was revealed that
the cutting performance of Sialon ceramic cutting inserts was
improved remarkably through treatment of TiCN coating on
the inserts for machining of nickel alloys, which could improve
machined surface quality consequently. Although the dominant
failure mechanisms of the coated and uncoated inserts are all
abrasive and adhesive wear, the wear rate of coated insert is
much lower than that of the uncoated insert.

The comparison of cutting performance for CVD and PVD
coated cutting tools and corresponding finished surface qual-
ity have also been researched. Thakur et al. [130] compared
the cutting performance of multicoated TiN/TiAlN (PVD)
coated and TiN/Al2O3/TiCN (CVD) coated tungsten carbide
tools during high speed turning of Inconel 718. The effect of
coating materials on cutting force, cutting temperature, vibra-
tion, and acoustic emission was recorded, analyzed, and re-
ported. Their results illustrated that TiN/Al2O3/TiCN (CVD)
coated tool outperformed the TiN/TiAlN (PVD) coated tool in
terms of machinability parameters such as cutting force and
cutting temperature. In result, better finished surface for
Inconel 718 is expected to be produced with the former one
than the latter one.

Besides the cutting inserts, the effect of cutting tool materials
on machined surface integrity for solid milling tools has also
attracted wide attention. Ucun et al. [131] investigated the effect
of coating material on tool wear and machined surface quality
during micro milling of Inconel 718 with coated and uncoated
WC-Comicro milling tools under dry and lubricated conditions.
It was found that the cutting tools coated with AlTiN, TiAlN+
AlCrN, and AlCrN exhibited better cutting performances com-
pared to those coated with TiAlN+WC/C and DLC.

However, different observation and different conclusion
has also been reported for the effect of tool coatings on surface
roughness of titanium or nickel alloys [132]. The variation of
machined surface roughness for Inconel 718 generated with
TiN coated and uncoated PCBN tools were investigated [133,
134]. The results as shown in Fig. 23(a) illustrated that TiN
coated PCBN tool resulted in poor surface finish than its

uncoated one. The comparison of machined surface morphol-
ogy generated with coated and uncoated inserts indicated that
the built-up edge formation on machined surface for coated
CBN tool was much severer than that for uncoated one. It was
explained by rougher surface morphology of the coating tool
associated with larger cutting edge radius compared to the
uncoated tool.

Similar observation was also noted by other research [135]
which studied machined surface roughness of Inconel 825
using uncoated cemented carbide and CVD multilayer coated
(TiN/TiCN/Al2O3/ZrCN) inserts as illustrated in Fig. 23(b). It
can be seen from Fig. 23(b) that the CVD multilayer coated
tool resulted in deterioration in surface finish compared to the
uncoated insert under entire investigated cutting speed range.

In addition to the surface roughness, the surface defects
generated on the machined surface of Inconel 825 which is
another important geometrical index to characterize the sur-
face integrity were investigated [136]. Such surface defects of
smeared materials, feed marks, debris and re-deposited mate-
rial were observed on the machined surface (Fig. 24). It was
further noted that the coated (TiN/TiCN/Al2O3/ZrCN) tool
could not improve machined surface morphology with the
presence of debris and re-deposited material, which might be
attributed to the lower thermal conductivity of Al2O3 coating.
It results in higher temperature rise on the machined surface
compared to that produced using uncoated cemented carbide
insert. Consequently, the high temperature is apt to induce
plastic flow of workpiece material and easy adhesion of chip
fragments on machined surface [137, 138].

As one of the most widely used nickel alloys, the surface
defects of Inconel 718 induced duringmachining process have
been researched extensively. Fig. 25 presents different surface
defects induced during machining of Inconel 718 with differ-
ent tool materials. With the cemented carbide tools, the ma-
chined surface defects mainly include surface tearing and
cracked carbide, which are usually caused by large cutting
force [12, 139, 140]. Comparatively, the surface defects in-
duced by CBN tools mainly include material smearing, feed
marks and metal debris, which are usually caused by high
cutting temperature leading to severe plastic deformation
and material adhesion [137, 139].

The burr formation during micro machining is one of the
main geometrical characteristics for the machined quality.
Through micro milling operation on nickel alloy of Nimonic
75 using uncoated and TiAlN coated tungsten carbide micro
end mills, the effects of cutting tool material on burr formation
were researched [141]. Figure 26 shows the slot morphologies
obtained at a cutting length of 30 mm and 300 mm using
uncoated and TiAlN coated micro tools. It can be seen that
much larger top burr occurred after machining with uncoated
micro end milling tools compared to those obtained with
TiAlN coated tools. It is explained that the increase in tool
wear resistance for TiAlN coated micro-tool leads to the
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Fig. 24 SEM images of surface
defects on machined surface of
Inconel 825 generated with
uncoated and multilayer coated
(TiN/TiCN/Al2O3/ZrCN)
inserts [136]

Fig. 23 Comparison of machined surface roughness generated with
different cutting tool materials (a) workpiece material: Inconel 718,
coated and uncoated PCBN inserts, Vc = 250, 350 m/min, ap = 0.3 mm

[133]; (b) workpiece material: Inconel 825, coated and uncoated
cemented carbide inserts, f = 0.198 mm/rev, ap = 1 mm [135]
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alleviation of burr formation especially under longer cutting
length. Through comparison of machined surface roughness
generated with both uncoated and coated tools, Swain et al.
[141] found that the surface roughness generated with TiAlN
coated micro end milling tools was also lower than that ob-
tained with uncoated ones, which was in agreement with the
variation of burr formation formed using different tools.

6.2 Influence of tool material on microstructure
alterations of machined surface

Machining affected layer always exhibits different microstruc-
ture from the interior of the bulk workpiece material, which is

caused by thermomechanical processing on the machined sur-
face during machining process. The cutting tool material is
also an essential factor affecting the plastic deformation within
the machined subsurface, so different cutting tool materials
output varied microstructure alterations after machining.

The microstructural difference of the subsurface layers for
Inconel 718 generated with PCBN and whisker-reinforced ce-
ramic (Al2O3-SiCw) cutting tools were presented at cutting
speeds of 200 m/min and 350 m/min, and a constant feed rate
of 0.1 mm/rev and depth of cut of 0.3 mm [142]. The micro-
structure alterations of grain bending, deformation twin bands
and slip bands were observed for all machined surfaces obtain-
ed with both tools (Fig. 27), and the microstructure alterations

Fig. 25 Surface defects induced during machining of Inconel 718 (a)
cracked carbide and surface tearing, WC tool [12]; (b) f = 0.15 mm/rev
and ap = 0.25 mm (1) Vc = 90 m/min, WC tool, (2) Vc = 90 m/min, WC
tool, (3) Vc = 300 m/min, CBN tool, (4) Vc = 300 m/min, CBN tool [139];

(c) metal debris formed at Vc = 125 m/min, f = 0.05 mm/rev, and ap =
0.5 mm, PCBN tool [137]; (d) smeared material and feed marks formed
at Vc = 125 m/min, f = 0.1 mm/rev, and ap = 0.75 mm, PCBN tool [137]
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were more distinguishable under higher cutting speed. It can be
seen from Fig. 27 that severer and deeper plastic deformation
within machining affected layer was generated with ceramic
tools (Fig. 27a, b) than that generated with PCBN tools
(Fig. 27c, d), which is associated with higher cutting tempera-
ture for ceramic tools due to their poor thermal conductivity.
Nevertheless, the nano-crystalline microstructure within the

near surface layer has no significant difference between the
ceramic and PCBN tools, which suggests that the cutting tool
material has little effect on the formation of nano-structured
layer for Inconel 718.

The surface deformation and microstructure alteration dur-
ing longitudinal turning of Inconel 718 with uncoated and
coated PCBN inserts exhibit the influences of tool material

Fig. 26 Morphologies of burr formation generated with (a), (b) uncoated and (c), (d) TiAlN coated micro end milling tools after machining lengths of
30 mm and 300 mm; (e) variation of burr height with machining length [141]

Fig. 27 Morphology ofmicrostructure alterations in themachined subsurface for Inconel 718 generated with (a, b) an Al2O3-SiCw cutting tool and (c, d)
a PCBN cutting tool [142]
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on nickel alloy machining [133]. Significant bending and
elongation of grain boundaries and slip lines in the direction
of cutting were found within the machining affected layer. The
authors also indicated that the application of coated PCBN
tools resulted in more severe grain elongation, which was
explained by the increase of the cutting temperature within
the deformation zone due to the insulation effect of the coat-
ing. In addition, the effect of larger cutting edge radius of the
coated tools also contributed to enhanced plowing effect and
severer material plastic deformation on machined surface.

After the workpiece is machined, the subsurface usually
exhibits different behavior from the bulk material. Sometimes
the microstructure alteration of machining affected layer causes
it to be harder than the bulk workpiece material and appear as
white under optical or scanning electron microscope (SEM).
Then this layer is usually called as the “white layer” [143, 144].
The effects of uncoated and TiN/TiCN/Al2O3/ZrCN coated
cemented carbide inserts on the white layer formation of ma-
chined surface for Inconel 825 have been focused on [136].
Figure 28 shows the SEM images of machined subsurface pro-
duced with uncoated and TiN/TiCN/Al2O3/ZrCN coated
cemented carbide inserts under different cutting speeds. It can
be seen that the white layer occurred under all investigated
cutting parameters for both two kinds of inserts. The results
clearly demonstrated that the white layer thickness formed by

uncoated insert was larger than the coated insert particularly at
the cutting speeds of 54 m/min and 84 m/min. This phenome-
non was attributed to the reason that Al2O3 having low thermal
conductivity and other coating materials like TiN, TiCN and
ZrCN possessing excellent anti friction properties, which could
reduce the formation of thermally affected layer and decrease
the white layer thickness.

The effect of multilayer coating (TiN/TiCN/Al2O3/ZrCN)
onmicro-morphology of the machined surface for Inconel 825
was also researched [136]. Dynamic recrystallization was seen
on the machined surface at Vc = 124 m/min, f = 0.198 mm/rev
and ap = 1 mm after machining of Inconel 825 as shown in
Fig. 29. It can be seen that the machined surface generated
with uncoated insert exhibited formation of new undeformed
recrystallized grains due to high cutting temperature, while the
machined surface generated with coated insert just exhibited
the pre stage of grain growth due to absence of high cutting
temperature which was required for grain growth (Fig. 29b).

The research on the effects of TiAlN coating on microstruc-
ture evolution of machined surface for Inconel 100 indicated
that the machined surface formed using TiAlN coated tool pos-
sessed smaller primary γ′ grains and larger secondary γ′ grains,
which contributed to the lower hardness alteration for the ma-
chined surface [76]. Meanwhile, Arisoy and Özel [93] investi-
gated the effect of TiAlN coating onmicrostructure evolution of
machined surface for Ti6Al4V as shown in Fig. 30. It was
indicated that the average grain size on the machined surface
induced by TiAlN coated WC/Co tool was larger than that
induced by uncoated tool, which was attributed to the thermal
restriction of the coated tool resulting in less grain growth.

6.3 Influence of tool material on mechanical
properties of machined surface

Variation of tool material also plays an important role on me-
chanical properties of machined surface for titanium and nick-
el alloys. The physical and mechanical properties of cutting
tool materials, especially the thermal conductivity of cutting
tool, are important factors to determine the residual stress dis-
tribution within the machining affected layer. Generally, the
cutting tool materials with lower thermal conductivity tend to
cause more tensile residual stress due to the dominance of
thermal influence [96, 97, 142]. In addition, the different ther-
mal and mechanical stresses caused by different tool materials
also affect the micro hardness distribution and the plastic de-
formation depth. Due to this fact, mixed alumina ceramic in-
sert is prone to cause higher tensile stress than PCBN tools
during machining of Inconel 718 [96, 97, 142], because more
compressive residual stress on machined surface tend to be
produced with PCBN tool due to its higher thermal conduc-
tivity responsible for effective dissipation of heat from the
cutting zone [142]. Similar conclusions for generation of
higher surface tensile stress have also been reported with tools

Fig. 28 SEM images for machined subsurface of Inconel 825 formed
with coated and uncoated cemented carbide inserts under different
cutting speeds [136]
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having lower thermal conductivity coating materials [82,
133]. Surface tensile residual stress and micro hardness can
also be decreased through lowering friction between the tool-
chip and the tool-workpiece interfaces.

The research of Akhtar et al. [127] indicated that the ce-
ramic inserts produced very high tensile residual stresses on
the machined surface of Inconel 718, while the carbide inserts
generated mostly compressive surface residual stresses and
comparable surface micro hardness. It can thus be concluded
that carbide inserts generated much better surface physical
properties compared to the ceramic inserts in finish machining
of Inconel 718.

Figure 31 presents the influences of PCBN and whisker-
reinforced ceramic (Al2O3-SiCw) cutting tools on the in-depth
residual stresses within machined subsurface of Inconel 718
[142]. The results indicated that much higher tensile residual
stresses were generated by whisker reinforced ceramic tools
than PCBN tools, which was attributed to the dominant ther-
mal effect during machining and the poor thermal conductiv-
ity of whisker-reinforced ceramic inserts [142]. The surface
residual stresses generated by PCBN tools are more compres-
sive, which are demanded to be achieved to improve the

mechanical property of machined surface and the working
performance of components.

Different tool materials of uncoated and TiN coated PCBN
tools were used in another literature to investigate the differ-
ence of in-depth residual stress of Inconel 718 generated
(Fig. 32) [133]. The results suggested that the surface residual
stresses caused by TiN coated PCBN tools were more tensile
than those caused by uncoated PCBN tools, which was attrib-
uted to the lower thermal conductivity of coated PCBN tools
and high thermally-related contribution to the residual stress
formation. Furthermore, the depth of residual stress profile for
coated PCBN tools (about 120 μm) was larger than that for
uncoated PCBN tools (about 100 μm). Similar results were
obtained in the research of Sharman et al. [145] on surface
residual stress generation of Inconel 718 as shown in Fig. 33.
It was indicated in Fig. 10 that the residual stress profiles for
machined surface of Inconel 718 were more tensile for TiCN/
Al2O3/TiN coated WC Tool than uncoated WC tool.
Compared with Figs. 32 and 33, it can be seen that the surface
residual stresses of Inconel 718 generated with PCBN tools
are much more compressive than those generated with WC
tools, regardless of the tools are coated or not.

Fig. 29 SEM images of micro-morphology ofmachined surface for Inconel 825 formed with (a) uncoated insert and (b) coated insert atVc = 124 m/min,
f = 0.198 mm/rev, ap = 1 mm [136]

Fig. 30 SEM images and grain size distributions ofmachined surface for Ti6Al4V generated underVc = 90m/min and f = 0.05mm/rev with (a) uncoated
WC/Co tool; (b) TiAlN coated WC/Co tool [93]
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However, the effect of tool coating on the residual stress
distribution within machined subsurface for nickel alloys
has some contradiction. Different observations were noted
for the residual stresses generated with uncoated tools
exhibiting higher tensile stresses than those generated with
coated tools during machining of Inconel 718 [146] and
Inconel 100 [147].

Moreover, another research investigated the influence of
tool coating on machined surface integrity during dry turning
of Inconel 718 with PVD coated (TiAlN coating with 2 μm in
thickness) and uncoated carbide tools [146]. Profiles of in-
depth residual stresses along the cutting direction (σ//) and
the feed direction (σ⊥) induced by machining with coated
and uncoated cutting tools are presented in Fig. 34. It can be
seen that the residual stresses caused by coated tools have

several different characteristics compared with those caused
by uncoated tools including: (i) lower surface (σ// and σ⊥)
residual stresses; (ii) deeper tensile stress layer; and (iii) higher
maximum residual stresses within subsurface and the maxi-
mum value being shifted closer to the surface. Similar results
were obtained in the research of Ulutan and Özel [147] on
surface residual stress generation of Inconel 100 as shown in
Fig. 35. Although the coating materials used in different re-
searches were different, the contradiction of residual stress
generation could be attributed to either the difference in prop-
erties of tool coating and workpiece materials, or difference in
the machining conditions.

In-depth variation of micro hardness with distance from the
machined surface for Inconel 825 under different cutting
speeds (51, 84 and 124 m/min) were investigated using

Fig. 31 In-depth residual stress profiles in machined subsurface of Inconel 718 generated with (a), (b) Al2O3-SiCw cutting tools and (c), (d) PCBN
cutting tools, respectively [142]

Fig. 32 In-depth residual stress profiles for machined subsurface of Inconel 718 generated with (a) uncoated and (b) TiN coated PCBN tools (Vc =
300 m/min, f = 0.1 mm/rev, new tool) [133]
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uncoated and coated carbide inserts (Fig. 36) [136]. It was
indicated that an overall decrease for the micro hardness from
machined surface to the bulk material occurred, which was
attributed to the variation in the grain or crystallite size within
machining affected layer. SEM images of the microstructure as
shown in Fig. 36 obtained at two different depths demonstrate
the increase in grain size with the depth from the machined
surface increasing. The variation of micro hardness in machin-
ing affected layer generated with uncoated and CVDmultilayer
coated tools could be attributed to the difference in the friction
co-efficient between the tool and workpiece. Low friction co-
efficient of coated tool results in lower tool wear rate, which
then leads to the alleviation of both thermally and mechanically
induced plastic deformation and lower micro hardness of the
machined surface compared to the uncoated tool.

Table 2 provides a check list and summary of the important
studies dealt with the effects of tool materials on machined
surface integrity during machining of titanium and nickel al-
loys reviewed in this paper.

7 Influence of tool wear on machined surface
integrity

Tool wear has significant influence on the machined surface
integrity during machining process, especially for the machin-
ing of difficult-to-machine materials including titanium and
nickel alloys, which is accompanied with sever tool wear
[148–150]. Tool wear induces alteration of machined surface
integrity through changing cutting edge geometry or tool coat-
ing detachment (for coated tools). Tool flank wear (denoted by
VB) has more prominent influence onmachined surface due to
their direct contact, and it is always regarded as the tool wear
criterion [151, 152]. Although excessive tool wear rate is not
demanded in machining process, the effects of tool wear on
machined surface quality are not always detrimental. Research
on the influence of tool wear on machined surface integrity
can help to instruct selection of appropriate cutting tools and
replacement of worn tools in time to guarantee the require-
ments of machined surface quality.

(a) TiCN/Al2O3/TiN coated WC tool, Vc=40 m/min (b) Uncoated WC tool, Vc=40 m/min

Fig. 33 In-depth residual stress profiles for machined subsurface of Inconel 718 generated with (a) TiCN/Al2O3/TiN coated WC and (b) uncoated WC
tools [145]

Fig. 34 In-depth residual stress distribution after machining of Inconel 718 with uncoated and coated tools (a) σ// in cutting direction; (b) σ⊥ in feed
direction [146]
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7.1 Influence of tool wear on geometrical
characteristics of machined surface

Tool wear, especially the tool flank wear changes the cutting
edge geometry, which influences the tool-workpiece contact
behavior and the geometrical characteristics of machined
surface.

During turning of Inconel 718 with TiCN/Al2O3/TiN coat-
ed WC insert, the machined surface roughness was found to
be improved (as shown in Fig. 37) due to the location of wear
scar on the tool flank face away from the trailing edge [153].
The relatively flat worn flank face played a similar role of
“wiper” and removed the peaks of the feed marks. The differ-
ence of 3D surface roughness maps of Inconel 718 generated
with the new and worn TiCN/Al2O3/TiN coated WC inserts
has also been researched. The results indicated that the in-
creasing of tool wear for TiCN/Al2O3/TiN coated WC insert
resulted in decreasing of Ra values under investigated cutting
parameters as shown in Fig. 37. However, the wear of uncoat-
ed WC insert resulted in increased surface roughness due to
small notch occurring at the trailing edge, and other workers

have also obtained similar results [99, 154]. It means that the
influence of tool wear on machined surface roughness de-
pends on the tool material and tool wear patterns [153].

Aspinwall et al. [155] performed the ball end milling ex-
periments with TiAlCrN multi-layer coated carbide tools to
investigate the influence of tool wear on machined surface
roughness of Inconel 718 under different tool orientation/
workpiece angles. It can be seen from Fig. 38 that lower sur-
face roughness was generated with worn tools except in the
case of horizontal upwards operation, of which the results
were reversed. The formation of a “wiper flat” along the tool
cutting edge in tool-workpiece interface is beneficial to im-
prove the surface roughness. The abnormity for horizontal
upwards machining was explained by the vibration/chatter
occurring during tool engagement for the worn tools.

The influences of tool wear onmachined surface roughness
of titanium alloy have also been researched. The effect of tool
flank wear on surface integrity during orthogonal dry cutting
of Ti6Al4V using CVD Al2O3 coated carbide inserts with
cutting edge radius of 10 μm was studied [152]. Figure 39
presents the 3D surface topographies of the machined surface

Fig. 36 Variation of micro hardness with distance from machined surface towards bulk material for Inconel 825 generated with (a) uncoated and (b)
CVD multilayer coated carbide inserts [136]
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Fig. 35 Comparison of residual stresses after face turning of Inconel 100 at Vc = 12m/min, f = 0.05 mm/rev and ap = 1 mmwith (a) WC/Co tool and (b)
TiAlN coated WC/Co tool [147]
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Table 2 Summary of cutting tool material on machined surface integrity of titanium and nickel alloys

Reference Workpiece material Tool material Cutting parameters Remarks

Ezugwu and
Tang [99]

Inconel 718 Turning, pure oxide and
mixed-oxide ceramic tools

Vc = 152 m/min
f = 0.125 mm/rev
ap = 2 mm

Mixed-oxide ceramic tools generally
produced better surface finish.

Biksa et al. [128] Inconel 718 and
Ti6Al4V

Turning, varied insert shape,
cutting edge preparation
and nose radius

Vc = 40–60 m/min
for Inconel 718
and 150 m/min
for Ti6Al4V

f = 0.125 mm/rev
ap = 0.25 mm

AlTiN/MoN coated cemented tool
was recommended for machining
of Inconel 718 and AlTiN/VN
coated tool was recommended
for machining of Ti6Al4V.

Nalbant et al. [98] Inconel 718 Turning, CVD quadruple
(top layer is TiN), triple
(top layer is Al2O3) and
single (TiN) coated carbide
inserts

Vc = 15–75 m/min
f = 0.2 mm/rev
ap = 2 mm

Coating layer number and coating
material had significantly effects
on the surface roughness.

Liu et al. [129] Inconel 718 Turning, uncoated and PVD
TiCN coated Sialon ceramic
insert

Vc = 150 m/min
f = 0.1 mm/rev
ap = 0.5 mm

TiCN coating improved the cutting
performance of Sialon ceramic
cutting inserts remarkably.

Thakur et al. [130] Inconel 718 Turning, TiN/TiAlN (PVD)
coated and TiN/Al2O3/TiCN
(CVD) coated tools

Vc = 50–90 m/min
f = 0.05–0.2 mm/rev
ap = 0.5 mm

TiN/Al2O3/TiCN (CVD) coated tool
outperformed TiN/TiAlN (PVD)
coated tool.

Tanaka et al. [126] Inconel 718 Orthogonal cutting, different
PCBN cutting tools

Vc = 20, 100, 300 m/min
f = 0.1 mm/rev

A low CBN content with TiN-based
ceramic binder exhibited excellent
wear resistance.

Ucun et al. [127] Inconel 718 Milling, coated and uncoated
WC-Co micro milling tools

Vc = 48 m/min
f = 1.25–5 μm/z
ae = 0.1, 0.15, 0.2 mm

Milling tools coated with AlTiN,
TiAlN+AlCrN, and AlCrN exhibited
better cutting performances.

Akhtar et al. [127] Inconel 718 Milling, TiAlN coated and SiC
whisker-reinforced coated
ceramic inserts

Vc = 30–900 m/min
f = 0.02–0.12 mm/z
ae = 0.2–1.0 mm

Ceramic inserts were recommended to
be used in rough and semi finish
machining, while TiAlN coated
inserts were recommended to be used
in finishing process.

Bushlya et al. [133] and
Zhou et al.[134]

Inconel 718 Turning, TiN coated and
uncoated PCBN inserts

Vc = 250, 350 m/min
f = 0.15 mm/rev
ap = 0.3 mm

TiN coated PCBN tool resulted in
poorer surface finish and more tensile
residual stress than its uncoated one.

Thakur
et al. [135, 136]

Inconel 825 Turning, uncoated and CVD
coated TiN/TiCN/Al2O3/ZrCN
inserts

Vc = 51, 84, 124 m/min
f = 0.198 mm/rev
ap = 1 mm

CVD multilayer coated tool resulted in
deterioration in surface finish and
lower micro hardness compared to
the uncoated insert. The white layer
thickness formed by uncoated insert
was larger than the coated insert.

Swain et al. [141] Nimonic 75 Milling, uncoated and TiAlN
coated tungsten carbide
micro-end mills

Vc = 11–18 m/min
f = 6–15 mm/min
ae = 120 μm

TiAlN coated micro tools decreased the
burr formation compared with
uncoated micro tools.

Zhou et al. [142] Inconel 718 Turning, PCBN and
whisker-reinforced ceramic
(Al2O3-SiCw) inserts

Vc = 200, 350 m/min
f = 0.1 mm/rev
ap = 0.3 mm

Ceramic tools produced severer and
deeper plastic deformation as well as
much higher tensile residual stresses
than PCBN tools.

Sharman et al. [145] Inconel 718 Turning, TiCN/Al2O3/TiN
coated and uncoated
WC inserts

Vc = 40, 80, 120 m/min
f = 0.15, 0.25 mm/rev
ap = 0.25 mm

TiCN/Al2O3/TiN coated insert produced
more tensile residual stress than
uncoated insert.

Outeiro et al. [146] Inconel 718 Turning, PVD coated
(TiAlN-2 μm) and
uncoated carbide tools

Vc = 70 m/min
f = 0.2 mm/rev
ap = 0.5 mm

Coated tools produced lower surface
residual stresses, larger thickness of
tensile layer and higher residual
stresses in machined subsurface.

Ulutan and Özel [147] Inconel 100 Turning, TiAlN coated and
uncoated WC/Co cutting
inserts

Vc = 12, 24 m/min
f = 0.05 mm/rev
ap = 1 mm

Coated tools produced lower surface
residual stresses, and higher residual
stresses in machined subsurface.
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under different tool flank wear states under the cutting speed
of 60 m/min, the feed rate of 0.1 mm/r, and cutting width of
2 mm, based on which 3D surface roughness Sa under differ-
ent tool flank wear states were measured. Their results indi-
cated that the surface roughness first increased and then de-
creased with the tool flank wear increasing from zero to
0.3 mm, which was caused by different wear morphologies
of tool flank face under different wear states. Nevertheless, the
research of Yang et al. [151] reported contradictory results, in
which the machined surface roughness of Ti-1023 presented a
monotone increasing trend with the increase of tool flank
wear. The experiments conducted by Yang et al. [151] was
wet milling experiments on near-β titanium alloy Ti-1023
with single layer PVD TiAlN coated carbide tools. The reason
for the contradiction of surface roughness variation may lie in
the differences in workpiece material, cutting tool or cutting
environments, etc.

The machined surface defects of Inconel 718 generated
with new and worn tools during high speed turning process
have been compared detailedly in literature [134], in which the
whisker-reinforced Al2O3 inserts having an edge radius of
20 μm and a chamfer angle of 20° were used. Figure 40 pre-
sents the surface damage generated with new and worn inserts
under dry cutting and cutting parameters of Vc = 200 m/min,
f = 0.1 mm/rev and ap = 0.1 mm/rev. It can be seen from
Fig. 40(a–d) that the new insert induced such surface defects
as built-up edge formation, side flow and tearing. Although
the tool flank face wear is beneficial to decrease the surface
roughness with a certain degree, the surface defects caused by
the worn tool with the flank wear of 0.3 mm are still obvious

as shown in Fig. 40(d–f) due to the plastic flow of workpiece
material in the cutting zone. In addition, the features of mate-
rial side flow, ridges or grooves were observed more frequent-
ly with tool wear increasing, which can be attributed to the
greater material plastic flow on the machined caused by the
higher cutting temperatures and higher cutting forces with
worn tools.

Other research has pointed out that long and straight
grooves are prone to be formed by the plowing effect of indi-
vidual small built-up edges occurring on the cutting edge,
while small fragments of the built-up edges detachment tend
to result in short and straight grooves on the machined surface
[156]. The feature of ridges was found both in the feed mark
region and between the feed marks. With regard to the forma-
tion of severe side flow under the tool flank wear of 0.3 mm as
shown in Fig. 40(e) and Fig. 40(g), the reason was associated
with the increase of cutting edge radius with the tool flank
wear aggravating. The increase of cutting edge radius leads
to the increase of the minimum chip thickness. Then it causes
much severer material side flow in the area of feed marks,
where the workpiece material is deformed through plowing
effect when the chip thickness is less than the minimum chip
thickness [157]. Furthermore, the higher temperature and
higher level stress intensify induced by worn tools also inten-
sify the material side flow [158].

The ridges and grooves formation on machined surface of
Inconel 718 within feed marks associated with the cutting
edge damage are depicted in Fig. 41 [134]. Firstly, the car-
bides in workpiece material of Inconel 718 produce the
grooves on the tool flank surface as shown in Fig. 41(c).
Then the groove formed on the trailing edge grows with the
cutting time and acts as a forming tool leading to formation of
high ridges on the machined surface as shown in Fig. 41(b).
The ridges generated on the machined surface can be regarded
as the mapping of the grooves located on the trailing edge of
the cutting tool, and the grooves formed on the machined
surface can be regarded as the mapping of the hard particles
on the tool flank face.

The research on the effects of tool flank wear on machined
surface defects of Ti6Al4V with CVD Al2O3 coated carbide
inserts found that the machined surface topography was

Fig. 37 Machined surface
roughness after turning of Inconel
718 using TiCN/Al2O3/TiN
coated and uncoated WC inserts
with constant depth of cut of
0.25 mm [153]

Fig. 38 Influence of tool wear on machined surface roughness generated
with new and worn tools under different tool orientation/workpiece
angles during ball end milling of Inconel 718 [155]
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relatively smooth accompanied with few common defects of
grooves and folds when machining with new tool [152]. With
the tool flank wear increasing, adhered material particles and
material tearing surface occurred due to the effect of extrusion
for worn tools. When the tool flank wear reached 0.3 mm,
surface material burning and plastic flows were observed
due to the high cutting temperature and large cutting force

between the tool-workpiece interface. It was suggested that
the tool flank face wear with less than 0.2 mm is the most
suitable to guarantee the surface integrity during orthogonal
dry cutting of Ti6Al4V. Based on the research results of Yang
et al. [151], the machined surface defects of near-β titanium
alloy Ti-1023 evolves frommicro-voids and smeared material
to groove and pitting corrosion with the tool wear increasing.

Fig. 39 3D surface topographies of Ti6Al4V generated with different tool flank wear states (a) new tool; (b) VB = 0.1 mm; (c) VB = 0.2 mm; (d) VB =
0.3 mm [152]

(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 40 Machined surface defects of Inconel 718 generated with (a–d) new tools and (e–g) worn tools [134]
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The formation of micro-voids was associated with the carbide
particles within the workpiece material, while the pitting cor-
rosion was attributed to the high local cutting temperature
generated on the machined surface when machining with
worn tools. Yang et al. [151] predicted that the cutting tem-
perature generated with the worn tools under the investigated
cutting parameters exceeded 1000 °C, which was prone to
induce the material burning, phase transformation and mate-
rial debris attachment on the machined surface.

7.2 Influence of tool wear on microstructure
alterations of machined surface

The influence of tool wear on machined surface integrity has
been researched through in-depth analysis of microstructure
alteration of machined surface and subsurface for titanium
and nickel alloys. Different micro-examination techniques
including OM, SEM, EBSD and EDS, etc., have been
adopted to analyze the microstructure alteration of machined
subsurface [5].

The increase of tool flank wear causes severer plastic
deformation of machined surface due to the intensified me-
chanical and thermal loadings applied on the tool-workpiece
interface. Both of plastic deformation degree (indicated by
inclined red lines in Fig. 42) and plastic deformation depth
increased with the tool flank face wear increasing were ob-
served. The results showed that nearly no distinct micro-
structure deformation or deformed grain observed near the

machined surface layer machining using the new tool. The
plastic deformation depth of machining affected area in-
creased to 48 μm at the tool flank wear of 0.3 mm and fine
grain zone occurred near the machined surface, which is
always observed under severe plastic deformation process
[159, 160]. Similar results were also found by the research
of Yang et al. [151] and Hughes et al. [161].

The microstructure alterations of machined surface for Ti-
6242S generated with the new tool and worn tool (VB =
0.3 mm) under milling parameters of Vc = 100 m/min, f =
0.15 mm/z, ap = 2.5 mm and ae = 8.8 mm are shown in
Fig. 43 [60]. It was indicated that the increase in tool wear
induced the microstructural alterations within the machining
affected layer. The researches on the microstructure alteration
beneath the machined surface of Inconel 718 generated with
new and worn tools under different cutting parameters have
also demonstrated the increase of more significant plastic de-
formation and relatively deeper microstructure alteration with
the tool wear increasing [153, 154].

Through comparison of the plastic deformation depth quan-
titatively during turning of Inconel 718 with new and worn
tools at Vc = 40–120 m/min, f = 0.15–0.25 mm/rev, and ap =
0.25 mm (Fig. 44) [153], it was demonstrated that increasing of
tool wear exaggerated the plastic deformation depth, especially
under lower cutting speeds of 40 m/min, which could be ex-
plained by the severe rubbing of tool-workpiece interface
caused by the increase of tool-workpiece contact area due to
reduction of tool flank angle [162].

Fig. 41 (a) A schematic diagram showing the mechanism of ridge formation; (b) ridges located on the machined surface; (c), (d) grooves located on the
tool flank face [134]
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It has been found that the microstructure alteration beneath
the machined surface can lead to while layer formation near
the outside layer when the effect of strain aging is dominant
[143, 144]. The white layer often presents higher micro hard-
ness than the bulk material, which tends to induce the crack

formation and its formation is unexpected during machining
process. Axinte et al. [163] investigated the variation of white
layer formation for powder metallurgy nickel alloy RR_X
under different tool wear conditions (Fig. 45). It was found
that the uniformly worn tool generated discontinuous and thin

Fig. 42 Microstructure of machined subsurface for Ti6Al4V generated with different tool flank wear states (a) new tool; (b) VB = 0.1 mm; (c) VB =
0.2 mm; (d) VB = 0.2 mm [152]

Fig. 43 Microstructure alteration beneath the machined surface of Ti-6242S produced by uncoated carbide tool (Vc = 125 m/min, f = 0.20 mm/tooth,
aa = 2.5 mm, ar = 8.8 mm) (a) new tool; (b)VB = 0.3 mm [60]
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while layer as shown in Fig. 45(a) and (c), and nearly no signs
of strain or microstructure deformation were seen beneath the
white layer. Nevertheless, the tool with chipped cutting edge
generated relatively continuous and thicker white layer ac-
companied with obvious material drag beneath the white layer
as shown in Fig. 45(b) and (d). The difference can be attrib-
uted to more intense friction occurred for the chipped tool
leading to severer machining related heat concentration for
powder nickel alloys with low thermal conductivity. Du and
Liu [143] and Ibrahim et al. [164] have also researched the
influences of cutting parameters and tool conditions on the

while layer formation of powder metallurgy nickel alloy
FGH 95 and Ti6Al4V, respectively.

The effects of tool wear on the extent of subsurface defor-
mation and microstructure modification for Inconel 718 can be
shown more clearly with BSE images of machined surface
[165]. Figure 46 presents the BSE images of machining affect-
ed layer generated with new, semi-worn (VBmax = 0.15 mm)
and worn (VBmax = 0.3 mm) tools, respectively. It indicates that
all machined subsurface generated with different tool wear
states contain three zones, of which zone 1 is the near surface
region, zone 2 is the deformation zone, and zone 3 is the bulk
material. Zhou et al. [165] explained that zone 1 is formed by
both strong mechanical (friction force) and local thermal load
during machining process and the topography in this area clear-
ly demonstrates the feature of re-solidification rather than sim-
ple shearing. Zone 2 is the deformation layer which exhibits
clear bending and elongation of grain boundaries and slip
bands. With the tool wear increasing, both the thicknesses of
zone 1 and zone 2 increase due to the severer mechanical and
thermal loading on the tool-workpiece interface. For the near
surfacemicrostructure generated with theworn tool as shown in
Fig. 46(d), a nano-crystalline structure layer with about 1~2 μm
thickness was formedwhich was explained that the temperature
experienced in this region was close to the material melting
temperature (1260~1336 °C [166]) during machining process.

EBSD is an advanced microstructure characterization tech-
niquewhich is beneficial to analyze themachining induced de-
formation throughprovidingquantitative informationabout the
grain orientation and intragranular mis-orientations [160, 167,

Fig. 45 Optical and SEM
micrographs of white layers
generated after turning of nickel
alloy RR_x with (a) uniformly
worn and (b) chipped ceramic tool
at Vc = 175–200 m/min, f = 0.15–
0.25 mm/rev, ap = 1–2 mm [163]

Fig. 44 Influence of tool wear on plastic deformation depth after turning
of Inconel 718 at Vc = 40–120 m/min, f = 0.15–0.25 mm/rev, and ap =
0.25 mm [153]
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168].TheEBSDimagesofmachinedsubsurfacelayerforInconel
718generatedwithdifferent toolwearconditionswerealsoana-
lyzed (Fig. 47). It can be seen that the lattice rotation increases
towardsthemachinedsurfacecausedbytheplasticdeformation.
The sub-grain boundaries and the associated gradients provide
evidenceof increasing intragranularmis-orientation andplastic
activityformthebulkmaterialtothemachinedsurfaceforallthree
differenttoolwearconditions.Withthetoolflankwearincreasing
from0to0.3mm,thethicknessofconcentrateddeformationlayer
increases from about 10μm to about 50μm.The percentage of
deformedarea in themachinedaffectedzone increasesdramati-
cally from less than20%for new tool toover than80%forworn
toolasshowninFig.47(d).Thedeformationdepthformachined
surface reached to250μmfor theworn tool,while thatwas just
about50μmforthemachinedsurfaceproducedwiththenewtool.
Itwasalsodemonstrated that the increases inmechanical effects
(including the stress and the strain) were associatedwith the in-
creaseof thesubsurfacedeformation.

Meanwhile, Agmell et al. [169] investigated the subsurface
deformation of Inconel 718 machined with new tool and worn
tool with the aid of BSE and EBSD analyses. It can be figured

out from the results that the material within the machining
affected layer experienced excessive deformation near the ma-
chined surface, where a layer containing smaller grain struc-
ture was produced. With the distance from the machined sur-
face increasing, the material plastic deformation decreased
and a larger grain structure was present towards the bulk ma-
terial. Their research presented the relative strain as a function
of the distance from the machined surface measured by EBSD
technique (Fig. 48), which demonstrated that the relative
strain generated by the worn tool was much larger than that
generated by the new tool.

Machined surface generated with different tool wear con-
ditions also differs due to different phase transformations.
Based on the research of Liang and Liu [152], the percentage
of β phase near the machined surface of Ti6Al4V generated
with difference tool wear condition varied obviously. They
found that the percentage of β phase near machined surface
generated with new tool was much larger than that of the bulk
material, while the percentage of β phase generated with the
worn had no obvious variation compared with the bulk mate-
rial. Combined with EDS analysis for the machined surface,

Fig. 46 BSE images indicating the effects of (a) new tool; (b) semi-worn tool; (c) worn tool, on extent of subsurface deformation and microstructure
modification and (d) refinement of microstructure during turning of Inconel 718 at Vc = 300 m/min, f = 0.2 mm/rev and ap = 0.3 mm [165]
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the authors proposed that the contents of element C and ele-
ment O increased to 1.08 and 2.45%, respectively, when

machining with the worn tool of VB = 0.3 mm. It was ex-
plained that the low percentage of β phase generated with
the worn tool was caused by the emergence of elements C
and O which belong to the stable elements of α phase, and
the increases of elements C and O could stabilize more α
phase of Ti6Al4V [170–172].

7.3 Influence of tool wear on mechanical properties
of machined surface

As found for the other characteristics of surface integrity, tool
wear also has significant influence on themechanical properties
of machined surface including the residual stress profile and
micro hardness distribution. The influences of tool wear on the
in-depth residual stress profiles of Inconel 718 generated with
two kinds of tools as TiCN/Al2O3/TiN coated WC tool and
uncoated WC tool were researched (Fig. 49) [145]. All the
worn tools had average flank wear of 0.25 mm. The results
indicated that the residual stresses beneath the machined sur-
face became much more compressive and penetrated to a

Fig. 47 EBSD images of machined subsurface layer for Inconel 718 generated with (a) new tool, (b) semi-worn tool, (c) worn tool and (d) percentage of
deformation area [165]

Fig. 48 Relative strain in machining affected layer of Inconel 718
generated with different tool wear states [169]
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deeper depth for the worn tools regardless of the tool type. The
depth of a significant level of compressive stress reached up to
500 μm beneath the workpiece surface for the worn tools,
while the depth of compressive stress was just about 150 μm
for the new tools. It was explained that an increase in rubbing or
plowing leaded to greater plastic deformation of the workpiece
surface, which then produced increased depth of deformation
and residual stress variation [117, 145].

Through comparison of in-depth residual stress profiles of
Inconel 718 generated with the new and worn PCBD tools
numbered DCC500 as shown in Fig. 50 [173], it was found
that the worn insert in Test B induced the highest subsurface
residual stress levels (− 1268 MPa and − 930 MPa in the feed
and cutting directions, respectively) with the distance from
machined surface extending to about 450 μm, as opposed to
about 100–150 μm when machining with new inserts.

However, some other researchers obtained the contrary re-
sults for the residual stress profiles generated with the new and
worn tools. Figure 51 shows one study for orthogonal cutting

of Ti6Al4Vat Vc = 320 m/min, f = 0.1 mm/rev and aw = 1mm,
which suggested that with the tool flank wear increasing, the
surface residual stresses became more tensile due to increased
temperature [174]. In addition, the peak compressive residual
stresses became less compressive, and the residual stresses
deep into the bulk material became tensile rather than com-
pressive as the new tool. The work in literature [152] also
draw the similar conclusions through research on the residual
stress profiles after orthogonal cutting of Ti6Al4V at Vc =
60 m/min, f = 0.1 mm/rev and aw = 2 mm. They concluded
that with the tool flank wear increasing, the residual stresses
near the machined surface became less compressive.

Aspinwall et al. [155] investigated the influence of tool
wear on in-depth residual stress profiles of Inconel 718 after
end milling process as shown in Fig. 52, and they suggested
that the effect of tool wear on the surface residual stresses
varied depending on the cutter orientation and workpiece an-
gle. The peak compressive residual stresses occurred in the
machined subsurface also changed inconsistently. However,

Fig. 49 In-depth residual stress profiles of Inconel 718 generated with (a), (c) new tools and (b), (d) worn tools [145]
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the machining affected layer became much deeper with the
tool wear increasing. Figure 52 presents the combined effects
of cutter orientation, workpiece tilt angle as well as tool wear
on the residual stresses of machined surface for Inconel 718
after end milling process, and it indicates that it is possible to
change the residual stresses from tensile to compressive, or
alter the residual stress magnitude by adjusting the cutter ori-
entation or the workpiece tilt angle under different tool wear
conditions [155].

The research of Peng et al. [175] found that worn tool
tended to result in higher tensile residual stress near the ma-
chined surface, higher compressive residual stress beneath the
heat affected layer as well as deeper peak of compressive
stress, simultaneously. They suggested that the increase in
tensile residual stress on the machined surface could be attrib-
uted to higher cutting temperature caused due to rubbing and
plowing between the machined surface and the worn tool
flank face. It also induced higher degree of plastic deformation
leading to increased compressive stress within the machined
subsurface. Meanwhile, it was pointed out that the effects of
tool wear on residual stresses along cutting and feed directions
were different, which was explained by the reason that the
radial and feed force components increased more prominently
compared to the cutting force component [175].

The effects of tool wear on the micro hardness profiles of
machined subsurface after machining can also be tracked in
some literatures. The research of [173] indicated that nearly no
variation in material micro hardness (average value for the
bulk material was about 30 HK0.025) was observed perpen-
dicular to the feed direction when turning with new inserts
except for the CrAlN 2 coated insert (Fig. 53). The CrAlN 2
coated insert produced a hardened layer of up to 544
HK0.025, and it was explained that the greater coating thick-
ness (5.5 μm) of this insert compared to the others (1–3 μm)
resulted in a larger cutting edge radius and increased rubbing
as well as material deformation. For all investigated cutting
tools, Soo et al. [173] found that the machined surface turned
with worn inserts typically exhibited elevated hardness levels
of up to about 80 HK0.025 and the machining affected layer
depth reached to about 100 μm below the machined surface.

Similar results have also been obtained by Sadat and Reddy
[176] and Sharman et al. [153] in machining of Inconel 718.
Sharman et al. [153] researched the effects of tool wear on
micro hardness depth profiles after turning of Inconel 718 with
TiCN/Al2O3/TiN coated WC tool and uncoated WC tool
(Fig. 54). They found that the depth of micro hardness increase
was limited to around 50 mm when machining with new tools,
and the maximummicro hardness of the machined surface was
about 450 HK0.05. Nevertheless, the machined surfaces pro-
duced with worn tools were harder (the maximum value is
500HK0.05) and the affected layer depth was larger (about
200 μm) than those produced with new tools under the same
cutting parameters. The reason lies in that machiningwith worn
tools leads to larger tool/workpiece contact area and enhances
the hardening effect on the machined surface [153, 176].

The research of Ginting and Nouari [60] on Ti-6242S and
the research of Liang and Liu [152] on Ti6Al4Valso demon-
strated the severer hardening effects of tool wear on machined
surface. It can be seen from Fig. 55 that both the micro hard-
ness and the hardened layer thickness increased whenmachin-
ing with the worn tools for uncoated and TiN/TiC/TiCN coat-
ed carbide tools [60]. It was found that with the tool flank wear
increasing from 0 to 0.2 mm, both of the micro hardness and

Fig. 50 In-depth residual stress profiles of Inconel 718 generated with new and worn tools in (a) feed and (b) cutting directions [173]

Fig. 51 Effect of tool flankwear on residual stress profiles after turning of
Ti6Al4Vat Vc = 320 m/min, f = 0.1 mm/rev and ap = 1 mm [174]
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the depth of machining hardened layer increased [152].
However, a softened zone near the machined surface was
found when the tool flank wear increased to 0.3 mm, which
could be explained by the predominant thermal softening ef-
fect caused by severe friction between tool-workpiece inter-
face. The poor thermal conductivity of Ti6Al4V may also
enhance the thermal softening of machined surface under se-
vere tool flank wear.

Table 3 provides a check list and summary of the important
studies dealt with the effects of tool wear on machined surface
integrity during machining of titanium and nickel alloys
reviewed in this paper.

8 Research limitations and latest ideas

According to the review of considerable amount of literatures,
it has been found that some issues about the effects of tool
parameters on machined surface integrity are still open during
machining titanium and nickel alloys. These open issues and
limitations for the current research are listed as following.

& The current research on the effects of tool parameters (in-
cluding tool structure, tool material and tool wear) on ma-
chined surface integrity mainly depends on practical ex-
periments or empirical data. For example, theoretical
models of surface roughness considering the effects of

tool structures are still lacking. The variation of machined
surface roughness generated with different tool structures
need to be determined based on experiments. The effects
of tool material or tool wear on the residual stress profiles
of machined surface are also rarely theoretical analyzed. If
one parameter for the cutting tool is changed, all the geo-
metrical characteristics, microstructure alteration, or me-
chanical properties of machined surface are unknown and
need to be measured with experiments. The research cost
is high and sometimes it is impossible to carry out all
experiments because there are too many different cutting
tools. There is great significance to predict the variation of
machined surface integrity with one given tool before
practical machining. After then, the most appropriate cut-
ting tools can be selected efficiently to improve the ma-
chined surface quality.

& For one certain cutting tool used in machining one kind of
workpiece material, the current research on the character-
istics of machined surface integrity is limited to just one or
several incomplete evaluation parameters. The geometri-
cal characteristics, microstructure alteration, or mechani-
cal properties of machined surface are partially focused on
in one individual literature. Particularly, there is little re-
search about the effects of tool parameters on phase trans-
formation of machined surface. According to the current
research, it is hard to evaluate if the machined surface
integrity generated with one given cutting tool can be
qualified. Systematic research on the effects of tool param-
eters (including tool structure, tool material and tool wear
of one cutting tool) on all characterized parameters of
machined surface integrity should be conducted to provide
synthetic evaluation for the tool cutting performance.

& The weights of geometrical characteristics, microstructure
alteration, as well as mechanical properties in overall eval-
uation of machined surface integrity are not straightfor-
ward for one machined components. According to the
current research, the above three aspects of machined sur-
face are hard to be qualified simultaneously with one fixed
cutting tool. Improvement in geometrical characteristics
of machined surface may weaken the microstructural

Fig. 52 Residual stress on
machined surface of Inconel 718
generated with new and worn
tools under different cutter
orientations and workpiece tilt
angles [155]

Fig. 53 Micro hardness profiles perpendicular to feed direction after
turning of Inconel 718 [173]
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alteration or physical properties of machined surface. It is
urgent to obtain the influence of cutting tool parameters on
different aspects of machined surface integrity, in addition
to the weights of different evaluation parameters on the
machined surface quality. Then the largest beneficial in-
fluence of the cutting tool onmachined surface quality can

be developed while the detrimental influence of the cut-
ting tool is controlled to be the least.

& The relationships of different evaluation parameters of ma-
chined surface integrity have not been known clearly.
When the cutting tool structure, tool material or tool wear
condition is changed, the geometrical characteristics,

Fig. 54 Effect of tool wear onmicro hardness profiles after turning of Inconel 718 with different tools (Tool S: TiCN/Al2O3/TiN coatedWC tool, Tool H:
uncoated WC tool) [153]

(a) Uncoated carbide tool (b) TiN/TiC/TiCN coated

carbide tool

Fig. 55 Effect of tool wear on micro hardness profiles after milling of Ti-6242S under Vc = 100–125 m/min, f = 0.15–0.2 mm/z, ap = 2–2.5 mm with (a)
uncoated and (b) TiN/TiC/TiCN coated carbide tools [60]
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microstructure alteration, as well as mechanical properties
of the machined surface will be changed. However, it re-
mains unknown about the relationships for the variation of
surface geometrical characteristics and the variation of sur-
face microstructure or physical properties. Because the
measurement of physical properties of machined surface
is complexed especially in practical production, the explicit
correspondence between geometrical characteristics and
physical properties of machined surface will be beneficial

to monitor the machined surface online. For example, if the
residual stress profile could be ascertained from other more
simple measurements of surface integrity (e.g. surface
roughness), the residual stress can be monitored through
measurement of surface roughness instead. Further, the ef-
fects of tool parameters on the machined surface integrity
can be understood more comprehensively. In general, an
increase in surface defects results in a general increase in
the level of tensile residual stress, but the measurements of

Table 3 Summary of cutting tool wear on machined surface integrity of titanium and nickel alloys

Reference Workpiece
material

Tool condition Cutting parameters Remarks

Sharman
et al. [145, 153]

Inconel 718 Turning, TiCN/Al2O3/TiN coated
and uncoated WC inserts,

VB = 0.25 mm

Vc = 40, 80, 120 m/min
f = 0.15, 0.25 mm/rev
ap = 0.25 mm

Tool flank wear decreased machined
surface roughness, exaggerated plastic
deformation depth, and produced higher
level of compressive stress and increased
the depth of residual stress.

Liang and
Liu [152]

Ti6Al4V Orthogonal cutting, CVD Al2O3

coated carbide inserts,
VB = 0.1, 0.2, 0.3 mm

Vc = 60 m/min
f = 0.1 mm/rev
aw = 2 mm

Surface roughness first increased and then
decreased with the tool flank wear i
ncreasing from zero to 0.3 mm. Tool flank
wear increased both of plastic deformation
degree and deformation depth.

Yang et al. [151] Ti-1023 Milling, PVD TiAlN coated
carbide inserts,
VB = 0.1, 0.2, 0.35 mm

Vc = 20–300 m/min
f = 0.08 mm/z
ae = 1 mm

Machined surface roughness presented a
monotone increasing trend with tool flank
wear. Worn tools produced defects of groove
and pitting corrosion.

Aspinwall
et al. [155]

Inconel 718 Milling, coated ball end milling
tools, VB = 0.3 mm

Vc = 90 m/min
f = 0.2 mm/z
ap = 0.2 mm
ae = 0.5 mm

Lower surface roughness was generated with
worn tools except for horizontal upwards
operation. Effect of tool wear on surface
residual stresses depended on cutter
orientation and workpiece angle.

Zhou et al. [138] Inconel 718 Turning, whisker-reinforced
Al2O3 insert, VB = 0.3 mm

Vc = 100–400 m/min
f = 0.1, 0.15, 0.2 mm/rev
ap = 0.3 mm

Tool flank wear decreased the surface roughness,
but surface defects were still obvious.

Ginting and
Nouari [60]

Ti-6242S Milling, cutting inserts with textured
patterns on rake face

Vc = 100 m/min
f = 0.15 mm/rev
ap = 2.5 mm

ae = 8.8 mm

Tool flank wear increased significant plastic
deformation and relatively deeper
microstructure alteration.

Axinte et al. [163] Nickel
alloy RR_
X

Turning, uniformly worn and
chipped ceramic tool

Vc = 175–200 m/min
f = 0.15–0.25 mm/rev
ap = 1–2 mm

Tool with chipped cutting edge generated
relatively continuous and thicker white layer
compared with uniformly worn tool.

Zhou et al. [165] Inconel 718 Turning, whisker reinforced
alumina ceramic insert,
VB = 0.15, 0.3 mm

Vc = 300 m/min
f = 0.2 mm/rev
ap = 0.3 mm

Increase of tool wear enlarged the microstructure
alteration thicknesses of machined surface.

Agmell et al. [169] Inconel 718 Orthogonal cutting, Whisker
reinforced alumina ceramic
insert, VBmax = 0.2 mm

V = 100, 200 m/min
f = 0.2 mm/rev

Relative strain of the machined subsurface
generated by worn tool was much larger than
that generated by new tool.

Soo et al. [173] Inconel 718 Turning, new and worn PCBD tools,
VBmax = 0.2 mm

Vc = 200–450 m/min
f = 0.15 mm/rev
ap = 0.2 mm

Worn insert induced higher subsurface residual
stress levels, higher micro hardness and larger
distance extending from machined surface.

Chen et al. [174] Ti6Al4V Orthogonal cutting, uncoated
carbide tools,
VB = 0.03, 0.2 mm

Vc = 320 m/min
f = 0.1 mm/rev
aw = 1 mm

Surface residual stresses became more tensile
with the tool flank wear increasing.

Peng et al. [175] Inconel 718 Turning, whisker reinforced
alumina ceramic insert,
VB = 0.15, 0.3 mm

Vc = 200 m/min
f = 0.2 mm/rev
ap = 0.3 mm

Worn tool produced higher tensile residual stress
near machined surface, higher compressive
residual stress beneath heat affected layer and
deeper peak of compressive stress.
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surface defects could still not be used to predict the actual
residual stress state with any degree of certainty [145].

& The research of tool parameters on machined surface in-
tegrity mainly focuses on turning process, while little
work on the milling process and solid milling tools can
be tracked. Although there are some similarities for the
influence of turning tools and milling tools on the ma-
chined surface integrity, there are still some particularities
for different cutting process that should be pay more at-
tention to. Similarly, the current researches on titanium
and nickel alloys are mainly limited to Ti6Al4V and
Inconel 718 as summarized in Tables 1, 2 and 3. Further
research on machined surface integrity of titanium and
nickel alloys should be carried out based on different com-
ponents or mechanical properties of the workpiece
materials.

Through the review of current relevant literatures, the latest
idea about the research for the influence of tool parameters on
machined surface integrity should consider the requirements
of service performance (e.g. fatigue life) for machined com-
ponents. The characteristics of machined surface integrity (in-
cluding geometrical characteristics, microstructure alteration
and mechanical properties) play important roles on working
performance and service life of components. Components
working under different loading conditions have different de-
mands for the machined surface integrity. The primary task is
to realize which parameter of machined surface is the most
one that determine or influence the component service perfor-
mance. Then the cutting tool parameters can be adjusted to
produce the demanded machined surface quality. It is vital
important to establish the mapping relationships among the
cutting tool parameters, machined surface integrity, and the
service performance of machined components.

9 Conclusions

The quality and service performance of a product is directly
determined by the surface integrity achieved by final
manufacturing process. Surface integrity covers the geometri-
cal characteristics (geometrical morphology, surface roughness
and surface defects, etc.), the microstructure alteration (plastic
deformation layer, grain size and texture, phase transformation,
etc.) and the mechanical properties (the state of residual stress
and micro hardness) of the machined surface. The tool param-
eters including tool structure, tool material and tool wear have
significant influences on the machined surface integrity.

This review paper provides an overview of the effects of
tool parameters on the machined surface integrity during turn-
ing and milling of titanium and nickel alloys. Improvements
of surface integrity of titanium and nickel alloys are
challengeable subjects in the area of manufacture due to their

low machinability. Some specific conclusions drawn in this
review are summarized as following.

& Geometrical characteristics of machined surface are close-
ly related to the tool structures such as tool shape, tool
angles, and cutting edge geometries, etc. Round insert
with large nose radius, negative rake angle and cutting
tools with chamfer, hone or wiper edge can generally low-
er the machined surface roughness. Variable micro-
geometry of cutting edge for inserts and variable helix
angles for solid end milling tools can lower the machined
surface roughness and alleviate the surface defects by sup-
pressing the cutting vibration. Cutting tools with micro
textures fabricated on the rake face or flank face have also
been developed to lower the surface roughness though
improving the friction behavior between tool-chip or
tool-workpiece interfaces.

& Cutting edge geometry has significant influence on the
microstructure alteration of machined surface. Increases
of both chamfer angle and hone radius result in the de-
crease of surface grain size and increase of machined sur-
face micro hardness, and this variation is more insensitive
for chamfered tool than honed tool. Larger tool nose radi-
us generally induces larger plastic deformation depth due
to higher cutting forces.

& Cutting tools with round shape, chamfered cutting edge
and negative rake angle generate primarily compressive
residual stresses. Increase in tool nose radius always re-
sults in deeper tensile and compressive residual stress.
Larger cutting tool edge radius induces a higher hardness
profile into the depth from the machined surface.

& The tool cutting performance is generally improved
through coating treatment, but the machined surface
roughness produced with the coated tools may not be bet-
ter than the uncoated ones due to rougher coating surface
morphology associated with larger cutting edge radius
compared to the uncoated tool. The cutting tools with poor
thermal conductivity generate deeper plastic deformation
and severer microstructural alteration due to the higher
cutting temperature.

& The physical and mechanical properties of cutting tool
materials, especially the thermal conductivity of cutting
tool, play an important role on the residual stress distribu-
tion within the machining affected layer. Cutting tool ma-
terials with lower thermal conductivity tend to cause more
tensile residual stress due to the dominance of thermal
influence. Cutting tool materials with low friction co-
efficient results in lower tool wear rate, and leads to the
alleviation of both thermally and mechanically induced
plastic deformation, as well as the lower micro hardness
of the machined surface.

& The worn flank face of cutting tools plays a similar role of
“wiper” and can lower the machined surface roughness.
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Nevertheless, the tool flank wear cannot alleviate the sur-
face defects due to the greater material plastic deformation
on the machined surface caused by higher cutting temper-
atures and higher cutting forces with worn tools. Through
providing effective resistance to tool wear plowing, plastic
deformation and surface defects such as grooves, ridges
and tearing can be significantly controlled.

& With the tool flank wear increasing, both of plastic deforma-
tion degree and plastic deformation depth of machining af-
fected layer increase, accompanied with more serious mi-
crostructure alteration and phase transformation. In addition,
the residual stresses beneath the machined surface generated
by the worn tools generally become more compressive and
penetrate to a deeper depth. The machined surface produced
with the worn inserts typically exhibits elevated micro hard-
ness levels extending to a deeper affected layer.
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