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a b s t r a c t

Titanium and nickel alloys represent a significant metal portion of the aircraft structural and engine

components. When these critical structural components in aerospace industry are manufactured with the

objective to reach high reliability levels, surface integrity is one of the most relevant parameters used for

evaluating the quality of finish machined surfaces. The residual stresses and surface alteration (white etch

layer and depth of work hardening) induced by machining of titanium alloys and nickel-based alloys are

very critical due to safety and sustainability concerns.

This review paper provides an overview of machining induced surface integrity in titanium and nickel

alloys. There are many different types of surface integrity problems reported in literature, and among

these, residual stresses, white layer and work hardening layers, as well as microstructural alterations can

be studied in order to improve surface qualities of end products. Many parameters affect the surface

quality of workpieces, and cutting speed, feed rate, depth of cut, tool geometry and preparation, tool wear,

and workpiece properties are among the most important ones worth to investigate. Experimental and

empirical studies as well as analytical and Finite Element modeling based approaches are offered in order

to better understand machining induced surface integrity. In the current state-of-the-art however, a

comprehensive and systematic modeling approach based on the process physics and applicable to the

industrial processes is still missing. It is concluded that further modeling studies are needed to create

predictive physics-based models that is in good agreement with reliable experiments, while explaining

the effects of many parameters, for machining of titanium alloys and nickel-based alloys.

& 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The quality and performance of a product is directly related to
surface integrity achieved by final machining. Surface integrity
includes the mechanical properties (residual stresses, hardness
etc.), metallurgical states (phase transformation, microstructure
and related property variations, etc.) of the work material during
processing and topological parameters (surface finish and other
characteristic surface topographical features). When critical struc-
tural components in aerospace industry are machined with the
objective to reach high reliability levels, surface integrity is one of
the most relevant parameters used for evaluating the quality of
machined surface. The residual stresses induced by machining of
titanium alloys and nickel-based alloys are very critical due to
safety and sustainability concerns.

Titanium alloys (e.g. Ti–5Al–2.55n (alpha), Ti–13V–11Cr–3AL
(beta) or Ti–6Al–4V (alpha beta)) offer high strength-to-weight
ratio, high toughness, superb corrosion and creep resistance, and
biocompatibility and are used mainly in aerospace (e.g. jet engine
sections in Fig. 1), gas turbine, rocket, nuclear, chemical vessels and
increasingly in biomedical applications. On the other hand, nickel
alloys (Ni–Co–Cr, Ni–Fe–Cr or Ni–Co–Fe) have the ability to retain
most of their strength even after long exposures to extremely high
temperatures and are the only material of choice for turbine
sections of the jet engines. Nickel alloys are typically available
wrought, forged, cast and in sintered (powder metallurgy) forms
and often used in the hot sections of mission critical components in
jet engines or gas turbine engines. For example, 50% weight of a jet
engine is Inconel-718 (IN-718), a Ni–Fe–Cr alloy. This alloy exhibits
very high strength and high temperature resistance, but it is difficult
to machine this alloy due to these properties, causing low tool life
for the tools to machine it [1]. On the other hand, Inconel 100 (IN-
100), a Ni–Co–Cr superalloy, is used mainly for parts operating at
intermediate temperature regimes, for components such as disks,
spacers and seals. Cast nickel-based alloys are also used for turbine
and compression blades in hot sections of jet engines.

Due to high toughness and work hardening behavior of these
alloys, machining is generally extremely difficult. Several research
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Fig. 1. Cross section of a jet engine (
studies has been reported in literature addressing the issues related
to machining of nickel-based alloys such as rapid tool wear and
undesirable alteration of machined surfaces as workpiece easily
forms a work-hardened layer in response to the machining induced
strain loading on the sub-surface. The low thermal conductivity of
such alloys often leads to increased temperatures at the tool cutting
edge and results in adhesion of workpiece material to the cutting
edge and presence of hard abrasive particles in alloys structure
creating accelerated tool wear. The high localized heat, increased
temperatures, temperature gradients and high pressure induced
stresses also cause microstructure changes creating white-layer/
surface damage within the material in-depth direction and may
cause detrimental effects on the performance of the machined part.
2. 2. Workpiece materials and applications

There are many different workpiece materials mainly used in
aerospace industry that can be grouped into two parts: titanium
and its alloys and nickel-based super alloys.

2.1. Titanium-based alloys

The use of titanium and its alloys has increased recently,
because of their superior properties and improvements in machin-
ability of these alloys. Main strengths of titanium-based alloys are
their low density (nickel-based alloys are twice denser than
titanium-based alloys), high strength at elevated temperatures,
and high corrosion and creep resistance, as well as toughness,
durability, and biological compatibility [2–4].

Different titanium alloys have been used for studies, such as Ti–
6Al–4V (Ti-64) [5–11], Ti–6Al–2Sn–4Zr–2Mo–0.08Si (Ti–6242S)
[12–14], Ti–6Al–2Sn–4Zr–6Mo (Ti–6246) [15], Ti–5.8Al–4Sn–
3.5Zr–0.7Nb–0.5Mo–0.35Si–0.06C (Ti–834) [11,16], Ti–4.5Al–
2Nb–2Mn–0.8%TiB2 (Ti-45-2-2 XD) [17,18], Ti–4.5Al–4.5Mn [19],
Ti–6Al–6V–2Sn (Ti-6-6-2) [20], Ti–5Al–4Mo–2Sn–6Si–2Fe (TA-48)
[21], and Ti–6Al–7Nb [22], as shown in Table 1. The quality of
surface integrity has been identified as one of the most important
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Table 1
Materials, their different alloys and studies appeared in the literature.

Material Alloys References

Titanium Ti-64 Chen et al. [5], Che-Haron and Jawaid [6], Wang et al. [7], Nurul-Amin et al. [8], Sun et al. [9],

Sun and Guo [10], Thomas et al. [11]

Ti-6242S Che-Haron et al. [12], Ginting and Nouari [13], Ginting and Nouari [14]

Ti-6246 Che-Haron [15]

Ti-834 Sridhar et al. [16], Thomas et al. [11]

Ti-45-2-2 XD Mantle and Aspinwall [17], Mantle and Aspinwall [18]

Ti-4.5Al-4.5Mn Zoya and Krishnamurthy [19]

Ti-6-6-2 Kitagawa et al. [20]

TA-48 Nabhani [21]

Ti-6Al-7Nb Cui et al. [22]

Nickel IN-718 Sadat [24], Sadat et al. [25], Ezugwu and Tang [26], Liao and Shiue [27], Derrien and Vigneau [28],

Kitagawa et al. [20], Rahman et al. [29], Ezugwu et al. [30], Darwish [31], Guerville and Vigneau [37],

Li et al. [32], Schlauer et al. [33], Arunachalam et al. [34,35], Coelho et al. [36], Dudzinski et al. [38],

Mitrofanov et al. [39], Sharman et al. [1,40,41], Zhang et al. [42], Axinte et al. [43], Aspinwall et al. [44],

Pawade et al. [45], Uhlmann et al. [46], Outeiro et al. [47], Pawade et al. [48], Courbon et al. [49],

Jemielniak [50], Lorentzon et al. [51], Lu and Guo [52], Pawade et al. [53], Ranganath et al. [54]

NiCr20TiAl Zou et al. [55]

IN-100 Ranganath et al. [56]

IN-738LC Österle and Li [57]

UDIMET 720LI Cui et al. [58], Joshi et al. [59]

Nimonic 75 & 105 Wright and Chow [60]
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issues in titanium machining [6,15,17,18], as it is also one of the
major challenges besides the machinability of the workpieces
[19,23] and wear of the tools [7]. It is observed that compared to
the most famous nickel alloy IN-718, titanium alloy Ti–6Al–6V–2Sn
offered considerably higher machinability and lower temperature
outcomes [20].
2.2. Nickel-based alloys

Nickel-based alloys are also very popular in the industry due to
their advantages over titanium-based alloys. The main strengths of
the nickel-based alloys are being heat-resistant, retaining their
high mechanical and chemical properties at high temperatures, and
having high melting temperatures, high corrosion resistance, as
well as resistance to thermal fatigue, thermal shock, creep, and
erosion [2–4]. Among nickel-based alloys, IN-718 is the most
widely used alloy and because of that it has been studied
extensively for the analysis of surface integrity, residual stress
and machinability [1,20,26–54]. The machining studies are not
limited to IN-718 include other nickel-based alloys. Surface
damage on the NiCr20TiAl nickel-based alloy during turning
processes were reported [55]. Another nickel-based alloy IN-100
was the material used in the finite element analysis of white layer
formation [56], while another study used In-738LC in order to
observe white layer formation experimentally [57]. Researchers
worked with another nickel-based alloy UDIMET 720LI on the
microstructure and yield strength of the material as well as residual
stresses, hardness profiles, and surface roughness during milling
[58,59], and Nimonic 75 & 105 alloys for their thermal and
mechanical responses to turning process [60].
2.3. Aerospace and power industries

In aerospace industry, the materials mostly used are nickel and
titanium, and their alloys, instead of steel [61], and when steel is
used, it is generally austenitic stainless steel [3]. They have better
strength at low and high temperatures, they are more resistant to
wear and chemical degradation, which make them favorable.
However, their poor thermal properties also prevent from produ-
cing good surface results at elevated temperatures due to deforma-
tion and friction induced heat and microstructural changes, which
is why improving their surface integrity properties during machin-
ing is important.

It is reported that nickel-based alloys compose over half of the
materials used in the aerospace industry, and aero engines utilize
IN-718 material greatly [34]. These alloys are under constant
improvement for better strength and surface integrity. For exam-
ple, UDIMET 720LI, a nickel-base superalloy widely used in aero-
space industry, with addition of Co–Ti to the composition might
make this alloy become more useful for the aerospace industry, by
increased yield strength and potentially better surface quality [58].
The significant challenges faced are that Nickel-based heat-resis-
tant alloys have low thermal conductivity that increases the
thermal effects during machining, they often exhibit work-hard-
ening behavior, high adhesion characteristic onto the tool face
altering process parameters completely, may contain hard abrasive
particles and carbides that create excessive tool wear, and hence
the surface quality of the end products can be disappointing [43].

On the other hand, titanium alloys such as Ti-45-2-2 XD [17,18]
and Ti-6242S [13] are known to be widely used in aerospace
materials such as compressor and turbine blades. The strength-to-
weight ratio that titanium alloys has to offer, as well as their
strength in corrosion resistance and high strength under high
temperature conditions make these alloys very attractive for the
aerospace industry [9]. The aircrafts of the near future are
considered to use excessive amounts of carbon fiber compounds
that utilize titanium and its alloys, especially if the machinability
and productivity of these alloys can be increased via studies on
their properties and the interactions between those and tool
materials [11].

Consequently, the aerospace industry generally benefits from
the superior material properties of titanium and nickel materials
and their alloys instead of steel materials, especially their high
mechanical and thermal resistances and thermal conductivity, as
well as the lightweight of titanium.
2.4. Biomedical industry

The use of various materials such as polymers, metals, ceramics,
and composites in biomedical devices has been widespread [62].
Within these materials, the use of titanium alloys, nickel alloys,
nickel–titanium alloys, and composites are heavily investigated. In
particular, nickel–titanium alloys have attracted research interest
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in this area, because of their superelasticity and shape memory
properties, and their compatibility in terms of bioactivity [63]. The
release of the nickel ion was found to be very toxic, so coating types
were studied in order to restrain this release and improve the
biomimetic surface [64]. The biocompatibility of these materials
were studied, and when a coating layer that consists of octacalcium
phosphate and hydroxyapatite was applied to the material, the
biocompatibility of the material was found to improve due to
increasing cytokine release and the increase in the number of
adherent cells to the material [64].

A titanium-based alloy, Ti–6Al–7Nb was investigated in order to
find its high temperature deformation behavior [22], and research-
ers found that during hot deformation of Ti–6Al–7Nb at around
750–850 1C and at low strain rates, dynamic recrystallization of the
a-phase was observed. When they increased both the temperature
and the strain rate, however, the material showed a flow localiza-
tion and dynamic recovery in b-phase [22]. The use of Nb as the
b-stabilizer instead of vanadium was due to the fact that Vanadium
is a toxic material that cannot be allowed in biomedical devices.

The nickel–titanium alloys based on Nitinol (NiTi) is also widely
used because of their shape memory property. Machining these
alloys was found to be very difficult, owing to their high ductility
and work hardening behavior [65]. It was suggested that for these
materials, the tool wear is high whether the feed rate and cutting
speed are high or low, so increasing the material removal rate while
taking care of the surface quality by rapid tool changing was
recommended [65]. Micro-milling was proposed as a favorable
method to machine these materials, and using a minimum quantity
of lubrication was suggested for increased surface quality [66].
When micro-milling at V¼33 m/min, f¼6–30 mm/tooth, DoC¼

10–100 mm, and width of cut¼250 mm, where V is the cutting
speed, f is the feed rate, and DoC is the depth of cut, a high feed rate
and a relatively high width of cut were found to form better chips,
which extended tool life and enhanced the workpiece quality [66].
Tool coating was suggested rather than using uncoated tools, but
multi-layer TiCN/TiAlN or TiCN/TiN coated cemented carbide tools
were found to provide better results compared to PCD or CBN tools
in turning and drilling processes in terms of workpiece quality and
tool costs [67].

These types of materials can be extremely useful for the
biomedical industry, because of their improved properties. They
can be used in biomedical devices such as stents, dental implants,
orthopedic implants, and other devices, and their high biocompat-
ibility with the human body is a significant concern.
3. Surface integrity

Surface conditions of a manufacturing/machining metal part
directly influence the processing and end use of that part. These
influences can be categorized as (a) frictional and wear behavior at
the interfaces of bodies in contact, (b) effectiveness and control of
lubrication during processing (forging, stamping, rolling) and in
end use (bearing, shafts, all rotating and moving elements), (c)
appearance and the role of the surface in subsequent surface
finishing operations (cleaning, coating, or surface treating), (d)
initiation of surface cracks and residual stresses that influence
fatigue life and corrosion properties [68], and (e) heat transfer and
electrical conductivity between two bodies contacting each other.

A typical of the surface of metals includes a contaminated thin
layer (1–10 nm), an oxidation layer (10–100 nm) followed by a
work-hardened layer whose thickness depends on material pro-
cessing conditions and the environment. Unless the metal is
processed and kept in an inert (oxygen free) environment, or it
is a noble metal, an oxide layer usually develops on top of the work-
hardened or amorphous layer [69]. At microscale the surface layer
of a manufactured part is not smooth and may show various
different features: microcracks, craters, folds, laps, seams, inclu-
sions, plastic deformation, residual stresses, oxide layer, metallur-
gical transformations (heat affected zone, decarburization, recast
layer, phase transformations, alloy depletion). The surface layer
characteristics that can change through processing include plastic
deformation, residual stresses, cracks, hardness, overaging, phase
changes, recrystallization, intergranular attack, and hydrogen
embrittlement. When a machining process is applied, the surface
layer sustains local plastic deformation.

The surface integrity of the final part is crucial in machining
processes. In most applications, having the smoothest possible
surface is desired, especially when the fatigue life of a machined
part is important [70]. However, in some cases, having a rougher
surface can be preferred. These cases generally occur in the
biomedical field [63].

Machining processes induce and affect various surface integrity
attributes on the finished parts. These can be grouped as: (a)
topography characteristics such as textures, waviness and surface
roughness, (b) mechanical properties affected such as residual
stresses and hardness, and (c) metallurgical state such as micro-
structure, phase transformation, grain size and shape, inclusions etc.
These alterations of surface are considered in five groups to mechan-
ical, thermal, metallurgical, chemical, and electrical properties [71].

There are many studies on the issue of surface integrity of
machined parts, and an extensive review of such studies has
already been done [3,4]. However, this study includes a review
of various surface integrity problems with the effect of many
cutting parameters, using titanium and nickel alloys and many
different tool materials.
3.1. Surface defects

There are many forms of surface defects reported in the
literature. As depicted in Figs. 2–5, main forms are surface drag,
material pull-out/cracking, feed marks, adhered material particles,
tearing surface, chip layer formation, debris of microchips, surface
plucking, deformed grains, surface cavities, slip zones, laps (mate-
rial folded onto the surface), and lay patterns [1,14,17,38,43,45,
48,54,55,71]. It has been reported that when the thermal softening
of the material is increased, compressive stresses also increase and
such surface flaws clear out of the machined surface, as well as
enabling the workpiece near-surface to reconstruct itself easily
[45]. These types of defects were observed by different researchers
in many different nickel- and titanium-alloys such as NiCr20TiAl
[55], IN-718 [1,38,45,48,54], RR_x powder based nickel alloy [43]
Ti-6242S [14] and Ti-64 [6].

The cutting parameters can affect these defects to some degree.
Feed marks are effective in machining, but their severity can be
altered by varying and optimizing the feed rate [14]. Cutting speed
values can affect the amount of microchip debris on the surface,
and material plucking, tearing, dragging, and smearing can be
affected by depth of cut among other parameters [14]. During
machining of nickel and titanium alloys, such problems can be
problematic, so optimizing the cutting conditions is essential [55].

There are many surface defects that can be found in machining
processes, especially when investigated in micron precisions.
The main surface defects are considered to be feed marks, chip
redeposition to the surface, and grain deformations, since these are
the ones in the biggest scale among the surface defects. Also,
plucking of particles from the surface and their redeposition to the
surface create two different defects, whereas these particles can
also cause dragging and tearing defects on the next pass from the
surface. Adjusting cutting parameters according to these defects is
very hard, and even then, a complete elimination is not possible.



Fig. 2. Surface damages in machining of nickel- and titanium-based alloys: (a) Metallographical microstructure of NiCr20TiAl after turning at V¼60 m/min, f¼0.15 mm/rev

and DoC¼1 mm [55], (b) lay pattern after dry milling Ti-6242S at V¼125 m/min, f¼0.2 mm/tooth, DoC¼2.5 mm [14], (c) metal debris after turning IN-718 at V¼125 m/min,

f¼0.05 mm/rev, and DoC¼0.5 mm [45], and (d) smeared material and feed marks after turning IN-718 at V¼125 m/min, f¼0.1 mm/rev, and DoC¼0.75 mm [45].

Fig. 3. Surface defects in turning IN-718 with V¼40–120 m/min, f¼ 0.15–0.25 mm/rev, DoC¼0.25 mm: microstructural deformations in (a) new tool and (b) worn tool,

(c) carbide cracking in the deformed layer, and (d) surface tearing and cavities [1].
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Many workpiece materials include carbide particles in their
structure. Also, many coating materials involve some carbide in
them. As the tool wears, and the workpiece is machined, these
carbide particles are sometimes removed from the machined
surface or the tool and get stuck on the workpiece surface [55].
This phenomenon is called carbide cracking, and it causes a sudden
increase in the shear stress during cutting that leads to surface
cavities due to plucking. This process causes residual cavities and
cracks to be formed inside the machined surface, causing even
further problems.
Titanium and nickel alloys are both prone to carbide cracking
where the existence of crack locations make the fatigue life of the
material to decrease substantially [54]. These materials are
strengthened by carbides such as titanium carbide (TiC0 and
niobium carbide (NbC). When feed rates and depth of cut values
lower than 50 mm are used to observe the possibility of good
surface roughness, the carbide particles from these strengthening
pieces were observed to crack from the surface and be smeared to
another part of the workpiece material to create surface integrity
problems. Since the sizes of these carbide particles were also found



Fig. 4. (a) Feed marks (V¼475 m/min, f¼0.05 mm/rev, DoC¼0.5 mm) and (b) adhered chip particles (V¼475 m/min, f¼0.1 mm, DoC¼1 mm) after high speed turning of

IN-718 [48].

Fig. 5. Surface tearing mechanism in machining of Ti-6242S [14].
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to be around 20 mm, comparable to the feed rate and depth of cut
values (Fig. 6). Carbide particles as shown in Fig. 3c are considered
to be unable to deform, which makes them to be removed
completely at once, leaving cavities behind, as well as causing
high oscillations in forces [1,55]. Hence, taking these possibilities in
account and planning the machining accordingly is extremely
important.

As a result, carbide cracking can be a serious problem in terms of
micro-scale surface integrity. Especially when the depth of cut and
feed values are very small, the carbide particle sizes become too
close to a concerning level that carbide cracking might gain
significant importance in the surface of the end product.
3.2. Microstructural alterations

During the machining operations, the workpiece material is
exposed to thermal, mechanical, and chemical energy that can lead
to strain aging and recrystallization of the material. Due to the strain
aging process, the material might become harder but less ductile, and
recrystallization might cause the material to become less hard but
more ductile. These thermal (high temperature and rapid quenching)
and mechanical (high stress and strain) effects are the main reasons
for the microstructural alterations in the material, as well as phase
transformations and plastic deformations [72].

Studies on Ti-64 and Ti-6246 showed that a very thin layer of
plastic deformation was formed in the immediate sub-surface of
the workpiece, and as the tool wears out, plastic deformation and
subsequently the thickness of the deformed layer increased, due to
microstructural alterations [1,6,15]. The depth of these micro-
structural alterations beneath the surface has been observed to
increase when the cutting speed and feed rate are increased [1,14],
and also prolonged machining with worn tools was found to
increase microstructural alterations to the material in the form
of severe plastic deformation and thicker ‘disturbed’ layer on the
machined surface [15]. As shown in Fig. 7, the microstructure can
be bent or strained up to 10 mm depth after end milling IN-718 at
V¼90 m/min, f¼0.2 mm/tooth, and DoC¼0.5 mm [44]. Turning
IN-718 at V¼40–120 m/min, f¼0.15–0.25 mm/rev, DoC¼0.25 mm
is also found to deform the grain boundaries in the direction of
machining (Fig. 8) [40], and increases in feed rate or tool wear were
related to increasing microstructural alterations [1]. Fig. 9 also
shows the amount of microstructural alterations in Ti-6242S alloy
(a) before machining and (b) after milling at V¼100 m/min,
f¼0.15 mm/tooth, and DoC¼2 mm [14].

It is believed that these microstructural alterations can lead to
white layer formation when strain aging is dominant, and when
recrystallization is also observed, another layer of darker imagery
under optical microscope that has a hardness value in between the
white layer and the bulk material can be observed, which has been
studied extensively for steel materials [73].
3.2.1. White layer formation

After the workpiece is machined, the surface exhibits different
behavior than the interior of the bulk material. The microstructural
alterations, thermomechanical processing in the material, phase
changes (martensitic transformation and rapid cooling), and
adhesion of chip particles cause the surface layer to exhibit
different material behavior, which is generally harder than the
bulk workpiece and which appears white under optical micro-
scope, hence it is called the ‘white layer’. It is sometimes accom-
panied by a ‘dark layer’ which exhibits material properties that are
in between the white layer and the bulk workpiece material, and
these layers are highly unpredictable. Sometimes, observing white
layer formation is good for the application, but in many other
applications, due to safety concerns, it is important to prevent its
occurrence or at least predict how it would affect the end product,
or remove it using post-processing techniques. White layer gen-
erally possesses fine grains, in some cases a nanocrystalline
structure, it is harder than the bulk material but also it is brittle,
while easing the crack development and propagation in the
material [74], and it can also affect other measures of surface
quality and the fatigue strength of the end product [75]. White
layer was found to be 15% harder than the bulk material in IN-718,
and polishing this type of zone of heavy localized deformation was



Fig. 6. How carbide particles can affect the surface quality: (a) carbide cracking, (b) dragging, (c) smearing, and (d) distributing marks on the machined surface of turned

IN-718 [54].

Fig. 7. Microstructural alterations in feed direction after end milling IN-718 at V¼90 m/min, f¼0.2 mm/tooth, and DoC¼0.5 mm [44].

Fig. 8. Microstructural deformations of turned IN-718 at V¼40–120 m/min, f¼0.15–0.25 mm/rev, DoC¼0.25 mm with (a) new tool and (b) worn tool [40].
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found to decrease the thickness of this type of layer from 40 to
7–10 mm, while not changing its hardness [76].

Many research studies have been conducted to investigate white
layer formation in turning of hardened steels [77–81]. According to
their observations, white layers were results of high temperature
gradients, plastic deformation, and flank wear land rubbing [75,78,82].
It is also believed that a quenching mechanism of rapid heating and
cooling is very effective on creation of white and dark layers above the
bulk material, as shown in Fig. 10. This quenching mechanism
transforms the surface material from austenitic to martensitic struc-
ture, which plays the most important role in white layer formation
[79]. However, it is also proven that in the absence of temperatures
high enough to allow phase transformations, white layer formation
still takes place, meaning that mechanical effects also play role in
white layer formation.

The formation of white layers in machining titanium and nickel
alloys is studied less extensively by researchers, although there are
some valuable studies that contribute to surface integrity. It is



Fig. 9. Microstructural alterations in Ti-6242S after milling at V¼100 m/min, f¼0.15 mm/tooth, and DoC¼2mm (a) at the beginning of machining and (b) after the tool wear

of VB¼0.3 mm [14].

Fig. 10. Layers created after hard turning of steel [78].

Fig. 11. Layers created after grinding IN-738LC [57].
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claimed that especially under abusive machining conditions, a
harder, or sometimes even softer white layer can be produced
during machining titanium alloys [72,83]. Österle and Li [57] studied
the white layer formation in grinding IN-738LC at V¼20 m/s (Fig. 11),
and claimed that rapid heating to the melting temperature (local
melting of material) and subsequent quenching, as well as severe
plastic deformation were the causes of this layer, which appeared
in grey contrast in their pictures. They resemble this kind of white
layer formation to a viscous fluid smearing over the machined
surface, as the nanocrystalline structure of the white layer was
found to have different size (50–100 nm diameter) equiaxed grains.
It is also suggested that continuous dressing in grinding helped
decrease the depth of the white layer formed on the surface. This
white layer might cause microcracks to occur, which was suggested
to be removed by subsequent fine grinding of the material.

In another study in turning of the nickel-based alloy RR_x that is
obtained via powder metallurgy route at the cutting conditions of
V¼175–200 m/min, f¼0.15–0.25 mm/rev, and DoC¼1–2 mm,
researchers found that white layer formation is the result of heat
concentration at the immediate sub-surface section of the material
due to machining conditions, and the low thermal conductivity of
the nickel alloy RR_x enhance this effect [43]. Their findings
showed that the observed white layer formation was only a few
hundred nanometers deep into the surface, and no plastic defor-
mation or microstructural alteration was observed other than this
layer, at the initial stages of machining (Fig. 12). Che-Haron and
Jawaid [6] claimed the opposite in their study on turning Ti-64 at
V¼45–100 m/min, f¼0.25–0.35 mm/rev, and DoC¼2 mm that the
plastic deformation and microstructural alterations were observed
at the end of the machining, and these deformations were believed
to be the reason of white layer formation, while agreeing that at the
initial stages of machining, no plastic deformation was observed.
The thickness of such a layer was claimed to be less than 0.01 mm,
even after dry machining at conventional cutting conditions for
both Ti-6246 [15] and Ti-64 [6].
The white layer formation has been investigated from various
points of view in the literature, and the main point agreed on is that
white layer exhibits a smaller grain size than the bulk material and
it is formed as a result of many different processes. These effects
include plastic deformation, chemical reactions, high temperature
gradients, rapid heating and cooling (quenching effect), thermal
softening, mechanical effects, phase transformations, and micro-
structural alterations. These effects occur due to many parameters
such as the cutting speed, feedrate, depth of cut, thermal con-
ductivity of the tool and the workpiece, thus it is a complex
phenomenon that needs special attention. It is known that the
white layer thickness on the surface of the material is around
10–20 mm, so the measurement and validation of this property is
difficult, which is the main reason of many different and contra-
dicting findings appeared in the literature.
3.2.2. Plastic deformation

The main threats to surface integrity come from the plastic
deformation of the workpiece during the machining process, and it
is essential to study the effects of these deformations. It is known that
these deformations are caused and/or supported by many parameters
such as cutting parameters (cutting speed, feed, depth of cut), tool
parameters (rake angle, edge radius, shape, coating, wear), and
workpiece parameters (material, grain size). Many research studies
have been conducted to find the main cause of the plastic deforma-
tions on the workpiece. It has been shown that as the tool wears, the
plastic deformation on the workpiece increases during machining of
titanium alloys Ti-64 and Ti-6246, which contributes in creation of
white layers [6,15]. Also in machining nickel-alloy IN-718, it was
found that although no significant plastic deformation was observed
after 1 min of turning at V¼32–56 m/min, f¼0.13–0.25 mm/rev,
DoC¼1,2 mm, prolonged machining of 15 min showed severe plastic
deformation at the immediate sub-surface of the material [30]
(Fig. 13). Localized heating (thermal effects) and high stresses due



Fig. 12. White layers created after turning nickel-based alloy RR_x with (a) uniformly worn and (b) chipped ceramic tool at V¼175–200 m/min, f¼0.15–0.25 mm/rev,

DoC¼1–2 mm [43].

Fig. 13. Plastic deformation of surface layer of IN-718 after turning at V¼32–56 m/min, f¼0.13–0.25 mm/rev, and DoC¼1, 2 mm for (a) 1 minute and (b) 15 min [30].

Fig. 14. Plastic deformation in the form of intense slip bands in milling (a) Ti-64 and (b) Ti-834 at V¼200 m/min, f¼0.05 mm/tooth, DoC¼1 mm [11].
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to increased forces (mechanical effects) are considered in combina-
tion for this change between the initial and the later stages of
machining. The deformations and slip in the grain boundaries and
elongation of grains indicate this severe plastic deformation, and the
wear of the tool is the major reason in these deformations [30].

Occurrence of plastic deformation is not generally considered a
problem itself as a surface integrity problem. It is also hard to measure
or observe because it mainly occurs in the sub-surface of the material
in a very short time and in a very narrow region of workpiece material.
The main problem plastic deformation is known to cause is hardening
of the surface of the workpiece because of excessive plastic strain and
also residual stresses. It is found that both thermal and mechanical
effects are significant in plastic deformations. It is believed that for
facing IN-718 at V¼225 m/min, f¼0.15 mm/rev, mechanical effects
are more dominant in plastic deformations closer to the surface by
hardening the material, whereas thermal effects become more domi-
nant in softening as it is deeper into the material [35]. In machining
gamma-titanium aluminide, plastic deformation was found to be
below 20 mm under the surface while milling at V¼70–120 m/min,
f¼0.06–0.12 mm/tooth, DoC¼0.1–0.5 mm [18], but with milling
Ti-64 and Ti-834 alloys at V¼200 m/min, f¼0.05 mm/tooth, and
DoC¼1 mm, it was found to be around 30–50 mm [11]. As shown in
Fig. 14, the plastic deformation in these cases were explained to be
due to dislocation slip of the alpha phase [11]. Also with increasing
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tool wear, plastic deformation increases, especially at lower cutting
speeds such as 40 m/min [1] (Fig. 15). This can be explained by the fact
that with increasing tool wear, the tool-workpiece contact area is
increased due to reduced clearance angle on the tool, which creates
more rubbing of the workpiece surface [41]. Very narrow regions of
plastic deformations were observed in most cases [9], which show
that plastic deformation is not the only factor for low surface qualities.
It was shown that cutting conditions and tool wear are important
factors on the plastic deformation of immediate sub-surfaces of
machined parts after dry milling Ti-6242S at V¼100–125 m/min,
f¼0.15–0.2 mm/tooth, and DoC¼2–2.5 mm, and high pressure due to
machining at high temperatures is the main cause of plastic deforma-
tion [14]. Increasing the cutting speed from 100 to 125 m/min and the
feed rate from 0.15 to 0.2 mm/tooth increased the amount of plastic
deformation, and when the tool wear increased from initial condition
to VB¼0.3 mm, the alteration of the microstructure was observed to be
deeper [14]. On the contrary, it was shown by Sadat et al. [25] that
when turning IN-718 at V¼0.2–1.61 m/s, DoC¼0.028 mm, increasing
the cutting speed decreased the depth of plastic deformation.

3.3. Work hardening layer formation and microhardness

Workpiece surfaces are usually created by successive machin-
ing passes such as roughing, semi-finishing, and finishing. The
characteristics of the machined surface layer created by the
Fig. 15. Effects of machining parameters on the depth of microstructural deformation

in turning IN-718 at V¼40–120 m/min, f¼0.15–0.25 mm/rev, DoC¼0.25 mm [1].

Fig. 16. Microhardness profiles through the depth of IN-718 after turning at V¼500

chamfer) [36].
proceeding machining passes may have significant influence on
the machining performance of the subsequent machining passes.
This influence becomes more important for materials that exhibit
high work-hardening behavior such as nickel alloys [52]. Work-
piece easily forms a work-hardened layer in response to the
machining induced deformations on the sub-surface. This is mainly
due to work-hardening tendency of nickel alloys under excessive
strain loading, creating a highly hardened surface layer and making
it extremely difficult for the sequential cuts. Depth of cut in
sequential cuts should be kept greater than the work-hardened
layer which presents a difficult problem for industrial applications
[52,84]. To overcome this problem, it is reported that continuously
varying depth of cut helps improve machining nickel-based alloy
RR_x [43].

The hardness of the material after being machined has been
found to be greater on the surface of the material than through the
depth of the material, where the heat and strain effects are
neutralized for the bulk of the material. This is an evidence of
work hardening during machining and a compressive layer [36].
These types of microhardness changes are also related to surface
integrity issues, and have been studied by many researchers. Fig. 16
shows the microhardness profiles of IN-718 after turning at
V¼500 m/min, f¼0.1 mm/rev, DoC¼0.35 mm [36], and the drop
from a higher surface hardness to a lower bulk material hardness is
explained by the compressive layer due to work hardening of the
material during machining. Fig. 17 shows the microhardness
profiles of IN-718 after turning at V¼40–120 m/min and
f¼0.15–0.25 mm/rev [1,40].

In machining superplastic materials such as IN-718, the work
hardening behavior and the degree (or depth) of work hardening
were reported mainly as signs of plastic deformation [48]. Accord-
ing to Pawade et al. [48], increasing cutting speed and depth of cut
were found to decrease the depth of work hardening in turning
IN-718 at V¼125–475 m/min, f¼0.05–0.15 mm/rev, DoC¼0.5–1 mm,
whereas increasing feed rate was claimed to increase the depth of work
hardening (Fig. 18). For these materials, the hardening behavior is
found to be mostly dependent on the grain size, and the flow softening
is found to be mostly due to dynamic recovery, cavitation formation,
grain refinement, and dynamic precipitation [42]. Another study on
UDIMET 720 nickel alloy also showed that the microhardness of the
material decreased from a maximum of 580 HV to 450 HV from the
surface layer to a millimeter through the bulk material (Fig. 19), which
can be the sign of creation of a ‘‘machining-affected zone’’ [59]. This
machining-affected zone was depicted on turned Inconel-718 by
Pawade et al. [48] at V¼125–475 m/min, f¼0.05–0.15 mm/rev,
and DoC¼0.5–1 mm (Fig. 20). Ezugwu and Tang [26] and Ezugwu
et al. [30] also studied the effect of too wear on the microhardness
profile when turning IN-718 at V¼152 m/min, f¼0.125 mm/rev, and
m/min, f¼0.1 mm/rev, and DoC¼0.35 mm (C: commercial chamfer, M: modified



Fig. 17. Microhardness profiles through the depth of the material after turning IN-718 at V¼40–120 m/min, f¼0.15–0.25 mm/rev, and DoC¼0.25 mm [1,40].

Fig. 18. Effect of all cutting parameters on the degree of work hardening in turning IN-718 at V¼125–475 m/min, f¼0.05–0.15 mm/rev, and DoC¼0.5–1 mm [48].
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DoC¼2 mm, and at V¼32–56 m/min, f¼0.13–0.25 mm/rev, DoC¼

1–2 mm respectively, and found that at the start of machining, after 1
minute and after 3 min, microhardness decreases from surface to the
depth of material (Figs. 21 and 22). They also found that, when the tool
wear increases, the hardness of the material increases as well, due to
the hardening process while turning (Figs. 21 and 22). Ezugwu et al.’s
[30] study reveals that increasing feed rate and depth of cut in their
work increased the microhardness of the material at both surface
and sub-surface locations, as well as the depth of work-hardened
zone (Fig. 22).
Also in turning Ti-64 at V¼45–100 m/min, f¼0.25–0.35 mm/rev,
DoC¼2 mm, Che-Haron and Jawaid [6] found similar results to the
ones for IN-718. They showed that in the surface of turned Ti-64 at
V¼100 m/min, f¼0.25–0.35 mm/rev, and DoC¼2 mm, microhard-
ness values are higher (�420 HV) than at the bulk material level
(�340 HV), which they explain to be due to the work-hardening
effect on the surface and the over-ageing of the sub-surface of
the material due to very high cutting temperature (Fig. 23). They
found that increasing the cutting speed created higher hardness
values , while increasing the feed rate had a minimal effect [6].



Fig. 19. The hardness profile of milled UDIMET 720 at V¼11–56 m/min, f¼0.056–0.1 mm/tooth, and DoC¼0.25–0.75 mm [59].

Fig. 20. The hardness profiles of turned IN-718 at V¼125–475 m/min, f¼0.05–0.15 mm/rev, and DoC¼0.5–1 mm [48].

Fig. 21. Hardness dependence for tool wear on turned IN-718 (a) at the start of cutting, (b) after 1 min of cutting, and (c) after 3 min of cutting, at V¼152 m/min, f¼0.125 mm/

rev, and DoC¼2 mm [26].
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Similar results were found for another titanium-based alloy
Ti-6246 elsewhere [15] (Fig. 24). Sun and Guo [10]’s study for
Ti-64 is for milling at V¼65–110 m/min, f¼0.06–0.14 mm/tooth,
and DoC¼1.5 mm (Fig. 25), and they showed that surface hardness
can go up to �1450 HK (25 g) while the bulk hardness is �900 HK
(25 g).

Experiments on gamma-titanium aluminide for both turning at
V¼10–25 m/min, f¼0.05–0.1 mm/rev, and DoC¼0.3–0.7 mm [17]
(Fig. 26) and at V¼300 m/min, f¼0.05 mm, and DoC¼0.1 mm [85]
(Fig. 27) as well as milling at V¼70–120 m/min, f¼0.06–0.12
mm/tooth, and DoC¼0.1–0.5 mm [18] indicate that the surface of
the machined material can become up to 40% harder than the bulk
material. Ginting and Nouari [14] examined Ti-6242S alloy in their
study and showed that 50 mm deep into the machined surface, the
hardness of the material drops to around 320–330 HV100 compared to
the bulk material hardness of 354 HV100, which is followed by an
increased hardness at 200 mm depth into the machined surface to
�370–390 HV100, and hardness value is decreased to bulk material



Fig. 22. Microhardness profiles through the depth of the material after turning IN-718 at V¼32–56 m/min, f¼0.13–0.25 mm/rev, and DoC¼1–2 mm [30].

Fig. 23. The hardness profiles of turned Ti-64 at V¼100 m/min, f¼0.25–0.35 mm/rev,

and DoC¼2 mm [6].
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level at �300–350 mm deep into the machined surface (Figs. 28 and
29). They studied this pattern for dry milling of Ti-6242S under
V¼100–125 m/min, f¼0.15–0.2 mm/tooth, DoC¼2 mm for both
uncoated carbide tools (Fig. 28) and multi-layer CVD-coated carbide
tools (Fig. 29). However, their measurements do not show any depth
level below 50 mm, which is the estimated location of most severe
work hardening. They believe that the thermal softening effect up to
100 mm depth is greater than the work-hardening effect, which is the
reason for lower hardness values, and after that depth, the thermal
softening effect becomes lower than work-hardening effect, which is
the main reason for the higher hardness values [14]. They show that the
recrystallization structure at those depths into the machined surface
also support the conjecture that hardening of the material is directly
related to grain sizes. Their findings indicate that when the operating
conditions are at their lightest (V¼100 m/min, f¼0.15 mm/tooth),
the peak values for both low hardness and high hardness locations
are closer to the bulk material hardness, whereas the most severe
machining conditions (V¼125 m/min, f¼0.2 mm/tooth) show the
most diversion from the bulk material hardness value at the
peak points. While machining shape memory alloys based on NiTi
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(a-NiTi), researchers found similar patterns of increased hardness
at the surface at V¼5–160 m/min, f¼0.05–0.2 mm/rev, and DoC¼5
mm (Fig. 30) [65].

These studies show that both turning and milling processes can
create a harder level on the surface of the machined material, which
can lead to a work hardening layer or a white layer to form. Both
titanium-based and nickel-based materials exhibit similar patterns
of higher hardness on the surface.

3.4. Surface roughness

There are many methods to quantify the surface integrity of a
part, and the most widely used method is the surface roughness. It
Fig. 25. Microhardness profile of milled Ti-64 at V¼65–110 m/min, f¼0.06–

0.14 mm/tooth, and DoC¼1.5 mm [10].

Fig. 26. Microhardness profile of gamma-titanium aluminide after milling at

Fig. 24. The hardness profile of turned Ti-6246 at V¼45–100 m/min, f¼0.25–

0.35 mm/rev, DoC¼2 mm [15].
is considered to be the primary indicator of the quality of the
surface finish, and reported by many scholars. In titanium and
nickel alloys, traditional machining processes have been insuffi-
cient to generate surface roughness values low enough to suffice for
the end product, so generally post-processing techniques such as
laser shock peening or ball burnishing are used.

The temperatures created during high-speed machining (end-
milling and turning) of IN-718 and titanium alloy 6Al–6V–2Sn were
found to play a major role in tool wear, which is a significant factor
in surface roughness of materials [1,20]. The built-up layer that is
formed on the tool flank face can push the tool off from its original
route to increase the roughness [18], and the cutting parameters
V¼70–120 m/min, f¼0.06–0.12 mm/tooth, and DoC¼0.1–0.5 mm [17].

Fig. 28. Microhardness profiles for dry milling Ti-6242S under V¼100–125 m/min,

f¼0.15–0.2 mm/tooth, DoC¼2 mm with uncoated carbide tool [14].

Fig. 27. Microhardness profile of g-TiAl when turning under V¼300 m/min,

f¼0.05 mm, DoC¼0.1 mm [85].



Fig. 30. Microhardness profile of a-NiTi when drilling under V¼5, 60, 160 m/min,

f¼0.05, 0.1, 0.2 mm, and DoC¼5 mm [65].

Fig. 31. Surface roughness values when turning Ti-64 with V¼45–100 m/min,

f¼0.35 mm/rev, and DoC¼2 mm [6,15].

Fig. 29. Microhardness profiles for dry milling Ti-6242S under V¼100–125 m/min,

f¼0.15–0.2 mm/tooth, DoC¼2 mm with a multi-layer CVD-coated alloyed carbide

tool [14].
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are also very effective on the changes in surface roughness [59]. The
researchers have reported that cutting speed [1,6,14,10,15], feed
rate [1,10,31] and depth of cut [10,31] are effective to some degree
in increasing surface roughness, but mainly with increasing cutting
speed, surface roughness increases for both Ti-6246 [15] and Ti-64
[6,8,10]. Also, the tool parameters such as tool insert shape, the
cutting edge parameters, insert rake type, the nose radius, and the
coolant selection also affect the surface roughness values [35].
According to this study, round inserts create better surface finish
due to their longer contact length than square inserts, and honed
edges also create better surfaces because of their rounded edge
preventing the tool insert from excessive chipping [35]. Positive
rakes, bigger nose radii, and use of coolant also improved the
surface finish in turning age hardened IN-718 with coated carbide
tools at V¼60 m/min, f¼0.1 mm/rev, and DoC¼0.5 mm [35].
Coelho et al. [36] reported that surface roughness values below
500 nm was possible to achieve if IN-718 is turned at V¼500 m/
min, f¼0.1 mm/rev, and DoC¼0.35 mm, by using a modified tool
edge of round-shaped PCBN and Ceramic tools, while the tool wear
is expected to be very rapid under these conditions.

When the tool is fresh, the surface roughness values are found to
be higher than with slightly used tools, and the tool wear close to its
half-life resulted in slightly decreased surface roughness values
than its fresher times. This effect can be considered as the ‘warming
up’ of the tool material, because when the tool is first used, there
can be micron-level sharp edges or peaks at its surface that can be
trimmed out to create a smoother, or at least a better fit contact
surface with the workpiece. When approaching its half-life, the tool
is more fit to the workpiece that the surface roughness values
decrease. However, after the half-life, the tool starts wearing even
more, and this causes anomalies in the tool-workpiece contact
surface, which increases the surface roughness values significantly
[6,15].

According to the researchers, the surface roughness values
while turning Ti-64 at f¼0.35 mm/rev and DoC¼2 mm at tool life
increases when the cutting speed is increased from 45 to 100 m/
min gradually [6,15] (Fig. 31). Same material showed similar
behavior when milled at V¼40–160 m/min, f¼0.1 mm/tooth,
and DoC¼1 mm as well [8]. Their results were for uncoated carbide
and PCD tools and the two tool options resulted similarly in terms
of surface roughness, while PCD tools were found to be slightly
more advantageous (Fig. 32). Feed rate was declared to be the most
dominant parameter to affect the surface roughness in machining
IN-718 at V¼32,125 m/min, f¼0.075–0.6 mm/rev, and DoC¼0.5,2
mm, and as feed increased, surface quality lowered [31]. Also,
turning of IN-718 at V¼32–56 m/min, f¼0.13–0.25 mm/rev, and
DoC¼1–2 mm agreed that increasing the feed from 0.13 to
0.25 mm/rev results in significant deterioration of surface, leading
to higher surface roughness measurements [30]. Joshi et al. [59]
comment in the same direction for another nickel-based alloy
UDIMET 720 after milling at V¼11, 56 m/min, f¼0.056–0.1 mm/
tooth, and DoC¼0.25 mm that increasing the feed rate made the
surface rougher. Ginting and Nouari [14] agree furthermore for
milling a titanium-based alloy Ti-6242S that increasing feed from
0.15 to 0.2 mm/tooth at V¼100–125, DoC¼2–2.5 mm increases
surface roughness. Also, some researchers found that for some
materials and conditions when the depth of cut was increased,
surface quality lowered again [31], whereas other researchers
disagreed by showing that for other materials and cutting condi-
tions, depth of cut does not have a significant effect on surface
roughness [14].

These effects are reported to be due to thermal and mechanical
cycling, microstructural transformations, and mechanical and
thermal deformations during machining processes [86]. The effects



Fig. 32. Average surface roughness values for changing cutting speed for Ti-64 at V¼40–160 m/min, f¼0.1 mm/tooth, DoC¼1 mm [8].
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of parameters can vary from material to material. According to
Yang and Liu [72], the integrity of surface can be investigated under
a few separate topics that are interrelated, such as the residual
stresses, metallurgical alterations, and alterations to mechanical
properties of the workpiece material. All of these effects will be
effective on the roughness of the surface of the end product, so they
need to be included in the analysis of the process.

In a general sense, it has been found by many researchers in
different areas and for many different materials and cutting
conditions that cutting speed and feed parameters adversely affect
the surface roughness. However, when the process material
removal rate decreases by either decreasing the feed rate or the
cutting speed, or both, the surface quality of the part was observed
to be better, and the surface roughness values decreased.
3.5. Residual stresses

After machining processes, the workpiece material is released of
the thermomechanical load on top of it due to the machining, but
not all of the energy can be retrieved. Some of it is spent to plastic
deformation, which causes the material to exhibit some stresses,
especially at its free ends: the surface. These stresses that remain in
the material after the loading is removed are called residual
stresses [4]. They are considered to be due to mainly tensile plastic
deformation in the sub-surface of the workpiece material and
thermal effects at the surface due to cutting and tool conditions
[38,87]. These residual stresses present potential risk in terms of
crack initiation, propagation and fatigue failure of end products,
and it is necessary to remove tensile surface residual stresses or
prevent them from occurring during machining processes. There
are many researchers working on the methods of prediction and
prevention of residual stresses.

The residual stresses are hard to measure, and it is also hard to
model this phenomenon, which creates diversity in the results
found in the literature. Many researchers claim that surface
residual stresses are tensile [34,35,40,43,88–90]; while some claim
they are compressive [18,91–92]. The existence and degree of
compressive peak residual stresses are also not agreed upon
[40,86,89,91], as well as the depth where residual stresses are
leveled [18,40,86]. The effects of cutting parameters and tool
parameters [86,88,93–97] are also argued, and different results
can be found in the literature.

These different results can be due to different workpiece
materials and cutting conditions used as well as the differences
in tool parameters. As these studies conclude, residual stress is a
very important issue to deal within machining steel, titanium and
nickel workpieces. It is mostly found that residual stresses are more
tensile at the surface of the workpiece and it becomes compressive
as the depth of the workpiece increases to around 50 mm. Then,
after approximately 300 mm, the residual stresses diminish. The
layer that exhibits tensile residual stresses can be related to white
layer formation and the compressive residual stresses after 50 mm
can be related to dark layer formation, but further study is needed
to explore this possibility. It is the general observance that an
increase in feed rate makes the residual stresses more tensile at the
surface, as shown in Figs. 33 and 34 [10,40,48] and more com-
pressive in the peak compressive depth, especially at higher cutting
speeds [16], where the peak residual stresses might become less
compressive with increasing feed in lower cutting speeds [16].
Outeiro et al. [47] found that if coated tools were used, the surface
residual stresses became less tensile, while the peak compressive
residual stresses increased in the compressive direction, as well as
occurring at a deeper level (Fig. 35).

Also, some researchers have found for both turning nickel
alloy IN-718 at V¼40 m/min, f¼0.15–0.25 mm/rev, DoC¼0.25 mm
[40], and at V¼125–475 m/min, f¼0.05–0.15 mm/rev, and DoC¼

0.5–1 mm [48] and milling titanium alloy Ti-834 at V¼11–56 m/min,
f¼0.056–0.1 mm/tooth, DoC¼0.25–2 mm [16] that with increasing
cutting speed, tensile residual stresses tend to become more com-
pressive. Sun and Guo [10] also claim for milling Ti-64 at V¼

50–110 m/min, f¼0.08–0.14 mm/tooth, DoC¼2 mm that with
increasing cutting speed, surface residual stresses became more
compressive. However, findings of Schlauer et al. [33] (Fig. 36), Sadat
[24] (Fig. 37), Sadat et al. [25] (Fig. 38) for turning, Arunachalam et al.
[35] (Fig. 39) for facing, Derrien and Vigneau [28] and Guerville and
Vigneau [37] for dry milling (Fig. 40) and point milling (Fig. 41) IN-718
under various different conditions suggest that the surface residual
stresses are more tensile with increasing speed. Moreover, Mantle and
Aspinwall [18]found that compressive stresses decreased when the
cutting speed was increased in milling gamma-titanium aluminide at
V¼70–120 m/min, f¼0.06–0.12 mm/tooth, DoC¼0.1–0.5 mm.

On the other hand, increasing depth of cut is said to decrease
compressive residual stresses in milling titanium alloy Ti-834 at
V¼11–56 m/min, f¼0.056–0.1 mm/tooth, DoC¼0.25–2 mm [16]
and in facing age-hardened IN-718 at V¼150–450 m/min, f¼0.15
mm/rev, DoC¼0.5 mm [35], while it is said to increase compressive
residual stresses in turning IN-718 at V¼125–475 m/min, f¼0.05–
0.15 mm/rev, and DoC¼0.5–1 mm [48]. In addition, cutting edge
geometry is known to affect the compressive/tensile behavior
and the magnitude of residual stresses (Fig. 42), and the addi-
tional ploughing due to the honed radius compared to chamfered



Fig. 34. Residual stress changes with feed rate and cutting speed in end milling of

Ti-64 with coated carbide tools at V¼50–110 m/min, f¼0.06–0.14 mm/tooth, and

DoC¼1.5 mm [10].

Fig. 35. Residual stress profile of IN-718 after turning at V¼70 m/min, f¼0.2 mm,

and DoC¼0.5 mm [47].

Fig. 33. Residual profiles of (a) new and (b) worn tools while turning IN-718 at V¼40 m/min, f¼0.15–0.25 mm/rev, DoC¼0.25 mm [40].

D. Ulutan, T. Ozel / International Journal of Machine Tools & Manufacture 51 (2011) 250–280266
tools is said to increase the compressive nature of residual stresses
[48]. The effect of the tool chamfer edge geometry on residual
stress is also studied by Coelho et al. [36] for turning IN-718 at
V¼500m/min, f¼0.1 mm/rev, DoC¼0.35 mm, where the tool cut-
ting edge preparation was modified and it has been shown to
slightly change the measured residual stresses (Fig. 43).

It is also known that with increasing tool wear, tensile residual
stresses in the surface of IN-718 during turning increase at V¼

40–120 m/min, f¼0.15–0.25 mm/rev, DoC¼0.25 mm [40], and at
V¼40–80 m/min, f¼0.35 mm/rev, DoC¼0.25 mm [41]. This is
considered to be happening mainly due to the increase in plastic
deformation as well as the rubbing effect causing a friction induced
temperature rise. Fig. 44 also shows another study for turning Ti-64
at V¼320 m/min, f¼0.1 mm/rev, DoC¼1 mm , which suggests that
as the flank wear increases, the surface residual stresses become
more tensile due to increased temperature, the peak compressive
residual stresses become slightly less compressive, and the residual
stresses deep into the material become tensile rather than com-
pressive as well [5]. Fig. 45 shows the study of Aspinwall et al. [44]
for milling IN-718, and they showed that when tool wears, surface
residual stresses tend to become tensile, while the peak compres-
sive residual stresses do not change consistently. However, the
affected layer of the material has become much deeper with
increasing tool wear. Fig. 46 is from the same study of Aspinwall



Fig. 36. Residual stress profile after turning IN-718 at f¼0.06 mm/rev and (a) 10 m/min, (b) 410 m/min, (c) 810 m/min cutting speed (depth of cut not specified) [33].

Fig. 37. Residual stress profile of IN-718 after turning at V¼0.11–1 m/s, and

f¼0.11 mm/rev (depth of cut not specified) [24].

Fig. 38. Residual stress profile of IN-718 after turning at V¼0.2–1.61 m/s, and

DoC¼0.028 mm (feed rate not specified) [25].

Fig. 39. Change of residual stresses with cutting speed for facing IN-718 at V¼150–

375 m/min, f¼0.15 mm/rev, DoC¼0.5 mm [35]

Fig. 40. Residual stress profile of IN-718 after dry milling at V¼16–200 m/min,

f¼0.04 mm/tooth, and DoC¼0.5 mm [28,37,38].
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et al. [44], where they show the effect of cutter orientation and
workpiece tilt angle as well as tool wear on the residual stresses,
and they depicted that by changing the cutter orientation or the
workpiece tilt angle, without changing the working parameters, it
is possible to change the residual stresses from tensile to com-
pressive, or alter the magnitude of the residual stresses.

As the tool starts from its fresh state, there might be some time
needed for it to adjust its contact points according to the machining
process and the workpiece, so relatively higher surface roughness
and tensile surface residual stresses can be observed. However,
after the initial warming up period at the fresh start, and especially
after its predefined half-life, the tool wear becomes an important
aspect of the surface quality, and residual stresses become more
tensile at the surface and white layers become more visible as well,
owing to the increasing plastic deformation and temperature
gradients during machining.
3.6. Summary of surface integrity findings and trends

All of the work reviewed in this paper is summarized in Figs. 47,
48 and 49 together with remarks about this specific work in Table 2,
3 and 4 respectively. The major findings from work reviewed are
given as trends in those figures.

The researchers have reported that increasing the cutting speed
created higher hardness values as shown in Fig. 47 while increasing
Fig. 41. Residual stress profile of IN-718 after point milling at V¼18–200 m/min,

f¼0.08 mm/tooth, and DoC¼0.2 mm [28,37,38].

Fig. 42. Illustration for the effect of tool geometry
the feed rate had a minimal effect on the microhardness profile on
the machined surface as shown in Fig. 48.

The researchers also reported that cutting speed, feed rate and
depth of cut are effective to some degree in increasing surface
roughness as depicted in Figs. 47 and 49, respectively. But mainly
with increasing cutting speed, surface roughness increases as
shown in Fig. 47.

Feed rate was declared to be the most dominant parameter to
affect the surface roughness in machining IN-718 and as feed
increased, surface quality lowered (Fig. 48).

Also, some researchers found that for some materials and
conditions when the depth of cut was increased, surface quality
lowered again (see Fig. 49), whereas other researchers disagreed by
showing that for other materials and cutting conditions, depth of
cut does not have a significant effect on surface roughness.

It is the general observance that increases in depth of cut and
feed rate have some effect on making the residual stresses more
on residual stresses in machining IN-718 [48].

Fig. 44. Effect of flank wear on residual stresses after turning Ti-64 at V¼320 m/min,

f¼0.1 mm/rev, DoC¼1 mm [5].

Fig. 43. Residual stresses after turning IN-718 at V¼70–500 m/min, f¼0.1 mm/rev,

and DoC¼0.35 mm with different edge preparation chamfered cutting tools

(C: commercial chamfer, M: modified chamfer) [36].



Fig. 45. Residual stress profile after ball end milling IN-718 at V¼90 m/min, f¼0.2 mm/tooth, and DoC¼0.5 mm [44].

Fig. 46. Change of residual stresses with cutter orientation/workpiece tilt angle, and between new and worn tools for IN-718 at V¼90 m/min, f¼0.2 mm/tooth, and

DoC¼0.5 mm [44].

Fig. 47. Effects of cutting speed (V) on surface quality measures (see Table 2 for

reference information).
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tensile at the surface and more compressive in the peak compres-
sive depth, especially at higher cutting speeds , where the peak
residual stresses might become less compressive with increasing
feed in lower cutting speeds as shown in Fig. 48. Also, some
researchers have found for both nickel alloy IN-718 and titanium
alloy IMI-834 that with increasing cutting speed, tensile residual
stresses tend to become more compressive (Fig. 47).
4. Methods of analysis and investigation of machining-induced
surface integrity

4.1. Experimental surface integrity analysis

There have been many scholars conducting experiments in order
to measure different means of surface integrity such as surface
roughness, microhardness, and residual stresses, and their outcomes
have been very useful for analytical or FEM-based analysis methods of
analysis as well. These experiments may not provide answers on their
own, but it is not always possible to outline the effect of every possible
case via experimentation, or it is too expensive and time-consuming
to do so. However, the outcomes of these experiments can be used in
order to validate and compare the findings via analytical or FEM-
based predictions. They can also be useful in order to constitute the
basis of the experimental modeling and empirical studies, since these
studies are based on the exact data in order to find the relationship
coefficients between the input and the output parameters.

The surface integrity analysis techniques are generally dedi-
cated to analyzing the surface of the workpiece in order to find out



Fig. 48. Effect of feed rate (f) on surface quality measures (see Table 3 for reference

information).

Fig. 49. Effect of depth of cut (DoC) on surface quality measures (see Table 4 for

reference information).
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the structure of the end product, utilizing tools such as profil-
ometers and optical microscopes. These devices can provide
information about the topological structure of the surface, which
forms the basis to understand the outcomes of the experiments.

Optical microscopes are used to acquire the images of the micro-
specimen. The digitized image is then manipulated through threshold
adjustments in order to differentiate between the white and dark
layers as well as the bulk material [11,14,78]. This eliminates the
gradual changes between layers, but enables observers to differenti-
ate between the layers and calculate the layer depths.

Surface profilometer, white-light interferometry, and other
techniques are also used to achieve 3-D images of the surface
after machining [14]. Vickers method microhardness measurement
is often used in order to obtain sub-surface alterations to the
workpiece material, and microstructural etching by a fluid reagent
in order to measure the microstructural alterations.

These experimental studies also focused on the residual stresses
and white layer formations on the workpiece material. The residual
stresses are measured to instigate from tensile region, become
compressive after a depth called the tensile layer, and then level out
at around 200–400 mm depth into the workpiece [93]. Sometimes,
they do not undergo a transition from tensile to compressive,
though, and it can be observed that the residual stresses start from
tensile and level out as tensile stresses [75]. These measurements of
residual stress are often done by utilizing X-ray diffraction and
electropolishing techniques [87,96], and residual stresses can be
observed even in the absence of phase transformations and
microstructural alterations, which separates it from white layer
formation. X-ray diffraction is a non-destructive analytical mea-
surement technique used to investigate the crystalline structure,
grain size and orientation, and strain of materials using an X-ray
beam. On the other hand, electropolishing is a method to remove
surface material from metallic surfaces and polishing the surface
without altering the residual stresses at any level, so that sub-
surface residual stress measurement can be done without inac-
curacies caused by post-machining.

Three different methods can be used in order to understand
the white layer formation in the machined surfaces: scanning
electron microscopy [74,75,82,98,99], X-ray diffraction [79,80], and
Mössbauer Spectrometry [79]. Using these techniques, researchers
found out that there are austenitic and martensitic structures within
the surface white layer, which shows that phase transformations
happen during the formation of white layers [79]. X-ray diffraction
method is also used for residual stress measurements.

Axinte et al. [43] have studied the surface integrity of nickel-
based alloys obtained via powder metallurgy means. They utilized
rough and finish turning operations on nickel-based alloy work-
pieces and examined the results for surface integrity and residual
stresses. They found out that the adhesive characteristic of the
material results in redeposition of the workpiece material after it is
machined to create a much rougher surface than it should have
been (Fig. 50). They resulted from these experiments that varying
depth of cut values in successive passes for this type of new
technology material is the optimum solution to the machinability
problem, since these differences in depths of cut prevents rede-
position of workpiece material onto the workpiece itself to some
extent.

The experimental results show that it is very hard to measure
the residual stresses, which can be observed from the fact that
the results differ between the findings of researchers. The general
idea is that there are some tensile residual stresses or very low
compressive residual stresses at the surface of the machined
workpiece, which become compressive after some depth, and
make a peak at a depth that can be classified as the ‘peak depth’
or ‘tensile layer depth’, and then level after some depth through the
bulk material. Experimental studies on white layer formation are
more decisive on the knowledge that increases in cutting speed
result in decreasing white layer thicknesses.
4.2. Experimental modeling and empirical techniques

Many researchers try to find empirical relationships between
the input and output parameters directly by using experimental
results, since analytical solutions are often difficult to formulate,
and FEM-based solutions might take time. Especially residual
stresses and surface roughness values are experimented for a
few cutting conditions, then empirical equations are found out
using the result of these experiments with the input parameters
being a combination of cutting speed, feed, depth of cut, tool
properties and workpiece properties most of the time. These
studies are not based on analytical realizations, but they provide
a good knowledge about the possible outcomes of similar cutting
conditions with similar tool and workpiece materials.

Most researchers have utilized empirical solutions in order to
predict the residual stresses [16,87,95,100], surface roughness [86],
and white layer thickness [99], as well as the yield strength of and
plastic strain on the workpiece material [48]. The effects of cutting



Table 2
Material, process, and parameter information for Fig. 47.

Reference Work material Tool material Process Parameters Remarks

Sadat [24] IN-718 Carbide g¼101 Turning V¼0.11–1 m/s Peak tensile residual stresses increased with

increasing cutting speedf¼0.11 mm/rev

Sadat et al. [25] IN-718 Ceramic g¼51 Turning V¼0.2–1.61 m/s Peak tensile residual stresses increased with

increasing cutting speedDoC¼0.028 mm

Derrien and Vigneau

[28]

IN-718 Uncoated

carbide

Dry milling V¼16,200 m/min Increasing the cutting speed from 16 to 200 m/

min increased immediate sub-surface tensile

residual stress from 400 to 1400 MPa, and

eliminated the 100 mm depth peak compressive

residual stress

f¼0.04 mm/tooth

DoC¼0.5 mm

Zoya and

Krishnamurthy [19]

Ti–4.5Al–4.5Mn PCBN Turning V¼150–350 m/min Increasing the cutting speed from 150 to 350 m/

min increased surface roughness from 0.3 to

0.4 mm

f¼0.05 mm/rev

DoC¼0.5 mm

Che-Haron [15] Ti–6Al–2Sn–

4Zr–6Mo (380

HBS)

Uncoated

carbide (1760

HNV) g¼�61

Turning V¼45–100 m/min Due to increasing tool wear, when cutting speed

is increased, surface roughness increases as well.

Also, higher microhardness values were

recorded for higher cutting speed

f¼0.25–0.35 mm/rev

DoC¼2 mm

Mantle and

Aspinwall [18]

g-TiAl Uncoated

carbide

Milling V¼70–120 m/min Increasing the cutting speed decreased the

amount of compressive residual stresses

observed

f¼0.06–0.12 mm/rev

DoC¼0.2–0.5 mm

Schlauer [33] IN-718

(annealed and

aged)

Uncoated

carbide, 201

chamfered

Turning V¼10,410,810 m/min Increasing cutting speed from 10 to 410 and

810 m/min changed compressive surface

residual stresses to tensile, as well as increasing

peak compressive residual stresses

f¼0.01,0.06,0.11 mm

Guerville and

Vigneau [37]

IN-718 Uncoated

carbide

Point milling V¼18,200 m/min Increasing the cutting speed from 18 to 200

increased surface tensile residual stress from

250 to 750 MPa, and the peak compressive

residual stress from 200 to 450 MPa

f¼0.08 mm/tooth

DoC¼0.2 mm

Sridhar et al. [16] Ti-IMI 834 Coated carbide

(TiN)

Milling V¼11.56 m/min When the cutting speed was increased from 11

to 56 m/min, the peak residual stresses

decreased at low f and DoC, but increased at high

f and DoC

f¼0.056,0.1 mm/tooth

DoC¼0.25,2 mm

Arunachalam et al.

[35]

IN-718 (36 HRC) CBN and mixed

ceramic

Facing V¼150–450 m/min Increase in cutting speed changed residual

stresses from compressive (-100MPa) to tensile

(500MPa), and increased surface roughness

f¼0.15 mm/rev

DoC¼0.05–0.5 mm

Sharman et al. [1] IN-718 (38 HRC) Coated carbide

g¼91 (TiCN/

Al2O3/

TiN)Uncoated

carbide g¼71

Turning V¼40–120 m/min At the higher cutting speeds, they observed that

the maximum tensile residual stress was

increased

f¼0.15–0.25 mm/rev

DoC¼0.25 mm

Che-Haron and

Jawaid [6]

Ti-64 (250–300

HBS)

Uncoated

carbide (1760

HNV) g¼�61

Turning V¼45–100 m/min Due to higher tool wear, increasing cutting speed

increases surface roughness. Also, higher

microhardness values were recorded for higher

cutting speed

f¼0.25–0.35 mm/rev

DoC¼2 mm

Sharman et al. [40] IN-718 Coated carbide

g¼7–91 (TiCN/

Al2O3/TiN)

Turning V¼40–120 m/min Increasing the cutting speed from 40 to 80 and

120 m/min decreased the surface tensile

residual stresses from �600 to �200 MPa for

the same conditions

f¼0.15–0.25 mm/rev

DoC¼0.25 mm

Nurul-Amin et al. [8] Ti-64 Uncoated

Carbide and PCD

End milling V¼40–160,120–250 m/

min

For both uncoated carbide and PCD tools,

increasing the cutting speed from 40 to 160 and

from 120 to 250, respectively, increased surface

roughness

f¼0.1 mm/tooth

DoC¼1 mm

Pawade et al. [48] IN-718 PCBN Turning V¼125,300,475 m/min A small increase in tensile residual stresses

observed when V increased from 125 to 300 m/

min, but a significant change from tensile to

compressive residual stresses observed when V

increased to 475 m/min

f¼0.05,0.1,0.15 mm/rev

DoC¼0.5,0.75,1 mm

Ginting and Nouari

[14]

Ti-6242S Uncoated and

coated carbide

(TiN, TiC, TiCN)

Milling V¼100–125 m/min Increasing the cutting speed increases the

observed surface roughness with uncoated tools,

but decreases slightly with coated tools

f¼0.15–0.2 mm/tooth

DoC¼2–2.5 mm

Sun and Guo [10] Ti-64 Coated carbide

(TiAlN)

End milling V¼50–110 m/min Increasing cutting speed gradually from 50 to

110 m/min in 15 m/min increments increased

surface roughness in cutting direction from

�0.6 Ra to �0.8–0.9 Ra, as well as increasing the

compressive residual stresses from �150 to

�300 MPa

f¼0.06–0.14 mm/tooth

DoC¼1.5 mm
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speed, feed rate, tool nose radius, workpiece properties, and depth of
cut are mainly investigated, but virtually any affecting factor can be
outlined in these types of studies. The results can also be found with
analytical predictions, and the predictions that are not in good
enough agreement can be approximated to the experimental data
using correction coefficients, so that the effects of cutting parameters
can be observed more easily [87]. Different approximation techni-
ques such as least squares estimation can be utilized in these models,
and although generally first order linear or second-order models are
used, any type of equation can be created and the one that gives the
best approximation can be chosen. Pawade et al.[48] used cutting
conditions in order to predict the yield strength of the material, as



Table 3
Material, process, and parameter information for Fig. 48.

Reference Work material Tool material Process Parameters Remarks

Ezugwu et al. [30] IN-718 Coated carbide (TiN

and TiN/TiCN//TiN

PVD-coated, TiC/

Al2O3/TiN CVD-

coated)

Turning V¼32–56 m/min Increasing feed rate from 0.13

to 0.25 mm/rev increases

surface roughness

significantly, as well as the

microhardness at the surface

f¼0.13, 0.25 mm/rev

d¼1.2 mm

Darwish [31] IN-718 Ceramic and CBN Turning V¼32.125 m/min Higher the feed rate, the lower

the surface qualityf¼0.075–0.6 mm/rev

d¼0.5,2 mm

Che-Haron [15] Ti–6Al–2Sn–

4Zr–6Mo (380

HBS)

Uncoated carbide

(1760 HNV) g¼�61

Turning V¼45–100 m/min Minimal increment in

microhardness was observed

with increasing feed

f¼0.25–0.35 mm/rev

DoC¼2 mm

Sridhar et al. [16] Ti-IMI 834 Coated carbide (TiN) Milling V¼11–56 m/min At low speed (11 m/min),

increasing feed reduced sub-

surface compressive residual

stresses, at high speed (56 m/

min), increasing feed increased

sub-surface compressive

residual stresses

f¼0.056–0.1 mm/tooth

d¼0.25–2 mm

Sharman et al. [1] IN-718 (38 HRC) Coated carbide g¼91

(TiCN/Al2O3/TiN)

Uncoated carbide

g¼71

Turning V¼40–120 m/min Lower feed rates resulted in

lower tensile surface residual

stress

f¼0.15–0.25 mm/rev

DoC¼0.25 mm

Che-Haron and

Jawaid [6]

Ti-64 (250–300

HBS)

Uncoated carbide

(1760 HNV) g¼�61

Turning V¼45–100 m/min Minimal increment in

microhardness was observed

with increasing feed

f¼0.25–0.35 mm/rev

DoC¼2 mm

Sharman et al. [40] IN-718 Coated carbide (TiCN/

Al2O3/TiN) g¼7–91

Turning V¼40–120 m/min Lower feed rates resulted in

lower tensile surface residual

stress

f¼0.15–

0.25 mm/rev

d¼0.25 mm

Joshi et al. [59] UDIMET 720 Milling V¼11,56 m/min Increasing feed rate increases

surface roughnessf¼0.056–0.1 mm/tooth

DoC¼0.25 mm

Pawade et al. [48] IN-718 PCBN Turning V¼125,300,475 m/min Tensile residual stresses

increased with increasing feed,

while also increasing

microhardness values at the

surface

f¼0.05,0.1,0.15 mm/rev

DoC¼0.5,0.75,1 mm

Ginting and Nouari

[14]

Ti-6242S Uncoated and coated

carbide (TiN, TiC, TiCN)

Milling V¼100–125 m/min Increasing the feed increases

the surface roughness under

all cutting conditions

f¼0.15–0.2 mm/tooth

d¼2–2.5 mm

Sun and Guo [10] Ti-64 Coated carbide (TiAlN) End milling V¼50–110 m/min Increasing feed tensile residual

stresses at surface increasedf¼0.06–0.14 mm/tooth

d¼1.5 mm
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well as the strain applied during machining. Sridhar et al.’s [16]
findings for titanium-based alloy Ti-834 were based on a linear
equation that relate residual stresses (s) to cutting speed (V), feed (f),
and depth of cut (d) as follows:

s¼ b0þb1vþb2f þb3d ð1Þ

Here, bi’s are coefficients of the equation. Then, they added interactive
terms to this equation that enabled them to find similar patterns of
residual stress with different models:

s¼ b0þb1vþb2f þb3dþb4vf þb5vdþb6fdþb7vfd ð2Þ

A similar pattern of empirical equation was also utilized by Joshi
et al. [59] for nickel-based alloy UDIMET 720, but they found
residual stresses in milling direction (sm) as well as normal to
milling direction (sn), surface roughness (Ra), and shear residual
stress (tmn):

sm ¼ a1þa2vþa3f þa4dþa5vf þa6fdþa7vdþa8vfd

sn ¼ b1þb2vþb3f þb4dþb5vf þb6fdþb7vdþb8vfd

Ra ¼ c1þc2vþc3f þc4dþc5vf þc6fdþc7vdþc8vfd

tmn ¼ d1þd2vþd3f þd4dþd5vf þd6fdþd7vdþd8vfd ð3Þ

Here, ai’s, bi’s, ci’s, and di’s are the coefficients of the empirical
equation to be determined. Another similar study was also
reported by Subhas et al. [101] for IN-718 where they modeled
linear and interactive terms of cutting speed, feed, depth of cut, tool
nose radius, and rake angle, and their output variables were
circumferential and longitudinal residual stresses, tool life, surface
roughness and dimensional instability, summarized in one variable
y, where the input parameters are xi’s:

y¼ b0þ
X5

i ¼ 1

bixiþ
X5

i ¼ 1

X5

j ¼ 1

bijxixj ð4Þ

Pawade et al. [45] also contributed to this type of studies by
representing the surface roughness of machined IN-718 in terms of
cutting speed, feed rate, and the Young’s Modulus of the material,
since they found that the depth of cut had a minimal effect, whereas
the cutting speed dominated the effect on the surface roughness.
The reason to use these different models, though, is because the
simplest equations do not fit the data in good accuracy, whereas
when the equation involves more complex terms, it becomes closer
to experimental findings [99]. Similar equations were observed in
studies by researchers investigating the effects of machining steel
parts. Axinte and Dewes [86] included the workpiece angle and
cutting length in the analysis for milling AISI H13 steel and El-Axir
[100]studied the residual stress profile with increasing depth
beneath the machined surface of steel, aluminum, and brass parts



Table 4
Material, process, and parameter information for Fig. 49.

Reference Work material Tool material Process Parameters Remarks

Ezugwu et al. [30] IN-718 Coated carbide (TiN

and TiN/TiCN//TiN

PVD-coated, TiC/

Al2O3/TiN CVD-

coated)

Turning V¼32–56 m/min Microhardness values at the surface

increased slightly with increasing

depth of cut

f¼0.13, 0.25 mm/

rev

d¼1, 2mm

Darwish [31] IN-718 Ceramic and CBN Turning V¼32,125 m/min As depth of cut increased, surface

quality decreasedf¼0.075–0.6 mm/

rev

d¼0.5,2 mm

Sridhar et al. [16] Ti-IMI 834 Coated carbide (TiN) Milling V¼11–56 m/min The compressive magnitude of

residual stresses decreased when

depth of cut was increased

f¼0.056–0.1 mm/

tooth

d¼0.25–2 mm

Arunachalam et al.

[35]

IN-718 (36 HRC) CBN and mixed

ceramic

Facing V¼150–450 m/min With increasing depth of cut,

residual stresses become less

compressive at 5 mm from the

periphery and more tensile at

25 mm from the periphery

f¼0.15 mm/rev

DoC¼0.05–0.5 mm

Pawade et al. [48] IN-718 PCBN Turning V¼125, 300, 475 m/

min

As depth of cut increased, residual

stresses change from tensile to

compressive. Also, higher depth of

cut resulted in significantly higher

microhardness at the surface

f¼0.05, 0.1,

0.15 mm/rev

DoC¼0.5, 0.75,

1 mm

Sun and Guo [10] Ti-64 Coated carbide

(TiAlN)

End milling V¼50–110 m/min Surface of the material became

rougher when the depth of cut

increased due to increased overlap

between cutting paths

f¼0.06–0.14 mm/

tooth

d¼1.5 mm

Fig. 50. Meshed profile of the surface [43].
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using the cutting speed, feed rate, and the tensile strength of the
material. Capello [95] proposed a regression equation with inputs
feed rate (f), tool nose radius (r) and entrance angle (w) to find the
residual stresses (sr) on the UNI-ISO Fe370, C45, and 39NiCrMo3
steels, where ki’s are empirical equation coefficients:

sr ¼ 1000log k1f k2 f k3

� �
�k4w ð5Þ

Moreover, Shi et al. [99] expressed the white layer thickness (tw)
as a linear equation with input parameters of coolant existence (Cl),
flank wear (Vb), cutting speed (U), rake angle (g), tool nose radius
(R), feed rate (f), tool thermal conductivity (Ktl) in turning AISI
52100 steel:

tw ¼ b0þb1C1þb2Vbþb3Uþb4gþb5Rþb6f þb7Ktlþe ð6Þ

They found that this equation did not satisfactorily capture the
relationship between the input parameters and the white layer
thickness. So, they proposed a linear equation with square root
transformation where white layer thickness was denoted as tw,
and another model with second-order terms, where white layer
thickness is shown with y and input parameters with xi’s:

t1=2
w ¼ b0þb1C1þb2V1=2

b
þb3U1=2þb4g1=2þb5R1=2þb6f 1=2þb7K1=2

tl
þe

y¼ b0þ
X7

i ¼ 1

bixiþ
X3

i ¼ 2

biix
2
i þ

X7

i ¼ 1

X7

j ¼ 1

bijxixjþe ð7Þ

The general finding of these studies is that depending on the
experiments, the output parameters can be found to depend
heavily or slightly on the input parameters, but the only general
consensus is that the cutting speed and feed rate are the most
effective parameters on residual stresses and surface roughness.
These methods generally provide the ability to model the processes
that cannot be measured or analytically predicted easily, the
processes that are generally seen as ‘black boxes’. The researchers
have tried to model the residual stresses and white layer thick-
nesses according to the process parameters and tool geometry and
wear, as well as workpiece material properties, and found some
relations in terms of these parameters and coefficients they found
through experimentation. However, these methods do not provide
physical means of explanation to the processes and the results,
which is the missing part of these findings. Thus, some researchers
sought better means of physical explanation using analytical and
FEM-based methods.

4.3. Analytical modeling techniques

Among all types of methods of analysis, analytical form is the
most difficult method to achieve, since there are many unknowns
to the processes, and these unknowns need to be solved either by
the help of other methods, or through assumptions. When a large
number of assumptions are made, the researcher faces the threat of
becoming distant from modeling what is actually happening during
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the process, and when these assumptions are withheld, modeling
becomes harder. However, due to the fact that these methods are
more physics-based rather than experimental modeling, they can
reflect the actual physical phenomenon better than the other
methods. Hence, other than the issue about assumptions, these
methods are the closest a researcher can get to the solution of the
actual problem.

The analytical formulations of surface integrity parameters such
as residual stress, surface roughness, hardness and white layer
depth are only common for steel materials, and not very wide-
spread for nickel and titanium alloys. However, the information
gathered from the analytical formulations for steel materials can be
used as a guideline to investigate the analytical solutions for nickel
and titanium alloys. There is a scarcity of studies in the analytical
formulation of nickel and titanium alloys, so using the methods
that are well-established for steel materials can be the starting
point. Therefore, analytical models offered for steel surface integ-
rity studies will be briefly discussed here.

Chou and Evans [78] proposed a thermal model that relates the
critical temperature penetration depth to dimensionless white
layer depth, resulting in the white layer depth prediction, given
that the penetration depth is known accurately. They validated
their model with experimental results for hard turning AISI 52100
steel. However, this model has many assumptions in it that these
assumptions make the case far away from the real case, and the
accuracy of the prediction of white layer depth is also compro-
mised. Assuming that the flank wear is constant, they suggested
that the white layer thickness (zcr) is only a function of cutting
speed (V), where VB is the average flank wear land width:

2zcr

VB
¼ Function of cutting speed, V ð8Þ

Chou and Song [102] developed this thermal model with less
assumptions and showed that rake face temperatures, hence the
temperature on the grid in general, increase with cutting speed and
feed rate, but decrease with depth of cut. Since the temperature has
a great effect on surface integrity of the end product, including the
white layer formation and residual stresses, predicting the tem-
peratures or accurately measuring them, and knowing how they
would be with changing process parameters is crucial. They started
with prediction of forces applied on the workpiece:

F ¼ f r,a0,i,c,Ac ,Kn,Kf ,y,L
� �

ð9Þ

In this function, F is the cutting force array, r is the tool nose
radius, a0 is the nominal rake angle, i is the inclination angle, c is the
tool chamfer angle, Ac is the uncut chip area, Kn and Kf are specific
normal and frictional pressures, y is the angle variable that
determines the location of the cutting edge, and L is the contact
length between tool and the workpiece. Then, they continued with
a thermal model that includes shear plane and rake face heat
sources:

T ¼ f T0,Q ,k,ls,lr ,f,a,V ,w,hy
� �

ð10Þ

Here, T0 is the room temperature, Q is the heat flux, k is the thermal
conductivity of the workpiece, ls is the shear plane length, lr is the
tool-chip contact length,f is the shear angle,a is the rake angle, V is
the cutting speed, w is the thermal diffusivity, and hy is the uncut
chip thickness.

They utilized these models in order to predict the white layer
thickness, although they did not supply formulation for this part.

Ulutan et al. [89] also created an analytical elasto-plastic model
in order to predict the residual stresses in machining for any
material, and verified their results with experimental measure-
ments from AISI 52100 steel. Their model is based on a finite
difference analysis using the cutting forces and the temperature
grid for chip, tool, and the workpiece calculated as a whole at once.
They included the effects of body forces, tensile surface traction,
hydrostatic pressure, as well as normal compressive pressure and
tangential traction, and combined the effects of these for every
nodal point in the workpiece grid:

sel
xx ¼ smech

xx þstherm
xx

sel
zz ¼ s

mech
zz þstherm

zz

sel
xz ¼ s

mech
xz þstherm

xz

sel
yy ¼ n sel

xxþs
el
zz

� �
�aET

smech
ij ¼ f ðz,x,fr ,ftÞ

stherm
ij ¼ f ðz,x,a,T,E,u,GÞ ð11Þ

Here, z is the depth of the location under investigation, x is the
distance in cutting speed direction between the location under
investigation and the tool-workpiece contact point, fr is the radial
cutting force, ft is the tangential cutting force, a is the thermal
expansion coefficient of the workpiece, T is the temperature, E is the
Young’s Modulus of the workpiece, u is the Poisson Ratio, and G is
the array of plain strain Green’s function values. Then, they applied
the plastic deformation procedure, and used a relaxation procedure
to simulate the residual stresses iteratively. They compared their
results to a previously reported experiment and found out that
their results matched the experimental findings in good accuracy.
The peak compressive residual stresses and the changing point
from tensile to compressive residual stresses were predicted with
better accuracy compared to the surface tensile residual stresses,
and the leveling depth for the residual stresses are not well-
predicted, probably due to the noisy measurements at that level
of depth.

A few studies are reported for nickel-alloy machining-induced
surface integrity. Pawade et al. [53] investigated the specific shear
energy of the workpiece material in machining IN-718 using an
elastic–viscoplastic analytical model they created, and found out
that shear band spacing increases with increasing feed rate:

Dy¼ w1

mf sinfn

bcosgn

� �
ð12Þ

Here, w1 is a Taylor–Quinney coefficient showing the fraction of
plastic work converted into heat, b is a flow localization parameter,
m is a material constant, f is the feed, fn is the normal shear angle,
and gn is the normal rake angle. Their results are in good agreement
with experimental results.

Zhang et al. [42] used the same material (IN-718) in order to
create an analytical formulation for strain rate in terms of the stress
(s), temperature (T), and the activation energy (Q), as well as the
material parameter A, gas constant R, and another constant a,
which can be used to represent the strain generation in machining
that will be followed by hardness and white layer predictions:

_e ¼ Aexp �
Q

RT

� �
sinhas
� 	1=m

ð13Þ

Österle and Li [57] also modeled the thermal response of the
nickel-based superalloy IN-738LC upon grinding as well as its
mechanical response in order to investigate the white layer
formation and the contributions of mechanical and thermal
responses. They found that mechanical loads and the plastic
deformation associated with these loads cannot be the only reason
for white layer formation, and a thermal process involving local
melting of the material and rapid quenching must also have a
significant effect.

In summary, the analytical solution is possible to achieve, but it
is difficult, so not too many researchers deal with it. The machining
processes induce forces on the machined workpieces, and these
forces create heat through shearing and friction. These thermal and
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mechanical loads cause the material to deform plastically and these
plastic deformations, as well as the phase transformations in the
material surface cause a work hardening layer in the part that has a
higher hardness value than the bulk material. As a future work, it is
suggested that residual stresses, hardness, surface roughness, the
depth of plastic deformation, and the depth of work hardening
layer may be found through the analytical formulation of these
processes.
4.4. FEM-based techniques

The finite element method (FEM) based simulation techniques
offer good predictions without the necessity of doing a series of
experiments. The capability of these methods provide the ability to
predict residual stresses and white layer formations, and the
capability of these methods provide the ability to change process
parameters and repeat the analysis in order to measure the
sensitivity of processes to certain parameters. However, FEM-
based simulations can take excessive amounts of time that they
need to be optimized most of the time. Their predictions are
generally close to the experimental values, especially in the
measurement of residual stresses once an accurate material
constitutive model is known. For this reason, FEM-based simula-
tion models continuously focus on calibrating material constitutive
model (often the Johnson–Cook material model) parameters or
flow stress data using experimental results and simulation outputs.

With the use of better material constitutive models and elasto-
viscoplastic deformations combined with the FEM, computational
software has become available to obtain solutions for a rich set of
field variables, providing much detailed insight for the chip
formation processes. These FEM-based simulation techniques offer
a detailed analysis of the physical process variables based on
continuum mechanics principles on computational ground; hence
they are fairly accurate in representing the physical phenomenon
that take place during machining processes. The downside of these
techniques is the computational time required to simulate a short
machining time (or cutting distance) in each machining condition,
which is becoming lesser of an issue with technological advance-
ments in modern computational capabilities.

Utilizing these simulation in 2D analysis, it is possible to predict
the distributions of strains, temperatures and stresses, and residual
stresses after relaxation [5,72,90,96,97,103–106], and white layer
thickness [56,104,107]. These predictions generally use elastic,
plastic, elastic–plastic, or elastic–viscoplastic models in order to
simulate the machining conditions in best way, and they use 2D
orthogonal cutting results in their models, as well as workpiece and
tool material properties.

Since most of industrial machining operations can be defined as
3D operations, the spatial calculation of field variables such as
strain, stress and temperature in 3D chip formation should be
provided fairly accurately in order to predict realistic fields for
residual stresses, microhardness and white layer formation on the
machined workpiece or possible wear and damage zones on the
cutting tool. During the last decade, a major development in 3D FE
models for machining has occurred with the advances in computers
and numerical methods. Some of these models are based on the
chip formation using damage criteria [108–110] for material
separation or automatic techniques for remeshing of the workpiece
[111,112]. Therefore, most of the recent studies are mainly focused
on 3D analysis although some computational challenges remain
unsolved.

FEM-based simulation models have long been suffering from the
difficulty of creating a chip that separates from the workpiece and
depend upon artificial chip separation methods. Most notably, Updated
Lagrangian FE formulations with remeshing have been offered [111] to
simulate material plastic flow around the tool tip for continuous and
segmented chip formation to avoid using an artificial material separa-
tion criterion lead in developing these techniques which simplified the
mechanism of material separation (chip formation). In the mean
time, other models have been created which use the Arbitrary
Lagrangian Eulerian (ALE) formulation for chip formation in both 2D
plane strain orthogonal cutting [90,113,114] and 3D oblique cutting
and turning [105,108–110,112,115] thereby advancing the state-
of-the-art towards more realistic FE models for practical industrial
machining operations.

Cutting force, temperature, residual stress and white layer
thickness predictions have been presented in machining alloy
steels such as AISI 1045 [103], AISI 316 [47,96,116], AISI 52100
[104–108], AISI 4340 [90]. These studies present fairly accurate
predictions of residual stress and white layer thickness in steel
machining, especially in hard turning of AISI 52100 steel.

In machining Ti-64 titanium alloy, chip formation, distributions
of temperatures and stresses are obtained [5,117,118,123]. Chen
et al. [5] investigated residual stress predictions using ABAQUS FE
software used the Johnson-Cook model and its damage model for
segmental (or serrated) chip formation. They also investigated
the effects of chip formation predictions on the residual stress
predictions and concluded that the predictions using the damage
module for segmental chips improved the residual stress predic-
tions. Calamaz et al. [117] developed a modified material model for
Ti-64 alloy that includes strain softening for prediction of serrated
chip formation. Özel et al. [118] also developed a modified material
model with temperature-dependent flow softening model for Ti-64
alloy and investigated effects of tool coatings on the forces, and
distributions of temperatures, stresses and tool wear rate during
serrated chip formation using elasto-viscoplastic 2D and visco-
plastic 3D simulation models. In literature, there exist no other
predictions of residual stresses and microstructural alteration for
titanium alloys made with FEM-based simulations.

FEM-based simulations are also used to investigate machining
of nickel-based alloys. Most of these studies dealt with developing
expertise. Sievert et al. [119] utilized the Johnson-Cook constitutive
model [120] to simulate high speed machining of IN-718 nickel
alloy and provided a ductile damage model. Mitrofanov et al.
[39,121] have studied FE simulation of machining IN-718 nickel
alloy under ultrasonic assisted turning conditions. Uhlmann et al.
[46] also utilized the Johnson-Cook material model to simulate
cutting of IN-718 and used model parameters proposed by Sievert
et al. [119]. They have also compared simulation results from FEM
software ABAQUS-2D, ABAQUS-3D and DEFORM-2D, where a
ductile damage model for material separation was implemented
in ABAQUS. Lorentzon et al. [51] investigated chip formation and
temperatures in orthogonal cutting of IN-718. Lu and Guo [52] used
2D FEM model to investigate chip formation in multi-pass machin-
ing of IN-718. Özel [84] developed the modified Johnson-Cook
material model with flow softening and a damage model to
simulate chip formation and predict reliable temperature and
stress fields in machining of IN-100 nickel-based alloy. Ranganath
et al.[56] investigated prediction of white layer formation in IN-718
nickel-based alloy using FEM analysis and suggested that further
studies are needed to develop accurate and reliable FEM models.
5. Tool materials

There are many different tool materials used in machining
various titanium and nickel-based alloys, and carbides, both coated
and uncoated, are the most frequently used ones in industry.
Polycrystalline diamond (PCD) and cubic-boron-nitride (CBN) tools
have also been widely used in machining workpiece materials that
are harder to machine, and ceramic tools have been produced in
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order to meet the need for different properties in tool materials.
Also, the shape of the tool and edge preparation are found to be very
important in the outcomes of machining processes, where round
tools that had modified cutting edges were shown to exhibit lower
rake face temperatures than other shapes (square and rhombic)
while creating higher compressive surface layers and lower surface
roughness [36].
5.1. Uncoated and coated carbides

Cemented carbides (WC/Co) are widely used in the industry; both
uncoated and coated. There are various coating materials such as
titanium-based TiN, TiC, TiCN and TiAlN, and others such as Al2O3

[122]. The reason for using coatings in these tools is to protect the tool
from wear and to keep its properties intact. However, it is observed in
most cases that the coating material wears out almost immediately,
revealing the tool material to the process. The flank wear was found to
be the most effective reason for tool failure in both uncoated and
coated carbides [12]. However, it was still observed that uncoated
tools reach higher maximum process temperature than coated tools
[93]. These coating materials are applied on the tool by using different
techniques, most common ones being chemical vapor deposition
(CVD) and physical vapor deposition (PVD), where CVD is less costly
but PVD provides better coating properties [122]. Ezugwu et al. [30]
also reported that multi-layer PVD-coated carbide tools gave better
tool life performance than single-layer PVD-coated carbide tools as
well as multi-layer CVD-coated tools during turning of IN-718 at
V¼32–56 m/min, f¼0.13–0.25 mm/rev, and DoC¼1–2 mm, mostly
because they have higher hardness, toughness, abrasion resistance,
and good heat transmission behavior.

The workpiece material is also very effective in selection of
coating material and whether to use it. Using coated carbide tools, it
is shown that lower maximum tool temperature, surface stresses,
and smoother chip formation were observed for steel workpieces
[93], which can be effective in white layer formation, residual
stresses and thickness of the work-hardened zone. However, it was
observed while machining titanium alloys used in the aerospace
industry that the coating materials rapidly fail because of plastic
deformations and high temperatures are created during machining,
so they did not make any changes to the choice of using carbide
tools while machining titanium alloys [21]. This failure was mainly
due to coating delamination phenomenon [14,27], proven by the
use of different types of coating materials. It was shown elsewhere
[12] that with or without coating, the titanium alloys form TiC
material that cause the delamination of the tool material, and this
delamination is increased when a multi-layer CVD-coated TiN/TiC/
TiCN coating is applied. However, with the coating, it was observed
that the increased chemical reaction with the coating brings
smoother wear on the tool, which increases the surface quality
as well as the tool life [12]. Single-layer PVD-coated (TiN) IN-718
was found to perform better in terms of surface quality compared
to multi-layer CVD- and PVD-coated carbide tools during turning
IN-718 at V¼32–56 m/min, f¼0.13–0.25 mm/rev, and DoC¼

1–2 mm, while multi-layer PVD-coated carbide tool had the best
tool life of the three owing to its high hardness, toughness, abrasion
resistance, and the thickness of the coating [30]. The uncoated
carbide tool had half the tool life during turning IN-718 at V¼

40–120 m/min, f¼0.15–0.25 mm/rev, DoC¼0.25 mm compared to
multi-layer coated carbide tools, and the surface roughness of the
coated tool was lower as well [1]. When compared with ceramic
tools with negative rake angle, PVD-coated carbide tools were only
recommended because of their lower cost, but ceramic tools provided
better performance in terms of tool wear and material removal
rate, while turning IN-718 at V¼50–300 m/min. f¼0.2 mm/rev, and
DoC¼0.4 mm [32]. Even for some steel workpieces, some coating
materials prove to be disadvantageous because they increased the
tool wear rather than decreasing it due to overheating caused by
extra friction they bring [73], changing the heat affected zones and
therefore the white layer characteristics.

5.2. Polycrystalline diamond (PCD)

The usage of diamond itself as a coating material is limited, as it
reacts with metallic and ferrous workpieces, despite the advantage of
having high hardness, low friction coefficient, high thermal conduc-
tivity and low thermal expansion coefficient [122]. However, the
usage of polycrystalline diamond (PCD) tools has been growing
because of their performance in producing better surfaces. In addition,
they are claimed to have lower wear rates compared to PCBN tools
and coated carbide tools while machining titanium [8,21,23,72]. The
quality of the machined product is comparable to results of polishing
operations, and at the cutting speeds that the carbide tools wear out,
the wearing of PCD tools is found to be significantly low [8].

5.3. Cubic-boron-nitride CBN

Cubic-boron-nitride (CBN) tools and coatings are more com-
monly used, because of their lower wear rates, higher hardness and
strengths, good thermal conductivity, and superior mechanical
properties to carbide tools [72]. They have higher hardness values
than coated carbide tools, so they are more favorable in machining
hard materials [122], as well as thermal crack resistance [7] that
allows machining under higher temperatures observed in titanium
machining, and better chemical reactivity to make better surface
finishes possible on the end product [21]. They create higher cutting
forces than the carbide tools, but despite of this, they are more wear
resistant compared to their carbide counterparts [50]. These tools
are shown to reach less tensile residual stresses compared to
ceramic tools when they are used in facing of IN-718 at V¼150–
375 m/min, f¼0.15 mm/rev, and DoC¼0.5 mm [35]. However, even
CBN tools are reported to deform (chipping) during machining
titanium and cutting performance is affected due to this, so using
lower feed rates is suggested in order to decrease tool wear and
enhance surface quality [19], and Sharman et al. [1] also suggest that
decreasing feed rate from 0.25 to 0.15 mm/rev slightly increased
tool life. The PCBN tools were found to show higher temperature
compared to ceramic tools [36]. Elsewhere [31], it was shown that
CBN tools had an unfavorable effect on surface roughness when
compared with ceramic tools at both low and high feed rates
during turning at V¼32–125 m/min, f¼0.15–0.6 mm/rev, DoC¼

0.5–2 mm. CBN tools are still observed to wear out extensively, from
sharp edge to rounded edge and even further, but experiments
showed that binderless CBN (BCBN) tools had much better results
while staying sharp rather than becoming rounded [23]. These
different types of CBN tools such as binderless CBN tools have higher
hardness and strength, higher thermal conductivity and shock
resistance compared to regular CBN tools [7]. These types of tools
are recommended due to their improved tool life, ability to provide
better surface finish, and lower cutting forces they provide, but they
are more costly compared to carbide inserts [23]. It was argued that
with increased tool life, the cost can be considered to go down in the
long run, making these tools more advantageous [23].

As a summary of the literature, it can be observed that in terms
of surface roughness, plastic deformations, surface defects, residual
stresses and the white layer formation, coatings do not provide
significant advantages over non-coated carbide tools during tita-
nium and nickel alloy machining, although some improvement in
tool life and wear mechanisms (build up formation and abrasive
wear) as well as achievable cutting speed was observed [35,48,54].
The PVD and CVD coatings do not show significantly advantageous
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results in terms of the surface integrity properties, and the main
differences in these experiments result from the material and
process parameters. Tool coatings generally wear very quickly due
to coating delamination phenomenon so that the coating proper-
ties cannot be used anyway, and sometimes existence of these
coatings might even cause other surface problems such as carbide
cracking and chemical reactions or increase the amount of tool
wear. Also, they are reported to create tensile residual stresses at
higher cutting speeds, compared to the compressive residual
stresses produced by uncoated carbide tools at higher cutting
speeds [34,35]. The main advantage of carbide tools is that they
have higher resistance to crater wear. However, the achievable
surface cutting speeds with carbide tools are lower (o100 m/min),
whereas with ceramic tools it is possible to achieve higher cutting
speeds up to 300 m/min. These ceramic tools show sudden notch
wear and shorter tool life limitations, and when the higher cutting
speeds are achieved, microhardness and depth of plastic deforma-
tion are reported to increase using these tools. Ceramic and cBN
tools show excessive wear rates due to high chemical reactivity, so
they show poor machining performance with nickel-based alloys
[26,34]. Hence, despite their low achievable cutting speed, because
of the surface integrity concerns in the industry, uncoated carbide
tools are utilized at relatively low cutting speeds (30 m/min–60 m/
min) in finishing operations for nickel-based alloyed mission
critical aerospace engine components [1,34].
6. Conclusions

The quality and performance of a product is directly related to
surface integrity achieved by final manufacturing process. Surface
integrity includes the mechanical properties (residual stresses,
hardness etc.), metallurgical states (phase transformation, micro-
structure and related property variations, etc.) of the work material
during processing and topological parameters (surface finish and
other characteristic surface topographical features). This review
paper provides an overview of machining induced surface integrity
in titanium and nickel alloys. The following are the specific
conclusions reached in this review.
�
 Titanium and nickel-based alloys are becoming very popular due
to their superior material properties such as low density, high
strength at elevated temperatures, high corrosion resistance,
high creep resistance, high toughness and durability, and high
biological compatibility (titanium-based alloys), and high heat-
resistance, good mechanical and chemical properties at elevated
temperatures, high melting temperatures, high corrosion resis-
tance, resistance to thermal fatigue, thermal shock, creep, and
erosion (nickel-based alloys).

�
 Surface integrity is important in applications such as aerospace

and power industries, as well as biomedical applications.

�
 Main surface defects observed during machining titanium- and

nickel-based alloys are surface drag, material pull-out/cracking,
feed marks, adhered material particles, tearing surface, chip layer
formation, debris of microchips, surface plucking, deformed grains,
surface cavities, slip zones, laps (material folded onto the surface),
and lay patterns.

�
 During machining these alloys, the microstructure of the sub-

surface of the bulk material is altered due to plastic deformations
and white layer formation. A significant white layer, as well as a
dark layer is observed during machining steel materials, but
during machining titanium and nickel-based alloys, they are less
visible, but in the similar pattern of finer and equiaxed grains.

�
 Also during machining, the surface and immediate sub-surface

of the material becomes harder due to work hardening occurring
because of high mechanical and thermal loads on the workpiece.
The hardness value of the surface is much higher than the bulk
material hardness, and it takes 200–500 mm deep into the bulk
material for the hardness value to level. According to numerous
studies reported for various turning and milling processes under
a range of cutting conditions about work-hardening effect, the
general consensus is that microhardness value at the surface of
the machined workpiece increases with increasing cutting
speed, feed, and depth of cut, despite the fact that some results
indicated insignificant changes with feed rate and depth of cut.

�
 In determining the surface roughness, it was found that the high

temperatures occurring during machining of titanium and
nickel-based alloys is the main reason for high surface roughness
values. Also, the built-up layer created at the cutting location
might push the tool from its original route, which would increase
the roughness values. With fresh tools, surface roughness was
found to be slightly higher than lightly used tools. However, as
the tool wears, it is agreed upon that the surface roughness
increases significantly, which is the main reason for tool change.
It was also agreed upon that with increasing cutting speed, feed
rate, and depth of cut, surface roughness increases in titanium
and nickel-based alloys investigated herewith.

�
 The major agreement on machining induced residual stresses is

that they become more tensile or change from compressive to
tensile at the surface when cutting speed, feed rate, and depth of
cut are increased, although there are non-negligible amount of
researchers claiming the opposite of these ideas. The tensile
residual stresses on the surface of the material are reasons for
crack initiation and fatigue failure of end products, so they need
to be removed or prevented.

�
 There are numerous analytical methods formulated to calculate

the residual stresses, the surface roughness, and white layer
formation, as well as hardness profiles in steel workpieces, but
there is a lack of quality work that covers these bases for
titanium and nickel-based alloys.

�
 There are many empirical models for steel machining, but

titanium and nickel-based alloys are not investigated necessa-
rily through empirical models. Empirical models can be utilized
in order to have a sense in how machining parameters affect the
outputs of surface integrity, but they would not be sufficient to
emphasize the physical meaning of the processes.

�
 Finite element method based simulation models for predicting

machining induced white layer formation, microhardness and
residual stress profiles seem to be the most promising research
approach due to the recent advances in numerical solution
methods and computational power. Accurate and reliable
material models for elastic–viscoplastic workpiece deforma-
tions and multi-scale models including metallurgical and micro-
structural behavior of those materials, and computational
complexity for practical machining processes remain to be the
major research challenges.

�
 For machining titanium- and nickel-based alloys, there are many

different types of cutting tools are employed, and carbide tools
are still the most commonly used materials. Coating materials are
used in order to improve machining performance, and they are
shown to be efficient in machining steel, but titanium and nickel-
based alloys do not allow significant improvement in machining
using coating materials, due to the rapid delamination problem.

�
 PVD- and CVD-coatings, as well as single-layer and multi-layer

coatings have different advantages in machining different
materials at different machining conditions, so the choice of
coating materials should be process-specific.

�
 PCD and CBN tools are also becoming popular in the recent years,

because of their higher wear resistance and hardness. However,
these materials are more expensive than the carbide tools and
they may not always provide better results at all conditions. The
cost of the cutting tool should be calculated by considering the
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amount of material removal and tool life of the materials, which
might demonstrate some advantages of CBN tools in becoming
more economic and efficient.

�
 Although some studies have been reported on the effects of tool

edge geometry on machining of titanium- and nickel-based
alloys, influence of tool edge micro-geometry variation on
obtaining favorable machining induced residual stresses has
not been explored well. Current research interests include also
exploring effects of coating materials and tool edge micro-
geometry by means of experimental and numerical methods.
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