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Abstract
Nickel–titanium (NiTi) shape memory alloys have gained more prominence due to their functional and mechanical properties.
This material undergoes solid-state phase transformation during machining. Together with this, inherent properties of this
material result in challenging machinability behaviors such as excessive tool wear, high cutting forces, and degraded surface
integrity. Furthermore, unique stress–strain curve of this material complicates predicting machining behaviors. This paper
reviews research in the machining of NiTi shape memory alloys carried out over the last 20 years with the objective of assessing
overall machinability characteristics. It is concluded that functional properties and machinability responses of NiTi are very
sensitive to machining parameters and environment. Machinability rate of NiTi should be assessed not only by usual machin-
ability measures (i.e., tool wear, cutting forces, surface integrity) but also by considering post machining functional behaviors.
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Nomenclature
A austenite
As austenite start temperature
Af austenite finish temperature
ap axial depth of cut
ae radial depth of cut
αo flank angle
eC specific cutting energy
FC cutting force
Ff feed force
FZ normal force
f feedrate
fZ feed per tooth
h machining induced layer
Hm microhardness
κr cutting edge angle
l drilling depth
L milling length

M martensite
Ms martensite start temperature
Mf martensite finish temperature
ṁ mass flow rate
n rotational speed
P pressure
Ra arithmetic average height
Rz ten-point mean roughness
r nose radius
re edge radius
Q volumetric flow rate
T temperature
tR distance from edge
u flow velocity
VBmax maximum flank wear
VBnotch notch flank wear
Vc cutting speed
σAs austenite start stress level
σAf austenite finish stress level
σMs martensite start stress level
σMf martensite finish stress level
σS detwinning start stress
σf detwinning finish stress
γo rake angle
ΔH latent heat
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1 Introduction

With the advancements in material science and engineering, a
deeper understanding of microstructure and processing of ma-
terials have been improved dramatically over the last century.
Advancement in the understanding of a material type is often
the forerunner to the stepwise progression of a technology. For
example, automobiles would not have been possible without
the availability of inexpensive steel or any other comparable
substitutes. Accordingly, the increasing demand for lighter,
stronger and functional materials spawned active materials.
Shape memory alloys (SMAs) are a unique class of active
materials, which can recover to their original shape after ap-
plying stimuli, such as deformation due to stress, heat or mag-
netic field [1]. SMAs possess attractive characteristics such as
ability to provide large recoverable strain during mechanical
loading (pseudoelasticity), shape recovery upon heating
(shape memory effect, SME), and potent biocompatibility,
which make SMAs one of the suitable actuators for biomed-
ical applications. The main advantages of SMAs are the high
actuation stress and mechanical strength they can provide
when compared to the other types of shape memory polymers
and shape memory hybrids [1]. SMAs have been employed in
many applications, such as in automotive [2, 3], aerospace [4,
5], biomedical [6], communication [7, 8], composites and
structures [9], micro-actuators, and micro-electromechanical
systems [10, 11]. A brief overview of applications that
SMAs have been used are given in Table 1. There are various
alloying compositions, each of which comes with special
properties, present among the SMAs. Although copper-
based and iron-based SMAs are low cost and commercially
available, they have not been used very often due to their
instability, impracticability [12], and poor thermo-

mechanical performance [13, 14]. NiTi-based SMAs are the
most commonly studied and used ones since they ensure bet-
ter functional fatigue and biocompatibility properties [15].
Although most studies suggest these materials for having
good biocompatibility, there are still questions regarding
in vivo performance and molecular level interactions at cell
[16]. Among these questions, stress-assisted corrosion [17]
and toxic effects of ion release [18] are the most significant
ones. It was reported that, however, the titanium oxide layer
formed on NiTi acts as a barrier to corrosion and chemical
interactions and confines the diffusion of nickel ions [15,
19]. Most of the scholars came to an agreement that in vivo
and in vitro biocompatibility of NiTi is very eligible for bio-
medical applications [20, 21].

Manufacturing processes play a very important role in
shaping the final desired product. Due to its unique shape
memory properties, manufacture of NiTi needs special at-
tention. In order to manufacture desired NiTi parts, devel-
oping a better understanding of the unique properties of
NiTi is required.

1.1 Shape memory property

The mechanism of the shape memory phenomenon of the
SMAs is based on diffusionless solid phase transformation
[22], which should be well understood to predict mechanical
behaviors. Within typical operating temperatures, NiTi have
two phases (austenite and martensite), three different crystal
structures (i.e., twinned martensite, detwinned martensite, and
austenite) [14], and there are six possible transformations [22].
The martensite (M) or product phase, which has a monoclinic
crystal structure, is stable at low temperatures while the aus-
tenite (A) or parent phase, which has generally a cubic crystal

Table 1 Present and prospective
applications of SMAs Application domain Function/part Application examples

Automotive Engine Radiator, fan clutch, engine control, fuel injector, valves

Drivetrain Transmission control

Wheel/brake/suspension Brake, absorber, tire

Body Lamps, wiper, sunroof, side mirror, engine hood, spoiler

Interior Rear view window, airbags, dashboard

Aerospace Engine Inlet, rotor, nozzle

Body Aero-structure, skin, wing, winglet, flap edge

Robotics Biomimetic Crawling, walking, rolling, climbing, swimming, flying

Biomedical Endoscopic

Humanoid robots Fingers, hands, head, facial expression

Biomedical Vascular Stents, filters, arteries, vessels, valves, aorta

Orthopedic Skull, spine, bone, muscles, fingers

Orthodontic Braces, brackets, palatal arches, files

Surgical instruments Catheters, scopes, suture

Communication Antenna Radio frequency slot antenna
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structure, is stable at high temperatures. There are two forms
of martensite: twinned martensite (self-accommodated) and
detwinned martensite (reoriented). When austenitic SMA is
cooled in the absence of a load, the crystal structure changes
from austenite to martensite (forward transformation)
resulting in the twinnedmartensite variant. The transformation
begins to revert to martensite at the martensite start tempera-
ture (Ms) and completes at the martensite finish temperature
(Mf). When a mechanical load is applied on the twinned mar-
tensite, reorientation of the variants (detwinning process)
causes a permanent macroscopic shape change. Upon heating
the material above a critical temperature, the reverse transfor-
mation begins at the austenitic start temperature (AS).
Similarly, when the material is further heated, austenitic trans-
formation is completed at the austenitic finish temperature (Af)
and the original shape of the SMA is regained. This phenom-
enon is called the shape memory effect. Figure 1 represents
above described shape memory effect of NiTi.

1.2 Pseudoelasticity

Phase transformation can also be induced by applying me-
chanical load to SMAs in the austenitic phase. When enough
mechanical load is applied to the material above Af tempera-
ture, martensitic transformation initiates at the critical stress
level (σMs). Upon further mechanical loading, martensitic
phase transformation is completed at the σMf stress level.
This loading results in a stable detwinned martensite phase.
It should be noted that this elastic loading is accompanied by
large inelastic strains [23]. Further increasing the stress above
the σMf causes elastic deformation of the detwinned martens-
ite. When the load is released gradually under constant

temperature, austenitic phase transformation initiates at the
critical stress level (σAs). Due to phase transformation during
unloading, recovery of strain is observed on the material and
the austenitic phase transformation is completed at the σAf

stress level. This rubber-like super elastic behavior of the ma-
terial is called pseudoelasticity [24]. Above described
pseudoelastic behavior is represented in Fig. 2. Here, path 2
shows a mechanical loading at a stable temperature (aboveAf).
In path 1, thermo-mechanical loading is applied under varying
temperature. The horizontal and dotted lines between σAs and
σAf indicate detwinning start stress level (bottom line) and
detwinning finish stress level (top line).

1.3 Melting and preprocessing of NiTi

Composition and thermal/mechanical treatments have a direct
influence on the shape memory effect, pseudoelasticity,
damping, impact absorbing, and thermo-mechanical proper-
ties of NiTi. An alteration of 0.1 at.% in the nickel content was
shown to shift the transformation temperatures by nearly
10 °C [15, 25]. Due to this extreme sensitivity, nickel and
titanium ratio should be strictly controlled during melting
practice in order to meet required transformation tempera-
tures. Figure 3 displays the NiTi binary equilibrium phase
diagram. It can be seen that thermodynamically stable phases
exist in the proximity of equiatomic percentages of nickel and
titanium.

Due to the high reactivity of titanium in NiTi, melting must
be done in a vacuum or an inert atmosphere. Vacuum arc
melting (VAR) and vacuum induction melting (VIM) process-
es are commonly used for casting of NiTi. Combination of
VIM andVARmelting is often used to achieve further refining.

Fig. 1 Stress–strain–temperature
relationship of typical NiTi SMA
demonstrating shape memory
effect [23]
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Electron beam melting and plasma melting have been reported
to be used in experimental scales [27]. NiTi parts can be pro-
duced by powder metallurgy methods such as conventional
sintering or selective laser melting [28]. Optimal hot working
temperatures for NiTi have been reported to be around 800 °C
where the alloy is easily workable [27].

Heat treatment parameters of NiTi should be experimental-
ly determined for desired phase transformation temperatures.
Typically, temperatures close to 500 °C and treatment duration

over 5 min are employed for super-elastic SMAs. But, lower
temperatures between 300 and 400 °C are also suitable if
enough time is allowed. Alternatively, solution heat treatment
at high temperatures between 600 and 900 °C followed by
aging treatment around 400 °C can be applied to alloys con-
tainingmore than 55.5 wt.% nickel to obtain good superelastic
or shape memory properties [27]. Transformation tempera-
tures can be tailored owing to precipitation formation by aging
[29].

Fig. 3 NiTi binary phase diagram
[26]

Fig. 2 Pseudoelastic loading
cycle [23]
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1.4 Cold forming

In addition to heat treatment, pseudoelasticity and shapemem-
ory behavior of NiTi SMAs may be optimized by cold work-
ing methods. Furthermore, alterations in mechanical proper-
ties such as decreased ductility or increased strength are pos-
sible with cold working processes [30]. Cold forming is a cold
working process and it is used for shaping the material to
desired geometry. Earlier works on cold working of NiTi have
shown that transformation temperatures of NiTi SMAs are
related to lattice defects due to cold working [31, 32]. It was
observed that when the specimens were worked under recrys-
tallization temperature, appearance of two separate peaks (i.e.,
rhombohedral (R) phase) during martensitic phase transfor-
mation was observed [33]. This intermediate phase, which is
formed due to increased dislocation density, inhibits growth of
martensitic phase and shift the transformation temperatures
[34, 35]. Furthermore, cold working of NiTi may have sub-
stantial effects on functional fatigue properties of the material
[36].

Miller et al. investigated influences of cold work and heat
treatment on the shape memory effect and plastic strain devel-
opment of NiTi SMAs [32]. They reported that an increase in
cold work resulted in transformation hardening which led to
decreased transformation strains during thermally induced
phase transformation. Additionally, it was shown that an in-
crease in the amount of applied cold work remarkably de-
creased the latent heat. This was resulted from stabilized mar-
tensite due to high levels of plastic deformation. This “pinned”
martensite restricts the amount of material transformed. Fully
annealing this material for recrystallization eliminated this
trapped martensite. Similar results were reported by Frick
et al. [37]. Differential scanning calorimetry (DSC) results of
the study showed that cold-drawn sample with no post treat-
ment displayed no visible transformations, whereas the in-
crease of aging temperature after cold working resulted in
increased transformation enthalpy. This was attributed to dis-
location annihilation and precipitate growth. As expected,
cold drawn NiTi displayed larger hardness values than cold-
drawn and heat treated or hot-rolled NiTi. Khalehgi et al. in-
vestigated influence of short-time annealing heat treatment on
the superelastic behavior of cold drawn Ni-rich binary
Ni50.9Ti49.1 (at.%) [38]. They found that increasing the cold
work level leads to improved superelastic behavior if proper
annealing time is selected. Lei et al. investigated effects of
cold drawing and annealing amount on mechanical and
superelasticity properties of cold drawn ultra-thin NiTi wire
[39]. They showed that increase of the cold drawing amount
under 500 °C annealing temperature resulted in decreased
super-elasticity. Canadinc et al. investigated effects of wire
drawing followed by annealing heat treatment on deformation
response and cyclic stability of Ni50Ti35Hf15 SMAwires [40].
Wire drawing followed by annealing was reported to increase

strength and superelasticity of the material by replacing initial
brittle response with ductile response. These studies show that
it is possible to produce NiTi parts by cold forming processes
with good properties. Phase transformation and mechanical
properties of NiTi may be altered by controlling the cold work
and heat treatment parameters. Cold work without any follow-
ing annealing heat treatment has been reported to increase
dislocation density. This inhibits plastic flow, which conse-
quently increases hardness, as well as martensitic transforma-
tion. More specifically, transformation temperatures, latent
heat, superelasticity, hardness, ductility, and strength have
been reported to be greatly influenced by cold work deforma-
tion, annealing temperature, and time. In order to produce
parts at desired mechanical and phase transformation proper-
ties, these parameters need to optimized. Considering all these
factors, cold forming may be an alternative to machining pro-
cess for parts without complex geometries or with larger di-
mensional tolerances. Alternatively, cold forming may be
adopted before precise machining in order to tailor the func-
tional or mechanical properties of the workpiece.

1.5 Machinability

Machining is one of the most widely employedmanufacturing
process due to its precise shaping capabilities, economical
aspects and operational reliability of the final product.
Considering the application areas of NiTi (i.e., biomedical,
aerospace), machining operations are widely employed in or-
der to produce precise and reliable products. However, the
machinability of NiTi is considered to be very challenging
due to several reasons such as high strain hardening, uncon-
ventional stress–strain characteristics, severe adhesion, and
poor chip breaking [15, 41, 42]. Inherent material properties
like low thermal conductivity, high specific heat [43], and low
effective elastic modulus [44] have been considered to be
further limitations. These factors lead to poor machinability
characteristics such as high specific cutting energy and cutting
forces [45], severe tool wear [42], and excessive burr forma-
tion [46]. Furthermore, these factors may negatively affect the
surface integrity characteristics of the finished product.

Phase transformation plays a major role in the machining of
NiTi alloys as pointed out by Kong et al. [47]. The transfor-
mation temperature window of these materials is rather nar-
row (around 80 °C), depending on the material composition,
heat treatment history, manufacturing method, and cold work-
ing conditions. A small change of thermal phase may alter the
material properties significantly. As a result, mechanical and
metallurgical machinability behaviors of the material may be
quite sensitive to even small variations in machining parame-
ters. For example, having the symmetry of a cube in austenite
phase, NiTi is very hard and rigid. However, when in martens-
ite phase, being not symmetrical, it is rather malleable and soft
[43, 48]. This leads to a narrow window of proper machining
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parameters [49], which are mostly determined by experimen-
tal studies for specific cutting conditions. Considering the fact
that machinability response of these alloys is quite unique and
not well understood yet, an in-depth analysis of the current
state of NiTi machinability characteristics is required.

Functional performance of SMAs is of great importance
since these materials are mainly employed for their shape
memory, pseudoelasticity, actuation, and damping properties.
It was shown that the functional behaviors of NiTi may be
affected from process parameters during machining [50].
This is because the transformation behaviors of these mate-
rials depend on applied stress and temperature. Increased tem-
peratures and severe plastic deformations are observed during
the machining process. These two effects exist on surface and
subsurface of the workpiece at different rates depending on
cutting parameters and process design. Accordingly, the phase
transformation properties and, in turn, functional behaviors
are affected. Therefore, unlike other difficult-to-cut materials
such as aero engine alloys, post manufacturing functional
properties of these alloys should also be considered.

Energy-assisted machining methods such as electro dis-
charge machining (EDM) [51], laser machining, and femto-
second laser machining (FSM) [52, 53] are other shaping pro-
cesses employed in the manufacture of NiTi. However, ther-
mal damage and heat affected zone (HAZ) were reported as
potential disadvantages of these processes. Furthermore, their
3D shaping capabilities are limited. Considering the shaping
capabilities of conventional methods on complex geometries
and some limitations of unconventional machining methods,
conventional machining methods seem like the most viable
methods for the machining of NiTi SMAs [46, 49, 54]. The
main aim of this work is to review the effects of various ma-
chining parameters, cooling lubrication conditions, and cut-
ting tools on the machinability and functional characteristics
of NiTi SMAs during contact type machining processes.
Major results of alternative machining methods such as
EDM, FSM, abrasive water-jet machining (AWJ), and pure
water-jet machining (PWJ) are also briefly addressed.

This paper presents developments and findings in the ma-
chining of NiTi alloys over the last 20 years. Considering very
distinct machinability characteristics of NiTi, results of the
reported studies are discussed in detail. In order to ensure a
better understanding in machinability of NiTi, following are
aimed:

& Review and discussion of cutting tool materials for ma-
chining NiTi

& Review and assessment of tool wear mechanisms and
wear modes

& Comparison of machining responses to varying machin-
ing parameters

& Causes, effects, and behavior of machining induced phase
transformation

& Effects of machining on functional properties
& Discussion of suggested machining concepts to increase

machinability

2 Tool materials for machining NiTi

In the last century, foremost improvements in the rate at which
various materials are machined generally resulted from devel-
opment and application of new tool materials. These tool ma-
terials include coated carbides (various types of coatings),
ceramics, cubic boron nitride (CBN), and polycrystalline dia-
mond (PCD). These tool materials have yielded very satisfy-
ing results, when machining hard-to-machine materials such
as stainless steel, super alloys, and titanium alloys, provided
suitable cutting conditions and cutting parameters are applied.
Although machining behaviors of NiTi resemble nickel-based
superalloys like Inconel 718 (mostly studied super alloy) or
titanium alloys like Ti6Al4V (mostly studied titanium alloy),
not many of these tool materials found applications in machin-
ing of NiTi. The main reasons for this limitation are probably
the unique stress–strain and machining-induced phase trans-
formation behaviors of NiTi.

The ultimate selection of the cutting tool material is based
on the ability of the cutting tool to maintain its hardness,
toughness, and chemical stability at high temperatures [55].
Similar to high-temperature alloys (above described nickel-
based superalloys and some titanium alloys), very high cutting
temperatures concentrated near the tip of the cutting tool were
observed when machining NiTi. The main reasons of this heat
concentration are low thermal conductivity and relatively high
specific heat of the material. Although mechanical properties
of NiTi and austenitic stainless steel are similar [44], machin-
ability characteristics of NiTi are very poor compared to that
of austenitic stainless steel. One of the main reasons of this
difference is thermal properties of NiTi.

There are many studies available on performances of var-
ious cutting tool materials when machining nickel-based su-
per alloys and titanium alloys. However, present knowledge
in the machinability response of NiTi to these tool materials
is very limited. Regarding the main limitations and their
causes in the machinability of NiTi, nickel-based superalloys
and titanium alloys yielded similar results to NiTi according
to present works in the literature. Since the available data
from these studies covers a very large span, improvements
in the machining of NiTi may be ensured by analogy. In
Table 2, mechanical and thermal properties of Inconel 718,
Ti6Al4V alloy, and two phases of NiTi are presented. In this
section of the paper, a very brief review of available cutting
tool material performance data when machining nickel-based
super alloys, titanium alloys, and NiTi SMAs is conducted.
An easier understanding of cutting tool effects in machin-
ability of NiTi is aimed.
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Being the oldest among the hard cutting tool materials
(harder than high speed steel), tungsten carbide tools (WC)
have been proven their superiority in almost all machining
processes of nickel and titanium alloys [60]. Composition
and microstructure have a strong influence on performance
of carbide tools. Commercial WC tools contain binder phase
of cobalt in the range of 3 to 12% and the carbide grain size of
these tools vary from 0.5 to 5 μm. Generally, increase of grain
size or cobalt content results in decreased abrasion resistance
and increased fracture toughness [55]. One drawback of car-
bide tools is its low thermochemical stability. Generally, at
temperatures above 700 °C, carbide tools fail due to thermal
softening of the cobalt phase and subsequent plastic deforma-
tion of the cutting edge [61]. Studies showed that the maxi-
mum temperature at the tool–chip interface can reach as high
as 1300 and 1000 °C when machining nickel alloys [62] and
titanium alloys [63], respectively. As a result, with the current-
ly available carbide tools, it does not seem possible to cut NiTi
at high cutting speeds (Vc > 100 m/min).

Chemical vapor deposition (CVD) and physical vapor de-
position (PVD) coated carbides were developed to optimize
toughness and hardness of the cutting tool. Their development
rendered possible to machine difficult to cut materials at
higher cutting speeds with reduced tool wear. Furthermore,
lower cutting forces and lower cutting temperatures were ob-
served owing to lower coefficient of friction and higher ther-
mal conductivity of these coating materials [64]. PVDmethod
is much more preferred for carbide tools, because the PVD
process employs lower temperatures than CVD process.
Lower deposition temperature provides refinement of the
grain size of the coating layer by preventing ɳphase formation
[55]. Formation of ɳphase and/or residual stress in CVD coat-
ings decreased transverse rupture of carbide tools by as much
as 30% compared to PVD coatings [55, 65]. Turning

experiments of Inconel 718 showed that multilayer PVD coat-
ed carbide inserts showed longer tool life and better abrasion
resistance compared to multilayer coated CVD carbide inserts
[66]. Similar behaviors are expected when machining NiTi.

It was reported that cutting speeds above 30m/min resulted
in increased tool wear when drilling NiTi with carbide tools
[45]. Wear analysis of TiCN/TiAlN multilayer PVD coated
carbide tools showed that, at cutting speed of Vc = 100 m/
min, minimum wear was observed when turning NiTi [42,
67]. However, TiB2-coated carbide tools showed high flank
and crater wear rate due to tribo-chemical dissolving of the
TiB2 coating. Using TiN-coated carbide drills ensured no ad-
vantage over uncoated carbide drills regarding tool wear [42].
Whenmachining nickel-based super alloys with carbide tools,
results were very similar to machining of NiTi with carbide
tools. Cutting speed values between 50 and 90 m/min [68–70]
and 25–50 m/min [70, 71] were suggested to obtain best tool
life when machining with PVD-coated and PVD-uncoated
carbide tools, respectively. When drilling Ti6Al4Valloy with
coated and uncoated carbide tools, results showed that uncoat-
ed carbide drills outperformed TiAlN-coated carbide drills at
cutting speed values up to 50m/min [72]. Cutting speeds up to
150 m/min was successfully applied in high speed milling of
Ti6Al4Valloy with PVD-coated carbide tools [73].

The introduction of super hard cutting tool materials has
enabled higher cutting speeds to be achieved when machining
nickel and titanium alloys. These materials principally include
ceramics, CBN, and PCD tools. Even though these materials
maintain their high hardness at increased temperatures, their
mechanical and thermal shock resistance are quite low.
Therefore, application parameters (i.e., workpiece material,
machining parameters, etc.) should be carefully studied when
employing these cutting tool materials. A brief review of the
properties of different tool materials is shown in Table 3.

Table 2 Some selected
mechanical and physical
properties of Inconel 718,
Ti6Al4V, and equiatomic NiTi at
room temperature

Inconel 718
[56, 57]

Ti6Al4V
[56]

NiTi [58, 59]

Austenite Martensite

Nickel content (wt.%) 50–55 – 55

Titanium content (wt.%) 1 89 45

Other elements Cr, Fe, Co Al, V –

Density (kg m−3) 8190 4420 6450

Ultimate tensile strength (MPa) 1240 930 895

Yield strength (MPa) 1036 885 195–690 70–140

Elastic modulus (GPa) 211 114 83 28–41

Hardness (Hv) 370 320 290 220

Melting range/point (°C) 1260–1336 1649 1310

Specific heat (J kg−1 K−1) 435 560 837

Average coefficient of thermal expansion
(μm m−1 K−1)

13 8.6 11 6.6

Thermal conductivity (W m−1 K−1) 11.4 7.2 18 8.5
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Ceramic tools provide desirable tool behaviors such as high
hardness, high hardness at increased temperatures, and chem-
ical inertness (in most applications). However, their fracture
toughness and thermal conductivity are much lower than car-
bide tools. There are three types of ceramics employed as
cutting tools. These are aluminum oxide ceramics (Al2O3),
whisker-reinforced alumina ceramics (Al2O3 + Sicw), and
SiAlON ceramics (S3N4 + Al2O3). Investigations showed that
nickel-based superalloys can be machined with ceramic tools
at the speeds of the order of 250–500 m/min with minimum
tool wear [78–80]. Thus, they have replaced carbide tools in
many applications in machining of nickel-based alloys.
Conversely, when machining titanium alloys, ceramics have
not yielded favorable results. This originates from their poor
thermal conductivity and reactivity with titanium [60].
However, ceramics can machine titanium at high speeds pro-
vided their thermal conductivity and chemical compatibility
with titanium alloys are improved [81]. Yet, there is no com-
mercially available ceramic tool available for machining tita-
nium. Machinability of NiTi was investigated using Al2O3

and mixed ceramics (Al2O3 + TiC) [82]. It was reported that
investigated ceramic materials were not capable of machining
NiTi. Whisker reinforced ceramics might yield better results,
as they possess higher thermal conductivity and higher frac-
ture toughness compared to oxide ceramics.

Ultra-hard cutting tool materials (CBN and PCD) showed
good performance when machining nickel and titanium al-
loys. Being the hardest material after diamond, CBN cutting
tools are employed in machining of various difficult-to-cut
materials such as surface-hardened steels and irons, nickel-
based superalloys, and titanium alloys. Compared to ceramics,
CBN tools display better fracture resistance and higher ther-
mal conductivity, which are the major limitations of ceramic
tools. CBN tools are generally composed of 50–90% CBN
and ceramic binders, such as TiC or TiN. The main limitation
of these tool materials is their high cost. However, it was
reported that machining of nickel-based super alloys with
CBN tools in an economic manner may be possible consider-
ing the increased material removal rate [74, 75, 82].

Machining of Inconel 718 with CBN tools between cutting
speeds of 300–350 m/min yielded positive results regarding
cutting forces [83], surface quality [83, 84], tool life [85, 86],
and residual stress formation [84]. Furthermore, compared to
ceramic cutting tools, lower tensile residual stress formation
was observed when machining Inconel 718 with CBN tools
[87]. When machining Ti6Al4V with CBN cutting tools, cut-
ting speed values of the order of 200–250 m/min resulted in
favorable results regarding tool life with no additional surface
deterioration, compared to carbide tools [88–90]. Binderless
CBN tools (with no binder phase or sintering agent) displayed
superior tool life when machining titanium alloys [91, 92].
This result probably originated from improved mechanical
and thermal properties of binderless CBN compared to regularTa
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CBN tools. When machining NiTi with CBN cutting tools
(90–95% CBN, 5–10% cobalt), higher tool wear was ob-
served compared to carbide tools [82]. It should, however,
be noted that the machining was conducted under the same
cutting speed for both cutting tool materials. Considering the
high-temperature hardness of CBN tools, higher cutting
speeds might yield less tool wear due to thermal softening of
the workpiece.

PCD cutting tools are made from diamond, which is the
hardest material known. In addition to superior hardness, PCD
cutting tools exhibit very high values of thermal conductivity
and exceptional wear resistance. PCD tools, however, react
with ferrous metals at moderate temperatures and they are
subjected to graphitization. Therefore, they can only be used
for machining non-ferrous materials such as aluminum and its
alloys, titanium alloys, copper, granites, composites, ceramics,
and tungsten carbide. Studies showed that when machining
Ti6Al4V alloy with PCD tools, compared to carbide tools,
threefold increase in tool life, better surface finish, less chatter,
and higher material removal rate (MRR) was observed [93,
94]. Regarding cutting speed, optimal value was reported be-
tween 180 and 250 m/min for turning [95] and milling [96]
processes. These positive results even at high cutting speed
values, most probably originated from higher thermal conduc-
tivity and extreme hardness of PCD. This is because, when
machining titanium, the main problem is high chemical reac-
tivity of titanium at elevated temperatures. It was reported that
the use of PCD (92% PCD, 8% cobalt binder) cutting tools,
when machining NiTi, led to high notch wear formation [82].

3 Tool wear

During the machining process, especially when machining
difficult-to-cut materials, it is normal to observe tool wear,
which originates from cutting action and friction at tool–chip
and tool–workpiece interfaces. However, tool wear is a grad-
ual process and excess of it causes tool failure and, unfortu-
nately, it cannot be accurately predicted using present analyt-
ical models. In order to control and understand tool wear pro-
cess, proper tool wear monitoring is vital to understand tool
wear behaviors of certain cutting conditions. Flank and crater
wear are the most important measured forms of tool wear,
while flank wear criterion is most commonly used for wear
monitoring [97].

Tool wear is one of the major concerns in the machinability
of difficult-to-cut materials because it not only affects the pro-
ductivity of the process but also influences the overall quality
of finished parts. Negative effects of rapid tool wear on overall
machinability performance may be listed as follows: (1) need
for frequent tool change which results in increased tool cost
and increased machining time, (2) increased cutting force and
subsequent increased energy consumption [98], (3) increased

cutting temperature, (4) dimensional inaccuracy, and (5) neg-
ative impacts on surface integrity characteristics (residual
stress formation, surface degradation, altering of micro struc-
ture). Due to increased cutting force and temperatures, tool
wear progress accelerates. Furthermore, owing to its unique
phase transformation characteristics, the subsurface zone of
machined NiTi SMAs is severely affected from machining
induced temperature and pressure variations [46, 50, 99].
Considering the application range of the NiTi, a better under-
standing of the tool wear process duringmachining gains even
more importance because, in addition to surface integrity and
dimensional accuracy issues, desired functional behaviors
should also be of concern.

Tool wear is influenced by the rigidity of machine tool,
cutting tool, and workpiece as well as thermal, mechanical,
and chemical interactions among cutting tool, cutting environ-
ment, and workpiece. Rigidity and dynamic issues are out of
scope of this paper and not discussed. Very high mechanical
load on a relatively small area causes concentrated pressure on
the tool tip. Together with that, chip flow on tool face and
relative motion between cutting tool and workpiece initiate
tool wear. Very high cutting temperatures at this region further
accelerate physical and chemical processes related to tool
wear. During machining of nickel and titanium alloys, ob-
served wear mechanisms are abrasive wear, adhesive wear,
diffusion wear, fatigue wear, oxidation wear, and debonding
failure [100]. When machining NiTi, dominant wear mecha-
nisms are adhesion and abrasion. Typical tool wear mecha-
nisms and types that occurred during machining of NiTi are
shown in Fig. 4.

When machining NiTi, mostly observed wear types were
notch wear, flank wear, crater wear, edge breakage, and
chipping. Notch wear, or V-shaped groove, at the depth of
cut line is very common when machining titanium alloys
[101] and nickel-based super alloys [102]. This wear type
mainly originates from high temperature, high workpiece
strength [103], and work hardening/fatigue hardening of the
workpiece [44, 104]. Notch wear is the most dominant tool
wear type observed in turning of NiTi [42, 82, 105, 106]. High
specific heat combined with very low thermal conductivity
results in concentrated temperature at tool edge.
Concentrated temperature together with rapid strain hardening
of NiTi are mainly responsible for this kind of wear. Notch
wear may be minimized by using a tougher tool material,
chamfering tool edge [107], altering cutting parameters [42],
or using varying depth of cut strategy [108] if multiple passes
are made. In the turning of NiTi with carbide tools, increasing
cutting speed to Vc = 100 m/min resulted in reduced notch
wear owing to reduced cutting forces [42, 82]. Cutting depth
values smaller than tool nose radius led to decreased notch
wear [42]. Alternatively, employing TiN-coated carbide tools
significantly reduced notch wear [82]. When milling NiTi,
increase of feedrate led to increased notch wear due to
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increased load [43]. Application of cryogenic cooling during
machining NiTi was reported to yield very low notch wear
compared to dry cutting and cutting with minimum quantity
lubrication (MQL) [105]. This was attributed to reduced tool–
chip contact length leading to reduced cutting force.

Crater wear occurs on the rake face of the cutting tool small
distance from cutting edge, where the maximum tool temper-
ature is observed. Very high temperature and pressure on this
zone initiate the diffusion process and subsequent local re-
moval of tool material forms crater. Hot chip flow over this

Process Tool Workpiece 
material

Reference

Turning
(a,b)
Drilling
(c,d)

TiCN/TiAlN mul�layer coated carbide β-NiTi [43]

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

(a) Flank wear, crater wear, noth wear, edge breakedge, adhesion (b) Flank wear, crater wear, adhesion (c)
Chipping, edge wear (d) Flank wear

Turning TiB2 coated carbide β-NiTi [103]

(a) (b) (c)

(a) Flank wear, notch wear, abrasion marks on flank face, chip flow damage (b) Adhesion, crater wear, edge 
fracture (c) Adhesion on rake face,noth wear, flank wear with abrasion marks

Turning (a)CBN (b)PCD (c)Mix Ceramic (d)Al2O3 Ceramic β-NiTi [80]

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

(a)Abrasion on rake face, adhesion, flank wear (b) A�ri�on wear, notch wear (c)Severe adhesion, edge 
breakage, abrasion, crater wear (d) notch wear, crater wear, flank wear

Milling Uncoated carbide end mill (Ø10 – 4 teeth) β-NiTi [42]

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

(a)Micro chipping and micro galling (b)Built up edge (BUE) (c) Microchipping and microgalling (d) flank wear, 
abrasion marks

Drilling TiCN/TİN coated carbide drill (Ø5) α-NiTi [46]

(a) (b) (c)

(a)Chipping, edge breakedge (overwiev) (b)flank wear, adhesion (cu�ng edge) (c)adhesion wear (drill centre)

Micro 
milling

Fine grain carbide micro end mill (Ø0.5) α-NiTi [104]

(a) (b) (c)

(a)Chipping, flank wear, edge breakedge (b)Flank wear (c) Slight flank wear
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surface aids formation of the crater by abrasive wear mecha-
nism. Although the progression of cratering to tool edge may
cause catastrophic tool failure, generally the volume available
to be worn away completely is much greater for crater wear
than for flank wear. This is also valid for machining of NiTi
(see Fig. 4). However, cratering should also be kept under
control for NiTi. It is clear from Fig. 4 that crater wear together
with abrasive marks are present on the rake face of the worn
tools. Some of these craters grew in to edge breakage. It was
reported that, when turning NiTi, employing TiB2-coated car-
bide tools accelerated cratering due to tribo-chemical dissolv-
ing [82]. Probably, this process was followed by severe abra-
sion due to the very hard nature of the TiB2 particles.
Although application of cryogenic cooling was effective in
reducing the crater formation, it was not as effective as reduc-
ing the notch wear on flank face [105]. Likewise, cratering
was reported to be a severe problem during milling of NiTi
[43].

Chipping along the cutting edge occurs when the cutting
edge removes the chip intermittently like milling process.
Intermittent removal of chip results in cyclic mechanical and
thermal loadings on the cutting edge. These loadings are
followed by small cracks called chipping. In turning process,
the cyclic load occurs by rotation of shear angle when a tool
exits a cut [109]. This kind of wear is more common in the
milling of NiTi than turning. When milling NiTi,
microchipping gradually occurred and led to tool failure
[41]. Application of chilled air did not decrease chipping dur-
ing micro end-milling of NiTi [110]. In this case, chipping
might be originated by hardening of NiTi at low temperatures.
Variation of inclination angle had a great influence on edge
chipping during multi-axis micro end-milling [49]. As seen in
Fig. 4, chipping was the dominant wear type when drilling
NiTi [42, 45, 82, 111]. During deep hole drilling of NiTi,
lower cutting speeds Vc < 30 m/min led to increased chipping
due to increased strain hardening [54]. Increasing feedrate to
f = 0.03 mm/rev resulted in decreased chipping during deep

hole drilling [42]. This probably originated from more stable
chip formation due to increased chip thickness.

4 Machining operations

As stated in previous sections, machining of NiTi is very chal-
lenging due to high strain hardening, low thermal conductiv-
ity, high specific heat, and low effective elastic modulus. All
these factors make dynamic mechanical properties of these
alloys unique and lead to severe tool wear, high cutting forces,
and poor chip handling. Gou et al. conducted both quasi static
and Split Hopkinson pressure bar compression test of
Ni50.8Ti49.2 (at.%) under the strain rate of between 2600 and
6400 s−1 [43]. Results showed that ultimate compressive
stress (UCS) reached up to 3 GPa under moderate strain rate
values, while this value was around 2.3 GPa in quasi-static
compression test. UCS decreased to 1.6 GPa and failure plas-
tic strain reached up to 0.2 under higher strain rates due to
adiabatic shearing. These unique thermo-mechanical behav-
iors indicate that NiTi is very difficult to machine. A well-
conducted review of experimental studies is required since
complex thermo-visco-elasto-plastic behaviors of this materi-
al under machining conditions still cannot be predicted with
present methods.

4.1 Non-conventional machining

Depending on the properties of desired product, non-
conventional machining methods may be good alternatives
to tool-based traditional machining methods. Some re-
searchers suggested non-contact type machining methods
(non-conventional methods) such as EDM, FSM, AWJ, and
PWJ; however, there are some limitations with these machin-
ing methods. Huang et al. reported that HAZ underneath the
machined surface (50–150 μm) was observed in energy-
assisted machining methods of EDM and FSM [53]. HAZ
formation may locally change transformation temperatures
and microstructure of NiTi components. Subsurface harden-
ing was another unfavorable result reported in EDM with a
minimum depth value of 150 μm. Additionally, the FSM pro-
cess resulted in severely granulated texture (around 10 μm
deep), probably due to recasting, and formation of a recast
layer with combination of hot and ablated particles. It was also
reported that during laser machining of narrow grooves, evap-
orated material may not evacuate cutting zone and recast to
back to cut wall. Similar results were reported by Theisen and
Schuermann [51]. They reported HAZ formation range of
between 5 and 22 μm depth during EDM. In addition to
HAZ, TiC precipitation, melting drops as well as discharge
craters with cracks were also observed as shown in Fig. 5. The
subsurface hardening effect was observed in other studies
using EDM [112] and FSM [113].
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�Fig. 4 A brief review of tool wear mechanisms and types inmachining of
NiTi. TiCN/TiAlN multilayer coated carbide (a) Flank wear, crater wear,
notch wear, edge breakage, adhesion (b) Flank wear, crater wear,
adhesion (c) Chipping, edge wear (d) Flank wear. TiB2-coated carbide
(a) Flank wear, notch wear, abrasion marks on flank face, chip flow
damage (b) Adhesion, crater wear, edge fracture (c) Adhesion on rake
face, notch wear, flank wear with abrasion marks; (a) CBN (b) PCD (c)
Mix ceramic (d) Al2O3 ceramic. (a) Abrasion on rake face, adhesion,
flank wear (b) Attrition wear, notch wear (c) Severe adhesion, edge
breakage, abrasion, crater wear (d) Notch wear, crater wear, flank wear.
Uncoated carbide end mill (Ø10—4 teeth) (a) Microchipping and
microgalling (b) Built-up edge (BUE) (c) Microchipping and
microgalling (d) Flank wear, abrasion marks. TiCN/TİN-coated carbide
drill (Ø5) (a) Chipping, edge breakage (overview) (b) Flank wear,
adhesion (cutting edge) (c) Adhesion wear (drill center). Fine grain
carbide micro end mill (Ø0.5) (a) Chipping, flank wear, edge breakage
(b) Flank wear (c) Slight flank wear



AWJ and PWJ are promising methods as they cause little
(AWJ) or no (PWJ) thermal distortion [114]. These methods
may even be candidates for simple milling operations if
controlled-depth milling is ensured [115]. Frotscher et al. in-
vestigated feasibility of water jet cutting of biomedical NiTi
sheet [116] and they found that cutting quality was not good
enough. Kong et al. investigated PWJ and AWJ methods
through an analysis of controlled-depth milling of NiTi
SMA [47]. They reported that the main limitations were
non-homogenous depth, inaccurate milling depth, and flat sur-
face in PWJ. The major reason of these occurrences was low
yield strength and high strain hardening of the martensite as
this process was conducted in 100% martensitic state with no
temperature-induced phase change. It was reported that AWJ
machining may be a better solution for controlled milling be-
cause the abrasive erosion resistance of austenite phase is
lower considering the fact that temperature-induced austenitic
transformation is expected in AWJ [117]. However, this pro-
cess was unable to yield as-milled-like surfaces due to scallop-
shaped footprint between passes as seen Fig. 6.

These results showed that non-contact type machining
methods may be used in production of NiTi parts if

dimensional and surface characteristics of the part allow the
above summarized limitations. However, as pointed out by
Kong et al. [47], cutting quality for high-value industrial ap-
plications remains a challenge. Contact type machining
methods remain an important goal considering the prevalence
and well-proven capabilities of them. Applications of these for
NiTi are reviewed in the following subsections.

4.2 Turning

Although NiTi SMAs were discovered around the 1950s, first
machinability study in turning process was conducted at the
beginning of the 2000s. A brief review of turning studies of
NiTi and the consequences are briefly presented in Table 4.
Weinert and Petzoldt investigated machinability characteris-
tics of a Ni50.9Ti49.1 SMA (at.%) in turning process [42]. The
sample was in the austenite phase at room temperature (heat
treated by annealing at 850 °C in the air for 20 min and water-
quenched afterwards aged at 350 °C for 60 min and quenched
in water again). The cutting insert was TiCN/TiAlN
multilayer-coated cemented carbide with geometry of
CNGG 120402 (αo = 6°, γo = 7°) according to ISO classifica-
tion. In all cutting tests, dry and lubricated conditions were
investigated (lubricant of 5% coolant, 95% water emulsion).
Effects of cutting speed were investigated between Vc = 20
and 180 m/min (f = 0.05 mm/rev and aP = 0.2 mm). High cut-
ting forces (above 170 N) with severe notch wear and poor
chip breaking were observed between cutting speed range of
Vc = 20 and 60 m/min. In the second range between cutting
speed of Vc = 60 and 130 m/min, minimum cutting forces
(about 50 N), minimum tool wear (no notch wear at about
Vc = 100 m/min), minimum chip breaking problem, and least
burr accumulation were reported. Cutting speeds above
Vc = 130 m/min resulted in increased cutting force and tool
wear (especially in dry cutting conditions). This was attributed
higher friction due to elevated cutting temperatures. The ef-
fects of varying cutting speed on cutting forces and tool wear
are shown in Fig. 7. Effect of feed rate was investigated

a) b)

Fig. 5 Limitations when cutting
NiTi using EDM. a Melting
drops. b TiC precipitates in
melting zone [51]

Fig. 6 Demonstration of first and subsequent jet footprints when
attempting to ensure controlled depth milling with AWJ [47]
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between f = 0.02 and 0.15 mm/rev (Vc = 100 m/min, ap =
0.2 mm, dry cutting). At low feed rate values (f < 0.04 mm/
rev), high tool wear as well as the formation of burr was
observed. The minimum tool wear and burr formation were
observed between feed range of f = 0.04 and 0.09mm/rev (see
Fig. 7b). The reduction of burr formation was attributed to
increased chip thickness resulting from increased feed values.
The researchers also conducted experiments for various depth
of cut values and concluded that cutting depth should be cho-
sen around nose radius value of the insert for minimum tool
wear and maximum productivity. However, it should be noted
that the reported wear was measured using constant removal
volume. As a result, lower values down to ap = 0.1 mm led to
increased tool wear due to increased contact length (increased
feed rate).

Lubrication is a very important concept in machining, es-
pecially in difficult-to-cut materials. Presence of lubrication
reduces friction, abrasion, and adhesion at the tool–chip inter-
face. This ensures lower wear rates and cutting forces [123].
Cryogenic cooling can be implemented in machining process
(cryogenic machining) to improve all major surface integrity
and machinability characteristics. Cryogenic machining was
reported to yield positive results in nickel-based super alloys
[124] and titanium alloys [125]. Conversely, according to
Hong et al., cryogenic cooling resulted in increased force
components in the machining of Ti6Al4V alloy due to low
cutting temperatures which makes workpiece stronger and
harder [126]. Kaynak et al. examined various machinability

characteristics of Ni49.9Ti50.1 (at.%) alloy (martensitic at room
temperature) under cryogenic cooling (liquid N2, P =
1.5 MPa, ṁ = 10 g/s), MQL (P = 0.4 MPa, Q = 60 ml/h), and
dry cutting conditions in tuning process [105]. The cutting
insert was TiB2-coated carbide with geometry of DCGT
11T308HP. During the experiments, a constant feed rate f =
0.05 mm/rev, constant depth of cut ap = 0.5 mm, and variable
cutting speed values Vc = 12.5, 25, 50, 100 m/min were used.
The cutting experiments resulted in the abrasion dominant
wear mechanism and wear modes of notch wear, flank wear,
and crater wear. It was also reported that in dry and MQL
conditions, chip flow damage played a major role in acceler-
ated notch wear. Increasing cutting speed beyond Vc = 25 m/
min and 50 m/min yielded unfavorable tool wear results for
dry and MQL, and cryogenic conditions, respectively. In pro-
gressive tool wear tests (five measurements with cutting time
of 1-min intervals, Vc = 25 m/min, ap = 0.5 mm, f = 0.05 mm/
rev), cryogenic condition yielded longest steady-state results
with least overall tool wear. Besides, adhesive wear was ob-
served in dry and MQL condition (no adhesion in cryogenic
cooling). Most severe and deepest notch wear and flank wear
was observed in dry machining condition. The main cutting
forces, at Vc = 25 m/min, were also in agreement with tool
wear rates, being lowest in cryogenic cutting (80 N) and
highest in dry cutting (160 N) conditions (see Fig. 8a).
Reported surface roughness values, at Vc = 25 m/min, were
1.2, 0.6, and 0.4 μm for dry, MQL, and cryogenic cutting
conditions, respectively. It was reported that the recorded

a)

b) c)
Fig. 7 Effects of varying cutting parameters on tool wear and cutting forces: a cutting speed against cutting force; b feedrate against flank wear; c cutting
speed against flank wear [42]
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maximum temperature during dry, MQL, and cryogenic cut-
ting was 523, 259, and 96 °C, respectively. Considering the
high pressure in cutting region, it can be inferred that shear
process was ensured in martensitic state, in which strength of
the material is relatively low, in cryogenic machining.
Conversely, during dry and MQL conditions, probably, the
alloy was a B2 order compound. DSC analysis of the gener-
ated chips supports this thesis. Accordingly, chip shapes gen-
erated from cryogenic cutting was more favorable compared
to MQL and dry cutting as seen in Fig. 8b. It was concluded
that cryogenic cooling yielded minimal tool wear and cutting
force due shorter tool–chip contact length and active phase
being martensite.

Preheated machining or hot machining is a method used for
easing cutting process by aiming thermal softening of the
workpiece. This method was reported to yield positive results
when machining superalloys such as Waspalloy [127] and
Inconel 718 [128]. Kaynak et al. [106] investigated the effects
of temperature variation on the machinability behavior of
Ni49.9Ti50.1 (at.%) alloy through cryogenic and preheated ma-
chining processes (TiB2-coated DCGT11T308HP geometry
carbide insert; Vc = 12.5, 25, 50 m/min; f = 0.1 mm/rev; ap =
0.5 mm; liquid N2 cryogenic cooling at P = 1.5 MPa). The
temperature of the workpiece, which was martensitic at room
conditions, was increased to 175 °C (above Af temperature)

during the preheating process. It was reported that wear was
reasonable at low cutting speed ofVc = 12.5m/min under both
conditions. However, there was a large increase of notch wear
in the preheated condition under Vc = 25 and 50 m/min.
Moreover, chip flow damage was apparent in preheated ma-
chining, whereas it was eliminated in cryogenic machining.
The increase of cutting speed resulted in decreased cutting
forces in cryogenic machining. In preheated machining, how-
ever, the trend was uncommonly converse [129, 130]. In this
case, increase of cutting speed resulted in increased cutting
forces. This may be originated from increased tool wear. It
was also reported that the machining conditions (preheated
vs. cryogenic) did not have a significant effect on chip thick-
ness [131]. Considering the active phase difference between
cryogenic and preheated machining, this finding shows that
chip thickness is not influenced by an active phase of the
material.

Weinert et al. [82] investigated optimum cutting parameters
and effects of various cutting tool materials in turning of NiTi
SMA. The applied tool materials were uncoated carbide, var-
ious types of coated carbides, CBN, PCD, and ceramics. The
results revealed that the coated carbides outperformed their
uncoated couples in terms of resistance to wear. However,
TiB2 coating exhibited worse results compared to other coat-
ings (TiN, TiAlN, TiCN). This may have resulted from chem-
ical affinity between titanium and TiB2. It was also reported
that turning with PCD or CBN tools at the same cutting speeds
with carbide tools ended up with higher tool wear rates.
However, experimentation of higher cutting speeds (Vc >
100 m/min) might yield acceptable tool wear results with
these tool materials because less adhesion has been reported
at higher cutting speeds when machining with these ultra-hard
cutting tool materials [132, 133]. As expected, composite and
oxide ceramics were not suitable for machining of NiTi. This
was most probably due to the chemical affinity between tita-
nium and ceramics [60, 81]. The results showed that, at lower
cutting speeds (Vc < 60 m/min), severe notch wear was ob-
served. Increasing the cutting speed around Vc = 100 m/min
ended up with decreased notch wear as well as increased sur-
face quality. It was concluded that cutting depth values above
the nose radius of the insert resulted in increased notch wear.
The researchers also suggested a very novel approach by
aiming to keep the material in B19’ phase. Prior to machining,
they cooled the workpiece with liquid N2 to ensure
temperature-induced forward phase transformation to mar-
tensitic structure; afterwards, they expanded the material with
a mandrel. The stress applied by the mandrel from the inner
diameter of the work piece causes stress-induced martensite.
After this step, no further cooling was applied. With the ap-
plication of this novel method, the workpiece can be kept in
martensitic structure throughout the machining process.

Melting technique, prior processing, and heat treatment are
substantial factors affecting mechanical and shape memory

a)

b)

Fig. 8 Comparison of dry, MQL, and cryogenic cutting results: a cutting
force vs. cutting time; b generated chip shapes [105]
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behaviors of NiTi [134, 135]. For example, hot worked and
fully annealed material is expected to perform a ductile elon-
gation. Therefore, these factors would also affect machinabil-
ity of NiTi. Kaynak et al. investigated the influence of melting
techniques (VAR vs. VIM combined with VAR (VIM +
VAR)), prior processing (cold worked vs. hot worked), and
heat treatment on the machinability performance of
Ni50.8Ti49.2 (at.%, B2 phase at room temperature) [118].
Cross-section microstructure images of the investigated spec-
imens are displayed in Fig. 9. ISO code designation of
DCGT11T308HP KC5410 cutting tool, with TiB2 coating
and having edge radius re = 18–20 μm, was used in tests.
Regarding cutting parameters, constant values of cutting
speed Vc = 25 m/min, feedrate f = 0.05 mm/rev, and depth of
cut ap = 0.5 mm were used. Two cutting conditions were
applied: (1) cryogenic (liquid N2, P = 1.5 MPa, ṁ = 10 g/s)
and (2)MQL (P = 0.4MPa, Q = 60ml/h). It was observed that
hot rolled (HR) and the full annealed workpiece resulted in
slightly increased flank wear compared to cold worked (CW)
and superelastic heat-treated one. This was probably due to
increased work hardening, which resulted from ductility of the
material. Regarding melting method, VIM + VAR method
yielded shorter tool life compared to VAR method. VAR
method results in oxide inclusions, whereas VAR + VIM
method results in both oxide and carbide inclusions.
Therefore, the VAR +VIM method was detrimental to tool
life, as TiC particles are harder and sharper than TiO2 particles.
According to [82], severe flank wear, crater wear, and relative
short tool life observed in this study may be originated from
TiB2 coating.

Machinability responses of NiTi such as tool wear, cutting
forces, surface roughness, chip breakage, chip shape, and burr
formation of the conducted studies are reviewed in the previ-
ous paragraphs. Machining-induced subsurface microstruc-
ture and phase transformation behavior are of great

importance and should be taken into consideration because
the functional performance of NiTi parts and operational safe-
ty closely rely on these factors. Considering the application
range of these materials, such as biomedical and aerospace,
these factors gain even more importance. Kaynak investigated
phase transformation response of room-temperature austenitic
(Ms =− 43 °C, Mf =− 71 °C, As =− 32 °C, Af =− 11 °C)
NiTi SMAs after turning process (f = 0.05 mm/rev, Vc = 12.5,
25, 50 m/min, ap = 0.5 mm) [119]. Cutting tests were con-
ducted under cryogenic, MQL, and dry conditions. X-ray dif-
fractometer (XRD) analysis of the machined samples was
compared with as-received material, which showed the only
B2 diffraction peak. Results showed that the broadest peak
was observed at lowest cutting speed while the narrowest peak
was observed at the highest cutting speed as shown in Fig. 10.
At lower cutting speed values, cutting temperatures are lower
than that at high cutting speeds. As a result, mechanical effect
is more dominant than thermal effect [136]. Consequently, the
stress-induced transformation broadened the peak.
Conversely, at higher cutting speed values, increased temper-
atures suppressed mechanical effect by reducing dislocation
density and stress. As a result, narrow B2 peaks were obtain-
ed. Compared to dry and MQL cutting, cryogenic cutting
yielded broader B2 peaks. The B19’ martensitic peaks were
observed in cryogenically machined samples at low cutting
speeds. These results suggest that the local martensitic struc-
ture took place after cryogenic machining due to induced
stress to subsurface [119].

As stated previously, machining induced shape memory/
superelasticity properties of NiTi need to be understood well.
Kaynak et al. investigated cutting speed and cooling concept
dependent phase transformation temperatures, transformation
latent heat, and machining induced subsurface layer of room
temperature austenitic Ni55.8Ti44.2 (wt.%) SMA (Ms =
−14 °C, Mf = − 34 °C, As = − 8 °C, Af = 6 °C) [50].

a) b) c)

Fig. 9 Microstructure of B2 NiTi
fabricated with different methods:
a VAR+ cold work + superelastic
heat treatment; b VAR+ hot
rolled + full annealed; c VIM+
VAR+ hot rolled + full annealed
[118]
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Turning experiments were conducted under cutting speeds of
Vc = 6.25, 12.5, 25, and 50 m/min. Machining-induced layer
(h) was examined using optical microscopy by measuring the
depth of the regions with extensive twinning in the grains.
Figure 11a and b shows the depth of the affected layer in dry
and cryogenic machined sample at Vc = 12.5 m/min. It can be
seen that depth of affected layer is much larger in cryogeni-
cally machined sample. Similarly, cutting speed had a direct
effect on machining-induced layer. In both of the cutting con-
cepts, increased cutting speed resulted in a decreased machin-
ing induced layer as seen in Fig. 11c. The reduced machining
induced layer in dry cutting or high cutting speed was attrib-
uted to the dislocation annihilation effect of increased temper-
atures. Microhardness results were in good agreement with
cross-sectional sample layer measurements as seen in
Fig. 12. Increase of cutting speed resulted in decreased hard-
ening and hardening depth. Similarly, compared to cryogenic
cutting, dry cutting yielded lower hardness values and hard-
ening depth because increased temperature at higher cutting

speeds in dry cutting led to reduced density of twins/
dislocations and recovery of plastic deformation. DSC analy-
ses were conducted to compare latent heat for transformation
(ΔH) of cryogenically and dry machined samples with as-
received sample. The results are displayed in Fig. 13. ΔH
can be considered as the volume of transformed material.
ΔH of the dry machined sample was remarkably higher than
that of cryogenically machined sample, but lower than that of
as-received material under all cutting speed values.
Additionally, decreased cutting speeds led to decreased ΔH.
These results show that application of cryogenic cooling and/
or lower cutting speed lessen the transformed material volume
during solid state phase transformation.

Transmission electron microscopy (TEM) analysis of dry
and cryogenically machined austenitic NiTi was conducted
for a better understanding of machining induced microstruc-
ture change [120]. Experimental procedure was identical to
study reviewed above. In the study, TEM samples were cut
from the surface region to investigate the affected layer. As

a) b)

c)
Fig. 10 XRD patterns of machined and as-received room temperature austenite NiTi samples: a dry machining condition, bMQL condition, c cryogenic
condition [119]
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presented in Fig. 14a, TEM image of as-received material
showed that it is in B2 phase. This was confirmed by selected
area diffraction (SAD) pattern as seen in Fig. 14d. As present-
ed in Fig. 14b, dry machining led to some deformation of twin

bands. It was reported that these twin bands were B2 com-
pound twins [137], according to SAD patterns displayed in
Fig. 14e. According to the bright-field micrograph of the cryo-
genically machined sample displayed in Fig. 14c, higher

a) b)

c)

Fig. 11 Machining induced
layers of room temperature
austenitic NiTi. a Microstructure
after cryogenic machining at Vc =
12.5 m/min. b Microstructure
after dry machining at Vc =
12.5 m/min. cMaximum depth of
machining-induced layer vs.
cutting speed [50]

Fig. 12 Effects of cutting speed
machining condition on
subsurface hardness and
hardening depth [50] (here “V”
denotes cutting speed)
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density of twin bands were seen in this specimen compared to
dry machined specimen. SAD pattern displayed in Fig. 14f
indicated that the specimen was still fully austenitic [138].
According to this study, the contribution of twinning to the
overall plastic deformation of the martensite phase was higher
than that of the austenite phase [120]. This results in signifi-
cantly higher density of deformation twins and greater dislo-
cation density in the cryogenically machined specimens. This
behavior is similar to results reported by Morawiec et al.
[139]. They reported that martensitic phase transformation
was hardly visible after rolling process induced deformation
because of high density of dislocations and vacancies in the
crystal structure of the material [140].

In the previously mentioned studies, machining-induced
phase transformation characteristics of room-temperature
austeni t ic NiTi SMAs were reviewed. Yet , these

characteristics need to be also addressed for room-
temperature martensite materials. Kaynak et al. investigated
phase transformation responses of room temperature mar-
tensite (Ms = 33 °C, Mf = 49 °C, As = 85 °C, Af = 107 °C)
Ni49.9Ti50.1 (at.%) in dry, preheated, and cryogenic turning
processes (Vc = 12.5–100 m/min, f = 0.05 mm/rev, ap = 0.5-
mm) [121]. XRD spectra of the machined samples and as-
received material is shown in Fig. 15. Prior to machining, no
B2 peak was observed, but all machined samples showed
B2 peaks. This peak was broader with B19’ peaks in cryo-
genic machining. Austenitic phase transformation is an ex-
pected occurrence during machining due to increased cut-
ting temperatures; however, complete transformation to
martensite after machining was not observed, and even sam-
ples cooled back to ambient temperature (below Mf). The
researchers concluded that deformed structure does not al-
low the subsurface to transform back to austenite after the
machining process. Moreover, DSC responses of the ma-
chined samples showed that transformation temperatures
of the cryogenically machined samples significantly in-
creased. The scholars suggested that stabilized martensite,
via residual stress and the plastic strain formation due to
higher dislocation density [141], was higher in the samples
machined under cryogenic conditions [121]. This stabilized
martensite structure is expected to inhibit austenitic trans-
formation by imposing a friction stress on the B19’/B2 in-
terface [142, 143]. Another finding of this study showed
that there were considerable differences between first and
second cycles of DSC responses of the machined speci-
mens. The largest difference was reported in cryogenically
reported specimen.

Active phase of NiTi SMAs has a direct influence on
machinability characteristics of these alloys since B2 struc-
ture is harder and stronger, while the B19’ structure is more
ductile and softer. Increased temperatures during machin-
ing of NiTi induces austenitic transformation; however, at
the same time, concentrated stress in the deformation zone
induces martensitic transformation. Kaynak et al. investi-
gated active phase of room-temperature martensitic
Ni49.9Ti50.1 (at.%) in turning process by controlling cutting
temperature [122]. They measured the variation in trans-
formation temperatures as a function of stress by load-
biased thermal cycling test under 5 and 300 MPa.
Workpiece temperature and maximum chip temperature
were recorded using infrared camera. Cutting speed-
dependent chip temperature values for dry, preheated,
MQL, and cryogenic machining are displayed in Fig. 16.
It was concluded that the material was in B2 structure dur-
ing dry, MQL, and preheated machining. Considering in-
creased transformation temperatures (59 °C increase) due
to deformation stress, cryogenically machined sample was
in fully B19’ phase except when cutting speed was
Vc = 100 m/min.

a)

b)
Fig. 13 DSC responses of room-temperature B2 alloys as a function of
cutting speed after machining: a dry machining, b cryogenic machining
[50] (here “V” denotes cutting speed)
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4.3 Drilling

Machinability studies of NiTi conducted under drilling pro-
cess yielded similar results to turning results. Mainly, severe
adhesion together with high strain hardening have been re-
ported to bemain limitations. A brief review of drilling studies
of NiTi is presented in Table 5. Weinert and Petzoldt conduct-
ed a study towards understanding the effects of various cutting
parameters in drilling and deep hole drilling of martensitic
Ni50.3Ti49.7 (at.%) alloy and austenitic Ni50.9Ti49.1 (at.%) al-
loys [42]. The drilling tool was TiCN/TiN multilayer-coated
solid carbide drill with a diameter of 5 mm and capable of
inner cooling. Effects of cutting speed were investigated be-
tween Vc = 5 and 160 m/min under the constant feed of f =
0.1 mm/rev and drilling depth of l = 5 mm. It was observed
that there was a nearly constant drilling torque level of 3 Nm
independent from alloy and cutting speed. For minimum cut-
ting forces (1200–1500 N), a cutting speed range of about 30–
60 m/min was recommended as shown in Fig. 17a.

Investigated feed rates were between f = 0.05 and 0.20 mm/
rev with a constant speed of Vc = 60 m/min. Increase of feed
resulted in linearly growing drilling torque and feed force. In
terms of martensite and austenite phase comparison, higher
feed forces were observed in austenitic alloy resulting from
higher tensile stress of austenite compared to martensite.
Microhardness test of the subsurface zone showed that the
largest subsurface hardening occurs at lowest cutting speeds
(up to 100 μm depth), while the increase of cutting speed
reduced depth of this area (see Fig. 17b). The scholars attrib-
uted this result to large chip thickness and high cutting forces
at low cutting speed values. Probably, low temperatures and
high mechanical loads at low cutting speeds led to increased
twinning and dislocation density as suggested by [50].
Conversely, increased microhardness was observed under in-
creased feed values, which also results in increased chip thick-
ness along with higher cutting forces. Similarly, domination of
mechanical effect over temperature effect possibly increased
twinning density. The subsurface hardening effect was

Fig. 14 Bright-field TEM images of specimens: a as-received, b dry machined, c cryogenic machined. Selected area diffraction patterns obtained from
specimens: d as-received, e dry machined, f cryogenic machined [120]
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reported to be more severe when drilling martensitic alloy.
This result was associated with the lower plateau strength of
the twinned martensite compared to that of austenite. Similar
results were observed when deep-hole drilling NiTi.
Microhardness value as a function of depth from the surface
and microstructure of machining affected layer is shown in
Fig. 17c. Here, probably, twinned martensite accommodates
in the affected layer.

Lin et al. employed tungsten arc melting technique to pre-
pare the Ni50Tİ50 (B19’ phase) and Ni51Ti49 (B2 phase) SMA
specimens for drilling tests [44]. They used three different drill
materials, namely, high speed steel (HSS), HSS + TiN coating,
and WC. Regarding the cutting parameters, rotation speed of
n = 88–305 rpm and feedrate of f = 0.07–0.22 mm/rev were

tested. Cutting speed of n = 163 rpm and feedrate of f =
0.07 mm/rev yielded optimum results. Drilling forces up to
5000 N were reported in both alloys. This was attributed to
high hardness, viscosity, and pseudoelasticity of the materials.
Drilling force results as a function of cutting time for Ni50Tİ50
and Ni51Ti49 are displayed in Fig. 18a and b. TiN-coated HSS
tool outperformed the HSS tool in both regards: drilling length
(22.9 mm vs. 11.8 mm) and cutting forces. This case, most
probably, resulted from increased drill hardness as well as
decreased interface friction due to TiN coating. WC drill
displayed longest drilling depth among the investigated tools.
It was also reported that machining of Ni51Ti49 specimen was
more difficult (for WC tool 29% less drilling length). This
occurrence possibly originated from the higher flow stress of

Fig. 15 XRD patterns of
machined NiTi samples at Vc =
12.5 m/min and as-received
material [121]

Fig. 16 Variation of maximum
chip temperature as a function of
cutting speed [122]
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the austenite. Regarding drilling surface morphology, visual
wavy tracks on drilled surface were observed (see Fig. 18c).
This may promote higher drilling forces and increased vibra-
tion along with tool wear. Hardness values of the specimens
near to the drilled holes were reported to reach 310 and
370 Hv for the Ni50Ti50 and Ni51Ti49, respectively, which
may arise from strain hardening due to the large amount of
plastic deformation.

Concerning very high loads in the drilling process and poor
machinability of NiTi, proper cutting tool material selection is
of great importance. Weinert et al. [82] investigated perfor-
mance of two different drills (5-mm-diameter twist drill) sub-
strates: (1) ISO K10 cemented carbide substrate and (2) duc-
tile core substrate and a hard jacket (ISO M35). The material
was Ni50.3Ti49.7 (martensitic at room temperature) and cutting
parameters were cutting speed Vc = 30, 60m/min, feedrate f =
0.07 mm/rev, and drilling depth l = 15 mm. It was reported
that K10 grade drill performed better wear resistance and
achieved a longer drilling depth at the cutting speed of
Vc = 60 m/min. However, this tool failed at the cutting speed
of Vc = 30 m/min due to excessive chipping after one single
boring. This result probably originated from combination of
limited toughness of K10 compared to HSS and increased

strain hardening at low cutting speeds. Longest drilling depth
was achieved with coated M35 grade at Vc = 30 m/min.

Specific cutting energy is a very useful way of quantitative-
ly measuring the efficiency of the metal cutting process or the
machinability of a workpiece [144]. Specific cutting energy is
affected by many variables such as workpiece material, cut-
ting tool geometry and material, machining parameters (feed,
cutting speed, depth of cut), and machining conditions
[145–147]. Weinert et al. [45] investigated specific cutting
energy of α-NiTi and β-NiTi under variable cutting parame-
ters during drilling operation. They employed solid carbide
drills with 5-mm diameter and capable of supplying internal
coolant. No significant cutting energy between α-NiTi and β-
NiTi was reported. Lower cutting energy was achieved be-
tween Vc = 80 and 120 m/min. Similarly, best surface quality
of RZ = 1 μmwas acquired at cutting speed of Vc = 100 m/min
in β-NiTi. Increased feedrate led to increased drilling torque
and feed force. However, the specific energy decreased at
higher feedrate values because of decreased friction at high
feed rates. Alteration of the feed rate did not have a significant
effect on surface quality. Concerning subsurface microhard-
ness, higher cutting speeds yielded better results in both
regards, hardness value (650 Hv at Vc = 5 m/min, 400 HV at

a) b)

c)

Fig. 17 Drilling of NiTi: a feed
force variation as function of
cutting speed; b subsurface
hardening under various cutting
speed values; c microstructure
and hardening of the subsurface
zone when deep hole drilling NiTi
[42]
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Vc = 160 m/min) and harness depth (up to 100 μm). Effects of
feedrate and cutting speed on surface hardening are displayed
in Fig. 19a. An increase of feedrate led to increased micro-
hardness due to increased mechanical load. The martensitic
alloy displayed more significant strain hardening of the sub-
surface zone compared to austenitic alloy.

Biermann et al. investigated micro deep-hole drilling per-
formance of single-lip drills (Ø 0.5, 1, 1.5 mm) and twist drills
(Ø 1 mm) when machining Ni50.2Ti49.8 (at.%) [54]. It was
reported that the quality of the drilled holes was good; how-
ever, single-lip drill displayed unfavorable adhesion on guide
pads. This was attributed to asymmetrical geometry of the

single-lip drill. The scholars suggested two different solution
strategies for this: (1) using smaller tip angles to reduce radial
forces and (2) guide pad coating to reduce the friction. No
adhesion was reported in twist drills, thanks to symmetrical
design and TiAlN coating. In terms of cutting length, twist
drills outperformed single-lip drills with depths up to
1200 mm versus 420 mm, respectively. In Fig. 20, tool wear
under various feedrate values and feed force under various
cutting speed values are displayed. Optimum cutting parame-
ters for single-lip drills were reported as cutting speed of
Vc = 30 m/min and feedrate of f = 5 μm/rev. Using a higher
cutting speed range resulted in enhanced adhesion, while the

a)

b) c)

Fig. 18 Drilling force as a
function of drilling time for a
Ni50Tİ50 and b Ni51Ti49. c
Stereomicroscopic image of
drilled surface of NiTi SMA [44]

a) b)

Fig. 19 Drilling of B2 and B19’
NiTi: a variation of subsurface
microhardness for various cutting
speed and feedrate values; b
specific cutting energy as a
function of cutting speed [45]
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lower range resulted in chipping due to severe strain harden-
ing.When cutting with twist drills, cutting speed ofVc = 50m/
min resulted in least cutting force and longest drilling depth
(1200 mm), while cutting speed of Vc = 30 m/min resulted in
largest cutting force and shortest drilling depth (400 mm).

4.4 Milling

Milling operation has a very important place in the machining
processes because nearly any shape can be generated by mill-
ing process. Althoughmechanics of milling are very similar to
turning, different machinability responses might be observed
due to interrupted cutting nature of milling. A brief review of
NiTi milling studies and the consequences are briefly summa-
rized in Table 6. Huang investigated effects of cutting speed,
feedrate, and depth of cut on cutting force, machined surface
characteristics, and tool wear in surface milling of room tem-
perature austenite Ni50.6Ti49.4 alloy (at.%) [41]. The milling
tool was uncoated carbide solid end mill with 10-mm diame-
ter. During the experiments, a wide range of cutting parame-
ters were used (cutting speed Vc = 5 to 500 m/min, feedrate
f = 50 to 1000 mm/min, axial depth of cut ap = 0.05 to
0.5 mm, radial depth of cut ae = 2.54). Some machinability
responses of cutting speed variation are displayed in Fig. 21a-
d. In the cutting speed range between Vc = 5 and 50 m/min,

high cutting forces (25 N) with unfavorable tool wear and high
surface roughness (0.8 μm, Ra) were observed. In the range
between Vc = 50 and 200 m/min, minimum cutting forces (2–
5 N) with low tool wear rates and best surface roughness
(0.1 μm, Ra) were reported. Probably, decreased chip thick-
ness and thermal softening caused these positive results.
Cutting speed range of Vc = 200 to 500 m/min yielded similar
results in terms of surface roughness values (0.1–0.2 μm, Ra);
however, slightly higher cutting forces (5–7 N) with severe
tool wear were observed. This result may have originated
from very small chip thickness and consequent tool–chip
chemical reactivity. Feedrate variation resulted in expected
results. The increase of feedrate resulted in increased cutting
forces (range between 2 and 12 N), increased surface rough-
ness (between 0.1 and 0.4 μm, Ra), and increased wear rate.
Depth-of-cut variation yielded similar results to feedrate.
Under all milling parameters, microhardness values of ma-
chined surfaces (310–350 kg/mm2) were greater than that of
as-received part (220 kg/mm2). Increase of cutting speed re-
sulted in a sharp decrease in microhardness in the cutting
speed range between Vc = 5 and 50m/min. This was attributed
to less strain hardening in higher speed values due to de-
creased cutting forces. Feedrate and depth of cut did not have
a significant effect on surface hardness. It should be noted that
the lowest speed of Vc = 5 m/min yielded deepest subsurface

Fig. 20 Feed force and tool life of
twist drills (Ø 1 mm) as a function
of cutting speed [54]
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hardness, while highest speed of 500 m/min resulted in least
deep strain hardened layer. XRD spectra of the specimen ma-
chined at Vc = 500 m/min displayed very similar B2 peaks
with as-received material. This means that there is no or min-
imum machining induced phase change. However, lower cut-
ting speed values might yield B19’ peaks because mechanical
loads dominate thermal effects at low cutting speeds. This
may result in twinning and dislocations under machined sur-
face [119]. Increased subsurface hardening may be related to
this occurrence.

Guo et al. [43] investigated surface integrity characteristics
of Ni50.8Ti49.2 in milling process using AlTiN/TiN-coated car-
bide milling tools (indexable tool with one active tooth). The
investigated cutting parameters were Vc = 200 m/min, f = 50–
800 mm/min, ap = 0.1 mm, and ae = 0.251 mm. Reported
wear modes were notching, microchipping, flank wear, and
coating flaking which is attributed to high cutting tempera-
tures that induced tribo-chemical dissolving. In terms of the
surface roughness, the lowest Ra value was yielded at the feed
value of f = 200 mm/min. This result was attributed to uncer-
tainty and machining dynamics. The largest burr formation
was observed at highest feed value and minimum burr being
at lowest feed. This may be a result of high ductility of the
material rather than phase transformation properties. White
layer formation below the milled surface is shown in
Fig. 22. Here, the region below the affected layer shows the
twinned structure of martensite. The thickness of the subsur-
face white layer formation was also largest at lowest feedrate.

This was attributed to high mechanical loads under lower feed
values, which in turn yields deeper stress-induced phase trans-
formation. This increased hardness was attributed to forma-
tion of austenitic structure, following the release of the cutting
stress (temperatures above Af) after the large plastic strain
caused detwinned martensitic structure. Similar results were
reported by [121]. Notch wear possibly originated from pre-
viously explained strain hardening. The findings of this study
suggest that thermal softening of the material may take place
at elevated feed values. Consequently, high cutting tempera-
tures, possibly, dominated mechanical strains and in turn
narrower white layer formation was observed. However, due
to the combined complexity of this material and process, fur-
ther studies need to be conducted in the milling process for a
better understanding of this phenomenon.

4.5 Sawing

Sawing process is cutting a workpiece with bandsaws, hack-
saws, and circular saws. Circular sawing produces quite accu-
rate dimensions and smooth surfaces because of the rigidity of
machines and cutting blade [55]. Therefore, this process gives
accurate results when investigatingmachinability of materials.
A brief review of the NiTi sawing studies and the conse-
quences are briefly summarized in Table 6. First investigation
on the machinability of the NiTi SMAs was conducted byWu
et al. using circular sawing process [148]. The researchers
investigated and compared machinability characteristics of

a) b)

c) d)

Fig. 21 Various machinability
responses as a function of cutting
speed variation: a cutting force, b
surface roughness, c subsurface
hardness, d flank wear [41]
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three different materials: (1) Ni49.6Ti50.4 SMA, (2) 18-8 stain-
less steel, and (3) Ti50Al50 intermetallic. It was reported that
cutting time per unit area for the NiTi increased quickly with
increased cutting area as shown in Fig. 23a. Besides, accumu-
lated cut area using same diamond blade was smallest for NiTi
among the investigated materials. Therefore, cutting time per
unit area was very high for NiTi among the investigated ma-
terials. This result was attributed to high ductility of NiTi,
which results in adhesion of cut fragments to the blade.
Figure 23b displays cut sample microhardness values as a
function of depth from the cut surface. Largest strain harden-
ing under the machined surface was observed in cutting of
NiTi, whereas hardening depth was similar for all materials.
In addition to strain hardening due to cutting action of the
cutting blade, this hardening effect was also attributed to fa-
tigue hardening due to cutting process induced vibration
[104]. Fatigue hardening is more related to machine dynamics
and not discussed in this paper. SEM analysis showed that
there were plowing groove and surface pit formation on the
cut face. These are indicators of abrasive and adhesive wear
impeding machinability rate negatively.

Lin et al. investigated machinability characteristics of
Ni50Ti50 (B19’ at room temperature) and Ni51Ti49 (B2 at room
temperature) SMAs during circular sawing [44]. They found
that increased cutting load at constant cutting speed resulted in

decreased cutting time only in the early period; however, fur-
ther increase of the load did not effectively decrease the cut-
ting time. The researchers ascribed this phenomenon to strain
hardening and fatigue hardening effects at higher loads [104].
Similar behavior was observed when rotation speed was in-
creased under constant cutting load. Increased cutting speed
resulted in only a slight decrease in cutting time. This was
attributed to the fatigue hardening effect of higher blade rota-
tional speed. Regarding the blade material, emery blade
displayed better cutting rate compared to diamond blade.
The authors attributed this to adhesion of some cut fragments
of NiTi on diamond blade because of high ductility of the
material. Emery blade, on the other hand, was composed of
SiC and Al2O3 particles, which dresses itself like abrasive
cutting tools. It was reported that cutting time for both com-
positions were similar, although they exhibit different me-
chanical characteristics and active phase structures at room
temperature. This result indicates that both materials were,
probably, machined under the same phase structure. These
were most probably temperature induced austenite.

4.6 Micro-milling

Micro-machined NiTi SMA parts are generally used for med-
ical applications and micro-mechanical applications [11, 21,

Fig. 22 Cross-section
microstructure of milled
specimens [43] (here “V” denotes
cutting speed, “Vf” denotes feed)

a) b)

Fig. 23 Circular sawing of three
different materials includingNiTi:
a cutting time per unit area, b post
cutting subsurface microhardness
[27]
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149, 150]. These components can be manufactured by laser
cutting since this method renders possible producing topolo-
gies smaller than 100 μm in size and cutting NiTi thin film
material [151, 152].Micro-milling is an alternative production
process for these components since it offers high material
removal rates, high surface quality, and very little thermal
damage. Although cutting mechanics do not differ, all ma-
chinability responses and machining parameters of the
macro-scale milling process cannot be generalized down to
micro-milling process. Thus, it is not possible to determine
machining parameters by a linear scale-down approach be-
cause in micro-milling, the material spring back for ductile
materials and a plowing effect, when undeformed chip thick-
ness is comparable to cutting edge radius or lower, are ob-
served [110]. These factors are known as size effect [153]. A
brief review of micro-milling studies of NiTi is presented in
Table 7.

As mentioned in previous sections, cutting parameters as
well as cooling–lubrication conditions are of great influence in
micro-machining of NiTİ SMAs. Weinert and Petzoldt inves-
tigated optimum cutting parameters when micro-machining
β-NiTi SMA (50.8, at.% nickel) in dry and MQL (Q < 1 ml/
min, ester oil) condition [151]. The milling operation was
conducted using 0.4-mm-diameter TiAlN-coated carbide
mills using two different strategies: (1) slot milling (full radial
immersion) and (2) end milling (partial immersion). Adhesion
of NiTi on micro end milling cutter and burr formation were
reported to be the main problems. Axial cutting depth of
ap = 10 μm led to best surface quality among the all investi-
gated conditions. Increasing the radial cutting depth from
ae = 10 to 40 μm resulted in better surface quality as well as
decreased cutting forces. Similar behavior was observed when
feed rate was increased. Increasing feed per tooth value from
fZ = 8.4 to 30 μm resulted in decreased cutting forces, espe-
cially in passive force component. Positive results of increased
radial cutting depth and feed may have resulted from in-
creased chip thickness, which diminishes the possibility of
chemical reaction between cut chip and cutting tool. In dry
cutting condition, no adhesion and a little burr formation were
observed at the end of the first slot (L = 10 mm). However,
when milling continues with the same tool, formation of ad-
hesion and burr at the edge of slot geometry were reported at
the end of the second slot (L = 20). In Fig. 24, tool wear and
burr formation after first and second slot under dry cutting are
displayed. In MQL condition (ap = 10 μm, ae = 40 μm), after
milling with the same tool six consecutive slots, very little
adhesion was reported and the workpiece quality remained
on high level with the minimum burr formation.

Applying chilled air on cutting region is another strategy to
increase machinability in nickel and titanium alloys
[154–156]. Zailani and Mativenga investigated effects of
chilled air application on the machinability of room tempera-
ture martensitic Ni55Ti45 (wt.%) in micro-milling process

under three cutting conditions: (1) chilled air (T = − 8.5 to −
10.5 °C, u = 14 m/s), (2) MQL, and (3) chilled air and MQL
[110]. The researchers hypothesized that keeping the material
at low temperatures (martensitic at room temperature) may
prevent entering the austenitic phase during machining. The
cutting tool was an AlTiN-coated carbide solid end mill with
0.5 mm diameter. The cutting parameters were as follows:
Vc = 35 m/min, f = 184 mm/min, ap = 30 μm, and ae =
0.2 mm (MRR= 1.1 mm3/min). After machining in the chilled
air condition, microstructure was more homogenous than ma-
chining with other conditions. However, it should be noted
that the investigated specimens for microstructure analysis
were layers parallel to milling surface, not cross-sectioned
specimens. Under the chilled air condition, machining in-
duced layer might have been observed in cross-sectioned
specimens because the maximum hardness value of machined
surface was observed when chilled air was applied. This indi-
cates hardened martensite. MQL alone yielded least homoge-
nous and dendritic structure. Minimum cutting forces were
yielded when chilled air was applied. This may be an evidence
to support the hypothesis that keeping the material in martens-
itic phase while machining results in lower flow stress because
of softer structure of martensite. In terms of the surface quality,
presence of chilled air and MQL together yielded the best
results (Ra, 0.26 μm). Regarding burr formation, simulta-
neous application of chilled air and MQL resulted in smaller
and uniform burrs. Under all conditions, the dominant wear
mode was flank wear and chipping. Minimum tool wear was
observed under MQL concurrently applied with chilled air
condition (flank wear < 200 μm), while maximum wear was
reported under chilled air condition (flank wear ≈ 1700 μm).
This was attributed to high friction in absence of lubrication.
Besides, strain hardening of martensitic structure may also be
responsible for chipping. This study shows that keeping the
temperature low around the cutting region is an efficient meth-
od for keeping the material in martensitic structure. However,
the chilled air alone condition is not suitable due to increased
friction at the tool–chip interface. As a result, the addition of
MQL to chilled air application yielded optimum conditions.

Kuppuswamy and Yui aimed to optimize cutting parame-
ters of Ni50.6Ti49.4 alloy (at.%) inmicro-milling process (MQL
at P = 4 bar, Q = 80 ml/h) using two-teeth solid carbide end
mills of 0.3-mm diameter [99]. The material was in the aus-
tenite phase at room temperature and an R-phase transition
was reported in DSC graph, which means Ti3Ni4 precipitates
existed in specimens. A very broad range of machining pa-
rameters were tested in the study (Vc = 4.7–30.1 m/min; fZ =
0.005, 0.008, 0.012 mm/tooth; aP = 0.008, 0.01, 0.012 mm).
The experiments resulted in a decrease in cutting forces and
increase in hardness when cutting speed increased from 4.7 to
15 m/min as shown in Fig. 25. However, a further increase in
cutting speed resulted in increased cutting force and decreased
hardness value. The trend of the cutting forces, which is

Int J Adv Manuf Technol (2019) 100:2045–2087 2073



Ta
bl
e
7

A
br
ie
f
re
vi
ew

of
st
ud
ie
s
co
nd
uc
te
d
on

m
ic
ro
-m

ill
in
g
N
iT
iS

M
A
s

R
ef
er
en
ce

M
at
er
ia
lc
om

po
si
tio

n
P
ha
se

(r
oo
m

te
m
pe
ra
tu
re
)

C
oo
lin

g
co
nd
iti
on

To
ol

m
at
er
ia
l

To
ol

ge
om

et
ry

[1
10
]

N
i5
5T

i4
5
(w

t.%
)

M
ar
te
ns
iti
c

C
hi
lle
d
ai
rM

Q
L
C
hi
lle
d
ai
r+

M
Q
L

C
oa
te
d
ca
rb
id
e

So
lid

en
d
m
ill

Ø
0.
5
m
m

Tw
o
te
et
h

[9
9]

N
i5
0.
6T

i4
9.
4
(a
t.%

)
A
us
te
ni
tic

M
Q
L

C
ar
bi
de

So
lid

en
d
m
ill

Ø
0.
3
m
m

Tw
o
te
et
h

[4
6]

N
iT
i

M
ar
te
ns
iti
cA

us
te
ni
tic

M
Q
L

C
oa
te
d
ca
rb
id
e

So
lid

en
d
m
ill

Ø
0.
8
m
m

Tw
o
te
et
h

[1
51
]

N
i5
0.
8T

i4
9.
2
(a
t.%

)
A
us
te
ni
tic

D
ry

M
Q
L

C
ar
bi
de

(A
lT
iN

co
at
ed
)

So
lid

en
d
m
ill

Ø
0.
4
m
m

Tw
o
te
et
h

[4
9]

N
i4
9.
7T

i5
0.
3
(a
t.%

)
N
i4
9.
9T

i5
0.
1
(a
t.%

)
M
ar
te
ns
iti
cA

us
te
ni
tic

M
Q
L

C
oa
te
d
ca
rb
id
e

B
al
ln

os
e
m
ill

Ø
1
m
m

Tw
o
lip

R
ef
er
en
ce

C
ut
tin

g
pa
ra
m
et
er
s

R
em

ar
ks

V
c
(m

/m
in
)

f Z
(μ
m
/to

ot
h)

a p
(μ
m
)

a e
(μ
m
)

[1
10
]

35
f=

18
4
(m

m
/m

in
)

30
M
ac
hi
ni
ng

w
ith

ch
ill
ed

ai
ry

ie
ld
ed

th
e
m
os
th
om

og
en
ou
s
st
ru
ct
ur
e
an
d
m
in
im

um
cu
tti
ng

fo
rc
es
.H

ow
ev
er
,h
ig
he
rf
la
nk

w
ea
ra
nd

ch
ip
pi
ng

w
as

ob
se
rv
ed

un
de
rc
hi
lle
d
ai
rc
on
di
tio

n.
M
or
eo
ve
r,
gr
ea
te
st
su
rf
ac
e
ha
rd
ne
ss
re
su
lte
d
fr
om

ch
ill
ed

ai
ra
pp
lic
at
io
n.
T
he
se

re
su
lts

su
gg
es
t

th
at
ap
pl
yi
ng

ch
ill
ed

ai
r
w
as

su
cc
es
sf
ul

at
ke
ep
in
g
th
e
m
at
er
ia
li
n
B
19
’s
tr
uc
tu
re

[9
9]

4.
7–
30
.1

5–
12

8–
12

M
in
im

um
cu
tti
ng

fo
rc
es

an
d
m
ax
im

um
su
rf
ac
e
ha
rd
ne
ss

w
as

ob
ta
in
ed

at
V
c
=
15

m
/m

in
.I
nc
re
as
e
of

de
cr
ea
se

of
cu
tti
ng

sp
ee
d
fr
om

V
c
=
15

m
/m

in
re
su
lte
d
in

re
m
ar
ka
bl
e
in
cr
ea
se

in
cu
tti
ng

fo
rc
e
an
d
de
cr
ea
se

in
cu
tti
ng

fo
rc
e.
T
hi
s
w
as

at
tr
ib
ut
ed

to
st
re
ss

in
du
ce
d

m
ar
te
ns
ite

at
V
c
=
15

m
/m

in
.M

ax
im

um
to
ol

lif
e
w
as

ac
hi
ev
ed

at
th
is
cu
tti
ng

sp
ee
d

[4
6]

30
,6
0

6,
12

50
,1
00

50
,1
00

M
in
im

um
bu
rr
fo
rm

at
io
n
w
as

ob
se
rv
ed

un
de
r
V
c
=
30

m
/m

in
,f

z
=
12

μ
m
/to

ot
h,
a e
=
10
0
μ
m

an
d
up
-m

ill
in
g
st
ra
te
gy
.A

ft
er

m
ac
hi
ni
ng
,

pe
rm

an
en
tm

ar
te
ns
iti
c
an
d
au
st
en
iti
c
la
ye
r
w
as

ob
se
rv
ed

un
de
r
m
ac
hi
ne
d
su
rf
ac
e
fo
r
au
st
en
iti
c
an
d
m
ar
te
ns
iti
c
m
at
er
ia
ls
,r
es
pe
ct
iv
el
y

[1
51
]

33
8.
4–
30

10
10
,4
0

Pr
ob
le
m
s:
ad
he
si
on

an
d
bu
rr
fo
rm

at
io
n

R
es
ul
ts
:b

es
ts
ur
fa
ce

qu
al
ity

an
d
m
in
im

al
to
ol

lif
e
w
as

ac
hi
ev
ed

at
a p

=
10

μ
m

an
d
a e

=
40

μ
m
.I
nc
re
as
in
g
fe
ed
ra
te
fr
om

f z
=
8.
4
to

30
μ
m
/r
ev

re
su
lte
d
in

le
ss

cu
tti
ng

fo
rc
es
.M

Q
L
yi
el
de
d
be
tte
r
to
ol

lif
e
co
m
pa
re
d
to

dr
y
cu
tti
ng

[4
9]

37
,4
7

6
50
–1
50
,2
50

L
es
s
ad
he
si
on
,m

or
e
fa
vo
ra
bl
e
ch
ip
fo
rm

at
io
n,
an
d
be
tte
rs
ur
fa
ce

qu
al
ity

w
as

ac
hi
ev
ed

at
a p

=
10

μ
m
an
d
a e

=
25
0
μ
m
.I
nc
lin

at
io
n
an
gl
e

of
50
°
yi
el
de
d
be
st
su
rf
ac
e
qu
al
ity

an
d
m
in
im

um
to
ol
w
ea
r.
C
om

pa
re
d
to
m
ar
te
ns
iti
c
al
lo
y,
le
ss
to
ol
w
ea
ra
nd

be
tte
rs
ur
fa
ce

to
po
gr
ap
hy

w
er
e
yi
el
de
d
in

au
st
en
iti
c
al
lo
y

2074 Int J Adv Manuf Technol (2019) 100:2045–2087



primarily affected from cutting speed, displayed the similar
trend under all feed and depth-of-cut values. The reduction
of hardness in either side of 15 m/min cutting speed was
attributed to stress-induced martensitic phase transformation
from B2 to B19’ because it was shown that stress-induced
martensite exhibits a higher hardness value than martensite
[120, 157] and martensite is more prone to strain hardening
[44, 45]. Burr formation and slot appearance were also report-
ed to be indicators of austenite to martensite phase transfor-
mation between cutting speeds of 15 to 20 m/min, as only two
of milled slots (under Vc = 15 and 24.5 m/min) were
completely milled through. Higher mechanical strength of

the austenite possibly resisted feed motion of the cutting tool.
This reduced micro slot quality. As expected, the tool wear
behaviors were similar to cutting forces. At cutting speed of
Vc = 15/min maximum tool life was achieved (80 m). At
cutting speed of Vc = 30 m/min minimum tool life (< 5 m)
was observed with extensive built up edge (BUE) formation.

As mentioned previously, burr formation is one of the ma-
jor problems in machining of NiTi due to ductility and uncon-
ventional stress–strain behavior of this alloy [42]. This prob-
lem gains more importance considering the significance of
biomedical applications of NiTi. Piquard et al. investigated
burr formation and machining-induced phase transformation

Fig. 25 Cutting force and
hardness response of NiTi against
cutting speed when micromilling
NiTi [99]

Fig. 24 Tool wear and burr
formation after machining first
and second slots at Vc = 33 m/
min, fz = 0.02 mm/rev, ap =
0.010 mm, ae = 0.04 mm [151]
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in micro end-milling (0.5 mm tool diameter) of martensitic
and austenitic NiTi alloys under MQL condition [46]. They
employed design of experiments (DOE) approach to investi-
gate the effects of process input parameters, namely, strategy
(up-down milling), depth of cut (ap = 50, 100 μm), cutting
speed (Vc = 30, 60 m/min), alloy phase at room temperature
(martensitic, austenitic), feed (fZ = 6, 12 μm/tooth), and width
of cut (ae = 100, 200 μm) on the following machining re-
sponses: burr height, burr thickness, and burr width. It was
reported that increase of feed led to decrease of burr height and
burr width while the increase of cutting width led to increased
burr height and burr width. Increase of depth of cut also re-
sulted in decreased burr height. In terms of machining strate-
gy, wider top burrs were reported in up milling. Regarding
burr thickness, increase of cutting speed led to thicker burrs,
whereas the increased depth of cut, feed, and width of cut
decreased burr thickness. Effects of machining on microstruc-
ture were analyzed by micrographs of cross-sections from
machined surface. Subsurface microstructure and permanent
phase transformation results were similar to previously
discussed studies [43, 99, 120]. It was reported that there
was a white layer zone of approximately 20 μm under ma-
chined surface for martensitic material as shown in Fig. 26a.
This zone was affected by austenitic phase transformation
because of increased temperature during machining.
However, this zone did not revert to martensite after cooling.
For austenitic alloy, on the other hand, a narrower subsurface
phase transformed zone (10 μm) was observed. This zone is
characterized by permanent martensitic phase transformation,
which happens due to extensive twinning.

Biermann et al. investigated effects of variation of cutting
tool inclination angle and cutting parameters when multi-axis
milling room temperature martensitic Ni49.7Ti50.3 (at.%) and
austenitic Ni49.9Ti50.1 (at.%) alloys [49]. They used two-lip,
TiAlN-coated ball nose cutters with 1-mm diameter under
MQL condition. Less adhesion was reported when width of
cut increased to ae = 0.25 mm. However, depth-of-cut values
larger than ap = 0.1 mm led to increased tool wear and surface
deterioration. Best surface quality and minimum tool wear

were achieved at an inclination angle of 50°. Ball nose cutters
have different peripheral cutting speed depending on their
contact radius and inclination angle. Increased adhesive tool
wear and decreased surface quality were reported where max-
imum cutting speed exceeded Vc = 50 m/min. Machining of
austenitic alloy resulted in quite acceptable surface quality and
tool wear as shown in Fig. 27. Conversely, unfavorable sur-
face quality and tool wear were observed in martensitic alloy.
Label A shows the burr formation on the tips of milling path.
As seen in Fig. 27, this kind of burr formation was more
evident in martensitic alloy. The scholars attributed this to
high break elongation of martensite. Higher rate of strain hard-
ening of martensite may be another factor.

5 Numerical modeling

There is not a generally accepted theory explaining the exact
chip formation mechanism due to the complexity of the ma-
chining process (variables such as strain hardening, very high
strain rate, very high cutting temperatures, and heat transfer).
In many of the proposed analytical models, prediction of the
cutting forces is aimed and these variables are not included.
Due to its capabilities to perform coupled analysis with these
variables, finite element method (FEM) has been widely ac-
cepted in simulation studies, thanks to the development of
new numerical models and faster computers. Considering
the fact that experimental studies for every machining condi-
tion is time and money consuming (i.e., costly alloys and
cutting tools) and not environment friendly (e.g., waste ma-
chining products, consumed energy), the popularity of FEM
studies in machining simulation is now increasing. Today,
finite element (FE) models in machining process are used
for gaining knowledge on fundamental sight of metal cutting
mechanisms; as they have a proven ability to predict important
cutting parameters such as cutting forces, temperatures, stress-
es, and strains, which are essential for prediction of other
machining outputs [158].

a) b)

Fig. 26 Machining induced sub-
surface layer: a martensitic
material, b austenitic material
[46]
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The number of the FE-based NiTi machining models is
very limited [67, 159]. However, there are studies, which de-
velop the state of knowledge to predict behavior of these ma-
terials, conducted on modeling of mechanical, dynamic, and
thermomechanical behaviors of NiTi. Qiang et al. proposed a
back propagation neural network model to predict mechanical
properties (compressive yield stress and Young’s modulus) of
porous NiTi SMA prepared by thermal explosion [160].
According to their validation comparison, the prediction error
lies within 0.018. Nemat-Nasser et al. introduced a
micromechanical model to predict the stress-induced phase
transformations of porous shape-memory alloys with small
porosity [161]. Similarly, Ashrafi et al. proposed a phenome-
nological constitutive material model for dense and porous
SMAs including phase transformation behavior. They have
also validated their numerical model by comparing FE soft-
ware results to experimental results [162]. Williams et al. pro-
posed a dynamic model to predict transient behavior of SMAs
as an adaptive tuned vibration absorber [163]. Paradis et al.
proposed thermomechanical coupled model with aim to pre-
dict the accumulated strain on NiTi [164]. They have reported
a good agreement between experimental and simulated data;
however, the validation was conducted only under uniaxial
cyclic loading. Lagoudas et al. introduced a phenomenologi-
cal constitutive model for NiTi that predicts stress-induced
and thermally induced phase transformations [165]. The abil-
ity of the developed model to capture material behavior under
different three-dimensional thermomechanical loadings was
demonstrated. Petrini et al. developed a numerical model to
predict macroscopic thermomechanical behaviors of NiTi
mainly focusing on an efficient algorithm for practical appli-
cations [166]. They validated pseudoelasticity and shape
memory prediction of the model by comparing experimental
and numerical results on medical devices.

Many successful simulation studies were conductedmainly
focusing on machinability concerns of Ni- and Ti-based high-

temperature alloys. These studies may guide the future numer-
ical studies on machining of NiTi. It was reported that it is
possible to achieve a good prediction of both the principal
cutting forces and the chip morphology if the material con-
stants for the constitutive material model are well identified
using experimental data [167]. Özkaya and Biermann present-
ed a new method to investigate chipping zone during drilling
of Inconel 718 by combining FEM and computational fluid
dynamics (CFD) simulations [168]. They reported that cool-
ant does not reach the major cutting edges, although drills with
internal coolant channels were used. Within the same context,
CFD simulations and experimental results have shown that
increasing the cooling pressure resulted in higher flow rates
near the cutting edge [169]. Alternatively, modified twist drill
[170] was developed using simulative optimizations [171].
Chen et al. developed a ductile fracture energy-based
Johnson–Cook material model in FE analysis of high-speed
machining of Ti6Al4Valloy [172]. They reported that predict-
ed chip morphologies and cutting forces during high speed
and relatively low cutting speeds showed a good agreement
with experimental results. Thepsonthi and Özel carried out a
FEM-based study toward understanding the effects of CBN
coating on carbide micro-end mills in terms of surface rough-
ness, burr formation, and tool wear performance, using the
model proposed by Usui [173], in micro-machining of
Ti6Al4V alloy [174]. Ranganath et al. presented a FE-based
machining model of a nickel superalloy IN100 to predict crit-
ical parameters for the formation of machining-induced sub-
surface damages such as white layer and bent grains in finish
machining [175]. Özel et al. compared 3D machining models
of Inconel 718 developed using various commercially avail-
able FE software. In the study, experimental results were com-
pared with computational results of temperature, strain, and
stress distributions obtained from the FE models [176].
Mitrofanov et al. conducted a study toward FE modeling of
thermomechanically coupled conventional turning and

Fig. 27 Surface topography and
tool wear of austenitic and
martensitic NiTi after multi-axis
micromilled [49]
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ultrasonically assisted turning of Inconel 718 [177]. Özel et al.
suggested a 3D FE model to predict machining-induced resid-
ual stresses for Ti6Al4Vand IN100 alloys [178]. Jafarian et al.
presented a study toward modeling a FE simulation for the
prediction of the microstructure changes during the orthogo-
nal machining of Inconel 718 alloy [179]. Uhlmann et al. con-
ducted a study to implement 2D and 3D FE models of chip
formation during machining of Inconel 718 focusing on qual-
itative and quantitative parameters of cut chip [180].

Mostly, cutting force, stress, and strain values in the prima-
ry deformation zone have a direct influence on tool wear and
post machining mechanical properties of the workpiece [181].
Mehrpouya et al. investigated the optimum cutting speed of
NiTi regarding cutting force, von Mises, and shear stress
criteria aspects [67]. The experimental part of the study in-
cluded machining of NiTi under various cutting speed values
(Vc = 20, 80, 100, 110, 130 m/min) and constant feed
(f = 0.05 mm/rev) and depth of cut (ap = 0.2 mm). The results
of the experimental part showed that there was a nearly linear
decrease in cutting force when cutting speed was increased
gradually from Vc = 20 to 110 m/min in both dry and flooded
(emulsion) cutting concepts. Further increase of the cutting
speed to 130 m/min resulted in increased cutting force. At
the optimum cutting speed of Vc = 110 m/min, cutting forces
of around 50 Nwas yielded. In 3D numerical part of the study,
influences of cutting speed on von Mises stress and shear
stress were studied. According to von Mises stress results,
optimum cutting speed was Vc = 110 m/min, which resulted
in lowermost von Mises stress of 3.38 × 109 N/m2. Regarding
shear stress values, optimum cutting speed was 80 m/min,
which resulted in minimum shear stress of 1.26 × 109 N/m2.
Concerning the optimum cutting speed of NiTi, the experi-
mental and simulative results of this study were in an agree-
ment with previously reported experimental studies [41, 42,
82].

Shape memory and microstructural properties of NiTi
SMAs have been greatly influenced from cutting conditions
and cutting parameters, as presented by various studies [41,
45, 50, 82]. These studies showed that machining-induced
martensitic phase transformation of NiTi affects microstruc-
ture and surface integrity characteristics [41, 44, 159]. A better
understanding of this phase transformation is needed in order
to control surface integrity and functional behavior of NiTi. In
this regard, FE modeling approach may be an alternative or a
supporter technique to experimental studies. A very limited
number of studies focusing on phase transformation response
during machining simulations were found in the literature.
Ramesh and Meltoke investigated effects of stress and tem-
perature on phase transformation of AISI 52100 steel in ma-
chining process [182]. Schulze et al. presented a study to sim-
ulate machining-induced phase transformation in cutting pro-
cess [183]. Auricchio and Taylor made an attempt to simulate
superelastic behavior of SMAs [184]. Their study suggested a

constitutive material model which can simulate three phase
transformations: (1) conversion of austenite into single-
variant martensite, (2) conversion of single-variant martensite
into austenite, and (3) reorientation of single variant martens-
ite. The first two of these phase transformations included mar-
tensite fraction. Accordingly, FE model simulations of a four-
point bending test on a circular wire and radial displacement
test on a medical stent were implemented. The experimental
results of the bending test were in a good agreement with the
FE simulations.

Lastly, Kaynak et al. presented a 2D numerical study to-
ward understanding martensitic phase transformation of aus-
tenitic NiTi alloy (Af at 6 °C) during turning experiments
[159]. The cutting tool was TPGN 220412 (K313 grade,
re = 22–26 μm) and the cutting parameters were uncut chip
thickness of 0.05 mm and cutting speeds of Vc = 6.25, 12.5 m/
min. Flow stress curves of the FE model were taken from
study of Adharapurapu [111] to simulate plastic flow of the
austenitic material. A rate-dependent transformation law,
which expresses the rate of change of the volume fraction of
martensite suggested by Anand and Gurtin [185], was
employed to simulate the martensitic phase transformation
[184]. FE simulation results showed that the higher volume
fraction was present at the machined surface and around side
of the chip in contact with the rake face of the cutting tool.
This result was parallel with effective stress distribution
(stress-induced martensite) results. Another important finding
was that as the cutting speed increased, the martensitic volume
fraction decreased. This was, most probably, a result of the
decreased flow stress of the material at higher cutting speeds
due to thermal softening. Optical microscope examination re-
sults of experimentally machined specimens showed that
more twins took place beneath the machined surface. It was
reported that depth of the affected layer at lower cutting speed
(h = 180 ± 20 μm at Vc = 6.25 m/min) was larger than that at
higher cutting speed (h = 140 ± 20 μm at Vc = 12.5 m/min).
The results of the suggested FE model and experimental re-
sults were, qualitatively, in a good agreement through devel-
oping a better understanding of machining-induced martens-
itic transformation.

6 Discussion

Machining of NiTi SMAs is very difficult, mainly due to high
cutting temperatures concentrated around the tool edge and
unique stress–strain behavior of the material. High tempera-
tures are caused by high ductility, low thermal conductivity,
and high specific heat of the material. High work hardening
capacity of the material further impedes the machinability. As
a result of all these factors, severe tool wear and excessive burr
formation stands for a major limitation. The solid-state phase
transformation of this alloy, which happens in the range of
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machining temperatures, is another substantial limitation. The
studies showed that machinability responses and microstruc-
ture of the material may be significantly altered depending on
active phase. Accordingly, optimum machining parameters
reside in a very narrow range and cutting conditions have a
significant effect on the machinability rate of these materials.
In this section of the paper, discussion of the machining re-
sponses of NiTi is aimed. Due to size effect, direct quantitative
cutting parameters of micro machining operations are not in-
cluded to discussion. However, qualitative responses are in-
cluded, as cutting mechanics are very similar.

Cutting forces are of paramount importance as they di-
rectly affect power consumption and have a very strong
effect on tool wear and surface integrity. The review of
the present studies showed that there is an agreement on
optimum cutting parameters to achieve minimal cutting
forces. The majority of the scholars reported that optimum
cutting speed is around Vc = 100 m/min for coated carbide
tools in turning process [42, 67, 82]. However, it was also
reported that cutting forces were not significantly affected
from the variation of cutting speed between Vc = 25 and
100 m/min [122]. This result may be originated from pro-
cess design or tool coating. There is an agreement on
feedrate, increase of which beyond f = 0.05 mm/rev in-
creases cutting forces. Similarly, when drilling NiTi, cutting
speed of Vc = 100 m/min and feedrate of f = 0.05 mm/rev
yielded minimum cutting forces. When milling NiTi, opti-
mum cutting speed and feed was Vc = 200 m/min and
f = 100 mm/min to achieve minimum cutting forces.
During machining, applying chilled air [110] or cryogenic
cooling [105] were reported to decrease cutting force be-
cause these applications keep the material in the martensitic
structure which is softer and more malleable. It should also
be mentioned that the increase of the radial width of the cut
ae over 50% of the cutting tool under constant MRR result-
ed in decreased cutting forces [49, 151].

Tool wear is very severe when machining NiTi and is a
major cause of the poor machinability rate of this material.
Mostly observed wear types are flank wear, notch wear, chip
flow damage, crater wear, edge breakage, chipping, and BUE,
while most dominant wear mechanisms are adhesion and
abrasion. Similar to other difficult-to-machine materials, wear
rate and cutting force curves as a function of cutting parame-
ters are very similar when machining NiTi. The most suitable
cutting parameters for minimum tool wear lies within a very
narrow range. Active phase of the material during machining
was reported to have a remarkable effect on tool wear.
Keeping the workpiece in B19’ structure was reported to in-
crease tool life, mainly because of lower yield strength of
martensite compared to austenite [99, 110]. Accordingly,
cooling conditions, where liquid N2 or chilled air was applied
to workpiece, resulted in superior results in terms of tool life
[105, 110, 118, 122].

Surface roughness measurement has been considered as the
primary indicator of the quality of the surface finish and is one
of the most widely used methods to quantify the surface in-
tegrity of a part. According to the results of the studies, the
scholars came to agreement in optimum cutting parameters for
best surface quality. Mainly because of substantial negative
effect of tool wear on surface quality, the cutting parameters,
where minimum cutting force and tool wear are achieved,
yielded minimum surface roughness. These values may be
summarized as cutting speed between Vc = 50–200 m/min,
feedrate between f = 100 and 200 mm/min or f = 0.04–
0.12 mm/rev, and depth of cut between ap = 0.1 and 0.5 mm.
Application of chilled air and cryogenic cooling have been
reported to decrease surface roughness mostly due to their
indirect effects.

It is known that austenite phase is relatively harder and
possesses a higher yield point, whereas martensite phase is
softer and has a lower yield point [110]. Although machining
in the austenite phase may seem unfavorable due to higher
hardness value and higher flow stress, machining at martensite
phase might lead to increased strain hardening. This may re-
sult in unfavorable subsurface damage in operating conditions
and may lead to tensile residual stress formation and reduced
fatigue life of machined components. A common result of the
studies is that increase of the cutting speed resulted in less
subsurface hardening [41, 42, 45, 50] because the thermal
softening phenomenon takes place at higher cutting speed
values and increased temperature dominates mechanical load-
ings. It may even cause a partial recovery effect on plastic
deformations. Moreover, increased temperature causes
temperature-induced phase transformation (austenitic).
Accordingly, less strain hardening is observed. Conversely,
attempts to keep the workpiece in martensitic structure during
machining resulted in increased subsurface hardening [50,
110, 120]. This is not a desired condition except for some
cases where hardened surface is desired. In addition to active
workpiece phase during machining, the phase at room tem-
perature prior to machining was reported to affect strain hard-
ening. More significant strain hardening was reported for al-
loys in B19’ structure at room temperature [44, 45]. Some
studies, however, attributed increased hardness to austenitic
to martensitic transformation-induced hardness [157] rather
than strain hardening of martensite [99].

High temperature coupled with high stress around the cut-
ting region during the machining process may affect micro-
structure and active phase of NiTi. Considering relatively low
phase transformation temperatures of NiTi compared to other
alloys, understanding machining-induced phase transforma-
tion gains more importance. Surface and subsurface layer
may be affected from machining-induced phase transforma-
tion in two different ways. First, mechanical properties such as
subsurface hardness may be affected as observed in some of
the other difficult-to-cut materials. Secondly, special
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properties such as actuation capacity, damping capacity, shape
memory property, and pseudoelasticity property may be af-
fected. These kinds of alterations may negatively affect the
functional properties of NiTi, which are the primary selection
criteria of SMAs in application industries like biomedical and
aerospace.

Machining-induced layer of NiTi is measured by the depth
of twinned layer or white layer on the post machining cross-
sectional specimens. Machining-induced phase transforma-
tion is measured by XRD analysis. These two measures are
indicators of permanent martensite structure [46], plastic de-
formation, and dislocation density [186, 187]. Increase of cut-
ting speed resulted in a decreased machining induced layer
and decreased peak broadening in XRD spectrum. When
cryogenic machining is applied, with purpose to keep the
workpiece in martensitic structure, machining-induced layer
and peak broadening significantly increased [50, 119–121].
Increased subsurface hardening is further evidence to support
these two occurrences. Increased cutting speed results in an
increased strain rate in deformation zone and this raises cut-
ting temperatures. Increased temperature along with thermal
softening dominate mechanical effects. Consequently, re-
duced density of twins/dislocations is observed. Conversely,
more dominant mechanical loads at low cutting speeds or
under cryogenic cooling cause higher permanent plastic
strains. Peak broadening, observed at low cutting speeds or
under cryogenic cooling, proves previously described stress
induced martensitic structure.

During solid-state phase transformation of NiTi, latent heat
or transformation enthalpy (ΔH) can be considered as a vol-
umetric measure of transformed material [188, 189]. As stated
by Ortin and Planes [190], measurements of the heat of the
martensitic transformation also include contributions from the
elastic strain energy and the frictional energy dissipated during
phase transformation, in addition to the chemical enthalpy.
Frictional energy loss and plastic deformation during transfor-
mation essentially constitute irreversible energy [191, 192].
Large differences in cyclic behavior of cryogenically ma-
chined specimens were probably resulted from internal fric-
tional work [31, 193]. Similarly, post machining DSC analysis
showed that decrease of the cutting speed or application of
cryogenic machining remarkably decreased ΔH of NiTi [50,
120, 121]. Accordingly, volume of transformed material re-
duced. This response was attributed to the high density of
dislocations and vacancies in the crystal structure of the ma-
terial [140, 143]. Moreover, substantially increased AS and Af
transformation temperatures were observed when cryogenic
cooling was applied. As suggested by Mahmud et al. [142],
deformation-induced martensite stabilization is generally rec-
ognized as the increase of the transformation hysteresis via
increase in reverse transformation temperature [194].
Accordingly, shift of transformation temperatures to higher
values resulted from requirement of additional frictional

energy to overcome frictional stress due to stabilized martens-
ite. Considering the fact that functional properties of NiTi
mainly depend on solid-state phase transformation, lower cut-
ting speed values or cryogenic machining may negatively af-
fect long-term use of these materials. Furthermore, undesired
functional behaviors could be observed due to excessive latent
heat reduction or transformation temperature shift.

The number of studies that presented numerical models for
simulating machining responses of NiTi is very limited.
Simulation of solid-state phase transformation during machin-
ing process is of great importance. In this respect, only the
trend of martensitic phase transformation can be simulated
with the presently available FE models. A well-defined con-
stitutive material model is required, which simulates both (1)
plastic flow stress with regard to temperature, strain, strain
rate, and (2) machining-induced phase transformation.

7 Utilization and future trend

Some operative advices may be derived from this study ori-
ented toward practical applications in terms of machining con-
ditions and parameters. When main concern is tool life or
machining at higher speed values, application of cryogenic
cooling would probably give favored results because of its
cooling and lubrication effects. Similarly, the application of
chilled air (cooling) to cutting region or MQL and chilled air
together (lubrication and cooling) is expected to yield similar
results. The results of the studies showed that there may be a
compromise between tool life and post machining functional
fatigue performance of this material. When achieving the best
subsurface microstructure and functional performance is the
main goal, dry cutting or MQL cutting is recommended. In
this case, MQL cutting, most probably, would give better tool
life results. As this material is very prone to accumulate ex-
cessive heat at the cutting region, application of preheated
machining has given negative results, and it has not been
suggested with current state of application knowledge. As
for cutting parameters when using carbide cutting tools, the
literature survey showed that cutting speed of Vc = 100 m/min
and feedrate of f = 0.05 m/min may be accepted as reference
values.

With the knowledge gained from the studies discussed in
this paper, it looks possible to contribute application areas
given in Table 1. A better understanding of machining-
induced functional properties may help research and develop-
ment in sectors such as aerospace or biomedical where actua-
tion or damping performance limitation is substantially criti-
cal. Minimization of the post machining burr formation may
be ensured by selection of the correct machining parameters or
application of suitable machining conditions. This may help
reducing the time of de-burring operations or completely re-
move them, which is highly favored especially for micro-
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machining operations. Finding optimum process parameters
for tool life, process speed, and part quality is very crucial for
application sectors like automotive. This may be rendered
possible by carefully studying reported literature.
Accordingly, the application range of these materials may in-
crease with increased profitability. This may further push re-
searchers and industry to explore this material. Similarly, in-
creased need for NiTi products may cause a demand for higher
speed machining. In this case, cutting tool producers may
benefit from the information discussed regarding cutting tool
behavior and wear.

The manufacturing process of this promising material re-
quires special care concerning functional properties. Yet, lim-
ited number of investigations have been carried out regarding
machining effects on functional properties such as transforma-
tion temperatures, transformation enthalpy, and activation en-
ergy. More detailed studies are needed to understand these
effects. There are extensive studies investigating the effects
of cold forming and heat treatment on mechanical and func-
tional properties of NiTi. With the information gained from
those studies, it is possible to develop a better understanding
of machining effects. Alternatively, including these methods
to machining course may yield improved machining or post
machining characteristics. Similarly, very few studies were
conducted on effects of post processing strategies like ball
burnishing or shoot peening, which are applied with an aim
to eliminate internal stresses and adjust microstructure. The
effects of these post processing methods on the phase trans-
formation properties and microstructure of NiTi parts are still
not well known. Likewise, more studies are needed on the
phase transformation behaviors after application of non-
traditional machining methods.

Tool wear stands for one of the major limiting factors for
high-speed machining of NiTi. This limitation mainly arises
from increased temperatures at higher speed values. Until
now, surface coating of carbide cutting tools and application
of cryogenic cooling have been reported to ease this problem
at higher cutting speed values. Some further studies are de-
sired in order to increase machinability rate of these materials.
Some suggested methods for these potential studies may be
listed as follows: use of textured cutting tools, application of
multilayer coating, or using rotary turning tools. These
methods have been successfully used when machining other
difficult-to-cut materials.

Additive manufacturing (AM) may be a profitable produc-
tion alternative to machining when producing parts with com-
plex geometries and in small batches. Therefore, AMmay be a
very attractive alternative for some NiTi parts. Yet, AM of
NiTi has not gained much attention so far. High cost of infra-
structure investment and limitations of this process such as
lack of geometric precision and thermomechanical defects
may be responsible for that. However, application and re-
search of AM process increasing exponent ia l ly.

Thermomechanical behaviors of NiTi during AM need to be
more extensively investigated.

8 Conclusions

Shape memory alloys are a class of functional materials which
undergo solid-state phase transformation by applied heat or
stress. NiTi is the most widely employed and studied among
them, owing to its superior mechanical properties and corro-
sion resistance in addition to its functional properties.
Considering the application range of these alloys (e.g., bio-
medical, aerospace), final shaping of the components should
be conducted precisely and with minimal damage to subsur-
face zone and functional properties. For this purpose, conven-
tional machining methods are applied extensively. However,
machining of these alloys is characterized by severe tool wear
(i.e., severe adhesion), high specific cutting energy, and high
strain hardening. Furthermore, effects of machining on micro-
structure and phase transformation behaviors have to be kept
under control in order not to impair functional properties.

There are distinctive differences in mechanical proper-
ties between austenite and martensite. Since phase trans-
formation temperatures of NiTi reside in a close interval
around room temperature values, small variations in cut-
ting parameters may yield significant differences. Current
state-of-the-art studies showed that coated cemented car-
bide grade cutting tools at relatively high cutting speeds
(Vc = 100 m/min for turning, Vc = 200 m/min for milling)
yielded optimal results in terms of tool wear, cutting force,
surface quality, machining-induced layer, and subsurface
hardening. The scholars came to an agreement that the
main tool wear problem, when turning these materials, is
notch wear due to strain hardening. Extensive chipping and
BUE was reported when milling.

Attempts to keep this material in martensitic structure
during machining (i.e., application of chilled air, cryogenic
cooling) resulted in less tool wear and decreased cutting
forces because of the softer structure and the lower yield
stress of the martensite. However, these applications also
resulted in permanent plastic deformations, decreased vol-
ume of transformed material, shift of reverse transforma-
tion temperatures, deeper machining-induced layer, and in-
creased surface hardening. All things considered, the func-
tional properties and the machinability rate of NiTi are very
sensitive to machining parameters and other machining
concepts. Therefore, the machinability rate of NiTi should
be assessed not only by usual machinability factors (i.e.,
tool wear, cutting forces, surface integrity) but also post
machining functional behaviors.
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