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Preface

The “smart” materials like shape memory alloys (SMAs) are a preferable choice for
various aerospace, biomedical, automotive, industrial, and scientific applications
due to their superior properties such as biocompatibility, light weightiness,
robustness, and special properties in actuation, vibration, damping, and sensing.
Since their inception to till date, there have been continuous research and devel-
opments efforts towards making fabrication and processing of these alloys easier.
The main objective of this book is to disseminate research and developments as
regards to the fabrication and processing of SMAs, and to facilitate specialist,
engineers, and scientists working in the field with an aim to encourage the
researchers to establish the field further.

This book consists of four chapters. It starts with Chap. 1 as an introduction to
shape memory alloys where the history, types, and properties of SMAs as regards to
their unique applications are highlighted. Chapter 2 sheds light on conventional and
advanced machining of SMAs. As regards to the advanced machining, it majorly
incorporates research aspects of machining SMAs by electric discharge machining,
laser beam machining, and abrasive water jet machining. Whereas, the other part of
this chapter is focused on difficulties encountered in conventional machining, and
novel techniques and sustainable strategies to enhance the machinability of SMAs.
Chapter 3 addresses different welding and joining processes attempted for SMAs.
Various welding and joining processes such as tungsten inert gas welding, plasma
welding, laser beam welding, electron beam welding, resistance welding, friction
stir welding, friction welding, explosive welding, ultrasonic welding, diffusion
bonding, adhesive bonding, brazing, and soldering are discussed from the point of
view of process capabilities and challenges to fabricate SMAs. Chapter 4 presents
processing techniques such as powder technology, additive processing, thermo-
mechanical processing, and mechanical processing for SMAs. It covers the
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description of individual process principle, process capabilities, process parameters,
and properties obtained after fabricating SMAs. The information presented in this
book is majorly from the research conducted in this area.

Gandhinagar, India Kush Mehta
Johannesburg, South Africa Kapil Gupta
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Chapter 1 ®)
Introduction Check for

1.1 Introduction

Shape memory alloys (SMAs) or “smart alloys” are a unique class of smart materials
that can change their form (shape or size), and can return back to their original form
with applied heat, stress, or magnetic field. They have the ability to produce very high
actuation strain, stress, and work output due to reversible martensitic phase transfor-
mations [1-4]. Shape memory alloys are compact, robust, lightweight, frictionless,
quiet, biocompatible, environmentally friendly, and possess superior properties in
actuation, vibration damping, and sensing.

Shape memory alloy was first discovered by a Swedish physicist Arne Olander
in 1932 [5]. Two researchers of the US Naval ordnance laboratory, William Buehler,
and Frederick Wang discovered the shape memory effect (SME) in a nickel-titanium
(NiTi) alloy in 1962 [6]. In 1970s, shape memory alloys were started using in the
commercial products and devices. Since then, there has been tremendous develop-
ments in the field.

Due to the aforementioned unique properties, the demand for SMAs has been
increasing for the applications, such as micro-electromechanical systems (MEMS);
robotics; consumer and industrial products; automotive, aerospace, and biomedical
fields. Figure 1.1 presents the use of SMAs in some specific application areas.

Shape memory alloys are used in actuators for automotive and aerospace applica-
tions. Along with actuators, structural connectors, vibration dampers, manipulators,
and some pathfinder applications in aerospace are also deploying shape memory
alloys. SMAs have also been successfully used in micro-and macro-actuators for
robotic fingers and hand, and artificial muscles for robotics applications [3]. SMA-
based actuators have been used in controlling flying robots. NiTi shape memory alloy
is a prime candidate material for biomedical applications and used to make surgical
tools, dental implants, bone implants, stents, and other medical equipment.

While manufacturing parts/components of SMAs to be used in the field stated
above, these materials have to undergo extensive fabrication and processing opera-
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(a) Industrial and Automotive Actuators (b) Biomedical Products
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(c) Aerospace Structures and Parts

Fig. 1.1 Applications of shape memory alloys [3], with kind permission from Elsevier

tions. Practically, SMAs can exist in two different phases with three different crystal
structures, and six possible transformations [3]. While heating, the SMA begins to
transform from martensite into austenite phase. The two temperature points dur-
ing this transformation are—*“A-austenite-start-temperature”, where transformation
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starts and ‘A¢-austenite-finish-temperature’, where transformation ends. Once an
SMA is heated beyond Ay it begins to contract and transform into the austenite
structure, i.e., to recover into its original form. This transformation is possible even
under high applied loads, and therefore, results in high actuation energy densities
[3]. During the cooling process, the transformation starts to revert to the martensite
at martensite-start-temperature (M) and is complete when it reaches the martensite-
finish-temperature (My). The highest temperature at which martensite can no longer
be stress induced is called M4, and above this temperature, the SMA is permanently
deformed like any ordinary metallic material [3]. Three possible shape change effects
in SMAs are given in the subsequent sections.

1.1.1 Pseudoelasticity

Due to pseudoelasticity (also called superelasticity), the SMA reverts to its original
shape when the applied deformation stress is removed [4]. It is done by the subsequent
recovery of the deformation strain when the stress is removed. Figure 1.2 illustrates
the pseudoelasticity mechanism where the material from point “A” is stressed at a
constant temperature while being in a stable austenite phase. The resulting deforma-
tion is elastic until a certain point “B”, where the material reaches the state that the
martensitic transformation begins. From this point on, the transformation that takes
place is accomplished under a constant stress, while the strain continues to increase,
until a maximum strain level (point C). The maximum strain level varies accord-
ing to the material. The curved section between points (B) and (C) is termed the
stress “plateau.” At this point, the phase transformation from austenite to martensite
is completed and the curve that describes the behavior of the material is different.
This new behavior usually presents a small temperature hysteresis (AT = A¢ — M),
whereas the “parent” martensite interfaces present some mobility. Further stressing
the material from point (C) will only lead to elastic deformations of the detwinned
martensite. Finally, after the stress is removed, the material begins to return to its
stable austenite phase, until it fully transforms this phase (point D), thus the cycle
can be repeated.

1.1.2 Shape Memory Effect

The one-way shape memory effect retains a deformed state after the removal of an
external force and then recovers to its original shape upon heating. The two-way
or reversible shape memory effect can remember its shape at both high and low
temperature, but it is less applied commercially. Shape memory effect in terms of
microstructure and mechanism is shown in Fig. 1.3. SMA is having twinned marten-
sitic structure at low temperature can be subjected to detwinned microstructure as
shown in Fig. 1.3a by reorientation of martensitic grains. This detwinning retains the
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Fig. 1.2 Stress—temperature (left) and stress—strain (right) curves that describe the superelasticity
behavior [4], with kind permission from Elsevier

shape of material after releasing load as it affects macroscopic shape change. Con-
sequently, the heating of SMA leads to reverse phase transformation when heated
above A; temperature such as detwinned martensitic structure to the austenitic struc-
ture that subsequently completes material shape recovery as shown in Fig. 1.3b.
Further, cooling SMA below M; causes formation of twinned martensitic structure
without shape change. This is called shape memory effect. The detwinning initiation
caused by minimum stress is shown as the detwinning start stress (o5) while the
detwinning finish stress (o¢) shown for complete detwinning of martensitic structure
resulted from sufficiently higher load [2].

1.1.3 Transformation-Induced Fatigue

SMA is having unique characteristics of shape memory effect, psudoelasticity, and
thermal phase transformation. Repetition of the abovementioned cyclic process of
thermo-mechanical analysis can lead to the permanent deformation under applied
loading condition after certain number of cycles and called as premature fatigue of
SMA. This is dependent on different factors such as various fabrication methods
(for example, additive manufacturing, powder metallurgy, welding, heat treatment,
forming, and casting, etc.), environmental conditions (for example, humidity, and
temperature, etc.), microstructural modifications at the time of transformation and
working conditions (like stress, and strain, etc.) [2, 4]. The microstructural changes
are expected with cyclic loading considering mechanical and thermal changes. Sub-
sequently, the shape memory behavior is deteriorated due to this microstructural
change occurred mechanically as well as thermally [2, 3].

Fatigue life can be calculated based on the number of cycles performed depending
on magnitude of applied stress within elastic region, wherein the phase transformation
may be mechanically completed such as complete martensitic to austenitic transfor-
mation or partially completed such as start or end point is at the mid of specific
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Fig. 1.3 Shape memory effect, a material detwinning with an applied stress and b unloading and
heating to austenite [2]

structure. In case of thermal loading, the fatigue life is calculated based on transfor-
mation strain occurred during each cycle (similar as mentioned earlier as complete or
partial). Further, crystallographic orientation of grains and formation of precipitates
in microstructure are also responsible for fatigue life of SMAs. Additionally, the
oxidation and corrosion lead to the fast crystal degradation and subsequently affect
fatigue life. The heat treatment processes can also be performed to vary the fatigue

life of the SMAs [2].
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1.2 Types of Shape Memory Alloys

There exists a wide range of metals, polymers, ceramics, and other materials that
show the shape memory effects. Shape memory alloys (metals) are available in a
wide range, as given below [3, 4]:

e Iron-based alloy Fe—Mn-Si;
e Copper-based SMAs such as Cu—Zn—-Al; Cu—Al-Ni, Cu—Al-Ni-Mn, and Cu—Sn;

e Nickel-Titanium based alloys such as NiTi, NiTiCu, NiTiPd, NiTiFe, NiTiNb,
NiFeGa, and NiTiCo;

e Kovar (29% Ni, 17% Co, 0.3% Si, 0.1% C and Fe balance);

e Hi-temperature shape memory alloys such as TiNiPd, TiNiPt, NiTiHf, NiTiZr,
ZrRh, ZrCu, ZrCuNiCo, ZrCuNiCoTi, TiMo, TiNb, TiTa, TiAu, UNb, TaRu,
NbRu, and FeMnSi;

e Magnetic shape memory alloys, namely, NiMnGa, FePd, NiMnAl, FePt, Dy, Tb,
LaSrCuO, ReCu, NiMnln, and CoNiGa.

The NiTi alloys have greater shape memory strain (up to 8% vs. 4-5% for the
copper and iron-based alloys). Although the NiTi alloys are expensive but possess
excellent biocompatibility, and corrosion resistance, and much more thermally stable
compared to the other copper based alloys. Therefore, the NiTi shape memory alloys
find extensive biomedical applications. They are used to manufacture dental and
orthopedic implants, cardiovascular stents, and surgical tools and instruments. Pipe
joints for steel pipes and fishplates for crane rails etc. are some important application
areas where iron-based SMAs are used. Copper-based SMAs possess higher actuation
temperature are, therefore, used in high-temperature applications, and in actuators
for several automotive, robotics, and industrial applications.

Despite the aforementioned characteristics and important applications of SMAs,
they are considered as difficult-to-fabricate and process materials because high ductil-
ity, typical stress—strain behavior, low thermal conductivity, and high degree of work
hardening of these alloys lead to poor chip breaking, burr formation, and progressive
tool wear while machining, occurrence of weld defects and low joint strength during
their welding and joining, nonuniform melting and defects in part microstructure at
the time of other processing operations [7—14]. These all consequently results in poor
work surface integrity, very high consumption of energy and resources, escalated cost
of fabrication and processing and high environmental footprints.

To overcome the aforementioned challenges, as regards to the fabrication and
processing of SMAs, significant attempts, i.e., innovations, and research and devel-
opments have been made to improve part quality, reduce cost, and enhanced safety
and sustainability.

The forthcoming chapters of this book shed light on various important aspects of
fabrication and processing technologies such as conventional, advanced, and sustain-
able machining; welding and joining; additive manufacturing; forging and rolling;
and powder metallurgy of shape memory alloys.
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Chapter 2 ®
Machining of Shape Memory Alloys oo

2.1 Introduction

As discussed in Chap. 1, the shape memory alloys (SMAs) are considered as difficult-
to-machine (DTM) materials. In other words, SMAs possess poor machinability
that subsequently lead to the problems such as progressive tool wear, deterioration
of surface quality, burr formation, and high consumption of energy and resources,
which are encountered during their machining [1-3]. For example, Fig. 2.1 shows
some drawbacks while machining Nitinol (NiTi) SMA during conventional grinding
and turning processes.

Manufacturing sector strives for the technological development as regards to facil-
itating the machining of DTM materials including SMAs due to the lack of available
data for their machining. Two important machinability aspects such as better quality
and reduced cost are the prime factors that drive the research and development in the
manufacturing sector. The following strategies and techniques could be adopted to
obtain enhanced machinability in DTM materials [4, 5]:

e Employing advanced (electric discharge, laser, and abrasive water jet machining)
and hybrid machining processes (heat- and vibration-assisted machining, etc.) in
order to reduce the process chain by eliminating the need of subsequent finishing
operations;

e Selection of optimum machining conditions to minimize energy consumption and
to maintain cost efficiency;

e Selecting suitable tool materials-geometries-coatings to minimize tool failure and
improving part quality thereby maintaining resource efficiency;

e Adopting advanced lubrication/cooling techniques such as minimum quantity
lubrication (MQL), and cryogenic cooling, etc. in order to minimize tool wear
rate, improve work surface quality, maximize productivity, and cut down the cost
associated with the use of lubricant and lubrication system with extremely low
environmental impact.

© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2019 9
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Fig. 2.1 Problems while machining of Nitanol (NiTi) shape memory alloys a high tool wear; b
adverse chip form; ¢ formation of burrs after turning d and grinding [3]

Using the aforementioned strategies and corresponding techniques, several
attempts have been made to improve the machinability of SMAs. The following
sections comprehensively discuss the machinability behavior of SMAs under differ-
ent machining environments.

2.2 Advanced Machining of Shape Memory Alloys

2.2.1 Electric Discharge Machining

Electric discharge machining (EDM) also known as spark erosion machining is a
thermal type advanced machining process, where the material removal takes place by
melting and vaporization caused due to series of repeated electrical discharges. These
electric discharges occur between electrode cathode (tool) and anode (workpiece)
under suitable dielectric fluid specifically in the inter-electrode gap when a pulsed
DC power is supplied (see Fig. 2.2) [6]. After its inception in 1878, EDM was started
using for commercial machining purposes in 1930. Electric discharge machining has
been the first choice of manufacturers for near-net-shape manufacturing of dies and
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Fig. 2.2 Schematic representation of working principle of electric discharge machining

molds; micro parts and features; machining of superalloys, bio-materials, and other
difficult-to-machine materials for automobiles, aerospace, nuclear, and biomedical
applications [6, 7].

Wire electric discharge machining (WEDM or wire-EDM) is an important and
most extensively used variant of EDM where a continuously moving thin wire (acts
as cathode) is used as a tool to cut or machine the workpiece (anode) under a con-
tinuously flowing dielectric (see Fig. 2.3) [8]. Pulse-on time, pulse-off time, voltage,
current, tool electrode feed rate, and dielectric type, etc., are the important parame-
ters of EDM and WEDM. There has been a past track record to machine difficult-
to-machine materials prominently by these processes. Optimal parameter settings,
hybridization, and using sustainable techniques, etc., are the key factors achieving
high surface integrity aspects such as high geometric accuracy, fine surface finish,
favorable microstructure, and good tribology and wear characteristics while machin-
ing DTM materials including SMAs by EDM and WEDM processes.

A detailed study on EDM of NiTi with Cu electrode has been done where dis-
charge energy mode with pulse current and duration is identified as the key parameter
for precise machining [9]. Longer pulse duration and lower pulse current are identi-
fied for better material removal rate and lower recast layer. A similar study on EDM
of NiAlFe reveals the importance of energy and recommends low energy settings for
minimum recast layer thickness and maximum material removal rate [10]. Effects of
two most important EDM parameters mainly discharge current and pulse duration on
characteristics of NiggAly4 sFe ;5.5 have been investigated in detail. Figure 2.4 depicts
variation of material removal rate, surface roughness, and electrode wear rate with
pulse duration and current. It is seen that high material removal rate due to more
material melting, evaporation and high impact force of expanded dielectric medium
is observed at high discharge current that probably can have high current density.
Deterioration in surface roughness has been observed with increased discharge cur-
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rent and pulse duration. Worsened erosion effect due to large amount of discharge at
high current and generation of larger and deeper craters at longer pulse duration are
the main reasons reported [10].
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Abidi et al. [11] conducted an investigation on the effects of micro-EDM param-
eters, namely, capacitance, voltage, and electrode material on machinability of NiTi
SMA. Multi-performance optimization of micro-EDM parameters secures their best
values (475 pF, 80 V, and use of brass electrode) for good geometric accuracy, less
overcut, and good surface finish of the machined hole. A systematic study on the
influence of EDM parameters and their optimization during NiTi machining con-
cludes the positive effect of pulse current and pulse-on time on material removal
rate, but alongside it deteriorates the surface quality and reduces tool electrode life,
hence a trade-off in EDM parameters is identified that requires multi-performance
optimization [12, 13].

Powder mixed rotary EDM was also explored and found very effective in tool wear
reduction and productivity enhancement [14]. Powder mixed EDM with optimum
combination of machining parameters (especially tool rotational speed) manages the
ion’s movement, spark intensity, and penetration, and thus reduces the tool wear,
increases the material removal rate, and decreases the surface roughness.

A researcher named Mallaiah M has conducted a systematic and detailed inves-
tigation on Wire-EDM of NiTi shape memory alloys [15-19]. The material removal
rate and surface roughness while WEDM of Ti5oNisgCu;o shape memory alloy have
been investigated [15]. Increasing material removal rate with pulse-on and improv-
ing surface roughness characteristics with pulse-off time have been found. High
discharge energy and intensity of spark at long pulse-on time; and adequate flush-
ing in the machining zone due to longer pulse-off time are the reasons behind that.
Later, desirability based multi-performance optimization secured optimal WEDM
parameters for the best machinability of SMA with 1.83 pwm average roughness and
7.6 mm>/min material removal rate. Furthermore, the XRD study informed the pres-
ence of thermal damage as the formation of oxide and other phases took place corre-
sponding to longer pulse-on time [16]. Low pulse-on time with high voltage has been
recommended for enhanced surface quality. Another investigation on TisoNigoCuyg
also reports almost same trends and additionally with higher hardness along longer
pulse-on time due to high discharge melting and rapid solidification of molten mate-
rial that probably increased the carbide content percentage on the machined surface
of SMA [17]. Interaction between pulse-on time and voltage has been identified as
one of the most important factors to be considered in WEDM of SMAs. Formation of
craters, pockmarks, pits, and globules due to increased surface roughness at higher
peak current and longer pulse-on time is shown in Fig. 2.5 [18].

SMA machining with coated brass wire resulted in low MRR compared to plain
brass wire [19]. Interestingly, machining with increased wire speed caused higher
material removal rate as the molten material is splashed around the surface by flushing
pressure and discharge of large gas volume from the molten pool increases material
removal rate [19].
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Fig. 2.5 SEM micrographs of the machined surface of TisoNisgCujgo SMA a at 2A peak current b
at 12 A peak current [18], with kind permission from Elsevier

2.2.2 Laser Beam and Abrasive Water Jet Machining

The principle concept of LASER (light amplification by stimulated emission of radi-
ation) was originated by Albert Einstein in 1917. Thereafter, in 1960, Theodore H.
Maiman built the first working LASER in the United States [20]. Since then, there
has been a continuous development in the field of laser technology that facilitates its
use in various areas of science, engineering, medicine, food processing, and various
other activities.

Figure 2.6 illustrates the working principle of laser beam machining (LBM). It is
a process where a high-intensity laser beam is used to rapidly heat the target work
surface, subsequently melts and/or vaporizes the target material through the full depth
to cut the required geometry or shape or to remove the required amount of material
[20, 21]. The “Laser” as a massless tool is not subjected to wear and tear, and offers
great flexibility. Carbon dioxide lasers, Nd: YAG lasers, fiber, and ultra-short pulse
(femtosecond) lasers are the most common lasers used in machining applications. The
important laser parameters such as laser power, pulse energy, scan speed frequency,
focal distance, and gas pressure, etc., influence part quality significantly [21].

Like machining of other difficult-to-machine materials, shaping of intecrate fea-
tures, and production of micro to macro parts; shape memory alloys have also been
precisely cut by laser beam machining process. Nd: YAG laser machining of NiTi
alloy is required to be done on low pulse energy setting for high geometric accuracy
and surface finish, moreover it is necessary to obtain the optimal value of nozzle
distance (that determines the speed rate of the gas) to avoid the dross formation and
kerf [22]. The cutting speed is controlled by the pulse energy and the pulse energy is
by laser power. It is worth mentioning that the pulse energy can be altered by altering
the peak power while keeping the pulse width constant. High cutting speed obtains a
decrease in energy in the machining zone, and thus produces low kerf. On contrary,
at high speed, intense removal of material due to high energy input results in high
roughness and kerf.
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Fig. 2.7 A NiTi self-expanding medical micro-device fabricated by femtosecond laser machining
a normal image b enlarged image [24], with kind permission from Elsevier

Micromachining of nickel-titanium tubes to be used in medical devices has also
been done using femtosecond laser [23]. Various strategies on laser cutting path
have been investigated and cutting in the zig-zag direction was found to be more
beneficial that dramatically reduces heat-affected zone, debris accumulation, and
machining time; and improves machining efficiency and cost-effective [23].

In a study of similar kind, high scanning/cutting speed for low thermal damage
and smoother surface is recommended while laser machining of NiTi shape memory
alloy for fabrication of precision miniature devices [24]. Using the obtained optimum
value of scanning speed 60 mm/min and at 40 J/cm? of laser fluence, some parts of
medical micro-device were fabricated (see Fig. 2.7). These parts are free from recast
layer and possess high surface quality.



16 2 Machining of Shape Memory Alloys

Fig. 2.8 SEM images of laser drilled holes in NiggMny7Ga; SMA at 500 W power (hole entrance
at left and exit at right), pulse duration a, b 10 ms ¢, d 25 ms [25], with kind permission from
Elsevier

Shape memory alloy have also been drilled precisely using fiber laser [25]. The
holes drilled in NiggMny;Gay; ferromagnetic shape memory alloy at various levels
of pulse duration and peak power. SEM images of the entrance and exit of the laser
drilled holes are shown in Figs. 2.8 and 2.9.

It is observed that the increase in pulse duration increased the material removal
rate as well as the diameter of the hole. Laser drilled holes are found to be of high
geometric accuracy, i.e., excellent circularity.

Abrasive water jet machining is also one of the most extensively used advanced
machining process. The high-speed water mixed with abrasive particles is used to
remove materials from the workpiece in AWJIM [26]. The kinetic energy of high-
speed water jet is transferred to the abrasive particles and the mixture impinges on
to the workpiece to remove the required amount of material or to form a particular
shape/geometry. Water jet pressure; abrasive type, size and mass flow rate; and stand-
off distance are the most important parameters of AWJIM process. This process
offers many significant advantages such as reduced wastage, no heat-affected zone,
low environmental contamination, and no cutting fluid requirement, etc. Abrasive
water jet machining process has been successfully employed to machine precision
engineered parts and cut difficult-to-machine materials [26-28].
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Fig. 2.9 SEM images of laser drilled holes in NiggMn,7Gaz7 SMA at 1000 W power (hole entrance
at left and exit at right), pulse duration a, b 1 ms ¢, d 10 ms, e, f 25 ms [25], with kind permission
from Elsevier

Kong et al. [29] conducted plain and abrasive (garnet based) water jet milling of
Nigg g Tis0 . Plain water jet milling on martensitic structure of NiTi resulted in exces-
sive deformation and strain hardening that caused difficulty in controlling milling
depth and flatness. The abrasive water jet milling was found more suitable in con-
trolling depth of penetration and surface integrity aspects. Some grit embedment was
observed that could easily be avoided by keeping the velocity low or by following
the plain water jet milling as the successive post-processing technique.
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Abrasive water jet milling of NiTi plates of different thickness has been conducted
at various process parameters as water jet pressure- 70-345 MPa, traverse rate-
1-500 mm/min, abrasive mass flow rate-0.1-0.76 kg/min, and stand-off distance-
1-5 mm [30]. An optimal combination of 5 mm/min cutting speed and 345 MPa
pressure, 0.26 kg/min mass flow rate with 3 mm stand-off distance has been obtained
to precisely machine NiTi for low kerf widths. The magnitude to grit embedment has
been found increasing from middle region to corner due to the dwell time existence
and water jet lag. Least entrapment of particle/jet in the middle region probably
reduced the grit embedment.

Overall, AWJM has been recommended for precise cutting/machining of shape
memory alloys followed by water jet machining as a secondary finishing technique.

2.3 Sustainable Machining of Shape Memory Alloys

As discussed in the foregoing section that the advanced or nonconventional machin-
ing processes such as electric discharge machining, laser, and abrasive water jet
cutting have successfully demonstrated their capability to enhance the machinabil-
ity of SMAs. But considering the cost-effectiveness, specific geometric and dimen-
sional requirements, quality of the end product, and ease of availability; conventional
machining still plays a vital role to fabricate a range of components from SMAs.
Machining at optimum parameters and utilizing effective tool materials, geometries
and coatings, some successful attempts have been made to enhance the machinability
of SMAs.

Selecting optimum machining parameters, Lin et al. [31] successfully improved
the machinability of NiTi alloys during their drilling and mechanical cutting. The
best drilling ability in terms of optimum values of cutting forces, machining time,
and service life of the tool was observed with tungsten—carbide twist drill at 163 rpm
rotational speed and 0.07 mm/rev feed rate.

A series of experimental work conducted by Weinert et al. [32-34] was focused
on turning, drilling and milling of NiTi shape memory alloys. Cutting forces, tool
wear and hardening of the machined subsurface zone were the important responses
to evaluate the machining process. After turning of NiTi alloys at different cutting
speeds (low—medium-high), Weinert and Petzoldt [3] concluded that 100 m/min
cutting speed is best suited for optimum values of cutting forces, tool wear and
burr formation to machine NiTi SMA. Moreover, low feed rates were analysed to
form burrs and generate high tool wear, and hence strictly recommended not to be
chosen. On contrary, for drilling of SMA medium cutting speed (30-60 m/min) with
higher feed rates were found to produce the best results. Another experimental study
conducted by Weinert et al. [32] recommends the use of coated (multilayer) carbide
tools to minimize tool wear while turning NiTi alloy. By selecting the best machining
practices such as the use of coated tools and machining at optimum parameters, etc.
Weinert et al. successfully machined a pipe coupling of NiTiNb to connect hydraulic
lines.
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For the production of NiTi tube to be used in medical applications, it has to undergo
extensive deep hole drilling operation. In an important study, using single-lip drills of
cemented carbide material during deep hole drilling, NiTi tubing of high geometric
accuracy and excellent surface quality have successfully been manufactured [34].

Sustainable machining strategies especially the usage of green lubricants and
advanced cooling and lubrication techniques have been given considerable prefer-
ence and have facilitated conventional machining with enhanced machinability. The
combination of optimum parameters, tool coatings, etc., with sustainable techniques,
have more pronounced effects on machinability.

Minimum quantity lubrication (MQL) is a micro-lubrication technique where
small amount of green lubricant is supplied in the machining zone [4]. It facilitates
near-dry machining and provides uniform lubrication at tool—chip interface rather
than cooling. MQL technique manages the heat by reducing friction between chip and
tool and thereby prevents heat to generate and protect tool and work surface from
the adverse effects of high temperature. Furthermore, improves tool life, enhance
work surface integrity, facilitates chip removal, and ensures safety and environment
protection. In MQL, highly biodegradable and environmentally friendly green lubri-
cants such as fatty acids, synthetic esters, vegetable oils etc. mixed with compressed
air are supplied in the machining zone at flow rate ranges between 10 and 300 ml/h on
contrary to high cutting fluid consumption (several liters per minute) in conventional
flood cooling [35, 36].

Conventional wet cooling makes use of hydrocarbon-based harmful cutting fluids
that may affect operator’s health, causes high environmental footprints, and lead to
high manufacturing cost. Moreover, the ineffective cooling effect results in extreme
tool wear, deterioration of surface quality of the part being machined, and energy
and resource inefficiency [35, 36].

Figure 2.10 illustrates an MQL system which consists of a cutting fluid/lubricant
reservoir, a source of compressed air, nozzle and tubing. In flow control system, the
atomization of cutting fluid takes place where it interacts with the highly compressed
air. The atomized cutting fluid in the form of “micro-droplets” is sprayed into the
machining zone through tubing and nozzle at a controlled flow rate and air pressure.
Flow rate, air pressure, nozzle angle, and distance are some important parameters of
MQL process.

Cryogenic cooling is another sustainable lubrication and cooling technique that
uses cryogenic gases such as nitrogen, helium, and carbon dioxide as coolants for
machining. These gases evaporate into the air and keep the environment clean and
green [4]. Cryogenic gas cylinder, pressure gauge and flow control system, nozzle and
tubing, as shown in Fig. 2.11 are the important components of a cryogenic cooling
system. It works on the principle of spraying liquid nitrogen (at temp of approx.
—200 °C) through a small diameter nozzle to the machining zone. While absorbing
heat during machining, the liquid nitrogen forms a protective layer that covers tool
surface and reduces tool—chip interface temperature. It increases tool life by reducing
chemical reaction between tool and chip. The chips produced by this technique are
easily recycled as no oil residue is attached.
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Fig. 2.10 Schematic of MQL system [4]
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Fig. 2.11 Schematic representation of a cryogenic cooling system [4]

With regards to difficult-to-machine materials (including shape memory alloys)
where high chemical reactivity at elevated temperature, low thermal conductivity,
high hardness, and stress—strain rate are the major challenges, MQL is an effec-
tive technique that plays vital role to overcome these problems associated with
their machinability. Past research endeavors have shown significant enhancement
in machinability of shape memory alloys after employing sustainable cooling and
lubrication techniques, i.e., MQL and cryogenic cooling.
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Table 2.1 Summary of the past work on sustainable conventional machining of SMAs

SI. no. | Researchers Type of shape Process used
memory alloy

1 Weinert and Petzoldt [3] NiTi (Nitanol) | Turning

2 Lin et al. [31] NiTi Drilling and mechanical cutting

3 Weinert et al. [32] NiTi Turning

4 Weinert and Petzoldt [33]. NiTi Micro-milling

5 Weinert and Petzoldt [34] NiTi Deep hole drilling

6 Biermann et al. [37, 38] NiTi MQL-based Micro-milling

7 Piquard et al. [39, 40] NiTi Plain and MQL Micro-milling

8 Shyha et al. [41] Kovar Dry Drilling

9 Kaynak et al. [42-45]. NiTi Turning (at dry, MQL, Cryogenic
conditions)

10 Zailani and Mativenga [46] NiTi Micro-milling (at chilled air
cooling and MQL conditions)

11 Kuppuswamy and Yui [47] NiTi High-Speed Micro-milling (at
MQL with Johnson baby oil)

12 Akbari et al. [48] NiTi Turning (under the assistance of
Ultrasonic vibrations)

The section below discusses various important aspects of the work conducted by
researchers aimed to enhance machinability of shape memory alloys using sustain-
able machining techniques.

In a work based on green machining of shape memory alloys, minimum quantity
lubrication (MQL) technique with ester oil was employed by Weinert and Petzoldt
[33, 34]. Strong adhesive affinity of shape memory alloy to the cutting tool was the
main reason behind the implementation of MQL. No NiTi adhesions were found to
be reported after MQL based micro-milling with TiAIN coated solid carbide end-mill
cutters. A high feed rate combined with high width of cut ensures extended tool life
with least burr formation. The study facilitates the production of miniature parts of
NiTi alloy by micro-milling.

Table 2.1 presents the exclusive summary of the past work (based on the extensive
literature review) on conventional machining of shape memory alloys (SMAs).

A simulation-based experimental analysis of deep hole micro-drilling of SMAs
has employed combined strategies of tool coatings and minimum quantity lubrication
[37, 38]. Two-lip, PVD TiAlIN-coated ball nose cutters of carbide with a diameter
of 1 mm for milling, and single-lip drilling tools (both coated and uncoated) having
diameters ranges from 0.5 to 1.5 mm and some twist drills were used. Some of the
conclusions of their work are a combination of high width of cut and low cutting
depth resulted in moderate tool wear, for minimum of ploughing and burr formation,
cutter movement should be orthogonal to the chip thickness gradient and point in the
direction of un-machined material, holes having diameters as small as 0.5 mm and a
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depth of up to 15 mm can be drilled with a high quality, twist drills performed better
and allowed the drilling of NiTi SMA to much higher drilling depths and cutting
speeds due to minimization of friction between the tool and hole wall as well as
adhesion wear [37, 38].

Another investigation on burr formation and phase transformation characteristics
during micro-end milling of NiTi alloy were done which resulted in the subsequent
optimization of machining parameters to attain a significant improvement in machin-
ability [39, 40]. Coated end mills of 0.8 mm diameter and of two teeth with 25° helix
angle were employed for micro-milling. MQL technique at 6 bar air pressure and
1.6 ml/min flow rate for ester oil was also used. Experiments were designed and
conducted based on half factorial design to the effects of depth of cut, width of cut,
cutting speed, feed per tooth, strategy (up- and down-milling) on machinability of
NiTi alloy. Lower values of feed per tooth and width of cut for smaller burrs and
up-milling for thinner burrs were recommended. Optimization was done to facilitate
the machining at high cutting speed with minimum burr formation.

Dry drilling of Kovar SMAs with HSS twist drills has been performed [41].
Experiments were conducted in dry condition at a speed range of 450-3750 rpm on
unbacked and backed workpieces of Kovar alloy. Cutting speed was found to be the
most significant factor affecting the surface integrity characteristics of Kovar. Lower
feed rate and cutting speed together with smaller drill sizes are suggested to minimize
the cutting temperature and thereby improving the surface integrity, i.e., reduction
in thermal hardening and burr size and minimizing the chances of generation of
micro-cracks, etc.

The research work on the use of advanced cooling and lubrication techniques
to improve the machinability of SMAs was majorly contributed by Kaynak et al.
[42—45]. A detailed and systematic investigation on the effects of dry machining,
cryogenic cooling and MQL conditions on the machinability (specially tool wear
and surface quality) of NiTi shape memory alloys was done. In a series of exper-
imental work, Kaynak et al. found cryogenic machining as a promising approach
for improving the machining performance of NiTi SMAs [42-45]. Effects of dry,
cryogenic, preheated, and MQL conditions on machining characteristics were eval-
uated and analysed comprehensively. Liquid nitrogen at 1.5 MPa was used as cryo-
genic coolant, whereas 175 °C was chosen as preheating temperature for preheated
machining, and 60 ml/h as flow rate and 0.4 MPa as air pressure for MQL at different
combinations of machining parameters. One of their articles [42] reports on turning
under dry, preheated and cryogenic machining conditions at three levels of cutting
speed (12.5-25-50 m/min).

Figure 2.12 depicts cryogenic cooling arrangement made by Kaynak et al. for
cutting tool while turning SMA.

As shown in Fig. 2.13, the tool wear study reveals a significant increase in tool
wear at nose region in case of dry and preheated conditions compared with cryogenic
machining with an increase in cutting speed. At high cutting speeds, cryogenic
machining significantly reduced the notch wear as well as eliminated chipping (flak-
ing) and chip flow damage. Furthermore, the cutting force decreased with increasing
cutting speed under the influence of cryogenic machining condition (Fig. 2.14).
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Fig. 2.12 The liquid nitrogen delivery system developed by Kaynak et al. where one nozzle is
placed at the tool rake face and another one at the flank face (nozzle diameters are 4.78 mm; nozzle
B makes 55° angle with the rake face of the tool) [43], with kind permission from Elsevier

Another study by Kaynak et al. [43] mainly addresses the tool wear issue in turning
by employing cryogenic, dry, and MQL machining conditions. Two categories of
experiments, first one to investigate tool wear at various levels of cutting speed
(12.5-25-50-100 m/min) and second one on progressive tool wear at constant cutting
speed at 25 m/min were conducted. Figure 2.15 presents the progression of maximum
notch wear with cutting speeds under dry, MQL, and cryogenic cooling conditions.
Increased cutting speed, beyond 25 m/min, leads to extremely high tool wear and
reduced tool life particularly in dry and MQL conditions, whereas cryogenic cooling
has significantly reduced the cutting temperature and thereby tool wear and failure,
and hence ensured the absence of adverse thermal effects. It is also reported that the
cryogenic cooling provides the longest steady-state maximum flank wear region at
the tool nose due to the protection of cutting tool against rapid tool wear.

The results show that cryogenic cooling is the best option among the three condi-
tions adopted to improve the machinability of NiTi SMAs. Surprisingly, the results
obtained at MQL conditions are ineffective and suggest the use of either cryogenic
or MQL coupled cryogenic conditions to conventionally machine the SMAs.

Some other important literature by Kaynak et al. [44, 45] reported on the enhance-
mentin surface integrity of NiTi under the influence of various cooling and lubrication
techniques. Turning of NiTi alloys was performed at 0.5 mm/rev feed rate, 0.5 mm
depth of cut, and two values of cutting speed, i.e., 12.5 and 100 m/min [44]. It was
investigated that at high speed, the surface integrity of cryogenically machined sam-
ples are much better than the dry samples (see Fig. 2.16). The reduced tool wear and
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Fig. 2.13 Tool wear patterns at varying cutting speeds and cooling/preheated conditions (f =
0.1 mm/rev; d = 0.5 mm) [42], with kind permission from Elsevier
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Fig. 2.14 Variation of main cutting force with cutting speeds and cooled/preheated conditions (f
= 0.1 mm/rev; d = 0.5 mm) [42], with kind permission from Elsevier

thermal distortion were recognized to be the main reason behind the generation of
smoother surface in cryogenic machining at high cutting speed.

Due to the generation of smoothness and reduced peaks and valleys on the
machined surface by cryogenic machining at high cutting speed, surface rough-
ness (0.4 pm) decreased significantly than that of dry machining (1.4 jwm). Based



2.3 Sustainable Machining of Shape Memory Alloys 25

| Feasible region |

Extremely high

1
1
450 " tool-wear
400 " 1
350 o= o Dry i
5_ 300 4 =mseMQL : ’f
F 250 4 = m »Cryogenic " -
200 A
3 e
150 - P
100 - & -
- . ' '
50 tasn- -
0 - - . v
12.5 25 50 100
Cutting Speed (m/min)

Fig. 2.15 Notch wear progression under different cooling conditions [43], with kind permission
from Elsevier

Fig. 2.16 Surface topography of machined NiTi alloys at 100 m/min [44], with kind permission
from Elsevier

upon the differential scanning calorimetry (DSC) measurement and analysis of the
machined samples, Kaynak et al. [45] observed that martensite to austenite transfor-
mation temperatures are higher and transformation peak is broader (see Fig. 2.17) in
cryogenically machined sample than the dry machined sample; consequently, resid-
ual stress and dislocation density on the surface and subsurface of cryogenically
machined sample are expected to be much greater than dry machined sample. This
proves the pronounced effect of cryogenic machining on surface integrity character-
istics of NiTi alloys.
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Fig. 2.17 The comparison of the DSC responses of as-received; dry machined and cryogenically
machined specimens [44], with kind permission from Elsevier

Results show that cryogenic cooling is the best option among the three condi-
tions adopted to improve the machinability of NiTi SMAs. Surprisingly, the results
obtained at MQL conditions are ineffective and suggest the use of either cryogenic
or MQL coupled cryogenic conditions to conventionally machine the SMAs.

The attempts made to enhance the surface integrity parameters and the effect of
various cooling and lubrication techniques on them are reported by Kaynak et al. in
[44, 45]. Turning of NiTi alloys was performed at 0.05 mm/rev feed rate, 0.5 mm
depth of cut, and two values of cutting speed, i.e., 12.5 and 100 m/min [44]. As
shown in Fig. 2.17, there is not much difference in the surface topographies of the
samples machined using dry and cryogenic conditions at low cutting speed. Whereas
at high-speed, cryogenically machined samples are much better than the dry samples
Fig. 2.18. The smoother surface in cryogenic machining at high cutting speed can
be attributed to reduced tool wear and reduced thermal distortion.

Due to the generation of smoother surface and reduced peaks and valleys on
the machined surface by cryogenic machining at high cutting speed, surface rough-
ness (0.4 pwm) decreased significantly than that of dry machining (1.4 wm). Based
upon the DSC measurement and analysis of the machined samples, Kaynak et al.
[45] observed that martensite to austenite transformation temperatures is higher and
transformation peak is broader (see Fig. 2.19) in cryogenically machined sample
than the dry machined sample; consequently, residual stress and dislocation density
on the surface and subsurface of cryogenically machined sample are expected to
be much greater than dry machined sample. This proves the pronounced effect of
cryogenic machining on surface integrity characteristics of NiTi alloys.
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Fig. 2.18 Bright-field transmission electron micrographs of a as-received, b dry machined and ¢
cryogenically machined specimens. d, e and f are selected-area diffraction patterns obtained from
a, b and ¢, respectively [45], with kind permission from Elsevier

Some experiments were conducted at 6.25 m/min [45]. The transmission electron
micrographs representing the microstructure of as-received material, dry machined
specimen, and cryogenically machined sample are shown in Fig. 2.18 a—c that depicts
the bright field images of dry and cryogenic samples, respectively. The density of twin
bands is higher in cryogenically machined specimen as compared with the dry one.
The cryogenic sample also had a greater dislocation density. Much high subsurface
hardness distribution is justified as a reason for this phenomenon.

Their complete investigation reveals that cryogenic machining substantially alters
the surface integrity of NiTi alloy along with a significant reduction in cutting forces
and tool wear. The outcomes of the study conducted by Kaynak et al. encourage
further exploration of cryogenic coupled machining for other types of SMAs and
machining operations.

Experimental work conducted by Zailani and Mativenga [46] employed chilled
air cooling, MQL, and mixture of both with an aim to facilitate the micro-milling
of NiTi shape memory alloys. Their major objective was to keep the SMA at low
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Fig. 2.19 Comparison of a cutting force on step-over direction under different cutting conditions,
and b roughness average under different cutting conditions, in the work conducted by Zailani and
Mativenga [46], with kind permission from Elsevier

temperature so that it does not enter the austenite start phase from martensitic phase
during machining. Flat end-mill cutters were used for micro-milling of NiTi under
the influence of aforementioned cooling and/or lubrication strategies. Machining
with chilled air resulted in substantial reduction in grain size and homogeneous
microstructure. Moreover, the use of chilled air alone and chilled air concurrently
with MQL significantly reduced cutting (feed) forces and improved surface finish
(see Fig. 2.19a-b).

Burrs generated under simultaneous application of chilled air and minimum quan-
tity lubricant was smaller and more uniformed in shape. Their concurrent application
completely eliminated tool chipping and resulted in the least tool wear (see Fig. 2.20
and 2.21). Overall, it was concluded that the simultaneous use of chilled air and MQL
has significant potential and is, therefore, essential to attain most of the machinability
indicators in case of SMAs.

In a most recent research, MQL (with Johnson Baby oil) assisted high-speed
micro-milling successfully improved the machinability of NiTi alloy in the form
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Fig. 2.20 Flank wear and chipping under different cutting conditions, Zailani and Mativenga [46],
with kind permission from Elsevier
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Fig. 2.21 Micro tool a as-received; and after machining with b chilled air; ¢ MQL; d chilled air
concurrently applied with minimum quantity lubricant [46], with kind permission from Elsevier
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Table 2.2 Details of MQL and machining parameters

Variable parameters

Parameter Unit Level

-1 0 1
Flow rate ‘F’ ml/hr 50 70 90
Air pressure ‘P’ | Bar 20 30 40
Nozzle distance | mm 4 5 6
)

Fixed parameters Cutting speed 110 m/min; Feed rate 0.2 mm/rev; Depth of cut 1 mm, Tool
material—Carbide

Lubricant properties Pour point 8 °C; Flash point >290 °C; Kinematic viscosity 39.11 mm?/s at
40 °C; Density 0.9199 g/cm3 at 20 °C

of reduction in machining forces and burr formation during at optimum machining
parameters [47]. The air pressure at 4 bar and flow rate 80 ml/h were used for micro-
milling at various levels (4.7-30 m/min) of cutting speed. This resulted in low cutting
forces and reduced burr size was achieved at 15 m/min of cutting speed and it was
concluded to be due to the transition of NiTi alloy from B2 phase to B19 phase.

The assistance of ultrasonic vibration during turning of nitinol shape memory
alloys has been explored [48]. Ultrasonic generator (1.2 kW power) and transducer
with frequency of 21.5 kHz were used to generate vibrations of 10 wm amplitude
at the tip of the turning tool. After employing ultrasonic vibrations, a considerable
improvement (up to 70%) in surface finish of the NiTi workpieces was observed
than that of the plain conventional turning. The dynamic stiffness of workpiece, tool,
and machine set as well as the omission of build-up edge in the presence of ultra-
sonic vibration were justified as the main reason for the enhancement in machining
accuracy. The assistance of ultrasonic vibrations also ensured the successful turning
operation at high cutting speed.

The results of a recent preliminary experimental investigation conducted at Uni-
versity of Johannesburg also highlight that MQL technique alone is not capable
enough to enhance the machinability of NiTi shape memory alloys.

In this work, a total of nine experiments have been conducted based on Taguchi’s
robust design of experiment technique during MQL influenced CNC turning of NiTi
using plain carbide cutting tool inserts. Micro-droplets of Green lubricant at different
settings of flow rate, pressure, and nozzle distance have been supplied in machining
zone. Table 2.2 presents the fixed and variable parameters details during MQL influ-
enced turning of NiTi. Figure 2.22a-b present experimental setup used and sequence
of tasks performed in the current investigation.

The experimental results, i.e., average roughness and flank wear as given in
Table 2.3 show that influence of MQL conditions has not been succeeded to keep the
tool flank wear within ISO limit (0.6 mm highest flank wear) and corresponding to
all nine experimental combinations its values are much higher than the 0.6 mm, i.e.,
prescribed ISO limits [49]. The surface finish obtained at NiTi sample is acceptable
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Table 2.3 Experimental Expt.no | F P(bar) | D (mm) | R, T,

results (ml/hr) (Lm) (mm)
1 50 4 20 1.45 0.76
2 50 5 30 1.12 1.41
3 50 6 40 3.84 0.82
4 70 6 20 1.09 0.80
5 70 4 30 1.17 0.76
6 70 5 40 1.29 1.63
7 90 5 20 1.96 1.39
8 90 6 30 1.03 0.98
9 90 4 40 1.57 1.28

and can be improved further by optimization. Figures 2.23 and 2.24 present the effect
of MQL parameters on surface roughness and tool wear. It is seen that the variation
of responses with MQL parameters are different, i.e., trends are conflicting in nature
or in other words a trade-off exists. For that, multi-objective optimization has been
done using desirability analysis technique as an attempt to further improve the surface
finish and tool wear and to get single set of parameters for the best machinability.
Multi-objective optimization has identified flow rate- 70 ml/hr, 6 bar and 30 mm
as optimal parameter combination which produced 1.39 pm average roughness and
1.6 mm tool wear. Even after optimization, the flank wear value is still 1.6 mm that
is extremely high and above the ISO prescribed limit for tool failure.

2.4 Summary

The attempts on conventional machining of shape memory alloys (SMAs) reveals
that the machining of SMAs without adopting specific advanced machining strategies
is extremely difficult. Optimization of machining parameters, utilizing coated tools,
and implementing advanced cooling and lubrication strategies, etc., are therefore
essential for high surface integrity and reduced tool wear ensuring the manufacture of
quality SMAs parts at minimum expenditure and with low environmental footprints.
Specifically, the use of advanced cooling and lubrication strategies have significant
potential and require sincere future efforts in order to overcome the difficulties of
machining various SMAs. Furthermore, it is concluded that the advanced machining
and enhancement in the machinability of SMAs is still in its exploration stage, and
much scope exists to explore these techniques further to produce high-quality parts
of SMAs.

Following may be some possible avenues for future research on machining of
SMAs:
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Fig. 2.23 Effect of MQL
parameters on average
roughness of NiTi material

Surface Roughness (um)
n

I I I
50 70 90

A: Flow Rate (ml/hr)

Surface Roughness (um)
|

\ \ \
20 30 40

C: Nozzle Distance (mm)

e Conventional machining of shape memory alloys other than nitinol (NiTi) alloy
such as coper based alloys and Kovar, etc.

e Research focus on conventional processes other than turning and milling, i.e.,
drilling and grinding, etc.

e More detailed research on hybrid cooling—lubrication, i.e., MQL integrated cryo-
genic machining.
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Fig. 2.24 Effect of MQL
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e Extensive study on heat- and vibration-assisted machining.

e Hybrid machining, i.e., combination of advanced cooling or lubrication and heat-
and/or vibration-assisted machining, etc.

e Advanced machining of shape memory alloys other than NiTi.
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Chapter 3 ®)
Welding and Joining of Shape Memory Gzt
Alloys

3.1 Introduction

Welding and joining is a vital classification of manufacturing processes, wherein
two or more different parts are joined together by the cause of fusion or mechanical
pressure or mechanical fasteners or adhesive action or different combinations of
these causes [1]. Welding and joining of shape memory alloys are challenging as the
effects of shape memory alloys must remain as it is after its welding and joining [2].
In addition to this, the behavior of shape memory alloy is different during the process
performance as the welding and joining processes are performed with an application
of certain mechanical pressure and large amount of heat, which subsequently leads to
the difficulties in obtaining sound joints [2, 3]. However, different welding and joining
processes such as tungsten inert gas welding (TIG), plasma welding, laser beam
welding (LBW), electron beam welding (EBW), resistance welding, friction stir
welding (FSW), friction welding, explosive welding, ultrasonic welding, diffusion
bonding, adhesive bonding, brazing and soldering are reported [2, 3] in the different
literatures that are utilized to obtain different shape memory alloys (see Fig. 3.1 for
classification). These processes are further discussed in detail based on three different
categories such as joining, fusion and beam welding, and solid state welding.

3.2 Fusion and Beam Welding Processes

Fusion welding is a category of welding, in which the base materials are joined by
means of melting of material caused by intense localized heat. This supply of heat may
be arc or beam or resistance heat that determines its subclassification such as fusion
arc welding processes, resistance welding, and fusion beam welding processes. TIG
and plasma welding processes that fall under the category of fusion arc welding are
reported as applied processes to obtain joints of shape memory alloys [2, 3]. In case
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Fig. 3.1 Classification of welding processes applied to weld shape memory alloys

of fusion beam welding, electron beam welding and laser beam welding processes
are applied to achieve weld of shape memory alloys [2, 3]. Process-wise explanation
is presented below.

3.2.1 TIG Welding

TIG welding uses non-consumable tungsten electrode from where an electric current
is passed, in order to generate the arcing effect. Due to arc, the base material gets
melted and subsequently solidifies as the time progress that in turn leads to the joining.
TIG welding process has advantages such as easy to operate process, low heat input,
simple welding source, and applicable to weld thin materials, which attracts it to the
range of applications [1-3]. Joining of shape memory alloys with TIG welding is
challenging as it involves melting of material [2, 3]. The challenges of embrittlement,
formation of intermetallic compounds (IMCs), solidification cracking and retention
of shape memory effects are reported with TIG welding of shape memory alloys. It
is also found that post welding treatments are required to overcome these challenges
up to some extent. TIG welding has advantages of any coupling applicability, easy
welding procedure, and arc stability at small current, easy to apply on thin workpiece,
which makes it suitable to employ for welding of shape memory alloys [2, 3]. History
on welding of shape memory alloys tells that TIG welding process is the first process
that applied on NiTi alloy in 1961 [2]. In this study, they reported that interstitial
phases based on H, N, and O can be observed because of insufficient protection of
molten pool. Ikai et al. [4] have communicated that the mechanical properties of NiTi
welds are noted as decreased than base material. Two different configurations such
as NiTi wire of 0.75 mm diameter and 0.2 mm thick sheet are welded with the help
of TIG welding. The favorable welding conditions of TIG welding for NiTi joints
of 0.75 mm diameter wire are reported as TIG current of 10 A, direct current and
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plus polarity, 1.47 N of wire push force, 1 mm of wire push length, and 1.6 mm of
electrode diameter. Besides, welding conditions of direct current and plus polarity,
4 A of welding current and 1 mm of electrode diameter are reported as favorable
conditions for 0.2 mm thick NiTi sheets. The heat-affected zone of TIG-welded
specimens is reported as easily deformable compared to the base material and weld
zone. They reported that strain recovery is highly poor during cyclic tests of 50 cycles
at 4% strain. The welded wires are observed to perform full cyclic test of 50 cycles,
whereas welded sheets got ruptured after 39 cycles.

NiTi is prone to react with oxygen, hydrogen, and nitrogen at high tempera-
ture, therefore, TIG welding may lead to forming super brittle weld zone. Recently,
Oliveira et al. [5] implemented a TIG welding with fixing device of inert gas flow-
ing system at root and face of the welds on 1.5 mm thick NiTi plates for butt joint
configuration, which has minimized the effect of oxidation due to inert gas flowing
protection. This method, in turn, showed 20% rupture of total strain and superelastic
behavior with 30 MPa strength below the base material. Here, cyclic superelastic-
ity of stain up to 12% and 600 cycles are performed. The shape memory effect is
reported as retained even after the welding. Besides, the transformation temperature
is reported as increased for weld compare to base material due to presence of Ti
oxide, despite the prevention by argon fixation is implemented. Therefore, it can be
stated that proper use of shieling gas and prevention backing gas is the key parameter
for TIG welding of shape memory alloys.

Dissimilar welding of shape memory alloys with another metal/alloy is performed
by TIG welding process such as NiTi to stainless steel (SS) 304 and NiTi to SS 316L.
NiTi to SS 304 is carried out using Ni insert for the tube to tube joint configuration
[6, 7]. The tube was having thickness of 1.9 mm and an outer diameter of 9.3 mm. Ni
insert acted as filler material to weld NiTi to SS 306 through TIG welding [6]. The
mechanical properties such as hardness of 817 HV and ultimate torsional strength
of 415 MPa reported as satisfactory along with narrow width of heat-affected zone
(HAZ), considering the application of NiTi-SS 304 joints for the actuators. Formation
of IMCs such as NisTi, and NiyTis are reported inside the weld zone of dissimilar
NiTi-SS 304 TIG welds. Therefore, the weld zone of NiTi-SS 304 joints causes
higher hardness. TIG welding of NiTi to SS 304 results into full penetration in a
single pass besides of larger HAZ due to large bead width of weld caused through
higher energy relative to laser welding technique [6].

TIG welding is interestingly utilized to join NiTi of Ti reach wires for the medical
occluders application, which is further connected with stainless steel pipe through
laser spot welding as shown in Fig. 3.2 [7]. TiC is reported at the welds of wire while
IMCs such as Ni;Ti+ (Fe, Ni) Ti observed around the fusion zone of NiTi-SS 304
laser spot weld. Furthermore, in applications, the overlay of NiTi on carbon steel is
carried out with the TIG welding. Benefits of increase in hardness are reported due
to formation of oxides and IMCs with superelastic maintained effect. The erosion
effect is drastically improved over a wide range of impact angle through this overlay
of NiTi on carbon steel by TIG welding [7].
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Fig. 3.2 Medical occluders a TIG-welded NiTi wires, b laser spot welded assembly of pipe to
wires and ¢ manufacturing procedure TIG of wires and laser spot welding of wires to pipe [7], with
kind permission from Elsevier

3.2.2 Plasma Welding

Plasma welding uses non-consumable electrode of tungsten similar to TIG and the
process principle is also matching with TIG process. The difference is extra shielding
which leads to separate the plasma arc in addition to shielding gas [8]. Plasma welding
is utilized to weld NiTi shape memory alloy, NiTi-stainless steel, and Niti-Hastalloy
by van der Eijk et al. [9]. Plasma welding with filler of powder is applied via robotic
welding station. Argon gas is utilized for plasma gas, outer shielding, and backing.
Investigations summarized that transformation temperatures of NiTi—NiTi weld are
retained while mechanical properties are deteriorated. Plasma welding of NiTi—NiTi
welds has not affected the ratio of Ni and Ti materials. On the other hand, fusion
line of NiTi-Hast alloy and NiTi-stainless steel has got brittle phases and defects.
NiTi has absorbed different elements from Hast alloy and stainless steel, which is not
desirable. In short, plasma welding is not strongly recommended for shape memory
alloys. NiTi-Hast alloy weld resulted in six different phases that are identified by
scanning electron microscopy (SEM) image and EDX analysis. Julien et al. [10]
have developed a plasma spray technique to coat a Nitinol on metallic substrate.
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Fig. 3.3 NiTi coating on Stainless steel substrate by plasma arc transferred method a 80 A, b 90
A, ¢ 100 A and d SEM image [11], with kind permission from Elsevier

Nitinol is used in a powder form that is mixed with hydrogen and argon gases and
converted to partially molten state by ionizing and heating. They achieved sound
diffusion bonding between nitinol IMC and metallic substrate via high velocity and
impact of partially melted powder of nitinol. Ozel et al. [11] have done experiments
on NiTi coating on stainless steel with the help of plasma transferred arc process.
They reported coating layer of 1, 1.2, and 1.4 mm as effective at 80, 90, and 100
A currents, respectively without any defects as shown in Fig. 3.3. The presence of
defects is often reported with coating by TIG applications that problem is exceeded
by plasma arc transferred method.

3.2.3 Laser Beam Welding

Laser beam welding uses a beam of light through optical amplification based on
stimulated emission of radiation to melt the base material and that leads to the bonding
after its solidification [8]. Among all the available welding techniques, laser welding
is reported as most employed technique for the shape memory alloys considering its
extraordinary benefits such as better process control, low heat input, high density,
ability to reproduce, low HAZ, and monochromatic nature [1-3]. It is also well
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documented that the laser beam welds are having narrower welding zone than the
arc welds, which is reported very well in Fe-Mn-Si shape memory alloys [2].

The type of laser such as CO,, Nd: YAG, or fiber laser used to weld shape memory
alloys significantly affects the weld properties [2, 3, 12-31]. However, the Nd:YAG
and fiber laser are considered as priority one relative to the CO; lasers [2]. The reason
for this is low wavelength, which leads to increase of absorptivity and consequently
form narrow welds. The laser welding process parameters of laser focus size and
position, wavelength, power and mode, welding speed, type of shielding gas and
flow rate are reported as most influencing parameters in case of shape memory
alloys welding [2]. It is suggested from the literatures that the pulse waveform of
laser is preferred for welding wire of thin foils while continuous waveform of laser
is considered for high thickness shape memory alloys [2, 3, 12-31]. Laser welding
of NiTi material can be effectively done when shielding gas is supplied [2]. The use
of shielding gas in laser welding of shape memory alloys is illustrated in Fig. 3.4.
It is reported that shielding gases such as argon and helium are used for NiTi shape
memory material, which minimizes oxidation and contamination during welding.
Argon s also used as shielding gas for other shape memory alloys such as Cu—Al-Mn,
in the case of laser welding [13].

Laser-welded shape memory alloy joints are observed as better in terms of pre-
serving shape memory effect [12]. It is reported that at least 90% of the shape memory
effect is preserved by recovering deformation. Several articles report that full recov-
ery on shape memory effect of imposed strain can be achieved on welds obtained
by laser welding. The recovery of shape memory effect is dependent on stain rate.
It is reported that the irrecoverable strain is consisted after martensitic to austenitic
transformation with the applied strain. However, this irrecoverable strain is reported
as small as below 0.1 and 0.3% for stain of 4 and 6%, respectively, relative to the
base material of NiTi material. It is well experimented by Falvo et al. [14] that, the
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Fig. 3.5 Microstructures of laser-welded shape memory alloys, weld center line: (a) and (c), and
weld interface boundary: (b) and (d) [15, 23], with kind permission from Elsevier

laser-welded Ti-rich NiTi has 4% strain recovery for the 5% imposed strain. Besides,
they reported that 5.2% of recovery of strain is obtained for the 7.3% of imposed
strain in the case of the base material.

Laser-welded shape memory alloys consist of interesting microstructures inside
the weld zone and HAZ. The weld zone microstructures are reported with den-
dritic type, planner, cellular or combination of any/all of these microstructures [15,
16, 23]. Dendritic type structure is reported due to rapid solidification theory. The
changes of solidification structures such as planner to cellular, and cellular to den-
dritic occur because of increase in constitutional supercooling of shape memory
alloy. Therefore, the possibility of existing one microstructure among any one or two
aforementioned structures or all the structures is maximum [15, 16, 23]. One of the
examples of laser-welded NiTi alloy is shown in Fig. 3.5 for its different reported
microstructures. In most of the cases, the HAZ of shape memory alloys is consisted
recrystallized equiaxed grains microstructure with an increased grain size because
of heat conduction leads gradient of recrystallization.

Different reports have reported that, at the room temperature, the microstructures
of austenite and martensitic are coexisted inside the weld and HAZ of laser-welded
NiTi, whereas fully austenitic structure is presented at the base material [21-31].
The synchrotron X-ray radiation and conventional CuKo radiation technologies are
utilized to identify these structural changes [15, 16].
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Laser-welded Ti-rich NiTi material is reported with the decreased tensile strength
of welds due to the presence of microcracks at the weld zone and grain boundary
precipitation of Ti;Ni at HAZ [15, 16, 31]. Precipitation leads to the embrittlement,
which causes lower ductility and lower strength. The lower ductility is reported with
laser pulse welded NiTi material that is because of dislocations in the weld zone [2].
Besides, in the case of Cu—Al-Mn shape memory alloy, no significant difference of
tensile properties is observed relative to base material as the grain size of weld is not
much affected. The ductility of laser-welded Cu—Al-Mn material is also reported
higher and necking is observed during tensile test [12, 13]. Tensile testing and shape
memory effect are depended on transformation strain, loading and unloading cycling,
shape memory effect recovery, superelastic recovery, and start and finishing stresses
[2].

The application of the laser welding for the dissimilar materials joining (where
shape memory alloy is one of the materials) is reported in a large number of
articles due to process advantages of the high power density, reduced thermally
affected regions, easy control, flexibility, and reproducibility. Dissimilar combina-
tions of NiTi-steel, NiTi-stainless steel, NiTi-titanium, NiTi-Monel, NiTi-Inconel,
NiTi-Tantalum, NiTi-Cu, NiTi-CuAIMn, and NiTi—Cobalt chromium are attempted
in different literature with laser welding application [2, 24-26, 31]. The differences
in thermo-physical properties lead to the formation of IMCs at the weld interface. It
is noted that the defects can be placed in the weld area due to the formation of IMCs.
Careful control of process parameters can avoid the problem of IMCs formation.
Some of the studies reveal that the use of interlayer in the dissimilar laser welding
improves the joint properties by reducing formation of IMCs and defects [2, 24-26,
31]. Various interlayers of nickel, cobalt, copper, iron, and niobium are recommended
for different combinations such as NiTi-steel, NiTi-stainless steel, and NiTi-Ti. Most
of the dissimilar laser-welded joints are reported with higher hardness values at the
joint area. Higher tensile properties than the base material are possible to obtain with
dissimilar laser welding. Some of the literature of dissimilar laser welding report that
the superelastic behavior and the shape memory effect is possible to achieve with
dissimilar welds of shape memory alloy with other material. The cyclic behavior
can be retained when laser welding is applied with controlled process parameters on
dissimilar combinations having one of the base materials of shape memory alloys
[2,24-26, 31].

3.2.4 Electron Beam Welding

Electron beam welding works on the similar principle of laser beam welding that
operates with a beam of electrons. Beam of electrons is focused on the workpiece to
get it melt, in the case of electron beam welding. The setup of electron beam welding
requires vacuum chamber wherein the electrons are accelerated with high voltage
and focuses on workpiece by the lenses of electromagnetic fields. Electron beam is
even more advantageous than the laser welding in terms of beam control, prevention
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Fig. 3.6 Microstructures of electron beam welded NiTi [32], with kind permission from Elsevier

of oxidation and contamination, small beam diameter of beam and high energy of
beam per unit area [8]. However, few research works are reported for the electron
beam welding of shape memory alloys as the electron beam is limitedly applied in the
industries. This is due to disadvantages of high initial setup cost, high maintenance
cost, time required initially for vacuum generation, and operate workpiece in vacuum
chamber [2].

Yang et al. [32] performed experiments on electron beam welding of NiTi material
for the behavior of welds in terms of microstructure and mechanical properties. They
reported 85% of joint efficiency at room temperature, while they obtained 93% joint
of efficiency at the temperature of 223 K. NiTi microstructure is reported as columnar
crystal type to columnar fine grain type as shown in Fig. 3.6. Columnar grains are
observed as perpendicular to the weld center line. Precipitates of Ti;Ni or NiyTi; are
noted in the weld zone. Differential scanning calorimetry is showing that only one
step reversible martensitic transformation is obtained in weld and base material. No
major changes in transformation temperatures are reported in the case of electron
beam welding of NiTi. Only, the martensitic start temperature of the weld is reported
as increased. The same group of authors Yang et al. [33] reported via different article
that post weld annealing on electron beam welded NiTi reduces martensitic start
temperature of the weld. Optimum phase transformation can be achieved after post
weld annealing with at 1073 K temperature.
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3.3 Resistance Welding

Resistance welding is a technique in which the electrical resistance is utilized to
provide heat based on Joule’s law that leads to material melting and deformation
together. The forging force in addition to melting and deformation creates bonding
at the interface of the workpiece. The current is passed through copper electrodes
in most of the cases. The contributory parameters of resistance welding are current
density, time, pressure to forge, and electrical resistance of the base material [8].
There are few articles available which investigate resistance welding of shape mem-
ory alloys. Resistance welding is applied on micro welding of NiTi wires [34, 35] and
tube to tube type lap configuration [36]. Micro resistance welding is applied to weld
wires of 0.4 mm diameter for cross wire joints. The joining mechanism observed
in this study is solid state bonding consisted with six stages such as cold collapse,
dynamic recrystallization, interfacial melting, squeeze out, excessive flash, and sur-
face melting. The transformation temperature of the weld is reported as modified
due to annealing effect on stain hardened base material caused by resistance based
heat input. Phase transformation of weld is reported at lower temperature relative
to the base material [34]. Microstructure of the weld is consists of columnar grains
in the weld and recrystallized fine grains are reported in the HAZ (see Fig. 3.7 for
microstructure at interface, weld, and HAZ under different current). Distinct inter-
face of Fig. 3.7b, d is because of improper bonding as the current applied is low, while
no such interface is reported at higher currents as shown in Fig. 3.7f, h. Presence
of TiC precipitates in weld area is proposed based on microstructural observations
[34]. Recrystallized fine grains are reported in large zone with higher current as the
HAZ is maximum in case of highest applied current. Welding current is observed
for its significant effects on joint properties including strength, Pseudoelasticity,
transformation and shape memory effect [34].

Resistance welding is interestingly utilized by Delobelle et al. [36] to form archi-
tectural cellular structure of NiTi tube, which is like porous material. Resistance
welding is a technique that can be used to fabricate a complex structure of NiTi.
Resistance welding affects this joint in terms of transformation behavior, microstruc-
tural properties, and mechanical properties. Post welding treatment is suggested to
obtain identical transformation behavior of the joint relative to base material. The
solution treatment with temperature of 850 °C for 60 min followed by aging at a
temperature of 450 °C for 30 min is recommended for resistance welded Ti-50.8
at.% Ni shape memory material. At the same time, application of this heat treatment
does not affect hardness, grain size, and modulus of elasticity significantly.
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Fig. 3.7 SEM images of resistances spot welded NiTi wires with different currents: a, b 145 A, ¢,
d 195 A, e, f 245 A, g, h 295 A [34], with kind permission from Springer
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3.4 Solid State Welding

Solid state welding processes are those processes, which produce a joint by means of
solid-state deformation of base material caused by heat and pressure wherein melt-
ing of base material and filler wire addition is not required [1, 8]. Since the material
melting is avoided, the solid-state welding processes are applicable where the weld
zone is prone to form brittle IMCs [1]. Hence, solid state welding processes are
categorized as suitable processes for welding of shape memory alloys [2]. Different
solid state welding processes such as friction welding, friction stir welding, ultra-
sonic welding, and explosive welding are investigated for shape memory alloys [2].
Individual explanations for each of these processes are mentioned as under.

3.4.1 Friction Welding

Friction welding is a type of solid-state welding processes that uses frictional heat
and axial pressure to plastically deform the material for a specific time. This plastic
deformation leads to the upset of base materials and subsequently causes intermixing
to form a solid-state joint. Melting of the base material is not required as the joint
formation is due to the solid-state deformation [8]. Friction welding has proved
its feasibility to join similar welds of shape memory alloys and dissimilar welds
[2]. Despite ability of making shape memory alloys weld, the problems such as
substantial change in temperature of phase transformation and lower joint strength
are reported. Friction welding is investigated for NiTi material and dissimilar NiTi
to stainless steel materials. Friction-welded NiTi joints are consisted of much finer
grains than base material due to dynamic recrystallization. It is reported by Shinoda
et al. [37, 38] that the phase transformation temperature of a welded zone of NiTi
material is not in line with base material. They suggested that proper heat treatment
is required to implement after friction welding in order to reduce the variations of
phase transformation temperature and shape memory behavior relative to the base
material. Heat treatment of NiTi joints after friction welding helps to enhance the
tensile strength and shape memory effect relative to base material. It is mentioned
that heat treatment before friction welding causes lowering the phase transformation
temperatures. It is reported that higher upset pressure is required to obtain successful
welds. At least upset pressure of 127 MPa is necessary to obtain 6 mm diameter NiTi
friction welds.

Dissimilar friction welding of NiTi to stainless steel is carried out on rod of 2.5 mm
diameter with the help of nickel interlayer as shown in Fig. 3.8. Fukumoto et al.
[39] have successfully implemented the dissimilar NiTi to stainless steel using Ni
interlayer as shown in Fig. 3.9a. It is reported that Ni interlayer has helped to improve
the mechanical properties of NiTi to stainless steel dissimilar joints. Maximum tensile
strength 512 MPa is obtained using Ni interlayer for dissimilar NiTi to stainless steel
friction welds. Formation of IMCs such as Ni3Ti and NiTi + Ni; Ti of eutectic layer is
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Nickel interlayer

Fig. 3.8 Friction welding concept applied to dissimilar NiTi-stainless steel joints

(a) (b)

J «— Ni sheel

Fig. 3.9 Dissimilar friction-welded NiTi-stainless steel joint, a cross-section image and b
microstructure image with Ni interface [39], with kind permission from Taylor and Francis

reported as reaction layer between NiTi and stainless interface (see Fig. 3.9b). These
phases are formed because of inter-diffusion and mechanical mixing phenomenon.
Ni interlayer has prevented the formation of Fe,Ti phase of IMCs. Fe,Ti is brittle
in nature and hence prevention of this phase by applying Ni interlayer has improved
the brittleness of the joint. On the other hand, the IMC phase of Fe,Ti is found in
case of friction welding of NiTi to stainless steel material without using Ni interface.
Formation of IMCs is depended on process parameters of friction welding. Rotational
speed governs eutectic reaction and IMCs formation significantly. As rotational speed
increases, the eutectic reaction, and layer of IMCs generated increases.

3.4.2 Friction Stir Welding

Friction stir welding (FSW) is an advanced friction welding type process wherein
the frictional heat is generated with the help of an external non-consumable tool that
leads to the plastic deformation of the base material [40, 41]. Rotation and transverse
moment of the FSW tool is responsible for the deformed material movement, which
in turn causes intermixing between the base materials [41]. FSW is capable to operate
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Fig. 3.10 Phase transformation behavior of FSW welded NiTi: a heating cycle and b cooling cycle
[43], with kind permission from Elsevier

for different range of materials such as aluminum, copper, titanium, steel, plastics,
composites, and dissimilar materials [40-42]. Recently, the FSW is approached for
shape memory alloys of NiTi material by Prabu et al. [43]. The non-consumable FSW
tool material is of Densimet tungsten-based alloy that used to obtain 1.2 mm thick
NiTi material. This tool material is reported as suitable material for NiTi shape mem-
ory alloys as it is not causing any tool wear. FSW forms different microstructures
such as stir zone, thermo-mechanically affected zone, heat-affected zone, and base
material for the most of the investigated materials. Nevertheless, the FSW of NiTi has
no distinct interface observed for these different microstructures. Dynamic recrys-
tallization is obtained by FSW in NiTi material because of high temperature and
deformation in solid state. FSW of NiTi has retained the shape memory behavior rel-
ative to base material without any substantial change in transformation temperatures.
However, there is minor change in transformation temperature reported as shown in
Fig. 3.10, which is due to the presence of precipitates, grain sizes, dislocations, ther-
mal stress, and detwinning. In case of FSW, detwinning and grain refinement are
strong reasons proposed for the change in transformation temperatures. The weld
zone obtained by FSW has retained austenitic and martensitic phases without any
change relative to the NiTi base material. As mentioned above, formation of IMCs
phases such as NiTi2 and TiNi3 in the weld zone is ordinary with conventional weld-
ing processes. Besides, the formation of these phases is absent in the weld obtained
through FSW process. FSW has enhanced the yield strength of the weld relative to
the base material due to grain refinement. The microhardness is slightly reduced at
the weld zone of NiTi friction stir welds. It can be stated that FSW has high potential
to opt for shape memory alloys due to its aforementioned process capabilities.
Oliveira et al. [44] performed FSW assisted by electric current on AI/NiTi com-
posite material. Different transformation temperature of NiTi is exhibited at the weld
area. At room temperature, martensite and austenite both of the phases are presented
after welding whereas fully austenitic NiTi is reported before welding. This article
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has proved ability of FSW to form Al/NiTi composites which will increase number
of applications of this dissimilar combination.

3.4.3 Ultrasonic Welding

Ultrasonic welding is a type of solid state welding that uses high-frequency mechan-
ical vibrations and static compressive load to generate relative motion between two
faying surfaces. This friction causes heat and subsequently leads to the plastic defor-
mation that ultimately forms joints [8]. In the case of ultrasonic welding, work-
piece material hardness, and thickness are important process parameters that decides
energy required to produce welds [1, 8]. Process parameters such as contact force,
amplitude of ultrasonic wave, and time required to obtain weld are additional that
affects formation of welds and weld properties [8]. Ultrasonic welding is most suit-
able for the thin parts and small size job. Ultrasonic welding of shape memory alloys
is not so popular as laser welding. So far, a welding by ultrasonic welding process
is not discovered for the shape memory alloys [2]. However, application of ultra-
sonic waves for different applications of the shape memory alloys is studied. Kong
et al. [45] have performed ultrasonic technique to embedded fibers of shape memory
alloys within the aluminum matrix. They found that embedding NiTi shape memory
alloys in Al matrix via ultrasonic welding have improved bonding without affecting
the functional properties of the alloys. It is recommended that low pressure and low
amplitude of oscillation is required, where the material degradation is not observed.
Additionally, the bonding is reported as stronger if the temperature is increased to
about 300 °C, which is 25% of the melting temperature of the NiTi shape memory
alloy.

3.4.4 Explosive Welding

Explosive welding is also a type of solid-state welding technique that requires deto-
nation with the help of suitable chemical explosives in order to obtain extremely high
velocity of workpiece. This leads to the deformation of workpiece material because
of high impact energy and subsequently accomplishes the weld. In case of explosive
welding, the explosive detonator is applied on the surface of one of the workpieces.
The blast through detonator generates a very high velocity that in turn causes collision
with another workpiece. This phenomenon leads to the plastic deformation and sub-
sequently forms joint. Explosive welding is reported as the best technique to obtain
dissimilar joints [8]. Among all solid-state welding processes, the explosive welding
is most utilized process for shape memory alloys [2]. Initially, the explosive welding
is explored for dissimilar welding of shape memory alloys to another material. Most
commonly used shape memory alloy of NiTi is welded with steel using explosive
welding, in order to take advantages such as high resistance of NiTi and cavitation
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erosion and structural strength of steel [2]. Explosive welding of austenitic NiTi to
low carbon steel is performed by Zimmerly et al. [46]. The NiTi—carbon steel weld
interface is analysed by X-ray diffraction method and identified that low-intensity
martensitic peaks are reported due to the formation of shock-induced martensite.
The cavitation erosion property of NiTi weld interface is slightly decreased relative
to the base material, which is there because of martensitic phase presence. Loss of
this erosion resistance to cavitation during welding is biggest challenge considered.
Nevertheless, it is suggested that, the austenitic interface is required to have better
resistance to the cavitation erosion. Hence, the post weld heat treatment is recom-
mended to retain resistance to cavitation erosion. The failure during the tensile lap
shear strength test is reported either from NiTi base material or low carbon steel
while never from the interface between NiTi and low carbon steel. Richman et al.
[47] conducted a similar type of study with martensitic NiTi to low carbon steel
and added some new results. They also mentioned that austenitic NiTi is required to
subject for post weld heat treatment in order to have erosion resistance that is lost
during explosive welding. Explosive welding is also performed to obtain dissimi-
lar NiTi to stainless steel composites. The martensitic transformation is depressed
due to plastic deformation induced during explosive welding. Although, application
of post weld heat treatment can recover this transformation. It is reported that no
formation of brittle IMCs are observed with explosive welding of NiTi to stainless
steel. In case of two-way shape memory effect of explosive welded dissimilar NiTi
to stainless steel welds, the recoverable strain is exceeded because of the action
of steel elastic layer. This dissimilar combination is found as perfectly suitable for
actuator due to its functional properties. Attempts of NiTi to NiTi joints are also
conducted with explosive welding [48—52]. Explosive welding has proved its ability
to form NiTi—NiTi joints have different transformation temperatures and proportions
of chemical compositions. There is a change in transformation temperature observed
after the welding. Post weld heat treatment is required to obtain nearly same trans-
formation temperature of the weld zone. However, proper selection of heat treatment
temperature is critical.

3.5 Adhesive Bonding

Adhesive bonding is a type of joining technique, which uses an intermediate layer
of adhesives to obtain a bond. Adhesive bonding is better than the mechanical joints
and weaker than the welded joints [3]. Process parameters such as adhesive material,
coating thickness of adhesive, temperature of bonding, processing time, chamber
pressure, and tool pressure are important. There are some articles available, which talk
about adhesive bonding of shape memory alloys. Different adhesive materials such as
cyanoacrylates, epoxies, etc., can be applied to the shape memory alloys depending
on different service environment and degradation susceptibility. It is reported that
adhesive bonding requires surface pretreatment procedure in order to have better
bonding between adhesives and shape memory alloys. Different surface treatments



3.5 Adhesive Bonding 55

Fig. 3.11 Microstructure of laser gas nitride NiTi material (A-B: TiN, C: TiN dendrites + NiTi
matrix) [53], with kind permission from Elsevier

such as acid etching, polymer coating, and sandblasting techniques are applied to
enhance the adhesion between NiTi wires and epoxy matrix. Amon all these surface
treatments, sandblasting is reported as most efficient method. The chemical etching
is disregarded here because of significant material loss. Besides, Man and Zhao [53]
studied superficial texture of NiTi to improve adhesion properties of the surfaces.
The irradiation by laser is applied on NiTi plates to obtain a joint and highly pure
argon is discharged at the same time on the molten pool. The chemical etching is
performed to see a three-dimensional structure of TiN dendrites in a NiTi matrix
structure as can be observed in Fig. 3.11. It is proposed that this type of structure
is generated due to different chemical etching rate. TiN phase is transferred at the
bottom of the weld due to Maragoni effect that in turn causes formation of dendritic
structure. It is reported that the adhesive strength can be enhanced up to 150% than
the sandblast etched samples, by providing appropriate etching time. This is due to
more protruding dendrites obtained after long etching [54].

3.6 Brazing and Soldering

Brazing and soldering are types of joining processes that operate with low melting
temperature filler wire than the base material. In case of brazing, generally 450 °C
or lower than that is used while more than 450 °C is used in soldering [2, 8]. In
these processes, the bonding is obtained at a short distance by creating diffusion as
the base material is wetted by melted filler wire. Various factors such as selection
of filler material, mechanical properties, wettability, and formation of IMCs must be
considered for brazing and soldering.
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Brazing and soldering processes are successfully applied to shape memory alloys
and dissimilar materials. Reports on soldering of shape memory alloys are very
limited. Dissimilar systems of NiTi-stainless steel, NiTI-titanium, NiTi-NiAl, etc.,
are investigated for brazing [2]. Different sources of energy are utilized to melt the
filler material such as laser, electric furnace, microwave, and oxyacetylene flame.
Different filler wires such as copper, titanium (Ti), niobium (Nb), silver, Ag—Cu-Ti,
Ag-Ti, and other Ag-based filler wires are used to obtain brazing of NiTi base material
[2]. Yang et al. [55] reported better functional properties of brazed NiTi joints using
Cu as filler material for infrared laser brazing. It is reported that full recovery of shape
memory effects observed with Cu filler material whereas Ti-based Ti—15Cu—15Ni
filler material joints are failed in bend test due to higher brittle joints. The authors of
[56-59] performed vacuum brazing on NiTi base material using Nb as filler material.
They reported that brazing time significantly influences consumption of Nb and pro-
eutectic of NiTi. They also mentioned enhancement in mechanical properties such
as relative density of 5%, super elasticity of joints and recovery of 50% compressive
strains upon unloading. Nb filler material is also mentioned by Wang et al. [60]
for their work of furnace brazing of NiTi base material. They reported the eutectic
reaction is generated between NiTi and Nb to braze NiTi wires with Nb powders
deposited on the contact areas of the wires. Shiue and Wu [61] investigated infrared
laser brazing to join equiatomic NiTi base material using Ag—Cu-Ti filler material.
The shape memory recovery is influenced by Ag-rich, Cu-rich, and Ti-rich phases. It
is mentioned that presence of higher Ti-rich phase is required to have superior shape
memory recovery. However, minor difference in the shape memory effect is reported
due to variations in microstructures. van der Eijk et al. [62] carried out brazing of
NiTi with filler wires of Ag-Ti and Ag—Cu-Ti in a microwave. They reported a
significant change in phases.

Dissimilar materials joining of shape memory alloys with other materials are stud-
ied for brazing and soldering. Gale and Guan [63] conducted studies on NiTi to NiAl
joining by furnace brazing with the help of Cu filler material. After brazing, no signif-
icant changes of microstructure reported. However, minor change in transformation
temperature is observed. Different authors have investigated NiTi to stainless steel
joining system with brazing and soldering [2]. It is summarized that Ag-based filler
wire is best suited for this combination. Various phases such as Ag, AgZn, AgsSn,
and CusZng are reported inside the brazing of NiTi—stainless steel interface [2, 3].
Different elements of Ag, Cu, Sn, and Zn are diffused into these two base materials
which is because of the formation of a diffusion reaction layer [2]. At the same time,
elements such as Ni and Ti of NiTi base material, and Fe, Cr, and Ni of stainless steel
are diffused into the brazed alloy. Besides, the shape memory effect is deteriorated
at the thermally affected NiTi region [2, 3]. In case of laser autogenous brazing of
dissimilar NiTi-stainless steel system, the laser is positioned either on stainless steel
side or on NiTi side, and then moved toward the interface side [64, 65]. There is no
filler wire applied for this type of system. By the application of this technique, the
tensile strength is enhanced up to 500 MPa. However, superelastic behavior is not
reported during tensile strength. Brazing of NiTi to Ni-based superalloy is attempted
in microwave using Ag—Cau filler wire [62]. Complex microstructure is reported due
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to multi-phase diffusion. Negative results with defect such as porosity are reported
and suggested that Ag—Cu filler wire is not recommended for dissimilar NiTi to
Hastalloy system [66]. Ag—Cu filler wire is adopted for another dissimilar system of
NiTi to NiTiNb materials and observed wide recovery of temperature such as —60
to +45°C.

3.7 Summary

Different welding processes such as tungsten inert gas welding, plasma welding,
laser beam welding, electron beam welding, resistance welding, friction stir welding,
friction welding, explosive welding, ultrasonic welding, diffusion bonding, adhesive
bonding, brazing and soldering are discussed for process capabilities and challenges
to obtain shape memory welds. Phase transformation temperature, shape memory
effect of welds, microstructure of weld, formation of IMCs and weld properties are
summarized with respect to these welding processes. It is reported that laser welding
technique is the most investigated process among available welding processes due
to its advantages of better process control, low heat input, high density, ability to
reproduce, low HAZ, and monochromatic nature. Welding of shape memory alloy
with another material is also discussed for the explored welding processes. Laser
welding and solid-state welding processes are mostly applied to obtain dissimilar
joint of shape memory alloy with another material. Solid state welding processes
can be further developed and studied considering its ability to retain shape memory
effect and no formation of detrimental IMCs in the weld zone. In some cases, post
weld treatments are required in order to retain the shape memory effect of the weld.
Considering the existing and potential applications of shape memory alloys, there is
a need to develop welding and joining processes for different shape memory alloys.
Majority of the studies are focused on NiTi-type shape memory alloy, which can be
extended for the other shape memory alloys.
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Chapter 4 ®
Processing of Shape Memory Alloys oo

4.1 Introduction

Processing of material is defined as a series of operations performed to fabricate
the raw material into nearly finished product. Different manufacturing processes are
followed to obtain finished product. There are numbers of processing techniques
performed for the shape memory alloys. Retention of shape memory effect, mechan-
ical properties variations, microstructural changes, and formation of intermetallic
compounds (IMCs) and precipitates are issues associated with processing of shape
memory alloys as thermal and or mechanical treatments affect chemical reactions and
phase transformation of shape memory alloys [1-3]. Process parameters affecting
these issues are discussed in this chapter under a different classification of process-
ing techniques such as powder metallurgy processing, additive processing, thermo-
mechanical processing, and mechanical processing [1-3]. Further classifications of
these topics are presented in Fig. 4.1 that are discussed individually in subsequent
sections. Conventional and advanced processing techniques have been attempted to
shape memory alloys are considered in this chapter. Shape memory alloys such as
NiTi, FeMnSi, Fe-Mn-Si—Cr—Ni Cu-Zn-Al, Cu-Al-Ni, and Ni-Fe—Ga are reported
with different processing techniques [1-7].

4.2 Powder Metallurgy Processing

Powder metallurgy processing is a conventional method of material processing in
which the metal powder is processed to obtain final product without any material
removal. Various powder metallurgy techniques such as sintering, hot isostatic press-
ing, metal injection molding, self-propagating high-temperature synthesis, and spark
plasma sintering are reported for different shape memory alloys in the large num-
ber of literatures. Shape memory alloys of NiTi, Cu—Al-Ni-Mn, Cu—Al-Ni, and
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Fe—Mn-Si—Cr—Ni are processed and investigated by different aforementioned pow-
der metallurgy techniques [ 1-12]. However, the majority of reports are on NiTi shape
memory alloy considering materials acceptability for various useful applications.
Each of the abovementioned processes are discussed one by one as under.

4.2.1 Conventional Sintering

Sintering is the process of fabricating solid mass of material by compacting and
forming with the application of heat or pressure without melting it to the point of
liquification. Conventional sintering is majorly applied to NiTi shape memory alloys
[12, 13]. Elemental powder of Ni and Ti is blended and processed through con-
ventional sintering in order to make shape memory alloy. The problems such as
homogenization and obtaining high density are associated with conventional sin-
tering of Ni and Ti elemental powders with equiatomic blends. One of the major
problems in fabrication of NiTi material by conventional sintering is formation of
porosity. There are few factors such as applied pressure, unbalance in diffusion of Ni
into Ti and Ti into Ni, shrink during sintering, and capillary forces are identified that
governs formation of porosity in conventional sintering of NiTi shape memory alloy
[12, 13]. Homogeneous NiTi intermetallic is required in order to attain the maximum
shape memory transformation enthalpy in case of conventional sintering processed
by Ni and Ti elemental powders [13]. NiTi processed by conventional sintering is
compatible with commercially produced wrought NiTi material in terms of shape
memory effect [13]. Density of NiTi processed by conventional sintering is important
in order to exhibit the shape memory effect up to a meaningful extent [12]. However,
they concluded that porous TisgNis; is obtained through normal sintering that can
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Fig. 4.2 Shape memory effect of porous Tis9Nis; is obtained through normal sintering [12], with
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exhibit shape memory effect up to the meaningful level as can be seen from Fig. 4.2
and they claimed that it is comparable with same cast shape memory alloy.

Apart from NiTi shape memory alloy, other materials such as Fe-Mn-Si—Cr—Ni
and Cu—Al-Ni are attempted under the process of conventional sintering [6, 7]. Con-
ventional sintering of Cu—Al-Ni is investigated very first and reported successful
martensitic transformation. It is reported that superior mechanical properties can be
obtained using powder metallurgy compare to the conventional casting process. How-
ever, no major changes in the shape memory properties are mentioned [6]. Processing
of Fe-based shape memory alloy by conventional sintering affects pseudoelasticity,
ductility, and microstructures significantly with the application of different strain val-
ues [7]. The thermally induced reversion of stress-induced martensitic structure is
reported in case of Fe-Mn—Si—Cr—Ni shape memory alloy processed by conventional
sintering process [7].

4.2.2 Hot Isostatic Pressing

Hot isostatic pressing (HIP) is also known as pressure enhanced sintering that
increases density and reduces porosity of the material, which is the major drawback
of the conventional sintering process in case of shape memory alloys [1]. Metallic
powder is subjected to elevated temperature and isostatic gas pressure in a high-
pressure vessel as shown in Fig. 4.3. The elemental powder mixture is encapsulated
in a vacuumed canister that is subjected to simultaneous isostatic pressure at elevated
temperature [1]. This leads to the shape memory alloys made with 0% porosity. Apart
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from using vacuumed canister, the argon gas can be used as the surrounding envi-
ronment instead of airtight chamber. HIP technique is reported for two most widely
used shape memory alloys such as NiTi and Cu—Al-Ni—Mn [14—17]. It is reported
that the stress-induced martensitic transformation is observed in the entire medium
at same stress level. Different regions of martensitic and austenitic structures of
phase transformation of the stress—strain curve can be easily identified due to the
dense structure of HIP fabricated shape memory alloys [1]. Presence of precipitates
and formation of IMCs cannot be avoided in case of HIP, for example, formation
of NiTi, and NisTi precipitates in case of NiTi shape memory alloys [1, 11]. The
shape memory effect can be obtained with shape memory alloys processed with HIP
with a control on super elasticity and porosity [1, 17]. The shape memory recovery
is reported 100% under 100 times cycling for Cu—Al-Ni—Mn shape memory alloy
processed by vacuum hot pressing [5].

A variant of HIP investigated for NiTi shape memory alloys is called capsule-free
HIP, which produces homogeneous porous material with near spherical pores [14,
18]. This type of structure leads to acceptable pseudoelasticity as stress concentra-
tion is not occurred in near spherical pores. This has also proved that controlling the
porosity of the porous shape memory alloy greatly influences the mechanical prop-
erties of the alloy [14, 18]. An example of capsule-free HIP processed NiTi having
different porosity for shape memory effect is shown in Fig. 4.4.
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Fig. 4.4 Shape memory effect of capsule-free HIP processed NiTi a differential calorimetry curve
and b compressive stress—strain curve [14], with kind permission from Elsevier

4.2.3 Metal Injection Molding

Metal injection molding is a powder metallurgy technique that works on the con-
cept of plastic injection molding. Metal injection molding leads advantages such as
geometrical precision of the parts, high production value, and low cost [1]. Metal
injection molding of NiTi shape memory alloys is reported in [10, 19, 20]. The pro-
cess operates with four steps of (I) feedstock fabrication, (IT) injection molding, (IIT)
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debinding, and (IV) sintering as shown in Fig. 4.5. The elemental powder is mixed
with a binder in the first step of feedstock fabrication. In the next step, it is injected
into the mold with specific suitable temperature and pressure. Next to it, the debind-
ing is performed that is performed in a chemical bath with an elevated temperature
under a vacuum. In the end, the sintering is conducted at high temperature in order to
meet the density requirement of the material [1]. Metal injection molding is adopted
for NiTi material fabrication specifically for biomedical applications [10, 19, 20].
One way effect of pseudoelasticity is reported for NiTi shape memory alloy. It is
also reported that no loss of structural integrity is observed after 1.2 x 10° of load-
ing/unloading cycles in air or saline solution for NiTi fabricated by metal injection
molding. Different cyclic behavior of stress—strain curve is reported with different
temperatures [19, 20].

4.2.4 Self-propagating High-Temperature Synthesis

Self-propagating high-temperature synthesis (SHS) is a type of powder metallurgy
process in which the specimen is subjected to thermal explosion from one of its ends
[1]. This thermal explosion propagates in a specimen in a self-sustaining manner as
shown in Fig. 4.6.

NiTi shape memory alloy is fabricated by SHS process [1, 21, 22]. Exothermic
reaction between Ni and Ti is caused by thermal explosion and that consequently
leads to the fabrication of NiTi alloys. Itis noted that the formation of IMCs is difficult
to control in case of shape memory alloys processed by SHS [21, 22]. Formation
of porosity is also a problem faced by researchers in case of NiTi processing by
SHS. However, synthesis process parameters of the change in the molar volume, the
combustion front thermal gradients, and the gas evolution controls the formation of
porosity. It is also mentioned that manipulation with reaction temperature along with
the addition of diluents can control the pore size in SHS process of shape memory
alloys [1, 21, 22]. In case of NiTi processing by SHS leads to the formation of
different phases such as Ti,Ni, Ni3Ti, and NiyTis that are usually reported in the
product matrix, which consequently causes the corresponding embrittlement effects
[1, 21, 22]. An example of porous NiTi processed by SHS and identified IMCs in
the microstructural examinations are shown in Fig. 4.7 from the article of [22].
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4.2.5 Spark Plasma Sintering

Spark plasma sintering (SPS) is a powder metallurgy process also known as pulsed
electric current sintering (PECS) that use to process porous shape memory alloys
[1]. In the SPS process, the prealloyed powders are subjected to press in a graphite
die. After that, the step current is supplied to the compact while the pulsed current
provides high energy to impact. This results in fabrication by joint formation between
particles at relatively low pressure and short processing time than other sintering pro-
cesses. Schematic of SPS process is shown in Fig. 4.8 [1]. Shape memory alloys of
NiTi, Ni-Mn-Ga, Ni-Co-Mn-Si, Cu—Al-Ni, and Cu—Al-Mn are processed by SPS
technique [1, 23-27]. It is mentioned that the decomposition process in Cu—Al-Ni
shape memory alloy cannot be avoided in SPS processing even with the application
with short processing time. It is also reported that the martensitic transformation is
noted in most of the sintered compact during the cooling in spark plasma appara-
tus with the observed phase of CugAly [25]. Shape memory effect is reported for
aforementioned alloys fabricated through SPS [1, 23-27].

4.3 Additive Processing

Additive processing or additive manufacturing is an advanced manufacturing classi-
fication of processing material by adding successive layers of the material to prepare
a final part/product. Addition of metal layer is done with the help of metallic powder
that is processed with the help of well-controlled processing technique [1]. It is also
popular as rapid prototyping or rapid manufacturing. Additive processing is capa-
ble to produce intricate parts and geometries without any material removal. It is a
sustainable manufacturing approach due to having advantages of cost-effective pro-
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Fig. 4.7 Microstructures of NiTi fabricated by self-propagating high-temperature synthesis show-
ing a porous microstructure, b formation of IMCs, ¢ IMCs in NiTi matrix [22], with kind permission
from Elsevier

cessing, materials savings, excellent energy efficiency and environmentally friendly
processing [1]. Various additive processing techniques such as selective laser sinter-
ing, selective laser melting, laser engineered net shaping, and electron beam melting
are reported for shape memory alloys and discussed below in subsections. These pro-
cesses are having different parameters considering various categories as presented
in Table. 4.1 that govern properties of shape memory alloys.

4.3.1 Selective Laser Sintering and Selective Laser Melting

Selective laser sintering (SLS) is type of additive manufacturing techniques, which
uses computer-controlled, high-power laser to fuse small powdered materials that
is arranged to obtain direct three-dimensional (3D) shape as shown in Fig. 4.9.
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Table 4.1 Summary of process parameters for additive processing

S1. No. Category Parameters
1 Beam related parameters Beam power, Spot size, Pulse
(Laser/Electron beam) duration, Pulse frequency,
Wavelength, Bandwidth
2 Scanning parameters Scan speed, Spacing, and Scan
pattern
3 Powder-related parameters Particle shape, Particle size,

Powder density, Powder
distribution, Powder layer

thickness
4 Temperature-related Powder bed temperature,
parameters Powder feeder temperature,

Temperature uniformity

Preheating is applied to the metallic powders in most of the cases to minimize the
high power requirements of laser and that also prevent warping and shrinkage. Laser
scanning technique impinges on 0.1 thick powder layer that uses an enclosed chamber
filled with nitrogen gas so that oxidation can be minimized. Subsequently, new layer is
applied and process is repeated. Shape memory alloys such as NiTi, Cu—Al-Ni—Mn,
Cu—Al-Ni-Mn-Zr, Fe-Mn-Al-Ni, and Al-Fe—V-Si are reported as fabricated by
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SLM and selective laser melting (SLM) techniques in different literatures [26—36].
SLM is a successful fabrication process to obtain porous shape memory alloys with
better shape memory properties, which works on similar process principle as shown
in Fig. 4.9 for SLS technique. The major difference in the SLS and SLM process is
the use of different type laser such as CO, is reported in SLS and Nd:YAG type is
reported in SLM. It is observed that the application of laser with better wavelengths
leads to the good absorptivity of metal powders that is reported as superior feature
of SLM technique [1]. SLM with fiber laser is cheaper in terms of maintenance and
setup, better energy efficiency, compactness, and beam quality. SLM has advantage of
scanning pattern of f-theta lenses that minimizes distortion during scanning process
[1].

Fabrication of NiTi material from SLS technique leads to the formation of phases
such as Ti3Ni, Ti;Ni, and NiTi with compositions ranging from 60 to 80% mass
wise [1]. It is also reported that SL.S and SHS techniques are combined to synthesize
NiTi material, which leads to the homogeneity in porosity, chemical composition,
biocompatibility, and successful martensitic transformation (in the range of 50-0 °C)
[1, 36]. Other than NiTi shape memory material, SLS is capable to fabricate different
shape memory alloys. The formation of porosity, precipitates, IMCs, density, trans-
formation temperature, and shape memory properties can be governed by parameters
of the SLS such as powder size, preheating, laser power, beam diameter, wavelength,
scan velocity, and hatch distance [1, 26-36]. It is reported that SLM-fabricated NiTi
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Fig. 4.10 Laser engineered
net shaping [1], with kind Laser Beam
permission from Elsevier
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shape memory alloy has a wider temperature range for the phase transformation
relative to conventionally processed NiTi [1].

A good pseudoelasticity can be produced with reversible martensitic transforma-
tion and coarse grain microstructure (having epitaxial grain growth and anisotropic
microstructure) when Fe-based shape memory alloy is fabricated by SLM process
[32]. Similarly, the shape memory properties can be satisfactorily obtained with Cu-
based shape memory alloys fabricated by SLM process [33-35]. Process parameters
of the SLM technique significantly govern porosity, phase formation, thermal stabil-
ity, and mechanical properties of the shape memory alloys [35]. Formation of oxides
can be avoided in case of fabrication of shape memory alloys with SLM technique
[33].

Shape memory alloys such as NiTi, Cu—Al-Ni-Mn, Cu—Al-Ni-Mn-Zr, Fe-M-
n—Al-Ni, and Al-Fe-V-Si are developed by SLS and SLM techniques have major
applications in the area of as Micro Electro Mechanical Systems (MEMS) sensors,
tissue engineering and medical and surgical equipment and implants [1, 26-36].

4.3.2 Laser Engineered Net Shaping

Laser engineered net shaping (LENS) is a type of additive processing, in which the
metallic powder is injected into the molten pool as shown in Fig. 4.10 [1]. Laser
head or substrate table is moved through 3D computer-aided design software that
helps to deposit the material by following complex contour. Layer by layer material
addition is carried out with the help of vertical head movement. The metallic powders
are injected and distributed around the circumference of the head with the help of
pressurized carrier gas or naturally by gravity. The shielding is usually provided with
the help of an inert gas in order to prevent atmospheric contamination and reaction
with oxygen [1].
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LENS is successfully applied to fabricate shape memory alloys [1]. LENS can able
to fabricate the products with full density and strong bond, and hence the porosity in
the product of shape memory alloys is created with partial melting of metallic powder.
LENS is successfully applied to obtain fully dense and chemically homogeneous NiTi
equiatomic alloy while the undesirable phases are not reported [29]. It is demonstrated
that formation of IMCs such as NiTi,, Ni4Tiz, and Ni3Ti are generally reported with
fabrication of shape memory alloys. Besides, LENS process avoids formation of these
IMCs [37]. It is reported that the transformation temperatures are increased in case of
LENS processed NiTi shape memory material due to rapid solidification rate of LENS
processing. However, it can be tailored with the help of heat treatment processes
after fabrication [29]. NiTi material fabricated by LENS has many applications in
implants and tissue engineering as complex parts are easy to fabricate with LENS.
Nevertheless, it is noted that finishing processes are required to be performed after
the fabrication of material by LENS as surface roughness is not up to the mark
considering medical applications [1]. Apart from these advantages, LENS is reported
limitedly in the literatures for shape memory alloys.

4.3.3 Electron Beam Melting

Electron beam melting (EBM) is a layer by layer material addition manufacturing
technique using electron beam. The process works similar to SLM technique. As
electron beam is involved, the process requires to operate in vacuum chamber as
showninFig.4.11 [1]. EBM is designed by a company called “Arcam” and developed
itfor orthopedic implant component manufacturing [1]. Fabrication of titanium alloys
is popular with EBM technique while shape memory alloys are limitedly investigated.

It is reported that EBM technique can fabricate shape memory alloy such as
NiTi with better properties relative to NiTi fabricated by vacuum induction melting
(VIM). EBM produces better NiTi material in terms of homogeneous chemical com-
positions and reduces carbon and oxygen contaminations as compared to VIM [38,
39]. It is demonstrated that the homogeneity in chemical compositions leads to only
small variation in martensitic transformation temperatures and carbon content such
as 0.013 wt% as compared to the commercial products (such as 0.04—0.06 wt%) [40].
Presence of oxygen and carbon influences martensitic transformation temperatures.
The presence of carbon and oxygen also affects formation of TiC and Ti4Ni, O, pre-
cipitates respectively in case of fabrication of NiTi by EBM technique [38]. EBM is
a potential technique for the fabrication of different range of shape memory alloys.
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Fig. 4.11 Electron beam
melting [1] with kind
permission from Elsevier
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4.4 Thermo-Mechanical Processing

Thermo-mechanical processing is a category of fabrication processes that undergo
mechanical deformation or plastic deformation process along with thermal process-
ing effects. Friction stir processing, hot rolling, forging and heat treatment and extru-
sion with heat are examples of thermo-mechanical processing.

4.4.1 Friction Stir Processing

Friction stir processing (FSP) is a type of processing techniques, which operates
on the principle of solid-state processing. FSP is derived from friction stir welding
that uses non-consumable rotating tool to generate frictional heat through rubbing
action between workpiece and tool [41-43]. FSP process is schematically presented
in Fig. 4.12. Plastic deformation is generated due to frictional heat and axial pressure.
Subsequently, plastically deformed material is stirred and mixed with tool rotation
and transverse movement, which leads to the microstructural and properties modifi-
cations [43].

FSP of shape memory alloys is possible with a non-consumable tool that has higher
properties than the base material. FSP tool materials such as polycrystalline boron
nitride, tungsten-rhenium carbide, and tool steel are reported to fabricate different
range of shape memory alloys [44—47]. FSP is a technique through which the desired
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processed region is produced at specific regions and depths considering FSP tool
design. Mechanical properties, microstructures, and shape memory properties are
tailored by FSP parameters such as rotational speed, travel speed, axial load, number
of passes, tool design and geometry, and process condition [44—47]. It is observed
that the shape memory capability and ductility of FSPed region of NiTi material
are reduced reported by Barcellona et al. [44]. On contrary, NiTi processed by FSP
leads to the increased in strength due to sever grain refinement while no decrease
in ductility observed that is reported by London et al. [45]. They also reported that
shape memory properties including superelasticity reported as retained.

Itis well demonstrated that FSP can be utilized to fabricate metal matrix composite
of shape memory alloys. Fabrication of Aluminum-NiTi composite is carried out and
observed that homogeneous distribution of NiTi powder in matrix is possible with
good bonding by controlling FSP process parameters. FSP fabricated composites
can exhibit the similar behavior of shape memory effect as received [46, 47].

4.4.2 Hot Forging

Hot forging is a type of thermo-mechanical fabrication process, which uses heat and
forging force to deform the material that in turn form the desired shape. Forging force
is applied uniaxial with the help of press of hammer. Forging is usually applied to
fabricate ingots and billets of shape memory alloys [3]. Hot forging is recommended
for the shape memory alloys as the material fabricated by hot forging presents finer
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Fig. 4.13 Microstructure of NiTi material (optimum forming condition) fabricated by hot forging
[49]

grains due to dynamic recrystallization. Varying orientation of microstructure is
decreased with hot forging [48]. Design of die and its material selection for hot
forging are most important criteria for shape memory alloys wherein high durability
in loading is to be ensured [3, 48]. It is further reported that addition of outer covering
foreign material in hot forging of shape memory alloys serves as a jacket and that lead
to improving properties of shape memory alloys with little need of jacket removal
process and post heat treatment. Subsequent finishing processes such as machining
and super finishing are avoided as final product is with better dimensions and surface
finish because of jacket covering material [3]. Shape memory alloy of Ni-Mn-Ga is
investigated by hot forging. It is exhibited that favorable hot forging parameters can
fabricate a complex shape memory alloy part with excellent shape memory effects
and without any major defects [48, 49]. Optimum forming condition obtained after
hot forging of NiTi shape memory alloy is shown through microstructural evaluation
in Fig. 4.13.

4.4.3 Hot Rolling

Hot rolling is a processing technique in which the material is heated and forced
to press with rollers. Subsequently, the material undergoes plastic deformation that
leads to the change in dimensions such as reduction in thickness and increase in
length and width [3]. Hot rolling of shape memory alloys needs important process
parameters such as heating temperature, pulling tension applied to the material, type
of lubricant, and number of passes to control as they govern shape memory effect
and other mechanical properties [3]. It is very important to set the heating temper-
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ature. If the temperature is higher than certain level, the shape memory material
undergoes dynamic recrystallization or full strain recovery. Further, the dynamic
recrystallization and strain recovery remain incomplete because of fast cooling rate
as material is initially heated. Issues of work hardening and hardness are faced with
improper setting of process parameters for shape memory alloys. Annealing process
is recommended for hot rolled shape memory alloys to relive the residual stresses
[3, 50].

Hot compression deformation is another type of thermo mechanical processing
as reported for NiTi [51]. It is reported that larger equiaxed grains are obtained with
increasing the deformation temperatures or decreasing the stain rates. The dynamic
recrystallization of NiTi is greatly influenced by the degree of deformation that
is consequently affected by stain rate. Critical degree of deformation needs to be
identified as larger deformation beyond limit leads to the finer equiaxed grains [51].

4.5 Mechanical Processing

Mechanical processing is a category in which the processing is done by mechani-
cal loading that causes material deformation and leads to the change in properties.
Mechanical processing such as equal channel angular extrusion, cold forging, and
cold drawing attempted for shape memory alloys are discussed here as under.

4.5.1 Equal Channel Angular Extrusion

Equal channel angular extrusion (ECAE) is a process in which sever plastic defor-
mation is caused by high axial pressure as shown in Fig. 4.14. The large amount of
uniform strain is applied and the cross-section remained unchanged while elongated
refined grains are obtained from equiaxed large grains that finally results in billets.
ECAE is a better process in terms of uniform microstructure, control over grain mor-
phology and texture, and easy processing with respect to the other processes. ECAE
is challenging for shape memory alloys as they have high flow strength in austenite
along with limited ductility. In case of ECAE of shape memory alloys, the design of
pressing tool is required to be high end to handle high strength levels that can limit
the friction. Transformation behavior and microstructural changes of NiTi material
are greatly affected by ECAE process [52].

4.5.2 Cold Forging

Cold forging is a process in which the material is not heated and mechanically
deformed with the help of adequate forging force. The strain rate is very high that in
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turn causes unstable deformation. Therefore, processing of shape memory alloys by
cold rolling causes lower quality in terms of formation of defects and surface finish
[3]. It is reported that inter-pass annealing is recommended frequently to enhance
the quality of cold-forged shape memory alloy [53]. However, frequent inter-pass
annealing with cold forging at low strain deformation can lead to low work hardening
that subsequently increases the possibility of defect formation. Further, itis suggested
that cold forging of shape memory alloys can be performed with small oxide layer
that absorbs applied load and protect underneath material [3].

4.5.3 Cold Rolling and Cold Drawing

Cold rolling is a process in which material subjected from two rollers that pro-
vide compressive forces to the material. Shape memory alloys are processed by
cold rolling processes with subsequent annealing processing in order to tailor
fine grain microstructure. A large number of investigations are available for cold
rolling of shape memory alloys [54-56]. It is reported that cold rolled shape mem-
ory alloys (especially NiTi material) and subsequent annealing lead to nanostruc-
tured microstructure, which presents an excellent shape memory effect along with
enhanced mechanical properties [3]. In case of cold rolling of shape memory alloys,
factors such as thickness reduction during each pass, pulling tension magnitude, and
lubrication are reported as most influenced parameters that affects microstructure
and properties [3, 54-56]. Optimization of these parameters is mandatory to have
a shape memory effect and desired properties [3]. Sometimes, the oxide layers are
kept on the shape memory alloys that act as a lubricant. However, thick oxide layer
can cause defects on the surface of the shape memory alloys. Shape memory alloys
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processed with thick oxide layer also causes problems in shape memory effects and
properties [54-56].

Cold drawing is a similar type of process like extrusion and cold rolling wherein
shape memory alloy rod or wire is subjected to a die to pull the material pull the
material that subsequently resulting in an elongated grains by having decreased
dimensions [3]. In case of cold drawing of shape memory alloys, the intermediate
annealing is needed as the plastic deformation is in large form similar to cold rolling.
The use of lubricants or protective layers is recommended for shape memory alloys
that enhances the finishing and processing [57].

4.6 Summary

Different processing techniques including powder metallurgy, additive processing,
mechanical processing, and thermo-mechanical processing attempted for various
shape memory alloys are considered and discussed for process principle, process
condition, process factors, microstructures, properties, and applications. Optimum
processing parameters and post-processing are recommended in majority of the pro-
cessing techniques considering properties of shape memory alloys. NiTi shape mem-
ory alloy is most investigated material observed considering wide range of applica-
tions and its popularity. Further research and development is required to be done to
establish the field further.
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