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PREFACE

Welding of shape memory alloys without deterioration of shape memory effect
could vastly extend their applications. To retain shape memory behavior, a solid-state
welding technique called friction stir welding was employed in this study. NiTi alloy
sheets of thickness 1.2 mm were joined at tool rotational speeds of 800, 1000, and 1200
rpm. Due to dynamic recrystallization, the grain refinement has occurred in the weld
region. Interestingly, the weld produced at 1000 rpm had ultimate tensile strength of 638
MPa (66 % of the base metal) and yield strength of 602 MPa which is 17 % higher than
the base metal. The weld at 1000 rpm has a crucial superelastic plateau near 600 MPa
until 7.25 % strain while the weld at 800 rpm showed close to 460 MPa until 5 % strain.
The phase transformation behavior of different weld regions was studied in detail using
differential scanning calorimetry. A marginal drift in transformation temperatures was
observed in the weld. To understand the drift in phase transformation temperatures,
finite element analysis was carried out with focus on temperature distribution and strain

rate experienced during welding.

The time-dependent shape recovery of a FSW welded joint was studied using bending-
recovery method. It was found that the original position was completely recovered after
27 s at a temperature of 65°C. Using thermomechanical evaluation, it was found that the
laser actuation technique has yielded higher displacements and actuation speeds
compared to the electrical actuation. The laser based method has demonstrated
impulsive actuation characteristics due to the associated higher heating rates and
temperatures than the electrical actuation. The corrosion characteristics of the weld and
the influence of post peening methods on the corrosion behavior of the weld have been
evaluated using electrochemical corrosion testing. The weld made at 800 rpm has better
corrosion resistance with the lowest corrosion rate of 3.46 x10™ mm/year. In case of
peened samples, the 1 hr SMAT has exhibited better corrosion resistance with the least

corrosion rate of 1.295 x10™ mm/year.
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Chapter 1

Introduction to Shape Memory Alloys and Necessity

of Welding for Smart Functional Applications

1.1 Introduction to shape memory alloys

Shape memory alloys (SMA) are smart materials having distinctive
behaviour such as shape memory effect and pseudoelasticity. A reversible solid state
displacive phase transformation from austenite to martensite is the reason behind the
smart behaviour [1,2]. SMAs are metallic alloys and categorised as NiTi based alloys
(NiTi, NiTiCu), copper based alloys (CuzZnAl, CuAlINi) and iron based alloys
(FeNiCoTi, FeMnSi). The SMAs exhibit high actuation energy densities and have
capabilities to recover their shape under large applied loads. However, the actuation
frequencies are comparably low for SMAs due to the associated thermal inertia or
slow dissipation of heat from the material during cooling. SMA thin films can
exhibit better actuation frequencies compared to bulk materials due to the increased
surface area to volume ratio. Fig. 1.1 shows the actuation energy densities and

frequencies of different smart materials.
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Fig. 1.1: Comparison diagram showing the actuation energy density and

actuation frequency range of different smart materials [2]



SMAs can exist in two phases having three different crystal structures viz. twinned
martensite, detwinned martensite and austenite. The martensite is a low temperature
phase while the austenite is stable at high temperatures. The phase transformations
have characteristic start and finish temperatures and gives information about the
operating range of an alloy. Mg, My, As and At are the characteristic temperatures of
the martensite and austenite transformations. Fig. 1.2 shows the stress-strain-
temperature diagram of a SMA, crystal structures and the possible phase
transformations. Moreover, it shows all the functional behaviour of a shape memory
alloy viz. One way shape memory effect (OWSME), two way shape memory effect
(TWSME) and pseudoelasticity. OWSME is widely explored and has been applied
to variety of applications. However, the TWSME is less utilized for applications due
to the intense training requirements and less strain recovery than OWSME [3]. The

pseudoelastic behaviour of the SMA is explained in detail in section 1.3.
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Fig. 1.2: SMA crystal structures and the resultant behaviour due to
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1.2 One way shape memory effect

The shape memory alloys exhibits shape memory effect (SME) which is the
property of remembering and recuperating their original shape upon thermal stimuli

[4,5]. When a SMA is deformed at low temperature (below Ag), it can be switched to
2



de-twinned martensite state through the application of load. The de-twinning process
can be reversed by providing heat energy to the SMA. On supplying heat, the crystal
arrangement of the SMA material absorbs energy and reorients itself from de-
twinned martensite crystal structure to austenite crystal structure at a temperature
above A;. This change in the crystallographic plane is echoed on a macroscopic
level, thus observing the shape recovery [6,7]. This phenomenon can be better
explained through OWSME stress-strain-temperature diagram shown in Fig. 1.3.
The diagram represents a thermomechanical loading path where o is the stress and ¢
is the corresponding strain experienced by the NiTi specimen under uniaxial loading.
The point A represents the parent phase austenite. At room temperature, the SMA
specimen possesses twinned martensite crystal structure denoted as point B. The
minimum and maximum stress required to deform the SMA is called de-twinning
start stress (os) and de-twinning finish stress (of) respectively [2]. Due to the applied
load, de-twinning of the martensite structure takes place. This de-twinning induces a
deformation where the associated stress will be lesser than the plastic yield stress of
martensite structure. On removal of the load, an elastic recovery happens (C-D)
while retaining the detwinned martensite. Upon heating, the crystal structure begins
to transform from detwinned martensite to austenite above austenite start
temperature (A;). The start and finish of this reverse transformation is denoted as E
and F corresponding to temperatures As and As respectively. When the At is reached,
the SMA will contain only the austenite phase. On cooling, the transformation from
austenite to martensite happens without any shape change. This is called OWSME,
because the shape change was attained only through heating. In order to get a cyclic
behaviour of the SMA specimen, detwinning has to be initiated by an external

mechanical load.
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Fig. 1.3: Stress-strain-temperature diagram showing SME [2]
1.3 Pseudoelasticity

The pseudoelasticity effect or superelasticity is the strain recovery driven by
stress induced martensite transformation (SIM) i.e. the SMA at temperatures above
the austenite finish temperature (Ar) can recover the strain completely upon
unloading [8]. At temperatures above As (stable austenite exists), the pseudoelastic
path can initiate and develop under the application of external load which leads to
formation of detwinned martensite state. On removal of load, the path reverses and
stable austenite forms at no load condition or stress free state. The typical
pseudoelastic behaviour of SMA is shown in Fig.1.4. On application of load, the
initiation of martensite transformation happens after crossing the elastic loading (A-
B). Between the onset and end of the martensite transformation, the SMA experience
large inelastic strains (B-C). The completion of martensite transformation sets an
elastic loading (C-D) which is nothing but the elastic deformation of detwinned
martensite. When the load is removed, the austenite transformation takes place (E-F)
and strain recovery happens. After crossing the austenite end stress state (cas), the
SMA will elastically deforms to the starting point A. The complete loading-
unloading of a SMA will form a hysteresis curve and area of the curve represents the
heat energy dissipated during the transformation.
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Fig. 1.4: Typical pseudoelastic behaviour attained through loading/unloading
cycles [2]

1.4 Biocompatibility

The excellent combinations of pseudoelasticity and biocompatibility have
attracted potential biomedical applications. Biocompatibility is the foremost
requirement of biomedical grade materials. The biocompatible material should
remain nontoxic for the entire functional period without causing any allergic or
inflammatory reaction to the host organs or tissues of the human body. These
materials have to encounter challenging corrosion environment inside the body. NiTi
alloy have very good biocompatibility and the corrosion resistance is better than
most alloys in biomedical industry [9,10]. The corrosive resistant titanium oxide
layer forms over the NiTi alloy surface and prevents the leaching of harmful Ni ions
in to the human body. The loading/unloading behaviour of a pseudoelastic NiTi alloy
resembles the behaviour of bone or tissue of a human body i.e. the stress-strain
behaviour of NiTi alloy is compatible with human body. Fig. 1.5 shows the stress
strain behaviour of NiTi alloy in comparison with steel and bone. It shows the
similarity between the bone and the NiTi alloy during loading and unloading cycles.
The recoverable strain of steel is less than 0.5 % whereas the NiTi alloys have
recoverable strain up to 8 %. The biocompatibility coupled with high recoverable
strains, good Kink resistance, steerability and torquability of NiTi SMA have made

them a viable candidate for orthodontic wires, cardiovascular stents and orthopaedic
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implants (bone anchors, stables, spinal vertebra spacers etc.) [11,12]. Other surgical
tools include biopsy forceps, basket for organ stone removal and laparoscopy tools
[13].
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Fig. 1.5: Stress-strain behaviour of steel, bone and biocompatible NiTi alloy
[10]

1.5 Nickel Titanium or NiTinol alloy

Nickel-Titanium or Nitinol alloys are widely used shape memory alloys
(SMA) due to their exhibition of excellent mechanical properties, thermomechanical
behaviour, pseudoelasticity and biocompatibility. They have highest work density
and large deformation recovery among other SMA compositions [14]. It is the most
studied SMA alloy system and has been applied in variety of commercial
applications. In addition to mechanical properties, the transformation temperatures
are one of the most important characteristics which decide the applicability of the
SMA. The fabrication of NiTi alloy requires intense care to ensure close
compositional tolerance [8]. NiTi alloys are available in standard forms of wires,
sheets, tubes etc. The metallurgical process required to manufacture the NiTi alloy
remains the same irrespective of the geometrical form. Due to the poor cold
workability of NiTi alloy, hot working above 700°C (forging, drawing etc.) is
required to get the required dimensions. Shape memory treatment is the crucial part
of the manufacturing process. There are two goals of shape memory treatment viz. to
memorize the desired shape and secondly to control the transformation temperatures.
Usually, the restrained NiTi alloy will be annealed in the range 300°C to 500°C for

several minutes to hours. The steps involved during manufacturing and the process



conditions significantly affect the mechanical properties and the transformation
temperatures.

Equiatomic composition of NiTi can exhibit a maximum austenite finish
temperature (Af) of 120°C. By changing the Ni composition, the transformation
temperatures can be tailored based on the application. At the Ni composition of 51
%, it can exhibit a lowest As of -40°C [2]. Based on the composition and the
manufacturing conditions, the NiTi alloy can exhibit either shape memory effect or

pseudoelasticity at room temperature.
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Fig. 1.6: Schematic showing the fabrication process of NiTi SMA [8]
1.6 Necessity, challenges and requirements in welding of nitinol

The applicability of these alloys are limited due to its low formability and poor
machinability. Hence, the manufacturing of complex shapes tends to be difficult and
expensive. Therefore, the welding becomes inevitable to fabricate NiTi SMA into
different geometrical structures with adequate freedom of design. The welding of
NiTi alloy is a challenging task as it requires not only the mechanical strength but

also the preservation of shape memory effect in the weld. If the shape memory effect



is not preserved in the weld, then the physical actuation of the welded structure
becomes impossible and hampers the product application.

NiTi SMA is highly sensitive to microstructural and compositional changes.
Hence, the welding of these alloys may leads to deterioration of the mechanical and
shape memory properties. These changes during welding drastically alter the
transformational temperatures and reduce the thermomechanical stability of the weld
joint [15,16]. If the difference in transformational temperatures of the weld and the
base metal is large, the welded SMA structures cannot be actuated at the same
temperature and also makes the actuation control difficult. Moreover, the
composition of the filler material if not correctly matched with the base metal will
exponentially increase these issues. In order to overcome these challenges, a solid
state welding process is on high demand which can weld NiTi alloys with minimal
change in phase transformation temperatures, adequate mechanical integrity and

retainment of shape memory properties in the weld.
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Fig. 1.7: Chart showing the characteristics of NiTi and requirements of SMA
welding

1.7 Applications of the welded nitinol shape memory alloys

NiTi SMASs has been applied to various applications based on the requirement

of either shape memory effect or pseudoelasticity. Some of the interesting



applications of welded structures are discussed in this section. The shape memory
effect can be triggered thermally i.e. the increase in temperature will induce the
shape recovery. This phenomenon of shape recovery favours the SMA to be used as
actuators in automobile, aerospace and robotic applications [17,18]. Fig. 1.8 shows
the SMA adaptive nozzle employed in Boeing aircraft. The SMA adaptive nozzle
cannot be fabricated without the use of welding. Since, the nozzle is movable and
requires more number of lifecycles, the use of rivets or fasteners cannot provide
permanent close fit joints. Hence, the NiTi plate has been welded to the parent
titanium structure. During take-off, the temperature from the nozzle will be high
enough to actuate the NiTi alloy. The NiTi alloy pulls the entire structure downwards
which acts as a protrusion and reduces the noise of the engine. After the aircraft
reaches the cruise condition at high altitude, due to the change in engine and the
environmental conditions the nozzle temperature drops. Then the parent titanium

structure will act as the bias force and lift the structure back to its initial state [19,20]

Fig. 1.8: SMA adaptive nozzle for noise abatement in Boeing aircraft [20]
Fig. 1.9 shows the conceptual design for multiway actuation of SMA structures.
Here, there is a need to integrate two SMA plates with different phase transformation
temperatures. Hence, the welding is the most prominent way to fabricate these
multiway actuation structures. The welded structure can hold three different
positions based on the temperature change. At room temperature (RT), the plates will
be in straight position. When the temperature rises, then one of the plate whose
austenite temperature lying in the range (40°C to 50°C) actuates. Upon further
increase in the temperature, the other SMA plate will also actuate. The complete
actuation of both sides corresponds to third position. This technology can be applied

to morphing rotor blades where the each blade trained in different position can be



welded to central hub. Based on the thermal and fluid flow conditions, the blade will
bend accordingly and the resultant mechanical output from the rotor can be

modified.

L Weld
Position:1 ¢ Temperature = RT
| NiTi I NiTi |
Position:2 Temperature = 40°C to 50°C
| NiTi I NiTi |
=~ Actuated position
Position:3 Temperature = 60°C to 70°C
r »
NiTi NiTi /

Actuated position

Fig. 1.9: Conceptual design for multiway actuation of SMA welded structures

The pseudoelasticity enables the SMA to be used in biomedical, impact
absorption and various vibration damping applications [21]. It has been successfully
applied to vibration damping of machines, buildings and bridges in the form of
dampers, restrainers, bracing systems and concrete reinforcements [22,23]. Fig. 1.10
shows the SMA ring reinforced concrete blocks for seismic application. Initially, the
SMA bar of diameter 3 mm and length 446 mm was strained up to 7 %. Then the
strained SMA bar was bent in to circle and the edges were welded using gas tungsten
arc welding (GTAW) process. Similar rings were connected over one another with a
gap in between to form a ribbed cylinder. Then the concrete cylinders (Diameter-15
cm, Height- 30 cm) reinforced with SMA welded rings were made. The SMA ring
reinforced in to concrete cylinders has shown better peak strength and failure strain
compared to the plain concrete cylinders [24].

10



Fig. 1.10: Fabrication and testing of SMA reinforced concrete blocks

for seismic applications [24]

Tatyane Ribeiro Mesquita et al. used resistance spot welding to weld rectangular
NiTi wire with a round one [25]. Fig. 1.11a-b shows the welded stops in an
orthodontic NiTi wire. Fig. 1.11c shows the patient teeth attached with NiTi wire
having welded loops. Fig. 1.11d shows the teeth of the same patient after 30 days of
fixing. To improve the product design of orthodontic wires used for tooth correction,
it was proposed that small pieces of NiTi wires can be welded to levelling wire.
These small pieces would act as hooks for binding elastics, omega loops or stops to
assist the physician in tooth correction. The welding is the cost effective and faster
way to fabricate rings of different dimensions and permanent attachments of loops to
wire as shown in Fig. 1.10-1.11

Fig. 1.11: Electric resistance spot welded NiTi orthodontic wires [25]
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1.8 Motivation of the study

In fusion welding, due to melting and rapid cooling, dendrite columnar
microstructure is formed along with brittle intermetallics [26]. These undesirable
microstructural and compositional changes may degrade the properties of the weld.
To address the mentioned challenges (section 1.6), few researchers have explored the
possibility of utilizing solid state welding techniques to weld NiTi alloy. Due to the
avoidance of molten state, the inclusion of brittle intermetallic compounds
deteriorating the weld quality can be prevented. However, solid state welding
processes such as explosive welding, ultrasonic welding and diffusion bonding are
more suitable for lap joints. This restriction in joint design may limit the freedom of
design in the fabrication of complex structures. Most of the literature on welding of
NiTi alloy focuses on the parametric investigations of the welding process and its
influence on metallurgical and mechanical properties. However, the thermo-
mechanical actuation behaviour of the welded structure has not been reported
elsewhere. Further, welding significantly affects the corrosion resistance of a
material due to the changes in microstructure, distribution of inclusions, residual
stress etc. Therefore, it is extremely important to evaluate the corrosion behaviour of
the welded NiTi to ensure stability and longevity of the structure. Despite the fact,
the corrosion characteristics of the solid state welded NiTi was not explored yet. So,
there exists an indispensable requirement for a solid state welding process fulfilling
the crucial welding requirements of NiTi alloy.

In this research work, an attempt has been made for the first time to weld NiTi
alloy using friction stir welding (FSW). Both experimental and numerical
investigations have been carried out to systematically understand the influence of
process parameters on the weld properties. Most importantly, substantial efforts have
been taken to evaluate the suitability of the welded NiTi alloy in real time
applications through understanding the smart functional capabilities and corrosion
behaviour after welding. Usually different peening methods will be used as a post
processing tool to improve the mechanical and fatigue properties of the welded
structure. In this regard, the corrosion behaviour of the weld post processed with
peening methods such as surface mechanical attrition treatment (SMAT) and laser

shock peening (LSP) has been evaluated.
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1.9 Objectives of the thesis

The thesis work aims to employ the versatile friction stir welding process to
weld NiTi alloy by ensuring adequate mechanical strength along with the retention
of shape memory effect in the weld. Friction stir welding uses the synergic
combination of temperature and plastic deformation to weld the materials without
melting. Due to the associated low temperature and non-usage of filler material
during FSW process, the issue of compositional compatibility of the weld with the
base metal can be achieved. The primary objectives of the thesis are (i) To select the
FSW process parameters and investigations of the metallurgical, mechanical and
corrosion characteristics, (ii) To evaluate the temperature distribution and the strain
rate experienced during welding, (iii) Exploration of actuation behaviour using
different actuation strategies to ensure the thermomechanical stability of the welded
structure and (iv) To investigate the influence of different peening methods such as
surface mechanical attrition treatment and laser shock peening on the corrosion
behaviour of the weld. This work comprehensively provides enough insights into the
welding process parameters along with studies supporting the application
perspectives of the welded structure.
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1.10 Outline of the thesis

Chapter 1: Introduction to shape memory alloys and necessity of welding for smart
functional applications

Chapter 2: Overview on the welding of NiTi shape memory alloy and its

characteristics

Chapter 3: Experimental investigations on friction stir welding of NiTi shape

memory alloy

Chapter 4: Elucidation on temperature distribution and strain rate during friction stir

welding of NiTi using finite element analysis

Chapter 5: Evaluation of smart functional capabilities and thermomechanical

behaviour of the friction stir welded NiTi alloy

Chapter 6: Investigation on corrosion characteristics of friction stir welded NiTi

SMA using electrochemical corrosion testing

Chapter 7: Influence of surface mechanical attrition treatment and laser shock

peening on corrosion behaviour of friction stir welded NiTi alloy

Chapter 8: Conclusions and scope for future work
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Chapter 2

Overview on the Welding of Nitinol Shape Memory

Alloys and its Characteristics

2.1 Status on Fusion welding of NiTi SMA

2.1.1 Laser welding

Laser welding is the most employed welding process for joining NiTi alloys
[27-33]. The high energy density beam favours low heat input, small interaction area
and narrow fusion zone (FZ)/heat affected zone (HAZ). Selection of laser type
affects the weld properties. CO,, Nd:YAG and fibre lasers are used to weld NiTi
alloys. However, Nd:YAG (wavelength-1064 nm) and fibre lasers (wavelength-1091
nm) are preferred due to their shorter wavelengths which enables better absorption
and requires less energy for welding. Laser power and scanning speed are the
important parameters affecting the quality of the weld. Fig. 2.1 shows the cross
section morphology of laser welded NiTi alloy. With increase in laser power, the
change in morphology was clearly evident. The weld was asymmetric and the
geometry changes from T shape to X shape at higher power 1.9 kW. At higher
power, the input energy will be very high to cause more melting and thereby full
penetration will be achieved i.e. increase in depth and width of the weld seam

leading to formation of X shape.
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Fig. 2.1: Cross section morphology of Nd:YAG laser welded 2 mm thick NiTi

alloy sheets at input power a) 1.1 kW, b) 1.3 kW and c¢) 1.9 kW [34]
B. Tam et al. have welded 0.4 mm diameter pseudoelastic wires using laser welding
[35]. They have placed the wires one over the other in crossed configuration and the
beam was focused in the intercept of the crossed wires. Fig. 2.2 shows the top and
bottom side of the welded wires. Lower powers below 0.7 kW has yielded poor weld
strength. To attain full penetration, minimum 0.8 kW was required and welds made
in the range 0.85 kW to 1.7 kW have shown good weld strength.

Interface

Fig. 2.2: Laser welding of NiTi wires at 0.8 kW a) Top side and b) Bottom side
of the weld [35]

The solidification microstructure of the laser welded NiTi alloy is shown in Fig.2.3.
The solidification of the weld region happens immediately through nucleation of

partially melted grains of the base metal. The fusion zone experiences a transition

16



from planar to cellular and cellular to dendrite structure near the centreline due to the
increase in cooling rate [36]. The interface zone will be greatly affected by the base

metal and the welding conditions.

Fig. 2.3: Morphology transition due to laser welding [36]

Recently, Mehrshad et al. has used diode laser (wavelength 940 nm + 10 nm) to weld
NiTi alloy sheets of 0.5 mm thickness [37]. Fig. 2.4 shows the appearance of the
weld. The weld produced at laser powers 350 W and 450 W was found to be uniform
and homogenous. At 300 W, the heat input was lesser to enable proper fluidity of
alloy in order to attain proper welding. At higher power 500 W, the excessive

interaction of laser leads to over melting and partial evaporation of the alloy.

8NA; 9NA; 10NA; 11NA;
P=300W P=350W P=450W P=500W
V=3mm/s V=3mm/s V=5mmi/s V=8mmls

Fig. 2.4: Appearance of diode laser welded NiTi alloy [37]

The disadvantages of the laser welding process are high equipment-running cost and
volatilization of Ni changing the functional properties of the weld. Precipitation is an
important problem which affects the local composition of the matrix leading to Ti or

Ni depletion region based on the formation of Ti or Ni rich precipitates.
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2.1.2 Electron beam welding

Laser welding has a problem of lower depth to width ratio and some
researchers have reported poor mechanical properties and shape memory behaviour
due to the inclusion of O, H and N elements during laser welding. The electron beam
welding favours higher depth to width ratio up to 25:1. In keyhole welding mode, the
electron beam welding process can weld plates of thickness ranging from 0.025 mm
to 300 mm [38]. D. Yang et al. has employed the vacuum electron beam welding to
weld NiTi alloys [39]. They have welded 4 mm NiTi sheets using parameters viz.
acceleration voltage-60 KV, beam current-24 mA, focussing current-2325 mA and
welding speed-1000 mm/min. The welding has achieved defect free welds (free from
voids, cracks and O, H and N elements) with good mechanical properties. Fig. 2.5
shows the XRD curve before and after welding. Initially, the base metal has B2
austenite phase only but after welding, B19” was also present. These changes along
with the loss of alloying element Ni have affected the phase transformation
behaviour of the weld as shown in Fig. 2.6. The difference between the phase
transformation behaviour of base metal and centre region of the weld was clearly
visible. The phase transformation temperatures after welding were higher than the
base metal and especially the Af has increased up to 30°C after welding. The
difference in phase transformation behaviour between the base metal and the weld is
not desirable for practical applications. Moreover, the vacuum Ebeam process is

expensive among all the welding processes employed for welding NiTi alloys.
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Fig. 2.5: XRD patterns of a) Base metal and b) Ebeam welded NiTi alloy [39]
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Fig. 2.6: Phase transformation behaviour of Ebeam welded NiTi alloy where 0#
is the weld, 1# and 2# are regions next to the weld and 3# is the base metal [39]

2.1.3 Arc welding

Arc based welding processes are cheaper than other fusion or solid based
welding processes. Gas tungsten arc welding is the widely used arc based process for
welding NiTi alloy. Ikai et al. explored the possibility to weld NiTi in the form of
wires and sheets as well [40]. They have reported approximately 50 % joint
efficiency for the GTAW based NiTi weld joints. Recently, Oliveira et al. has
welded 1.5 mm thick NiTi sheets using GTAW process [41]. The weld has shown
good ultimate tensile strength of 700 MPa along with the elongation up to 20 %. Eijk
et al. has tried plasma arc welding of NiTi alloy [42]. Fig. 2.7 shows the tensile
properties of the plasma welded NiTi alloy. The joint strength was very poor due to
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2.1.4 Resistance welding

Resistance welding has been used to weld wires or tubes of NiTi alloy [43,44].
Billy Tam et al. have done a detailed investigation for welding two 0.4 mm diameter
NiTi wires at right angles to each other [45]. The welding time was kept constant at
10 ms and the current range of 120 A to 295 A was used for welding. The maximum
joint breaking force of 18 N was attained for the sample welded at 195 A. Lower
currents between 115 A and 145 A has yielded poor bonding strength. The fracture
modes were interfacial, partial-interfacial and HAZ failure for lower currents,
intermittent currents and higher currents respectively. Fig. 2.8 shows the SEM
micrograph of the partial failure of the resistance welded NiTi wires at 245 A. The
tensile test was halted after the crack initiated in the notch tip and propagated in to
the week HAZ zone.

Fig. 2.8: Failure of the weld in HAZ region [42]

2.2 Status on Solid State Welding of NiTi SMA

Compared to fusion welding, the solid state welding of NiTi alloys were not
extensively explored. Solid state welding processes does not require filler metal and
hence the compositional compatibility of the weld with the base metal can be
achieved. During solid state welding, a combination of pressure and temperature
governs the welding of materials without melting. Due to the avoidance of solid-
liquid-solid phase transformations, the inclusion of brittle intermetallic compounds

deteriorating the weld quality can be prevented. Furthermore, the weld produced by
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solid state techniques possesses better dimensional accuracy with less distortion and

residual stresses than fusion welding.
2.2.1 Friction stir welding process

Friction stir welding was invented in the year 1991 by The Welding Institute
(TWI) of UK. It is a green technology with better energy efficiency and environment
friendliness (no usage of cover gases or flux). FSW falls under the category of solid
state welding processes where a synergic combination of pressure and temperature is
used to weld the materials together (Fig. 2.9). Welding without melting of the
workpiece material is highly significant due to the prevention of solidification
related porosities, cracks etc. The FSW process does not require filler material and
thus ensures the compositional compatibility between the weld and the base metal by
preventing the formation of undesirable phases in the weld microstructure. Due to
the avoidance of molten state, the process offers advantages such as no loss of
alloying elements, better dimensional accuracy with less distortion and residual

stresses than fusion welding processes [46].
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Fig. 2.9: Schematic of the friction stir welding process [47]

FSW uses a non-consumable tool having a profiled pin and cylindrical
shoulder to facilitate the welding of the materials. The tool pin penetrates in to the
material whereas the shoulder slides over the surface. The shoulder serves the
purpose of “lid of the pot” as it prevents the escape of the softened material away
from the welding zone and forces the material downwards to form a joint. The

rotation of the tool generates higher temperature due to frictional heat whereas the
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traversing movement consolidate the material and aids in welding the plates together.
The tool material along with the desired geometry has to be selected appropriately
based on the material to be welded, material dimensions and the joint configuration
[48]. The solid state welding process like ultrasonic welding, diffusion bonding etc.
are more suitable for lap joints. However, the FSW process can fabricate structures
with many joint configurations viz. square butt, edge butt, T butt joint, lap joint,
multiple lap joint, T lap joint and fillet joint. The tools with threaded pins are
required to weld plates of higher thicknesses. Using specially designed tools named
Whorl™ developed by TWI, a 75 mm thick 6082AI-T6 plate was welded from both
top and bottom sides (38 mm penetration from each side) [47].

The FSW technology is widespread especially in the transport industries such
as automotive, aerospace, shipbuilding, rail etc. Some of the interesting examples are
large tanks for satellite launch vehicles, light weight airframe structures, light alloy
wheels, ship and oil rig panels for decks and bulk heads etc. Generally, it is used to
weld high strength aerospace aluminium alloys which are difficult to weld using
conventional welding processes. Other materials such as copper alloys, titanium

alloys, steels, magnesium alloys have been welded using FSW [49-52].

In 2006, Blair D. London et al. has published a patent proposing the utilization
of friction stir welding and friction stir processing (FSP) for NiTi alloys [53]. They
have proposed this technology as the alternative to fusion welding process especially
for the manufacture of biomedical components. FSP is a related technology which is
used for surface modification of materials where as FSW is used for joining the
materials. Blair D. London et al. and A. Barcellona et al. have investigated the
influence of FSP on the microstructure and mechanical properties of the NiTi alloy
[54,55]. There is no literature on FSW of NiTi alloys.

The characteristics of the FSW process is meeting the requirements of welding
of NiTi alloy. FSW process produces autogenous weld and the issue of
compositional compatibility of filler material with base metal can be ignored. Due to
the lower welding temperature, the formation of intermetallics will be minimal. Due
to solid state conditions, the distortion and residual stresses will also be minimal

compared to fusion welding processes.
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2.2.2 Friction welding

The friction welding process is a similar process as that of FSW which also
utilizes frictional heat for welding. In case of friction welding, the relative motion
between faces of the welding parts will enable welding of the parts together.
However, the FSW utilizes the frictional heat energy caused due to relative motion

between the non-consumable tool and plates for welding.

T. Shinoda et al. has used rotary friction welding to weld 6 mm diameter
NiTi bars together. They have used a constant friction speed of 2910 rpm and studied
the effect of different upsetting pressure on the microstructure and mechanical
properties of the weld [56,57]. Fig. 2.10 shows the weld formed at different upsetting
pressure. Due to the upsetting pressure, the oxide and work hardened layer in the
face pierced out as a flash. The amount of flash increased with the increase of
upsetting pressure. The mechanical strength of the weld was very good due to the

heavy hot working during friction welding.

A: Pz = 38.2 MPa B: P2 = 127.8 MPa C: P2 = 186.1 MPa

Fig. 2.10: Macrograph of the rotary friction welded NiTi bars [57]
2.2.3 Ultrasonic welding

W. Zhang et al. has welded 100 um thick NiTi sheets using ultrasonic
welding with the energies varying from 500 J to 2000 J [58]. The tensile shear test
has revealed the lower failure load for welded samples due to the partially bonded
weld interface. The weld at 2000 J has shown a maximum failure load of 557 N
which is approximately 50% of the base metal. Fig. 2.10 shows the ultrasonic
welded NiTi alloy. In addition, they have welded 150 um thick sheets along with a

copper interlayer of 20 um between them [59]. The use of copper interlayer has
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improved the mechanical strength and a maximum failure load of 520 N was

achieved (approximately 64 % of the base metal).

Partially bonded
region

Indentation’of anvil 200 pym

Fig. 2.11: a) Morphology of the weld produced at 500 J, b) Magnification

of a spot in the weld and c) Cross section of the weld [58]
2.2.4 Explosive welding

Explosive welding of NiTi alloys was employed for joining thin sheets and
their phase transformation and damping capabilities were reported [60-65].
Interestingly, S. Belyaev et al. have welded the NiTi plates viz. TisoNis plate (shape
memory alloy layer) and Tigsg3Niso.; plate (pseudoelastic layer) together using
explosive welding to maximize the recoverable strain of the bimetal composite for
thermal actuator applications [66]. Fig. 2.12 shows the cross section of the bimetal
composite produced by explosive welding. In the interface, the wavy shaped joint
was clearly visible. Few melting zones (1-3) have been noticed in the weld region.
The recoverable strain of the composite was affected by the residual strain and heat
treatment after welding. A maximum strain recovery of 0.9 % was attained for the

composite annealed at 450°C for 2 hours.
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Fig. 2.12: Cross section of the bimetal composite welded by explosive
welding [66]

2.2.5 Diffusion bonding

Senkevich et al. have investigated the diffusion bonding of NiTi and
concluded that the higher temperature for a long duration is required to create high
quality joints. For diffusion welding of 2 mm thick NiTi sheets having a bonding
area of 50 mm?, the high temperature of 1100°C, pressure of 20 MPa and bonding
time of 1 hour was required [67,68]. Haluk Kejanli et al. have tried to weld NiTiCu
powder metallurgy manufactured compacts with Cu interlayer [69]. The optical
micrograph of the bonded samples at 850°C and 970°C for 60 minute duration is
given in Fig. 2.13a-b respectively. The sample produced at 850°C has improper
bonding with voids. The sample bonded at 970°C had proper diffusion free from
voids due to the availability of sufficient liquid phase in the interface. Due to better
diffusion, the weld at 970 °C has yielded the highest shear strength of 193 MPa.

Fig. 2.13: Diffusion bonded NiTiCu components with Cu interlayer [69]
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2.3 NiTi phase diagram and the influence of compositional change in

the transformation temperatures

One of the key requirements in welding of NiTi alloy is the preservation or
retainment of shape memory effect in the weld. The weld joint should not contain
any undesirable brittle intermetallic phases (TizNig, Ti2Niz, Ti>Ni) or O, H and N
elements. Due to these inclusions, the composition of the region alters drastically and
also there exists a possibility for the weld to turn brittle. In such cases, the physical
actuation cannot be attained across the welded structure. Fig. 2.14 shows the phase
diagram of NiTi alloy. The boundary of TiNi is almost vertical along the Ti rich side
whereas it decreases with decreasing temperature and the solubility drops to
negligible at 500°C. The diffusion controlled transformations and the formation of
phases such as Ti3Ni4, TioNiz and TiNiz defines the solubility limit. The percentage
of alloy elements, the temperature and the time led to diffusional transformations.
The following is the order of diffusional transformations with respect to increase in
temperature.

TigNiy —> TioNi3 —>TiNis

The TiNi phase holds a B2 (CsCl) structure (austenite, the high temperature
phase) at room temperature which can exist only in a specific compositional range.
B2 will transform to BCC at 1090°C which can be retained through quenching or
furnace cooling to room temperature. Martensite is the low temperature phase with
monoclinic structure represented as B19. The metastable phase diagram between
TiNi and TizNiy is depicted as an inset in Fig.2.13. This diagram will be helpful for
tuning the phase transformation temperatures and defining the heat treatments for the

betterment of the shape memory characteristics.
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Fig. 2.14: Phase diagram of NiTi alloy [70]
The phase transformation of the NiTi alloy is highly sensitive to compositional
change. J. Frenzel et al. has done a detailed study on the influence of Ni composition
on the martensitic transformation of NiTi alloy [71,72]. Fig. 2.15 shows the
influence of Ni composition on the martensite start temperature. At Ni composition
of 50.0 at. %, the Ms was recorded to be 333 K. There existed a decreasing trend in

transformation temperature with increase in Ni composition.
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Fig. 2.15: Influence of Ni composition on martensite start temperature [72]
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2.4 Functional capabilities of welded NiTi SMA

The evaluation of function properties is essential to ensure the suitability of
the welded structure for applications requiring physical actuation or pseudoelasticity.
Few researchers have studied the tensile loading/unloading behaviour of laser
welded NiTi alloy [30,33,73]. Notably, Oliveira et al. has studied the tensile cycling
of NiTi alloy welded using GTAW process [74]. They have performed the tensile
cycling at 4, 8 and 12 % of strains and tested up to 600 cycles. Fig. 2.16 shows the
tensile cycling of GTAW samples up to 12 % of strain. Usually the grain size and
other changes induced by welding will influence the cyclic behaviour. The onset of
stress plateau decreases with the increase in number of cycles due to the
development of dislocations or formation of martensite during loading/unloading
cycles. Hence, the increase in number of cycles lowers the overall stress and
increases the irrecoverable strain. Due to this, a reduction in mechanical hysteresis

occurs with increase in cycles.
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Fig. 2.16: Tensile cycling curves of GTAW welded NiTi alloy [74]
Except Oliveira et al., no one have studied the shape memory effect of the welded
structure using bending-recovery method [75]. Fig. 2.17 shows the bending device
and steps in bending-recovery analysis of the laser welded samples. They have bent
the welded samples (weld being in the centre of the sample) to 180° using the custom
made bending device. The bending was done after dipping the sample inside the
liquid nitrogen to ensure that the sample remains in martensite state during bending.
Then, the sample was released to recover freely at room temperature. All the samples

have recovered to the initial straight position.
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Fig. 2.17: Bending-recovery method to evaluate SME a) Before bending, b)
Bending by dipping inside the liquid nitrogen, c) Recovered shape at room
temperature [75]

Shape memory alloys are being used as dampers for civil structures and machine
tools. So, few literatures have reported the damping properties of explosively welded
NiTi shape memory alloys [62,65]. They have evaluated the damping capabilities at
different forced oscillation frequencies. Moreover, the effect of aging temperature

and time on the damping behaviour has been reported.

2.5 Numerical simulation for temperature generation and strain rate
during FSW

The FSW process parameters and the material properties affect the temperature
profiles, strain rate and cooling rate of the sample. The temperature profile and strain
rate significantly influence the microstructure and properties of the weld.
Experimentally, thermal cycles can be measured using thermocouples or sometimes
using in-situ neutron diffraction where the lattice distortion will be correlated to
temperature change. Usually, material flow behaviour and the strain rate will be
found using tracers or markers of different materials. After welding, based on the
initial and final position of the tracer, the flow velocity and the strain rates can be
estimated [76,77]. Recently, Rahul Kumar et al. have used a better method called

particle image velocimetry to find the strain rate and flow velocity of the material
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flow during FSW [78]. In case of experimental data unavailability, a computational
model will be used to evaluate the temperature profiles and strain rates. Many
literatures are available on the numerical simulation of temperature and strain rates
during FSW [79-84]. Finite element analysis (FEA) packages such as Comsol
Multiphysics, Ansys, Abaqus and Weldsim have been used widely for the
simulation. Modelling of the FSW process was based on methods viz. analytical
thermal models, FEA based solid thermal models, thermo-mechanical models,
computational fluid dynamic models (CFD) etc. Based on the method used, the
accuracy and the computational time required for solving the model differ. M.Z.H
Khandkar et al. have made an important contribution by introducing a torque based
model as an alternative to frictional heating based models [85]. Here, the input
torque measured during FSW has been correlated with the heat produced at the
workpiece-tool interfaces. But the major limitation of this model is the requirement
to fit thermal contact conductance in the bottom surfaces. These values have to be
found experimentally to make the model more reliable. Though the results are in
good agreement with the experimental values, this torque based model requires very

large computational time.
2.6 Preliminary investigations on laser actuation of NiTi SMA

There is no detailed literature available for laser actuation of shape memory
alloys. In order to understand the laser actuation of SMA element, initially
experiments has been performed with SMA springs [86]. Few literatures are
available for laser actuation of SMA, where they have used the constant exposure of
laser irradiation in a particular spot or irradiating the entire SMA surface with
suitable lens arrangement [87-91]. The method of irradiating the entire surface can
be used only when the surface area of the SMA components is small (few
millimetres to tens of millimetres). This method of constant irradiation suffers a
major disadvantage, because the prolonged exposure to laser beam may result in
localized failure or damage due to laser-induced melting or ablation. In order to
avoid these problems, we have proposed the method of scanning the required area
using a laser beam i.e. the laser beam of particular spot size can be scanned
throughout the length of the SMA component to attain required actuation. Fig. 2.18

shows the different types of actuation methodologies available for SMA. Continuous
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laser from the fibre laser source doped with Yb active gain medium of 1064 nm
wavelength was used for irradiating the SMA spring. To move the laser beam along
the length of the spring, a dynamic reflecting mirrors or simply galvo mirrors are
used. Laser guided through the optical fiber cable is made to fall on the galvo
mirrors. These mirrors reflect the line beam of width 0.2 mm over the spring surface
at a scanning speed of 30 mm/s. The SMA spring in a closed coil configuration is
fixed at one end and a deforming load is hung at the other end. The laser power in
the range of 15 W to 50 W was used for the investigation of the thermo-mechanical
behavior of the SMA spring under varying bias loads (1.5N, 2.5N and 3.5N). The
extension of the spring due to different bias loads will be different and the higher
load extends the spring to a greater length. To cover the whole length of the spring,

the laser scanning distance will be increased accordingly.
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Fig. 2.18: Different actuation methodologies applicable for an SMA element

Once the deformation due to the load terminates, the laser is switched on. The
irradiation from the laser causes a light-matter interaction, eventually due to energy
absorption convert the light energy into heat. Fig. 2.19 shows the detailed schematic of
the heat transfer across the SMA spring during laser irradiation. The laser irradiation
of the spring via scanning technique enables heat distribution throughout the length of
the spring. During scanning, the top surface of every coil of the SMA spring will be
impinged with laser beam. This laser scanning from one end and returning to the same

end after travelling throughout the spring is called a pass.
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Fig. 2.19: Detailed schematic of the heat transfer in the SMA spring due to

laser irradiation

The displacement vs. time curve for 15 W, number of passes required for actuation
and maximum displacement at different laser power is given in Fig.2.20. It was
observed that the increase in laser power decreases the number of passes and in turn
the heating time required for the actuation. The actuation against the higher bias load
has taken more number of passes due to the associated higher displacements. A
maximum of 8 passes was required for complete actuation of the spring at 15 W
against the bias load of 2.5 N and 3.5 N. However, the laser powers above 35 W
required only one pass irrespective of the bias loads. The higher temperature reached
at higher powers drives the spring to exert more pulling force and reduces the inter-
coil gap. This reduction of inter-coil gap has reflected as an increase in displacement.
This is clearly evident in 2.5 N load, where above 30 W, the displacement was
saturated at 17.1 mm due to the nullification of the inter-coil gap. A minimum
displacement of 10.1 mm was obtained for a bias load of 1.5 N at 20 W. However,
for the bias load of 3.5 N throughout the increase in power, no saturation was
observed and a maximum displacement of 28.9 mm was observed at 50 W. Based on
these experiments, laser actuation of friction welded strips has been performed
(Chapter 5).
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2.7 Corrosion behaviour of welded NiTi SMA

Based on the fusion or solid state process, the material will experience high
temperatures and pressure during welding. Every welding process will induce
microstructural changes and residual stresses in to the weld. Moreover, the formation
of precipitates would change the composition of the weld. The corrosion is a surface
phenomenon which depends on the type of material, microstructure, presence of
precipitates etc. In general, the corrosion resistance of the weld will be lower than
the base material before welding. Corrosion behaviour of laser welded NiTi alloy has
been explored using electrochemical method [92-96]. Peng Dong et al. have studied
the corrosion behaviour of laser welded NiTi alloy where the 0.9 % NaCl solution
and Hank’s solution was used as the electrolyte [97]. Fig. 2.20 shows the welded
NiTi wires after corrosion testing. The HAZ was affected more compared to the FZ
and the base metal in both solutions. The NiTi alloy was more susceptible to

corrosion in NaCl solution than the Hank’s solution.
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Fig. 2.21: SEM images showing the laser welded NiTi wires after corrosion
testing a), ¢) in 0.9 % NaCl solution and b), d) Hank’s solution

Susmita Datta et al. have studied the corrosion behaviour of laser welding NiTi alloy
in simulated body fluid (SBF) [98]. They have reported that the weld made at 800 W
power and 4000 mm/min welding speed has shown better corrosion resistance than
the parent metal as signified by the lowest corrosion current and highest polarization
resistance. The welding has increased the Ti/Ni ratio in the surface which in turn
improved the stability of the corrosion resistant layer (TiO;) and reduced the

corrosion rate.
2.8 Post processing peening treatments on NiTi SMA

During FSW, the rotating tool plunges and traverses along the abutting edges
of the plates. This heating cycle and the rigid clamping arrangement of the
workpiece will lead to generation of residual stresses in the vicinity of the weld.
These residual stresses will significantly degrade the structural integrity and fatigue
properties of the weld. Peening methods such as surface mechanical attrition
treatment and laser shock peening can be employed in the surface of the weld to
mitigate the tensile residual stresses formed during welding. There are few literatures

available on the LSP of NiTi shape memory alloy where they have used the
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nanosecond Nd:YAG laser having 1064 nm wavelength to peen the surface [99—
101]. In 2019, Hao Wang et al. have reported the LSP of NiTi alloy using
femtosecond laser having wavelength of 800 nm and pulse width of 35 fs [102]. T.
Hu et al. has explored the influence of SMAT on the microstructure, phase
transformation behaviour, wear resistance and corrosion behaviour of NiTi SMA
[103-107]. However, no reports are available on the application of SMAT or LSP on
the surface of the welded NiTi alloy.

2.9 Summary

The fusion welding of NiTi SMA has been reported widely compared to solid
state welding processes. Most of the fusion welding processes suffer from the
problems viz. inclusion of undesirable hard intermetallics, drastic change in phase
transformation temperatures, brittle nature of the weld etc. Solid state welding of
NiTi alloy was not well explored as of fusion welding. Especially, the smart
functional capabilities and corrosion behaviour have not been explored for solid state
welded NiTi alloy. Moreover, we have proposed a novel scanning method for laser
actuation of SMA. From the literature, it was ascertained that peening has not been

applied to the welds of NiTi alloy.
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Chapter 3

Experimental Investigations on Friction Stir Welding

of NiTi Shape Memory Alloy

3.1 Introduction

The friction stir welding has been employed to weld the NiTi shape memory
alloy. In this chapter, the requirement of a FSW machine, selection of tool material,
tool geometry and the process parameters are discussed. The NiTi alloy sheets are
expensive and in order to minimise the trail experiments, knowledge base from
literature and simulation have been utilized. As tool rotational speed is the major
parameter, an attempt has been made to weld NiTi shape memory alloy at three
different rotational speeds. The effect of tool rotational speeds on the microstructure,
phases and mechanical properties of the NiTi alloy has been studied. The phase
transformation behaviour with respect to the rotational speeds and in different weld
regions has been explored. In addition, the influence of the FSW process on the

composition of the NiTi alloy and details on tool failure has been discussed.
3.2 Details about the welding facility used for welding

The FSW machine used for welding was designed and developed by Bangalore
Integrated System Solutions (BISS) in collaboration with Prof. Satish V. Kailas
laboratory from Indian Institute of Science (11Sc) Bangalore, India. The machine
have 2370MS controllers delivering high speed closed loop control and enables the
setup, tuning and calibration can be performed through the host computer. Fig. 3.1
shows the photograph of the machine. Unlike normal FSW machines, this custom
built machine possesses multi-axial load frames with high stiffness and natural
frequency. It has two translational axes (X and Y) and a mutually perpendicular
spindle (Z axis). The X and Y axes enable the movement of welding table in XY
plane whereas the Z axis controls the plunging/retraction of tool. Two electric
motors enables the tilting of the spindle in both X and Y planes. The three axes

movement is controlled by linear hydraulic actuators. A rotary hydraulic actuator
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capable of generating high steering torque powers the spindle. Overall, the FSW
machine has higher vertical load capacity and thus it is suitable to weld thicker plates
and higher melting point materials such as titanium alloys, steels, etc. The detailed
specification of the machine can be found in the Table 3.1.

30 cm

Rotary
hydraulic
actuator

( et Spindle
- and tool
holder

translational
| axes(X,Y)

Fig. 3.1: Five axis FSW machine used for welding NiTi alloy (11Sc Bangalore)

Table 3.1 Specifications of the FSW machine

S No System Specification
1 Specimen mounting area 500 mm x 500 mm
2 Axial load capacity 50 kN
3 Rotational speed 100 to 3000 RPM
4 Table speed 1 to 250 mm/min
5 Tool Tilt -6 to +6 degrees in both X and y plane
6  Weldable plate thickness 0.5 mm to 65 mm
7 Position resolution 5um
8 Cooling system Water cooled
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3.3Experimental

3.3.1 Selection of tool material and geometry

Friction stir welding is a contact based process where the tool and work material
will be interacting with each other during welding. So, the initial step is to select an
appropriate tool material suitable for welding the particular material. The tool should
have adequate hardness and yield strength at high temperatures to counter severe
temperature (frictional heat) and stresses (material flow) caused by the tool rotation-
traverse movement. The thermal conductivity and coefficient of thermal expansion
of the tool material also plays a role in heat dissipation and thermal stress
experienced by the tool. Overall, the tool material should possess characteristics such
as high hardness, low reactivity to oxygen and high temperature strength.

Tungsten based tool materials possess desired properties to weld hard materials
and proved to be effective in welding titanium alloys, steels etc. Densimet tool
material (an alloy of tungsten) was selected for welding. The properties of the tool

material Densimet D2M can be found in the Table 3.2.

Table. 3.2: Properties of the tool material Densimet D2M

Composition | Modulus | Hardness Thermal Yield Coefficient
of (HRC) conductivity | strength | of thermal
elasticity at 500°C at 20°C | expansion
(GPa) (W/m.K) (MPa) (10° K™
W-90 %
along with Maximum
Mo, Ni and 360 31 65 700 >3
Fe

Defining the tool geometry is very critical as it governs the rate of heat
generation, traverse force, torque and plastic deformation during welding. Important
factors are pin shape-size, shoulder diameter etc. During welding, the pin plunges in
to the welding material and the shoulder slides over the surface. The pin size (height
and diameter) and shape (tapered or cylindrical) affects the stirring-mixing of the
work material and eventually the proper consolidation of the weld joint without
defects. The shoulder-workpiece interface is the major heat generating component.
Since, the sheet thickness (1.2 mm) is small; a cylindrical tool with non-threaded pin

was selected. A pin height of 0.9 mm was also selected based on the thickness of the
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sheet. Since, the melting point of the work material is higher; a dwell time of 30 s
was selected for welding. During start of the welding (dwelling stage), the tool
rotates in the same position without traverse, thereby supplies adequate heat energy
to plasticize the material and initiate the material flow around the pin. Fig. 3.2 shows

the desired tool geometry for welding NiTi alloy sheets.

FSW Tool
Shoulder

Pin
Fig. 3.2: Tool geometry for welding thin sheets of NiTi alloy using FSW process
3.3.2 Numerical simulation to predict the process parameters range

The NiTi sheet of 1.2 mm thickness with Ni 50.75 at.% (SE508-NDC) was
used for welding. NiTi (SE508 grade) is a hard material (>250 HV) having a high
melting point of 1310°C. In FSW process, the tool rotational speed is the most
influential parameter affecting the frictional temperature and plastic deformation
[47,108]. There are many reports signifying the influence of the tool rotational speed
on the welding properties. Recently, the influence of tool rotational speed on
microstructure and mechanical properties has been reported for materials such as Al-
Li alloy and steel [109,110]. As the tool rotation speed increases, the heat induced
due to friction between the tool-workpiece interface and the plastic strain energy
from intense deformation of workpiece increases. Hence, the tool rotating at higher
speed will generate more heat and hence reach higher peak temperature during
welding. In addition to the effect on peak temperature, the tool rotational speeds also

have impact on strain and strain rate generated in the welding zone.

Welding temperature during FSW always lies in the range 55% to 85% of the
melting point of the material to be welded [108,111]. Using the mentioned
temperature range as the thumb rule, the FSW of NiTi alloy was simulated based on
finite element analysis in Comsol Multiphysics. More details about the simulation
can be found in the Chapter 4. From the simulation, the maximum temperature

during FSW of NiTi alloy has been predicted. Fig. 3.3 shows the maximum
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temperature as a function of tool rotational speed. In the graph, three colour zones
viz. yellow, green and red can be seen. The yellow zone (< 55% of the melting point)
depicts the tool rotational speed generating the temperature below the FSW
operating temperature range. The rotational speeds in this zone are not sufficient
enough to plasticize the material to enable welding. The red zone shows the
rotational speeds which could generate higher temperature above the FSW desired
range (> 85% of the melting point). The tool rotational speeds in the red zone may
lead to melting of the materials and catastrophic tool failure (the tool may plunge
into the back plate in the fixture). The green zone in the middle reveals the suitable
tool rotational speed range within which the FSW of NiTi would be possible. The
tool rotational speed lying in the range 700 rpm to 1300 rpm has been found suitable
as per the simulation. Based on the simulation and literature, the trail experiments

were conducted to arrive at the suitable process parameter set for FSW of NiTi alloy.

Maximum Temperature during Welding Using
Finite Element Analysis
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Fig. 3.3: Simulation based on FEA to predict the FSW process parameters
3.3.3 Trail experiments to select the process parameters

The sheets to be welded were cut using wire electro discharge machine
(WEDM). Before welding, the surface of the sheets was mechanically cleaned with
SiC abrasive papers to remove the surface irregularities, contamination and oxide
layer. Then, the sheets having a dimension of 100 mm x 50 mm x 1.2 mm were
abutted and fixed intact in a custom made fixture for holding thin sheets. The fixture

had undercuts which would arrest all the degrees of freedom of the sheets and aids in
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proper welding. The welding was carried out in closed square butt configuration. The
fixture used for holding the sheets and the closer view of the machine is shown in

Fig.3.4 and 3.5 respectively.
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Fig. 3.4: Specially designed fixture with undercuts to hold the thin sheets during
welding
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Fig. 3.5: Closer view of the machine and the sheets fastened in a fixture

Fig. 3.7 depicts the surface appearance of weld joints at different process
conditions. The tool geometry and process parameters used for trail experiments are
listed in Table 3.3. Initially, the condition A was tried. But the heat generated was
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insufficient to plasticize the material enough for joining and the tool pin was chipped
off. In condition B, the tool dimensions were increased and traverse speed was
reduced to 25 mm/min in order to generate sufficient heat for welding. During
welding, the workpieces were severely distorted due to higher heat input and the
edges did not consolidate to proper weld. It is to be noted that the weld produced at
condition B and C had same shoulder diameter of 20 mm. However, the weld track
produced at condition B (1500 rpm) had higher width than the weld track produced
using condition C (1000 rpm). This is due to the fact that at 1500 rpm, the
temperature was extremely high and the NiTi alloy was plasticized more and forged
out of the shoulder zone. So, in condition C, the same tool was used with changes in
tool rotation and traverse speed to lower the heat input. Though the distortion was
reduced, the inadequate filling similar to previous weld was observed. The lack of
filling (improper consolidation of the joint) is due to the larger pin diameter. Based
on this, the tool pin diameter was reduced from 7 mm to 5 mm and used for the
subsequent experiments (Section 3.3.4). From the trail experiments, it was concluded
that the condition C with modified pin diameter may yield defect free weld in FSW
of NiTi alloy.

‘ }x N,
- - :

. Severe:

Fig. 3.6: Weld surface with defects due to improper tool geometry and process

conditions
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Table. 3.3: Process conditions showing different tool geometry and parameters

used for welding

Tool aeometr Tool Dwell Traverse  Plunge Tool tilt
Condition (?nm) Y rotation time Speed depth ©)
(rpm) (s) (mm/min)  (mm)
A Shoulder 2 -10 1500 30 50 0.3 2
Pin 2-3, length-0.9
1500 30 25 0.2 2
B Shoulder & -20
C Pin -7, length-0.9 1000 30 50 0.2 2

3.3.4 Actual experiments at different tool rotational speeds

Experiments were conducted at three rotational speeds (800 rpm, 1000 rpm
and 1200 rpm) with constant traverse speed of 50 mm/min in the ambient
environment without any cooling medium or shielding gas. Fig. 3.7 shows the
photograph of the densimet tool used for welding. The tool tilt of 2° has been
selected which would assist in better material flow from front to the back of the tool
pin. The process parameters and the tool geometry used for welding are given in
Fig. 3.8.

Fig. 3.7: Densimet tool with desired geometry to weld 1.2 mm thick NiTi sheet

(Pin-0.9 mm height, 5 mm in diameter and shoulder 22 mm in diameter)
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Fig. 3.8: Process parameters and tool geometry used for welding NiTi alloy

Fig. 3.9 shows the photograph taken during welding which depicts the NiTi sheets

fastened in a fixture, rotating tool holder and the welding zone.

Welding zone

Fig. 3.9: Photograph taken during welding of NiTi alloy

Fig. 3.10a shows the top and bottom surface of the welded region. It depicts
the plunging-dwell zone, welding stage and the clearly evident exit hole due to final
tool retraction from work material. Initially, the rotating tool plunges in to the
material and dwells in the same place for 30 s to plasticize the material in the vicinity
of the tool pin region in order to initiate the welding process. After the dwelling
stage, the welding takes place where the rotating tool traverses along the line of joint.
After covering the specified welding length, the tool retracts from the welding

material and leaves a characteristic exit hole in the workpiece. The axial load exerted
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during the interaction between the tool and workpiece is shown in Fig.3.10b. Since,
NiTi alloy is a hard material, a maximum load of 11.5 kN was recorded for 800 rpm.
The increase in tool rotational speed increases the welding temperature which
eventually decreases the axial load required for welding. As seen from Fig. 3.10c,
the higher tool rotational speed has encountered comparably lesser axial load. The

maximum axial load at 1000 rpm and 1200 rpm were 10.7 kN and 9.3 kN
respectively.
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Fig. 3.10: a) Top and bottom surface of the FSW NiTi at 800 rpm, b) Axial force
exerted on the tool at 800 rpm and c) Effect of tool rotational speed on the axial
load

The macroscopic images of the welds produced at 800, 1000 and 1200 rpm are
shown in Fig. 3.11a-c. All the welds had proper consolidation of the joint without
any surface defects (cracks, lack of fill etc.). The macrostructure of the weld cross
section is shown in Fig. 3.11d. The zone A-B represents the transition zone from
shoulder region to base metal on advancing side and retreating side of the weld
respectively.
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Fig. 3.11: Defect free friction stir welds at a) 800 rpm and b) 1000 rpm c) 1200

rpm and d) Macrostructure of the weld cross section at 1000 rpm

3.4 Microstructural and phase analysis

The samples for microstructural analysis were polished using various grits of
SiC paper, then using alumina powder and finally etched using 50 mL H,O + 40 mL
HNO; + 10 mL HF solution. The microstructures were recorded using Carl Zeiss
inverted optical microscope. The phase analysis was carried out by X-ray diffraction
(XRD) technique using X-Pert PRO PANalytical. The characterization techniques to
evaluate the microstructures, phases, hardness and stress-strain behaviour were

performed at room temperature.

The microstructures of the base metal and the weld are shown in Fig. 3.12 and
3.13. The base metal has equiaxed coarse grains with grain size of 55 um. The
microstructure of the weld region for all the tool rotational speeds has fine
recrystallized grains. The recrystallized grains were found throughout the weld and
there was no clear distinction between nugget (stir zone), thermo-mechanically
affected zone (TMAZ) and heat affected zone (HAZ).
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Fig. 3.12: Optical images of the a) Base metal, b) weld at 1000 rpm; SEM

images of the ¢) Base metal and d) weld at 1000 rpm

Generally, the dynamic recrystallization takes place in the metals when
subjected to hot working and it depends upon the peak temperature, plastic strain,
strain rate and stacking energy of the materials [112]. In metals with high stacking
fault energy like NiTi, the continuous dynamic recrystallization occurs when the
temperature is greater than 50% of the melting point [113,114]. During hot
compression tests of NiTi alloy, Shu-yong Jiang et al. have observed dynamic
recrystallization for all strain rates for temperatures above 700°C [115]. The
recrystallization temperature range of hot compression test is in the same range of
operating temperature of FSW, which is between 0.75-0.8 times the melting point of
the material [116]. Hence, the continuous dynamic recrystallization accompanied
with dynamic recovery has resulted in the formation of refined elongated grains
during FSW of NiTi alloy [108]. It is noteworthy to observe that the grain size
increases with the increase in tool rotational speed. Among the three tool rotational
speeds, the weld at 800 rpm (Fig. 3.13a) has very fine grains and the 1200 rpm (Fig.
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3.13c) weld displayed comparably larger grains. The grain sizes of the weld were 22
pm, 30 um and 38 um for 800, 1000 and 1200 rpm respectively. This is due to the
fact that increase in tool rotational speed, increases the peak temperature which
favours the grain growth [47]. In the weld at particular tool rotational speed, the
temperature and plastic deformation in the adjacent regions to the nugget are lower
than the nugget zone. Due to this, the recrystallization does not take place outside the
nugget for most of the materials. However, in NiTi alloy, even at lower strain and
higher temperature recrystallization will occur [117]. This has resulted in the
formation of recrystallized grains in TMAZ and HAZ and all the regions exhibited
homogeneous microstructure. Hence, the nugget, TMAZ and HAZ were not
distinguishable in FSW of NiTi alloy.

Fig. 3.13: Variation of grain sizes at different tool rotational speeds a) 800 rpm,
b) 1000 rpm and c) 1200 rpm

The X-ray diffraction (XRD) analysis was carried out to evaluate the effect of
FSW on the phases of NiTi. The XRD patterns of the base metal and weld regions at
different rotational speeds are shown in Fig. 3.14. The indexed pattern of the BM
and the weld showed that both are similar and consist of B2 cubic austenite phase
with traces of B19” monoclinic martensitic phase. Intermetallic compounds (NiTi;
and TiNiz) commonly observed in fusion welding of NiTi and are detrimental to
shape memory behaviour were absent. Further, interestingly phases of the base
metal have been retained even after welding. However, in case of electron beam and
laser beam welding, transformation between the martensite and austenite phases after

welding was generally observed [32,118].
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Fig. 3.14: XRD patterns of NiTi alloy before and after welding a) Base metal, b)
FSW at 800 rpm, ¢) FSW at 1000 rpm and d) FSW at 1200 rpm

With an increase in the tool rotational speed, the coarsening of grain size and
reduction of dislocation density happen and eventually decreases the spectral width
of the peak [119]. Broadening of the X-ray diffraction peaks in materials mainly
attributed to the following factors: Crystallite Size broadening and Strain
broadening. Crystallite size is a measure of the size of coherently diffracting
domains. Lattice strain is a measure of the distribution of lattice constants arising
from crystal imperfections, such as lattice dislocations, twinning, grain boundary
triple junction, internal stresses, stacking faults and coherency stresses. The results of
XRD are in agreement with weld microstructures (Fig. 3.13) which shows

coarsening of grain size at higher tool rotational speeds.

3.5 Mechanical properties of the weld

Tensile test was carried out on Instron-5967 machine at a strain rate of 10 s™.
The sample cross section of 1.2 mm x 4 mm with a gauge length of 40 mm was
used. The weld was present in the centre of the sample. These samples have been cut

from the welding zone leaving the initial plunging and final retraction zone as shown
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in Fig. 3.10a. Fig. 3.15 shows the engineering stress-strain curve of the base metal
and the welds. The weld produced at 800 rpm has displayed an ultimate tensile
strength of 492 MPa and yield strength of 453 MPa. Interestingly, the weld produced
at 1000 rpm had ultimate tensile strength of 638 MPa (66 % of the BM) and yield
strength of 602 MPa which is 17 % higher than the base metal. The weld at 1000
rpm has a crucial superelastic plateau near 600 MPa until 7.25 % strain while the
weld at 800 rpm showed close to 460 MPa until 5 % strain. Ultimate strength of the
weld at 1200 rpm was 345 MPa which was lower among the welds produced due to
the presence of hard tool fragments. The cross section of the weld (Fig. 3.15c¢) shows
cracks close to the tool fragments which could be attributed to inhomogeneous
material flow and mismatch in thermal expansion between the tool fragments and the
NiTi.

In case of welding of shape memory alloys, the retainment of crucial
superelastic plateau (functional property), yield strength and ultimate tensile strength
are the factors defining the quality of the weld. The FSW of nitinol has shown better
yield strength (due to grain refinement) than base metal at 1000 rpm and the welds at
800 and 1000 rpm has shown the crucial superelastic plateau. It is important that the
FSW has shown higher yield strength (compared to base metal) than most of the
reported welding technigues such as electron beam welding, laser welding, tungsten
arc welding [27,39,41,120]. On the other hand, the ultimate tensile strength depends
on the bonding of the weld joint and the weak point across the weld structure acts as
the nucleating point for fracture. In FSW of nitinol, the interface between the base
metal and the weld region (transition zone from refined grains of weld to coarse
grains of base metal) acts as weak point for the fracture. All the welded samples have
broken at heat affected zone i.e. the week interface zone. So, the joint efficiency can
be improved by further detailed optimization on tool selection, tool geometry design
and process parameters to enhance the plasticization of material across the weld

Z0nes.
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Fig. 3.15: Engineering stress-strain plot of the base metal, b) Engineering stress-
strain plot for the welds produced at different tool rotational speeds and c)

Cross sectional SEM images of the weld at 1200 rpm showing cracks

The fracture surfaces of the weld and the BM observed using scanning electron
microscope are shown in Fig. 3.16. The fracture surface of the BM and the welds
except at 1200 rpm showed dimples indicating ductile fracture. The fracture surface
of the weld at 1200 rpm show smooth surface indicative of brittle fracture. Further,
the micro cracks which could have been originated at the tool fragments are seen in
Fig. 3.15d.
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Fig. 3.16: Fracture surfaces of the tensile specimen a) Base metal, b) weld at 800
rpm, ¢) weld at 1000 rpm and d) weld at 1200 rpm

Vickers microhardness measurements were taken along the cross section of
the weld using the FM-800 Future Tech Corp at 500gf load for 15 seconds. Micro
hardness of the weld cross section and scanning electron microscope (SEM) images
of the weld at 1200 rpm is shown in Fig. 3.17 and 3.18 respectively. The average
hardness of the weld at 800 rpm, 1000 rpm and 1200 rpm were 275 HV, 262 HV and
284 HV respectively. Few high hardness values were noticed in 1200 rpm weld due
to tool fragments included and distributed across the weld region. The distribution of
tool fragments across the weld could be attributed to the severe plastic deformation
and high temperature experienced at 1200 rpm than the other rotational speeds. The
weld at 800 rpm and 1000 rpm has showed marginally lower hardness than the base
metal (BM).
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Fig. 3.17: Microhardness of the weld cross section at different tool rotational

speeds

Fig. 3.18: Cross sectional SEM image of the weld at 1200 rpm showing tool

fragments

3.6 Composition analysis

The welds produced at all the tool rotational speeds have tool fragments
included during the FSW process. The tool fragments are found in the nugget region
especially in and around the weld centre. The composition analysis in the cross
section of the weld produced at 1000 rpm is shown in Fig. 3.19. The weld region
away from the weld centre has material composition close to equiatomic as seen

from Fig. 3.20a. The centre of the weld has shown a deviation from the actual alloy
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composition due to the presence of tungsten inclusions (Fig. 3.20b). Fig. 3.20c
shows the EDS analysis of the tool fragment which confirms the presence of
tungsten inclusions. The fragmented tool particles during welding would have stirred
in the flow and gets included in the nugget zone. It clearly shows the close
composition of the weld as of the base material except the weld centre.
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Fig. 3.19: Composition analysis in the cross section of the welded sample using
EDS
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Fig. 3.20: Composition analysis in the cross section of the welded sample using
EDS a) Away from the weld centre, b) Centre of the weld and c) Tool fragments

included in the weld centre
3.7 Tool damage and inclusions in the weld

As mentioned earlier, NiTi (SE508 grade) is a hard material (>250 HV) having
a high melting point of 1310°C. In FSW technology, these alloys fall under the
category of high softening temperature (HST) materials along with steel, stainless
steels and Ti alloys. During FSW of HST materials, the tool encounters extreme
adverse conditions of high temperature and flow stresses which eventually leads to
tool wear [121,122]. The FSW of NiTi at the tool rotational speed of 1000 rpm
generated high temperatures up to 922°C in the stir zone [123]. Fig. 3.21 shows the
densimet tool after a welding length of 70 mm. A change in tool configuration with

reduced pin height and adhesion of NiTi material to the shoulder region was clearly
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evident. The tool pin is structurally weaker than shoulder due to the characteristic
slender shape and its complete immersion in the workpiece during welding. The pin
experiences substantial wear and deformation due to the severe bending and
torsional stresses resisting the stirring and translational motion of the tool [124]. The
tool degradation or wear usually starts in the initial plunging and dwelling phase
itself. During plunging, the tool pin experiences a sudden increase in axial force and
transverse shear stresses. A very high axial force of around 12 KN was recorded
during welding of NiTi. Due to the small pin diameter of 5 mm, the stress would

have developed beyond yield strength leading to severe plastic deformation of the
pin.

| Damaged
- Pin

Fig. 3.21: Densimet tool with damaged pin after welding

3.8 Phase transformation behaviour of the weld

Differential scanning calorimetry (DSC) is a thermal analysis technique which
gives information on the change of heat capacity with respect to temperature. The
heat flow to the sample of known mass will be compared with a standard sample at
the specified heating/cooling rate. The change in heat flow will give information on
melting, glass transition, phase transformation, curing etc. It’s a popular
characterization technique used in sectors such as pharmaceuticals, food, paper,
agriculture, and electronics. Since, the NiTi alloy undergoes solid state phase
transformation; DSC can be used to find the phase transformation temperatures.

Samples were cut from nugget, retreating side and advancing side of the weld
joint (Fig. 3.22) for studying the phase transformation behaviour using DSC. The
phase transformation behavior was studied using Netzsch-DSC214 Polyma DSC

machine at a heating/cooling rate of 10°C/min with a constant flow of nitrogen.
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Advancing

Fig. 3.22: Schematic of the DSC sample regions (A-Nugget, B-Advancing side
and C-Retreating side)

The DSC curves of the base metal and the weld nuggets at different tool
rotational speed are shown in Fig. 3.23. As, Ar, Ms and Mg are the austenite-
martensite start and finish transformation temperatures. These transformation
temperatures are given as an inset in Fig. 3.23. The DSC curves of base metal and
weld nuggets at 800 and 1000 rpm depict the exothermic peaks during the forward
transition from austenite to martensite (B2>R->B19’or B2->B19) on cooling.
Further, they depict the endothermic peaks during the reverse transition from
martensite to austenite (B19 >B2) on heating. Fig. 3.21d shows the DSC curve of
the weld nugget at 1200 rpm during heating and cooling cycles. The transformational
temperatures of the base metal and weld nugget of 800 rpm were very close to each
other. However, the martensite transformation temperatures (Ms and My) of weld
nuggets of 1000 have increased after welding. Fig. 3.24 and 3.25 shows the DSC
curves of advancing and retreating side of the weld at different tool rotational speeds.
The phase transformation temperatures of both sides of weld at 800 rpm were close
to the base metal. But the martensite transformation of both sides of the weld at 1000
rpm has shown a drift towards the positive direction. In case of the weld at 1200
rpm, the transformations are different and unusual from the base metal and the other
welds. So, these transformations are represented as T and Tf during heating and
cooling cycles respectively. This unusual pattern could plausibly due to

microstructural heterogeneities and tool inclusions across the weld regions.
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The hysteresis due to dissipative work is the interval between heating and
cooling transformations i.e. |As - Mf| and |Ms - Af| [125-127]. The hysteresis for
the base metal and the weld at different rotational speed is given in Table 1. The
hysteresis (As — Mg) has reduced for weld at 1000 whereas increased for the weld

produced at 800 rpm.

Table 3.4 Hysteresis of the phase transformation behaviour at different weld

regions
Weld region Process conditions |As — Mf| (°C)
Base metal 56
800 rpm 64
Nugget 1000 rpm 46
1200 rpm -
800 rpm 61
Advancing side 1000 rpm 58
1200 rpm -
800 rpm 59
Retreating side 1000 rpm 43
1200 rpm -

3.9 Summary

The friction stir welding of NiTi alloy was successfully carried out with high
capacity machine. The selection of tool material and the geometry has been
discussed. The complete process parameters required to weld NiTi alloy using FSW
was explored. The dynamic crystallization has happened in the weld and which has
enabled better yield strength for the weld at 1000 rpm. Detailed investigations have
been performed for analysing the phase transformation behaviour across the welds.
Interestingly, the composition analysis revealed close composition compatibility
with the base metal. Tool wear seems to be the important problem which has to be

addressed to further explore the possibilities in FSW of NiTi alloys.
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Chapter 4

Elucidation on Temperature Distribution and Strain
Rate during Friction Stir Welding of NiTi using

Finite Element Analysis

4.1Introduction

As we know, FSW is a thermomechanical process where frictional heat and
plastic deformation acts simultaneously to weld the work material together. During
welding, the plastic flow of the material around the tool is affected by the strain rate
(rate of plastic deformation) and flow stress of the material. The peak temperature,
temperature distribution and strain rate are significantly influenced by the tool
rotational speed. So, it is important to understand the conditions of temperature and
strain rate during welding in order to corroborate the changes with the weld
properties. Usually, temperature during FSW will be measured by embedding
thermocouples into the region near to the weld. Since, the NiTi alloy is very hard,
drilling holes for thermocouples was not compatible. In case of thermocouple
method, only the maximum welding temperature can be found and the temperature
gradients existing across the weld region cannot be ascertained. Hence, the finite
element analysis is used to predict the peak temperature and temperature distribution
across the weld region. Furthermore, the velocity fields and strain rate signifying the
material flow have been evaluated. The FSW of NiTi alloy was simulated using

Comsol Multiphysics 5.3a based on finite element method.

4.2 Finite element analysis for maximum temperature and

temperature distribution during welding
4.2.1 Modelling and analysis set up

During FSW, the heat is generated due to interaction between the
shoulder/workpiece and pin/workpiece interfaces. The tool pin may contribute up to
20 % of the total heat generated during welding [47,48]. However, in most of the
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models, the heat generation due to tool pin/workpiece was neglected [79,85,128].
Here, the model used for the study was based on the work done by Song et.al [129].
In this model, the heat input from both the tool pin and shoulder was considered.
Based on the same model, the temperature distribution during FSW of stainless steel
and aluminium was reported [128,130].

The dimension used for simulation was 100 mm x 40 mm x 1.2 mm with
infinite domains along the X-axis. The welding process parameters and the material
properties of tool and work piece have been used for simulation. The governing
equation of heat generation in pin-workpiece (Qpin) considering the evolution of heat

due to shearing of the workpiece and friction is given by,
2y —

in = Y R
Qp M) 4.1)

The heat generation at the shoulder-workpiece (Qqnouder) iNterface is given by,

I:n
shoulder — 275/1 E Rsn (42)

Where p-coefficient of friction, Re-shoulder radius (mm), Fp-plunge force (kN),

Agsn-surface area (mm?), n-tool rotational speed (RPM), Y -average shear stress of
the material (MPa) and R,-pin radius (mm).

Upon heat generation due to the rotation of the tool, the heat will transfer from the
vicinity of the weld to the surrounding via both convective and radiative mode of
heat transfer. The governing heat transfer equations for conductive heat transfer in
the material (Q) and convective-radiative heat transfer from the workpiece is given

by the following equations.

pCou. VT = V. (kVT)+ Q (4.3)
Q=hA(T,-T) (4.4)
Q=0 (T04 ) -|—4) (4.5)
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Where p-density (Kg/m?), Cp-specific heat (J/Kg K), u-welding speed (mm/min), k-
thermal conductivity (W/m K), h- heat transfer coefficient (W/m? K), A-surface area
of exposed surface (mm?), e-surface emissivity, o-Stefan-Boltzmann constant and
To-ambient temperature. At the tool shoulder and tool pin, the heat flux boundary
condition with the workpiece interface is given by the equation 4.1 and equation 4.2
respectively. The boundary surfaces exposed to the surrounding atmosphere is
subjected to convective and radiative heat transfer as given by the equation 4.4 and
4.5. The symmetry boundary condition is assumed at the contact between the two
plates. At the initial time t=0, the temperature of the plate is equal to the ambient

temperature.
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Fig. 4.2: Finite element mesh for FSW of NiTi alloy

4.2.2 Temperature distribution at different tool rotational speed
The temperature distribution at different tool rotational speed is shown in Fig.

4.3a-c. The increase in tool rotation speed has increased the maximum temperature
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during welding. This is due to the fact that higher rotational speeds generates more
heat due to friction and leads to intense stirring and mixing of the material in the
weld zone. The FSW at 1200 rpm has shown a highest temperature of 1094°C. The
maximum temperature was recorded in the edge of the pin on the advancing side. In
the advancing side, the tangential velocity vector and the forward velocity vector acts
along the same direction. Hence, the advancing side has shown higher temperature
than the retreating side for all the tool rotational speeds.

Temperature in Celsius

20 -10 10 20

Distance from weld centre (mm)

20 -10 10 20

Distance from weld centre (mm)

Temperature in Celsius

-20 -10

Distance from weld centre (mm) 10 20

Fig. 4.3: Temperature distribution during FSW of Nitinol a) Weld at 800 rpm
b) Weld at 800 rpm and ¢) Weld at 800 rpm
The schematic of the temperature probe across the weld region is shown in Fig. 4.4.
The temperature of the weld at different points across the weld viz. nugget centre (NC), peak
temperature (PT), advancing side (AS) and retreating side (RS) is shown in Fig.4.5.
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Fig. 4.4: Schematic of temperature probe at different locations across the weld
region-nugget centre (NC), peak temperature (PT), advancing side (AS) and
retreating side (RS)
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Fig. 4.5: Comparison plot showing temperature at different locations of the

weld

The simulation has been validated based on the temperature recorded during
welding using a non-contact infrared thermometer. High temperature infrared
thermometer (Testo-835-T2) having a capability to measure temperature up to
1500°C was used for the temperature measurements. During measurements, the
region in the welding zone close to the rotating pin was focused (emissivity-0.9).
The maximum temperature was measured for the rotational speeds viz. 800 rpm,
1000 rpm and 1200 rpm. From the measurement, it was found that the real time
temperature measurement values had slight variation and a difference of (£30°C)

existed between the simulation and the infrared thermometer measurements. This
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deviation could be attributed to the heat loses and other discrepancies during

experiments.
4.3 Finite element analysis for strain rate during welding

The model used for simulation is based on the work done by Saha et al. [131].
The 3D model was created in a cartesian coordinate system which consists of NiTi
sheet of dimension 100 mm x 40 mm x 1.2 mm. In the middle of the 3D model, the
densimet tool was configured with the material properties. For the modelling, the
temperature dependant properties and contact condition between the tool and the
work material has been utilized. In order to simplify the process modelling and to
avoid unnecessary complications, the weld material was assumed to be moving in
backward direction (In actual process, the tool moves in forward direction). Fig. 4.6

and 4.7 shows the 3D model and meshed geometry respectively.

z

Y\L,X

Fig. 4.6: 3D model used for simulation of strain rate with tool in the centre

of the section
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Y\f,x
Fig. 4.7: Meshed geometry of the 3D model

The work-piece material is idealized as a fluid. The Navier-Strokes application
for an incompressible fluid flow is followed to do the flow modelling. It is defined

for a variable viscosity and constant density. The momentum balance equations is
]
== Vn(Vu+ (Vu)") + p(w.V)p + Vp = F (4.6)

Where 7 is the dynamic viscosity, u is the velocity vector, p is the density, p is the

pressure and F is the body force term.
The continuity equation for incompressible fluids is

The modelling of the rotation of tool is done by following rotational velocity in x
and y axis. These equations are applied to boundaries between the tool face and the

work piece.

4.8
Upot = —UX*Y (48)

Upot = ~U*X (4.9)

The x and y velocity vectors are generated at every point by these equations on the
boundary which depends on the distance from the tool centre. This rotation spreads
throughout the plate. Therefore, under a given viscosity, combining the effects of
transverse speed and rotational speed, an internal velocity is generated.
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The material property correlating the flow stress and the strain rate is viscosity which

is defined as:

O¢

H=3 (4.10)

where a,is the effective stress or the flow stress as defined as

1
1 ., _ Z\n
g, = - sinh 1 [(X) l (4.11)
And ¢ is the effective strain rate, defined as

£ = A(sinao)"exp (g) (4.12)

Where Z is the Zener-Holloman temperature, Q is the temperature independent

activation energy, R is the gas constant, a, A and n are model constants.

In the present model, the Carreau viscosity phenomenon is used as an alternative

way to implement the non-linear viscosity behaviour of the material.

(m-1)
2

N=1Nw+ Mo —No) [1 + (y)lexp (%))21 (4.13)

Where 7, is the infinite shear viscosity, n, is the zero shear viscosity, y is the shear
strain rate, A is the time constant, T, is the reference temperature, m is the power law

index for non-Newtonian fluid.

The material flow due to tool movement can be analysed by understanding
the velocity fields and the strain rates during welding. Fig. 4.8 shows the velocity
fields around the tool pin at different tool rotational speeds. Due to the increase in
tangential velocity vector at higher rotational speeds, the velocity fields of the
material flow increases. It can be clearly seen that the maximum values of the
velocity flow has increased at increasing tool rotational speeds. The velocity fields at
800 rpm, 1000 rpm and 1200 rpm were 14.2 mm/s, 14.6 mm/s and 15.1 mm/s
respectively.
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Fig. 4.8: Evolution of velocity fields around the tool pin at different tool
rotational speeds a) 800 rpm, b) 1000 rpm and c) 1200 rpm
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Fig. 4.9 shows the strain rates at different tool rotational speeds. It is observed that
the middle section lying close to the pin region has maximum strain rates and the
strain rate reduces away from the pin. Along the pin edges, the strain rates were
higher because the material flow close to the pin region will be significantly
influenced by the tool rotation. The influence of tool rotational speed on strain rate is
represented in Fig. 4.10. The strain rate increases linearly with the tool rotational
speed. At higher tool rotational speeds, the temperature and velocity increases which

eventually increases the strain rates.
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Fig. 4.9: Strain rate distribution during welding at different tool rotational
speeds a) 800 rpm, b) 1000 rpm and ¢) 1200 rpm
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Fig. 4.10: Variation of strain rate with respect to tool rotational speed

4.4 Influence of welding temperature and strain rate on weld
properties

The temperature data from the simulation further corroborates the DSC results
and microstructural results i.e. with increasing rotational speed the material is
subjected to higher temperatures results in coarsening of grains leading to greater
drift in transformational temperatures. Further, drift in transformational temperatures
within a weld can be attributed to variation in temperature and strain rates
experienced by each region. As it was seen from the microstructures (Fig. 3.14) of
welds at different tool rotational speeds, grain size of the weld varied considerably.
Further, it can be assumed that the dislocation density and the residual stress of the
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weld at a particular tool rotational speed will be different. As phase transformational
behaviour is sensitive to dislocation density, grain size and residual stress, the
friction stir welded NiTi has exhibited a drift in phase transformational temperatures
[2]. Due to high plastic deformation in the nugget zone, the temperature rise is
comparably higher than the advancing and retreating sides [47,108]. However, the
zones next to the stir zone i.e. both TMAZ and HAZ experiences low to negligible
plastic deformation and lower temperatures than the stir zone. Hence during FSW, an
inherent asymmetry in temperature and strain rate exits across the weld. Typically,
the advancing side encounters higher temperature and strain rates than the retreating
side [132]. This asymmetry in the temperature and plastic deformation across the
weld regions may cause difference in dislocation density and residual stress which
has led to change in phase transformation temperatures in different weld regions
[117].

4.5 Summary

The peak temperature and temperature gradient existing across the weld regions
have been evaluated using FEA. Since, the material flow plays the important role in
FSW, the strain rate controlling the flow has been evaluated for different tool
rotational speeds. The information on the temperature distribution and strain rate has
given better insight in to the FSW of NiTi alloy. At the tool rotational speed of 1200
rpm, the highest peak temperature was predicted which accounts to around 83.5 % of
the melting point of the NiTi alloy. Similarly, the higher strain rate of 226 s™ was
observed for the welding at 1200 rpm.
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Chapter 5

Evaluation of smart functional Capabilities and
Thermomechanical Behaviour of the Friction Stir
Welded NiTi alloy

5.1 Introduction

The welding will induce changes and alter the properties in the welded region.
These changes in the weld properties may affect the performance of the structures
during deployment in applications. The material characterization techniques may
provide information about the influence of welding on microstructure, phase
transformation behaviour, mechanical properties etc. However, with respect to
application perspective, it is important to evaluate the functional capabilities of the
welded structure. In this chapter, functional properties such as tensile cyclic
behaviour, thermomechanical actuation behaviour and damping characteristics have
been investigated. The thermomechanical behaviour has been studied using two
different actuation methods namely electrical and laser actuation. In addition, the
influence of environmental perturbations on the thermomechanical behaviour of the

welded strip has also been studied.
5.2 Sample preparation for the analysis

Since, the friction stir weld made at 1000 rpm has yielded better mechanical
properties; it has been used to study the smart capabilities. The welded samples were
annealed at 475°C for 1 hour and then furnace cooled to room temperature.
Annealing has converted the welded NiTi from superelastic state to shape memory
state i.e. from austenite to martensite at room temperature. Fig. 5.1 shows the phase
transformation behaviour of the welded NiTi alloy after annealing. The austenite
transformation has moved above room temperature after annealing. The austenite
start (As) and finish (Af) phase transformation temperatures were 37°C and 60°C

respectively.
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Fig. 5.1: Phase transformation behaviour of the welded NiTi after annealing

5.3 Tensile loading/unloading of the weld

Both tensile test until fracture and cycling tests were performed using the
Instron-5967 at a strain rate of 10> s™. The sample of dimension 65 mm x 4 mm x
1.2 mm having weld in the centre was used for the tensile test. Fig. 5.2 shows the
tensile testing plot of the weld till fracture. Average tensile strength and elongation
to fracture of the weld was found to be 605 MPa and 7 % respectively. Fig. 5.3a
shows the tensile cycling at 2.5 % strain. The maximum stress was around 320 MPa
and the residual strain increased with number of cycles. Fig. 5.3b shows the cyclic
behaviour at different strain percentages. The maximum stress was 495 MPa and 590
MPa for 3.5 % and 4.5% strain respectively. At 2.5 % strain, the weld lasted up to 7
cycles. However, the weld has failed during the second cycle for higher strain

percentages.
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Fig. 5.2: Engineering stress-strain curve of the welded NiTi alloy
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Fig. 5.3: a) Tensile cyclic test at 2.5 % strain and b) Tensile cyclic test for

different strain percentages

5.4 Dynamic mechanical analysis of welded samples

The dynamic mechanical behaviour of materials can be explained easily with
the theory of bouncing balls. The bouncing behaviour of balls is greatly influenced
by the viscoelastic properties of the ball material. Fig. 5.4a shows the bouncing of
two balls. The red ball bounces up to 80% of the dropping height. However, the
black ball has lifted only up to 20% of the dropping height. The red ball possesses
good elasticity and has capability to absorb kinetic energy in the form of deformation
energy and gives back during bouncing. In case of black ball, the deformation energy
will be liberated as heat energy [133]. Since, energy has been lost in form of heat,
the black balls lacks energy to bounce back and recorded a much lower height than
the red ball. The material property responsible for this type of behaviour is the
modulus of elasticity or Young’s modulus. It has two components viz. storage
modulus describing the energy storage capacity and loss modulus relating to
dissipative heat energy. The ratio between the loss modulus and the storage modulus
is called loss factor (tan 8). The concept of dynamic mechanical analysis (DMA) is
shown in Fig.5.4b. A sinusoidal oscillatory deformation will be applied (stress or
strain) to the sample. Then the material response will be measured (strain or stress).
The phase shift (8) between the deformation and response will be used to calculate

the storage and loss modulus.
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Fig. 5.4: a) Concept of loss and storage modulus and b) Dynamic mechanical

analysis

The sample for DMA was cut from the centre of the weld (red colour) as
shown in Fig. 5.5. The sample covers the complete FSW zone in the centre. The
dimensions of the sample are 40 mm x 10 mm x 1.2 mm. The DMA analysis was
performed in a 3 point bending mode using Perkin EImer 8000 machine. The testing
was done from room temperature 32°C to 120°C at three different frequencies 1 Hz,
10 Hz and 20 Hz. The stress amplitude was 1.5 N with a strain of 0.05 mm. The
experiments were carried out in temperature sweep mode while keeping the

frequency and the amplitude of deformation as constant.

Fig. 5.5: Schematic showing sample location from the weld

The DMA of the welded sample has been compared with the base metal. The
DMA of sample at 10 Hz is shown in Fig. 5.6. Before the evolution of peak, stable
martensite will be present. The increase in temperature initiates the evolution of peak

due to the transformation of martensite to austenite. At the highest point in peak, the
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combination of two phases will be present. After reaching the As temperature, the
peak completes and beyond which complete austenite will be present. This peak
represents the loss of energy in the form of heat. The sample after welding has
showed damping ability as clearly seen from the Fig. 5.6b. However, the hysteresis
of the peak has been reduced after welding. The hysteresis of the storage modulus
and tan J lies in the temperature range as depicted in the DSC curve Fig. 5.1. The
sample has demonstrated damping capabilities at all the tested frequencies as shown
in Fig. 5.7 and 5.8. The storage modulus and the damping capacity at room
temperature have been plotted as the function of frequency in Fig.5.9. The storage
modulus decreases while the damping capability increases with the increase in
frequency. Irrespective of the frequency, the damping ability of the weld at room
temperature was lesser than the base metal. The reduced damping ability of the weld
could be attributed to changes in micro defect density, dislocation density etc. after
welding [134-137].

a
55 »10,2_ - D)3 ox10%
3.9x —— Before welding Weld at 10 Hz
—— After welding 2.0x1019
2 E IX
& 3.6x10" =
P Z 2.9x10"
= s
'g 3.3x10" -g 2.8x10" 1
g 3.3 =28
= &
) & 2.8x10"
£ 3.0x10" A e
e @»n
@ 2.7x10" A
2.7x10" A 2.éxion-
20 40 60 80 100 120 20 40 60 80 100 120
Sample Temperature (°C) Sample Temperature (°C)
C
0 020)_ Before welding
: —— After welding
0.015
w0
=
<
b=
0.010
0.005
v o ey
20 40 60 80 100 120

Sample Temperature (°C)
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5.5 Hot plate actuation of the welded structure

A strip of dimension 65 mm x 2 mm %x1.2 mm was cut across the weld and
used for hot plate actuation. The same type of sample has been used for studying the
thermomechanical behaviour through electrical actuation (Joule heating) and laser
actuation. Since the sample was annealed at 475°C in a straight position after
welding, the flat shape becomes the trained shape of the sample. The sample used for
actuation studies is shown in Fig. 5.10. Strain was imposed in the welded sample to
bend in a U shape. The bending was performed inside the ice bath which ensures
martensite state during bending. After bending, the sample was actuated on a hot
plate held at 65°C or 75°C. These temperatures were chosen as it was above the
austenite finish temperature of the sample. The sample was not disturbed until

imposed strain was completely recovered.

{ @ \:\\\\\&\\l\\é‘?

Fig. 5.10: Schematic of the sample used for actuation studies

The snapshots during strain recovery are shown in Fig. 5.11. The load applied
for bending will convert the sample from twinned martensite into detwinned
martensite. On heating, austenite transformation starts and the sample will return to

initial straight position.
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Fig. 5.11: Photographs of the sample during hot plate actuation

The actuation was quantified using recovery angle, which is the angle between
two tangents drawn 5 mm from the weld centre on either side. The schematic of
angle measurement and recovery angle vs time plot are shown in Fig. 5.12. The
recovery angle was measured using the AutoCAD software from the images
acquired during actuation. The method of angle measurement was similar to the
method reported by J. P. Oliveira et al. [75]. When the hot plate was maintained at
65°C, the duration for complete strain recovery was noted to be 27 seconds.
However, the hot plate at 75°C has reduced the recovery time to 13 s due to higher

heating rate experienced by the sample.
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Fig. 5.12: a) Schematic of angle measurement and b) recovery angle as a

function of time

5.6 Thermomechanical behaviour of welded structure using

electrical actuation

5.6.1 Thermomechanical behaviour setup

The sample was mounted in the cantilever configuration with the bias load (50
g or 100 g) attached to the free end (Fig. 5.13). Before mounting in the cantilever
configuration, the sample possess twinned martensite phase at room temperature.
The application of bias load to the free end of the sample will apply deformation
force and transform the sample to detwinned martensite phase. The minimum and
maximum stress required to deform the material is called de-twinning start stress

(os) and de-twinning finish stress (oy) respectively.

Upon supply of electricity, the temperature of the sample increases above the
austenite start temperature due to Joule heating. This temperature rise enables the
solid state phase transformation of sample from detwinned martensite to high
temperature austenite phase. Due to the phase change, the sample lifts up against the
bias load. After a particular heating time, the electricity was cut off which in turn set
the cooling of the sample. During cooling, the phase transformation from austenite to
twinned martensite happens. Simultaneously, the bias load lowers down the sample

and thereby induces detwinning martensite phase in the sample. Thus, the
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thermomechanical setup helps in understanding the cyclic behaviour of the welded

sample.
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Fig. 5.13: Schematic showing the thermo-mechanical actuation of welded strip

The electricity required for actuation was supplied using a programmable
power supply. The change in displacement during electrical stimulation (Joule
heating) was measured using laser displacement sensor (LDS). The LDS data was
logged using data acquisition system and a computer. Fig. 5.14 shows the sample

configuration and components used for thermomechanical setup.

Computer with
a) b) Labview

software

Programmable
power supply

Fig. 5.14: a) Schematic of sample configuration used for thermomechanical
behaviour and b) Schematic representation of the components used for

thermomechanical behaviour
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5.6.2 Influence of current on actuation behaviour

In case of electrical actuation i.e. Joule heating, the current is the key factor
determining the heat generation. Here, the voltage was kept constant at 14 V and the
current has been varied to study the thermomechanical behaviour. The current less
than 3 A were unable to actuate the sample against the load. Also, the current above
5 A has created fumes/sparks in the crocodile clip connection to the sample. So, the
optimum current values in the range 3-5 A have been used for the actuation. For each
current value, three different heating times has been selected. The actual photograph
of the sample with the bias load and thermal image during actuation is shown in Fig.
5.15. The temperature during actuation was evaluated using thermography camera
(FLIR ONE thermal imager).

Fig. 5.15: a) Actual photograph of the sample with bias load and b-c) Thermal

image during actuation at 3 A and 5 A respectively.

The displacement change during actuation was plotted as the displacement vs
time graph for different current, heating time and cooling time (Fig. 5.16). The
heating cycle enables increase in displacement with respect to time. The input
current determines the maximum displacement and the rate of displacement of the
sample against the bias load. When the electric supply is switched off, the cooling
cycle initiates and the displacement begins to drop due to heat loss to the
surrounding. On reaching the initial positon, the electric supply will be powered
again to initiate the subsequent cycles. The higher current provides high heating rates
and the effect is clearly reflecting in the heating curve i.e. the heating curve of 4 A

and 5 A is almost straight. However, the heating cycles at 3 A displayed increase in
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displacement with positive slope. The displacement against the bias load 50 g was

higher than the displacements against 100 g for all the actuation conditions.
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Fig. 5.16: a-i) Time vs. displacement graph during actuation at different

currents

The comparison plot showing the maximum displacement, actuation speed and
maximum temperature at different current is shown in Fig. 5.17. The actuation at
higher currents has recorded higher displacements in a short period of time. A
maximum displacement of 10.9 mm, 14.7 mm and 17.8 mm were attained for 3 A, 4
A and 5 A respectively. The maximum temperatures at actuation current of 3 A, 4 A
and 5 A were 37.9°C, 56.5°C and 77.6°C respectively. These actuation temperatures
corroborate with the phase transformation temperature range as seen from the
heating curve of the DSC plot (Fig. 5.1). The actuation speed is a crucial parameter
defining the agility of an actuator. The actuation speed is the ratio of the
displacement recovered to the heating time. The higher currents have recorded
higher actuation speeds during actuation.
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Fig. 5.17: Maximum displacement, speed of actuation and maximum

temperature during electrical actuation

The high speed camera images during actuation at 5 A different time frames
are shown in Fig. 5.18. It clearly depicts the lifting up of the welded sample against
the load during electrical actuation.

Time-5 s

| Time-15 s

Fig. 5.18: Images taken using high speed camera (Photron fastcam miniux)

during actuation at 5 A
5.6.3 Life cycle behaviour of the weld

The life cycles were performed at 5 A actuation current with a heating and
cooling time of 5 s and 15 s respectively. The analysis was conducted up to 300
cycles and the samples didn’t show any sign of failure. There was no significant
reduction in displacements over the increase in the number of cycles. This ensured
the quality of the weld during actuation against the bias loads in cantilever

configuration.
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Fig. 5.19: Life cycle behaviour of friction stir welded NiTi through electrical

actuation

5.6.4 Influence of perturbations on the actuation behaviour of the SMA

structure

The actuation of the shape memory alloy structure depends upon various
factors such as phase transformation temperatures, medium or method of actuation
(hot water, oil, electrical or laser), ambient temperature, air flow etc. The
understanding of actuation behaviour i.e. the power requirement, frequency of
actuation etc. with respect to environmental perturbations is crucial for practical
actuator applications. However, to the best of our knowledge, the influence of
environmental disturbances such as ambient temperature and air flow velocity on the
shape memory effect was not explored yet. In this study, an attempt has been made
to evaluate the influence of ambient temperature and air flow velocity on the
actuation characteristics of welded nitinol SMA. Using finite element method
(FEM), the influence of environmental perturbation on the actuation characteristics
of welded nitinol has been simulated. The change in actuation characteristics with

respect to ambient temperature and air flow velocity is described in detail.
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Fig. 5.20: Heating and cooling cycles during electrical actuation at 3 A

Fig. 5.20 shows the displacement of the SMA strip during heating and cooling
cycles. A maximum displacement of 10.9 mm was attained at a current of 3 A
against the 50 g bias load. The simulation was done to get the maximum temperature
of 40°C with variation in current against the environmental perturbations. Comsol
Multiphysics 4.3a was used for simulating the mentioned conditions. The governing

equations of the FEM are given in the following.

The heat generation in the sample during electricity supply is given by,
J=0E 1)
=-pV )

Where J - Current Density, E - Electric Field, V- Electric potential.

The heat transfer due to conduction and convection is given by,

pCuVT +V.q=Q @)
q=-krr (4)
Q = hAdT (5)

Where p-density of the sample, C.specific heat, u-velocity of flow, k-thermal
conductivity, A-exposed surface area and h¢-convective coefficient.
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The Navier-Stokes and continuity equation governing the fluid motion is given by,

p(U.V)u = V.[- pl + u(Vu+(Vu) )] + F (6)

pV(u)=0 (7)

Where u- fluid velocity, p-pressure applied to the fluid, p-density of fluid, I-identity

matrix, F-external force and x-dynamic viscosity of fluid.

The meshed model of the sample and the flow domain is shown in Fig. 5.21a. The
model was solved for the required actuation temperature against the variation in
ambient temperature and airflow velocity. The temperature distribution of the sample
and the effect of perturbations are shown in Fig. 5.21b and 5.22. A linear relationship
between the required current against ambient temperature and air flow velocity was
observed. The decrease in temperature has linearly increased the required current for
actuation. Highest current of 6.9 A was required to get the actuation temperature at
-5°C ambient temperature. In case of higher air flow of 15 m/s, the sample needs 6.8
A to actuate. The decrease in ambient temperature or increase in airflow velocity
leads to increase in heat transfer from the sample. Due to the increased heat transfer

from the sample, the sample drains more electrical energy for actuation.

a)

V¥ 249 3 A 403
25 30 35 40

Fig. 5.21: a) Meshed model used for the simulation and b) Temperature

distribution during heating cycle
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Fig. 5.22: Influence of flow velocity and ambient temperature on the actuation

behaviour

5.7 Thermomechanical behaviour of welded structure using laser

actuation

Based on the preliminary experiments mentioned in chapter 2, the laser
actuation of the welded sample has been carried out. The details of laser, the
scanning method and other details about the actuation methodology can be found in
the section 2.6. The thermomechanical setup given in Fig. 5.13 remains the same
along with laser beam acting as the heating source for actuation. The schematic of
the laser actuation is given in Fig. 5.23. The laser powers in the range 10 to 50 W
was used for actuation of the sample loaded with bias loads 50 g or 100 g. The
number of passes required for actuation at different laser power varies. The number
of passes for different power was selected based on the saturation of displacement at
particular pass. For example, at laser power 10 W against the bias load 50 g, 13
passes were required for actuation i.e. even if the number of passes were increased
above 13, the displacement remains constant. Fig. 5.24 shows the actual photograph

of the sample before actuation and thermal images during actuation.
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Fig. 5.23: Schematic of the experimental setup used for the laser actuation of
welded NiTi alloy

| B !
Fig. 5.24: a) Actual photograph of the sample before actuation, b-c) Thermal

image of the sample during laser actuation at 20 W and 40 W respectively

The maximum displacement, required number of passes and time of actuation
against the laser power is given in Fig. 5.25. In case of 50 g bias load, the minimum
and maximum displacements were 20 mm and 28 mm for laser power 10 W and
above 20 W respectively. As seen from the Fig. 5.25a, the displacement above
specific power has been saturated. The displacement was saturated at 28 mm and 20
mm against 50 g and 100 g bias loads respectively. However, the number of passes
and heating time required to attain the maximum displacement at particular laser
power differs. So, in order to need to attain 28 mm displacement in a short time, then

the higher power 50 W will be preferred. The minimum and maximum number of
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passes required for actuation was 3 and 15 for laser power 50 W and 10 W
respectively (against 100 g bias load). The heating time i.e. time required for
actuation has followed the same trend as of required number of passes. The
minimum and maximum time required for actuation was 4.5 s and 22.3 s for laser

power 50 W and 10 W respectively (against 100 g bias load).

a)
- 30
g
£
o
g 25
=
o
o
o]
= 20
=
=
E 15 -
£ ——————
= —&— Bias load 50 g
= 101 —®—Bias load 100 g
10 20 30 40 50
Laser Power (W)
b) 16 24
—a—Biasload 50g || © —=— Biasload 50 g
14 4 —&— Bias load 100 g —&— Bias load 100 g
|z 20
g 124 S
& = 164
£ 104 *3
— =
e e
g 84 & 12
o
6- E
= 8
4 <
2 . . . ; ; - . . . .
10 20 30 40 50 10 20 30 40 50
Laser Power (W) Laser Power (W)

Fig. 5.25: a) Maximum displacement during laser actuation, b) Required
number of passes for actuation at different powers and c¢) Time required for

actuation at different laser powers

The comparison between the actuation speeds of electrical and laser actuation is
shown in Fig. 5.26a. The laser actuation at 50 W against 50 g bias load has
recorded the highest actuation speed of 342 mm/min. The laser actuation speeds
were higher than the electrical actuation speeds due to the associated higher
actuation temperatures experienced by the sample as shown in Fig.5.26b. The laser
actuation is highly impulsive than the electrical actuation and the rate of heat
generation is higher than the electrical actuation. Overall, the laser actuation has

yielded better actuation characteristics compared to electrical actuation. Few
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shortcomings of the laser actuation are viz. i) Due to laser scanning, the laser spot
moves along the length of the sample which have led to a jerky behaviour during
lifting up against the bias load i.e. heat distribution or temperature in a particular
region of the sample at an instant varies and ii) In case of laser actuation of strip
(Fig. 5.23), the focal point of the laser spot changes during the lifting up of the
sample i.e. region near to holder is at higher height than the region near the bias
load. So, during scanning variation in heat generation might happen. Fig. 5.27
shows the high speed camera images taken during laser actuation at 50 W. The
movement of laser beam is clearly visible in Fig. 5.27a-b. The impulsive nature of
the laser actuation is clearly visible from the time frames of the images.
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Fig. 5.26: a) Comparison of actuation speeds during electrical and laser

actuation and b) Maximum temperature during laser actuation
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Fig. 5.27. High speed camera images during laser actuation at 50 W
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5.8 Summary

The functional capabilities such as tensile cycling, damping properties and
thermomechanical behaviour of the welded NiTi alloy have been investigated. The
damping properties were retained after welding with reduced hysteresis compared to
base metal. The actuation ability of the welded strip has been evaluated using
bending-recovery method. The bended sample was able to recovery the imposed
strain in short period of time. In case of all the actuation methodologies (hot plate,
electrical and laser), the heating rate and the resultant temperature plays the
important role in the actuation behaviour of the NiTi alloy. With respect to the
actuation methods, the influence of critical parameter on the actuation behaviour has
been explored in detail. The laser actuation using the scanning method has shown

higher displacements due to the associated the higher temperatures during actuation.
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Chapter 6

Investigations on the Corrosion Characteristics of
Friction Stir Welded NiTi  Alloy using

Electrochemical Corrosion Testing

6.1Introduction

Besides the bulk mechanical properties, the surface characteristics play a
significant role in deciding the applicability and performance of the material.
Welding significantly affects the corrosion resistance of a material due to the
changes in microstructure, distribution of inclusions, residual stress etc. NiTi SMA is
employed in corrosion prone areas such as bio medical (physiological environment)
and offshore oil/drilling fields (sea water or fracking fluid environment) [10,138].
Hence, it is extremely important to understand the corrosion behaviour of the welded
NiTi to ensure stability and longevity of the structure. In this chapter, the
electrochemical corrosion testing of welded NiTi alloy at different tool rotational

speeds are discussed in detail.
6.2 Electrochemical corrosion testing

The samples of dimension 10 mm x 10 mm x 1.2 mm has been cut using
wire electrical discharge machine from the weld zone of friction stir welded NiTi
alloy at 1200 rpm. The sample was polished using SiC papers of various grades up to
1200 grit to remove flash or unwanted protrusion formed during welding. Both base
metal and FSW samples were degreased in ethanol in an ultrasonic cleaner for 15
min. Then the samples were cleaned with distilled water and dried. Electrochemical
measurements were carried out using GillAC potentiostat supplied by ACM
instruments. The three electrode method was used where platinum acts as the counter
electrode, Ag/AgCI (3 mol/1 KCI) as reference electrode and the NiTi samples as the
working electrode. 3.5 wt % NaCl in de-ionized water was used as the test

electrolyte. The schematic of the electrochemical corrosion testing is shown in Fig.
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6.1. To evaluate the stability of the potential in the open circuit condition, each
sample was immersed in the electrolyte for a period of 24 hours. Then
electrochemical impedance spectroscopy (EIS) was measured in the frequency range
of 10* Hz to 0.1 Hz with the sinusoidal amplitude of +10 mV. The first scan was
performed at 5™ minute, followed by consecutive scans till 24 hours (1%, 39, 6™, 12"
18™ and 24™ hour). The EIS spectra was modelled with electrochemical equivalent
circuits (EEC) and fitted with the complex non-linear least square method using
Zview™ software to analyze the impedance behaviour. Finally, the potentiodynamic
scan was done at a scan rate of 1 mV/s in the range from -300 mV to 3000 mV with
respect to OCP.

Potentiostat

N 1 7
. 1] pC
Working Electrode /
(NiTi sample) l
Counter Electrode (Pt)
Reference Electrode
3.5% NaCl Solution (Ag/AgCl)

Fig. 6.1: Schematic of three electrode electrochemical setup used for

corrosion testing
6.3Electrochemical corrosion test on welded NiTi and base material

6.3.1 Open circuit potential (OCP)

OCP of base metal and welded samples as the function of time over a period
of 24 hours is shown in Fig. 6.2. On immersion of the NiTi surface in the electrolyte,
the aggressive chloride ions (CI") break the original thin oxide layer and attack the
Ni-Ti bonds. This process will release Ni ions into the aqueous NaCl solution
leading to localized decrease in Ni concentration. Consequently, the Ti in the Ni
depleted region reacts with the dissolved oxygen and passivates with the corrosion
products in the pitting sites i.e. the formation of characteristic oxide film mainly
consisting of TiO, along with other Ti oxides such as TiO and Ti,03[139,140]. After

an initial transient period (fluctuations due to pitting at the defect sites), the OCP
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reaches a stable value (formation of uniform oxide layer retards the corrosion
process) and the longer immersion experienced a negligible change in OCP values.
The saturation of OCP implies a steady state condition driven by dynamic
equilibrium between formation of oxide film and repetitive dissolution of Ni ions.
Initially, the OCP shows an increase trend for both samples. Then the OCP tends to
decrease for a shorter time and notably the base metal experienced a steeper change

before saturation.
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Fig. 6.2: Evolution of open circuit potential with respect to time for before and

after welding
6.3.2 Electrochemical impedance spectroscopy

To assess temporal electrochemical response of before and after welding of
NiTi alloys comprehensively, electrochemical impedance spectroscopy
measurements were carried out in 3.5 wt.% NaCl solution as a function of immersion
duration. The Nyquist, Bode impedance modulus, and Bode phase angle plot are

shown in Fig. 6.3, Fig. 6.4, and Fig. 6.5 respectively.
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Fig. 6.3: Nyquist plot as a function of immersion duration in the 3.5 wt. % NaCl

solution for a) Before welding and b) After welding
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Fig. 6.4: Bode impedance modulus plot as a function of immersion duration in

the 3.5 wt. % NaCl solution for a) Before welding and b) After welding
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Fig. 6.5: Bode phase angle plot as a function of immersion duration in the 3.5

wt. % NaCl solution for a) Before welding and b) After welding
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To account for depression of Nyquist plots caused by electrode inhomogeneity
constant phase element (CPE) is used instead of a pure capacitor and is

mathematically expressed as

1

ZCPE = W ;—1<a<1 (61)

Where T, a, j, and o represents the CPE coefticient, CPE index, complex unit to

define an imaginary number (and is given by j =+/—1) and angular frequency (which

is related to frequency, f, as ® = 2xnf) respectively.

The various elements in proposed EEC (Fig. 6.6) are the Rg represents the
corrosive electrolyte resistance; CPE oy represents the capacitance of oxide thin film
layer. Riox) represents the resistance of oxide thin film layer. Table. 6.1 shows the

EEC elements’ value extracted from EIS spectra fitting for the base metal and

welded NiTi alloy. The chi-square (Xz) value in the order of 10° shows good
agreement of simulation data with the experiment for all the samples. It is evident
that for all the sample the magnitude of R is significantly larger. For base metal,
the magnitude of Ry for initial 5 minutes and final 24 hours immersion was 94102
Qcm? and 683290 Qcm? respectively. The welded NiTi shows lower magnitude of
Rox for initial and final immersion duration with 46564 Qcm?® and 157790 Qcm®

suggesting less protectiveness of oxide layer as compared to base metal.

Ra CPE {Ox)
VAN

R (Ox)

Fig. 6.6: Equivalent circuit for the corrosion behaviour of NiTi alloy in 3.5 %

NaCl solution
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Table 6.1: Electrical parameters obtained from the equivalent circuit diagram
for the impedance spectra of before welding and after welding NiTi alloy as a

function of immersion duration in 3.5% NaCl solution

Description ~ Samples/ R, CPE.,T CPE, ¢ Rg XZ_
EC Value
parameters
UnItS 2 -1 2 a _ 2 _
Qcm Qcm s Qcm

Before welding 5 min 18.58 2.0826E-5 0.94717 94102 0.0027498
1hr. 18.91 1.7618E-5 0.96347 395450 0.0023517
3 hrs. 19.01 1.7374E-5 0.96607 469350 0.0024505
6 hrs. 19.07 1.7288E-5 0.96543 705460 0.002624
12 hrs.  19.07 1.7182E-5 0.96326 799930 0.0024082
18 hrs.  19.01 1.6863E-5 0.96357 762750 0.0023625
24 hrs. 19 1.6678E-5 0.96258 683290 0.0022723

After welding 5 min 15.69 2.5675E-5 0.93604 46564 0.0027313
1hr. 16.13 2.2367E-5 0.95557 135720 0.002013

3 hrs. 16.21 2.184E-5  0.95617 254970 0.0017427
6 hrs. 16.23 2.211E-5  0.95709 292090 0.001992

12 hrs.  16.32 2.334E-5  0.95334 236770 0.0018445

18 hrs.  16.24 2.4718E-5 0.94726 205670 0.0018059

24 hrs.  16.27 2.6108E-5 0.94074 157790 0.0018286

6.3.3 Potentiodynamic polarization curve

Potentiodynamic polarization measurements were conducted to understand the
passivation tendency and overall corrosion characteristics of the NiTi samples in 3.5
% NaCl solution. The potentiodynamic polarization curves and the extracted
electrochemical values of untreated and surface treated samples are shown in Fig. 6.7
and Table 6.2 respectively. The termination of the passivation process specifies the
breakdown potential (Egp) after which the passive current density increases rapidly.
After the breakdown potential, the passive film formed over the sample surface
dissociates and leads to formation of pits. The surface morphology of the samples
after corrosion testing is shown in Fig. 6.9. The pits in the base metal sample were
comparatively deeper and distributed across the entire surface whereas fewer shallow
pits were seen in welded sample. This is due to the fact that the Egp of FSP sample

was slightly higher than the untreated sample. The current density (lcor) Of the
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welded sample was one order higher than the base metal. The current density values
indicate that the welded sample displays lower corrosion resistance. The corrosion
potential (Ecor) Of welded sample has shown a negative shift compared to the base
metal sample. Fig. 6.8 shows the corrosion rate of the samples. The corrosion rate
has increased after welding. The corrosion rate of base metal and the welded sample

were 6.2 x10™* mm/year and 2.68 x10° mm/year respectively.
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Fig. 6.7: Polarization curves of the NiTi alloy before and after welding

Table 6.2: The electrochemical parameters derived from potentiodynamic

polarization measurements

Samples Ecorr leorr pa Bc Polarization Egp
(mV) (mA/cm?) (mV/dec) (mV/dec)  resistance (mV)
LPR (ohm.
cm?)
Before -315.6 3.78x107 176.5 114.7 18.70 502.1
welding
After welding  -338.5 1.5x10™ 136.0 99.6 18.9 558.6
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Fig. 6.8: Corrosion rates of the samples

e || S AL e ]
Fig. 6.9: SEM morphologies after corrosion testing in 3.5% NacCl solution a-c)

Before welding and d-f) After welding

6.4 Electrochemical corrosion test of welded samples at different

tool rotational speeds

This section discusses the electrochemical corrosion testing of friction stir
welded NiTi alloy at 800 rpm and 1000 rpm. Fig. 6.11 shows the open circuit
potential of the samples. The OCP of welded samples were more negative than the
base metal. Initially, the OCP of 1000 rpm weld has decreased steeply and then

increased after 2 hours before saturation.
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Fig. 6.10: Open circuit potential for base metal and friction stir welded NiTi
alloy

The Nyquist plot, bode impedance and phase angle plots are shown in Fig.
6.12-14 respectively. In case of Nyquist plot, both base metal and the weld has
straight lines corresponding to any diffusion reactions and absorption of corrosion
products in the surface. The impedance value of the 1000 rpm weld was lower than
the base metal and 800 rpm weld. In case of 1000 rpm weld, there exists a deviation
of phase angle from 90° signifying the inhomogeneous formation of corrosion

products on the surface.
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Fig. 6.11: Nyquist plot as function of immersion time a) Base metal, b) FSW at
1000 rpm and c¢) FSW at 800 rpm
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The anodic potentiodynamic behaviour of the weld is shown in Fig. 6.14. The
breakdown potential (Egp) has reduced to a lower value of 350 mV for the weld
made at 1000 rpm. Due to this, the weld has shown susceptibility to pitting
corrosion. The current density value of 1000 rpm weld was 1.5x10™ mA/cm?®which
is one order higher than the base metal confirming reduction in corrosion resistance
after welding. The corrosion rates of the sample are shown in Fig. 6.15. Interestingly,
the weld at 800 rpm has exhibited the lowest corrosion rate of 3.46 x10™ mm/year.
The corrosion rates of base metal and 1000 rpm weld were 4.97 x10™ mm/year and
1.62 x10 mm/year respectively. Fig. 6.16 shows the scanning electron microscope
images after corrosion testing. The pitting sites in the weld are clearly visible
whereas the base metal and 800 rpm weld were free form pits. The transgranular
corrosion was evident from the SEM morphologies. The CI ions in the electrolyte

preferably attack the grains and only the grain boundaries will be retained.
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Fig. 6.14: Potentiodynamic polarization curve of the base metal and friction stir
welded NiTi alloy
Table 6.3: Electrochemical parameters derived from potentiodynamic

polarization measurements

Samples Ecorr leorr pa Bc Polarization Esp
(mV) (mA/cm? (mV/dec) (mV/dec) resistance (mV)
LPR (ohm.
Cm?)
Base metal -118.83  4.62x10” 348.92 215.44 82.616 1275
FSW 1000 rpm  -326.13  1.5x10™ 195.78 146.69 20.22 350
FSW 800 rpm 29409 3.2x10° 306.4 179.1 80.859 1295
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Fig. 6.15: Corrosion rates at different tool rotational speeds

Fig. 6.16: SEM images of the samples after corrosion testing a-b) FSW at 1000
rpm, ¢) FSW at 800 rpm and c) Base metal
6.5 Influence of friction stir welding on the corrosion behaviour of
the NiTi alloy
As we know, the friction stir welding is a thermomechanical process which
affects the grain sizes significantly. The grain refinement taking place in a material
subjected to a deformation process alters the grain boundary density, orientation and

residual stresses [141,142]. The fine grained material with higher grain boundary
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densities changes the atomic coordination, reactivity and diffusion rates of the
surfaces. In case of FSW, the induced frictional heat and severe plastic deformation
causes dynamic recrystallization and leads to grain refinement in the processed zone
[108,143]. More details can be found in the section 3.4 of chapter 3. The weld at 800
rpm has lowest grain size compared to other welds. This would have enabled the
formation of stable oxide layer in the surface hampering the corrosion. In FSW, a
asymmetry in the strain rate and temperature distribution across the processing
region (i.e. the pin region experience more plastic deformation and temperature than
the side regions) generates different zones such as stir or nugget zone, thermo-
mechanically affected zone (TMAZ) and heat affected zone (HAZ). Typically, the
stir zone contains finer grains than the other regions. The size of the stir zone is
approximately equal to the tool pin diameter (5 mm) and hence, the welded sample
invariably contains zones with varying grain sizes as shown in Fig. 6.17 [143,144].
The finer grains than the base metal have enhanced the corrosion behaviour of the
welded sample (1200 rpm) as evident from the higher breakdown corrosion
potential. However, the interface of different zones (formed due to difference in
grain sizes) could have prevented the uniform formation of passive oxide layer as
evident from the lower magnitude of Ry (Table. 6.1). Apart from the grain size, the
presence of tungsten inclusions and residual stress in the weld may affect the

corrosion behaviour.

Base Metal with coarse grains

Fig. 6.17: Schematic of cross section microstructures of NiTi alloy a) Before
welding and b) After welding
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6.6 Summary

The corrosion behaviour of the friction stir welded NiTi alloy at different tool
rotational speeds has been investigated in detail. The electrochemical corrosion
testing has given more insights in to the thermodynamic stability, passivation
tendency, pitting formation etc. of the welded NiTi alloy. The lower tool rotational
speed (800 rpm) exhibited the better corrosion resistance whereas the higher
rotational speed (1200 rpm) showed the least corrosion resistance. Notably, the weld
at 1000 rpm and 1200 rpm were susceptible to formation of pits. The corrosion rates
of weld at 800 rpm and 1200 rpm were 3.46 x10™* mm/year and 2.68 x10° mm/year
respectively. The variation in the corrosion behaviour of the NiTi alloy at different
tool rotational speeds could be attributed to the grain size, tungsten inclusions,

inhomogeneous grain zones etc.

110



Chapter 7

Influence of Surface Mechanical Attrition Treatment
and Laser Shock Peening on the Corrosion
Behaviour of Friction Stir Welded NiTi Alloy

7.1 Introduction

To improve the functional characteristics and corrosion resistance of nitinol
alloys, various surface layers such as titanium oxide, titanium nitride, calcium
phosphate etc. has been reported widely [145-148]. On the other hand, surface
mechanical treatments are surface deformation process which usually induces
compressive residual stresses and work hardening close to the surface. Unlike
surface coatings and thermal treatments, the surface mechanical treatments such as
shot peening, surface mechanical attrition treatment, laser shock peening and deep
rolling are preferred surface modification technology because it enhances fatigue
strength and cyclic behaviour of components. While preferring the surface
mechanical treatments such as SMAT and LSP, it is important to understand the
influence of the surface treatments on the corrosion behaviour. In this chapter, the
SMAT and LSP of friction stir welded NiTi alloy have been discussed. The
influence of these surface treatments on corrosion behaviour of the welded NiTi

alloy has been evaluated using electrochemical corrosion testing.
7.2 Surface mechanical attrition treatment

SMAT is a cold working process where hard balls of high impact energy will
indent the surface. Each impact on the sample surface causes severe plastic
deformation at high strain rates [149,150]. Only flat sample surfaces are suitable for
SMAT process. SMAT process is slightly different from conventional shot peening
process. In shot peening, small balls (diameter 0.2 — 1 mm) will impact the work
surface at higher velocities up to 100 m/s. In case of SMAT process, smooth

surfaced hard balls having diameter 3- 10 mm will be used at velocities 1-20 m/s.
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SMAT was carried out in a setup developed by surface engineering and heat
treatment research group of IIT Indore (Headed by Dr. Santhosh Hosmani). The
system consists of a vibrating chamber having capability to supply a constant
frequency of 100 Hz. The hardened steel balls of diameter 6 mm were used and the
stand-off distance of the sample was maintained at 25 mm. During SMAT, the
impacts of the balls are random-multi directional and cannot be controlled. So, in
order to ensure that the entire surface of the NiTi sample has been indented, three
different time durations viz. 1 hour, 1.15 hour and 1.5 hour were used. The

schematic of the SMAT process is shown in Fig. 7.1.

Sample Multidirectional random impacts
on sample's surface

~——Chamber
Reciprocating 5 Q dQO' ‘26 5

Motion
- “— Steel Ball
Vibrator

Fig. 7.1: Schematic of the SMAT process

7.3 Laser shock peening

LSP is a non-contact method which induces beneficial high magnitude
compressive residual stresses to depth four times greater than conventional shot
peening process [151]. Fig. 7.2 shows the process schematic of LSP. These
compressive stresses are resultant of high magnitude shock waves generated upon
irradiation using high energy laser. Usually, laser wavelength of 1064 nm having
pulse width in nanoseconds will be used for peening. Laser spot size, pulse duration
and laser energy are the important parameters affecting the LSP process [152-154].
Transparent overlays such as water or glass will cover the sample during peening
which serves as a confining medium for better shock wave propagation. The
parameters used for LSP is given in the Table 7.1. The laser spot size was 0.6 mm
and in each spot three laser shots were made. The peening was carried out at the

focal point (30 cm). Then the laser spot was moved and the subsequent laser spot
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was made 50 % overlap with the previous peened spot. The overlap was made to

ensure complete coverage of the sample surface.

— Focusing lens

Pulsed Laser

Water layer
(confining L
medium) | “8
=
Shock wave /£

Fig. 7.2: Schematic of the LSP process

Table 7.1: Details about the parameters used for LSP process

Parameter/Conditions Value
Laser wavelength 1064 nm
Mode of operation Q-switched,
single shot
Laser fluence 60 J/cm®
Laser pulse duration 9ns
Laser spot size 0.6 mm
Overlap between the spots 50 %
Thickness of water layer above the 3mm
sample

113



7.4 Surface morphology before corrosion testing

The samples of dimension 10 mm x 10 mm x 1.2 mm has been cut using
wire electrical discharge machine from the friction stir weld region made at the tool
rotational speed of 1000 rpm. Then the welded sample was polished using SiC
papers of various grades up to 1200 grit. After polishing, they were cleaned using
distilled water and sonicated for 15 min. After cleaning, the surface treatments such
as LSP and SMAT have been applied to the welded samples. Before corrosion
testing, the surface morphology has been studied using SEM. Fig. 7.3 shows the
surface morphology of the samples. The SMAT and LSP process has significantly
affected of the sample surface. The surface of the base metal was smooth and free
from any surface irregularities (Fig. 7.3a-b). In the SMAT sample surface, the micro
dents are clearly visible due to the striking of the hard balls (Fig. 7.3c-d). All the
SMAT samples viz. 1 hr SMAT, 1.15 hr SMAT, and 1.5 hr SMAT had the same
surface morphology. The LSP samples have definite circular pattern representing the
impinging of the high energy laser shots along with surface pores clearly visible

across the sample.

EM HV: 20.0 KV SEM HV: 200 KV WO: 9.97 mm VEGAS TESCAN
SEM MAG: 5.05 kx Det: SE 1 s hx t: s SEM MAG: 149 kx Det: SE 20 pm
View fleid: 41.1 ym  Date(midry): 631319 Pe ® In . Vi /dly): 031319 View field: 139 ym  Date(midly): 031319 Performance in nanospace

i.,": u o) 1

Fig. 7.3: SEM images of the samples before corrosion testing a-b) Base metal, c-
d) SMAT and e-f) LSP
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7.5 Open circuit potential

More details on the electrochemical corrosion testing conditions can be found
in section 6.2 (Chapter 6). Open circuit potential is the measurement of sample
potential with respect to the reference electrode when no external driving potential or
current applied to the corrosion system. This measurement gives insight in to the
thermodynamic tendency of the metal sample with the environment. At open circuit
potential, the rate of cathodic and anodic reactions taking place in the metal surface
will be in equilibrium. When NiTi surface interacts with the NaCl solution, the
aggressive ClI ions attacks and dissociates the original oxide layer from the NiTi
surface. Once the ions break the Ni-Ti bond, Ni ions dissolute into the electrolyte
and formation of titanium oxides in the surface happens simultaneously. Due to the
dissolutions and subsequent recovery, the potential in the open circuit condition
fluctuates. The first stage on OCP curve has fluctuations due to the repetitive
dissolution and formation of oxide layer. After longer immersion time, equilibrium
exists between the corrosion and recovery leading to constant OCP. Fig. 7.4 shows
the OCP of the surface peened samples. The Eocp value of 1.15 hr SMAT sample
was more negative whereas the 1 hr SMAT has more positive values. The more
positive potential signifies noble behaviour and the sample is thermodynamically

more stable with less susceptibility to corrosion.

0+ —m- Base Metal -@- LSP =4~ 1 hr SMAT,
-9 1.15 hr SMAT -4~ 1.5 hr SMAT

w2
S
=

T
0 5 10 15 20 25
Time (hours)

Fig. 7.4: Evolution of open circuit potential with respect to time for peened

samples
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7.6 Electrochemical impedance spectroscopy

The EIS measurements will give information on the general corrosion
tendency and variation in the corrosion mechanism at any stage during corrosion
testing. EIS was evaluated at consecutive intervals until 24 hours. The Nyquist,
Bode impedance modulus, and Bode phase angle plot are shown in Fig. 7.5, Fig. 7.6,
and Fig. 7.7 respectively. The EIS spectra was modelled with electrochemical
equivalent circuits and fitted with the complex non-linear least square method. More
information about the equivalent circuits can be found in the section 6.3.2 (Chapter
6). The equivalent circuit and extracted values from EIS spectra fitting is shown in

Fig. 7.8 and Table 7.2 respectively. The chi-square (Xz) value in the order of 10
shows good agreement of fitted data with the experiment for all the samples. Ry
signifies the resistance of the characteristic titanium layer formed over the sample
surface. For all the samples, the R Will increase over time and the maximum
values can be found for the 24" hour. For base metal, the magnitude of Ry for
initial 5 minutes and final 24 hours immersion was 468760 Qcm? and 1.095 x 10°
Qcm?® respectively. At final 24" hour, the 1.15 hr SMAT had the lowest Ry oOf
936020 Qcm® whereas the LSP sample has shown the highest R o) value of 2.807 x
10° Qecm®. If the Ryoy is higher, then the sample have lesser tendency to corrode and
formation of pits in the surface will be avoided. As per the resistance of the oxide
layer was concerned, the LSP surface shows less susceptibility to corrosion
compared to the other samples. In order to ascertain the statement, the
potentiodynamic polarization test has to be carried out.
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Fig. 7.5: Nyquist plot as a function of immersion duration a) Base metal, b)

LSP, c) 1 hr SMAT, d) 1.15 hr SMAT, and e) 1.5 hr SMAT
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Fig. 7.8: Equivalent circuit for the corrosion behaviour of surface peened NiTi

alloy in 3.5 % NaCl solution

Table 7.2: Electrical parameters obtained from the equivalent circuit diagram

for the impedance spectra of surface peened NiTi alloy as a function of

immersion duration in 3.5% NaCl solution

Description ~ Samples/ R, CPE(OX)- CPE(OX)-P R(Ox) v -
EC T Value
parameters
Units Qcm2 Q_lcm_zsu B Qcm2 -
Base metal 5 min 16.8 1.289E-5  0.95377 468760 0.0026714
24 hrs. 17.9 1.05E-5 0.94579 1.0954E6  0.0018491
LSP 5 min 17.7 2.953E-5  0.95628 654590 0.0019372
24 hrs. 19.5 3.368E-5  0.92377 2.8073E6  0.0020449
1 hr SMAT 5 min 19.5 1.295E-5  0.9528 797580 0.0027236
24 hrs. 19.9 9.91E-6 0.95159 1.972E6 0.0033191
1.15 hr 5 min 19.6 1.486E-5  0.95742 286730 0.006052
SMAT
24 hrs. 19.8 1.487E-5  0.95516 936020 0.0029658
1.5hr 5 min 17.6 2.600E-5 0.94464 450670 0.0016015
SMAT
24 hrs. 18.5 2.398E-5  0.93946 1.619E6 0.001672

7.7 Potentiodynamic polarization analysis

Potentiodynamic anodic polarization test is the characterization to obtain

current-potential relationship of a metal specimen. When the potential of the sample

is increased slowly in the positive direction, the sample becomes anode and tends to

corrode. The current-potential relation under controlled process conditions give

information about the corrosion rates, passivation tendency, pitting etc. In a short

period of time, the overall current-potential relationship can be recorded. The anodic

polarization curve and the extracted values are given in Fig. 7.9 and Table 7.3

respectively. Corrosion potential, Eq signifies the ionization tendency of the
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material in the electrolyte whereas the corrosion current, I, represents the flow of
current at open circuit potential due to the oxidation and reduction reactions. The
lower corrosion current signifies that the sample surface has better corrosion
resistance. The surface peening treatment has enhanced the corrosion resistance of
the NiTi alloy as observed from the lower corrosion currents in the order of 107
mA/cm?. It is noteworthy to observe that the as welded NiTi alloy at 1000 rpm and
1200 rpm has shown higher corrosion currents in the order of 10 mA/cm? (Chapter
6). The breakdown potential (Egp) of the all the samples were more than 1200 mV
signifying good corrosion resistance. However, the LSP sample has exhibited the

lowest breakdown potential of 406 mV.
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Fig. 7.9: Polarization curves of the friction stir welded NiTi alloy after peening

Table 7.3: The electrochemical parameters derived from potentiodynamic
polarization measurements.

Samples Ecorr leorr pa Bc Polarization Esp
(mV)  (mAlcm?) (mV/dec) (mV/dec) resistance (mV)
LPR (ohm.
Ccm?

Base metal -233.24  1.51x10” 335.78 151.78 74.308 1266
LSP -210.66  3.45x10° 242.05 125.79 16.94 406
SMAT 1 hr -161.72  1.2x10° 332.11 148.52 73.804 1264
SMAT 1.15hr  -294.8  1.94x10° 176.42 122.89 108.33 1331
SMAT 1.5hr  -282.46 2.45x10° 318.08 117.07 71.12 1284
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The corrosion rates of the surface peened samples are shown in Fig. 7.10. All
the samples have demonstrated the least corrosion rates in the order of 10 mm/year.
The LSP has exhibited the high corrosion rate of 3.7 x 10™ mm/year compared to the
other samples. The surface morphology of the samples after corrosion testing is
shown in Fig. 7.11 and 7.12.
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Fig. 7.10: Corrosion rates of the surface peened samples

Fig. 7.11: SEM images of the samples after corrosion testing a-b) Base metal
and c-d) LSP samples
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Fig. 7.12: SEM images of the samples after corrosion testing a-b) 1 hr SMAT, c-
d) 1.15 hr SMAT and e-f) 1.5 hr SMAT
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7.8 Influence of SMAT and LSP on the corrosion behaviour

There are many reports where the grain refinement of various materials (steels,
Ti alloy, Mg alloy, NiTi) has improved the corrosion resistance due to better kinetics
of passive film formation over the surface [155-159]. SMAT and LSP lies under the
category of severe plastic deformation (SPD) processes which are known to produce
nanocrystalline structures due to the associated high strain rates (10%-10° s
[107,149]. Hu et al. has observed that the severely deformed surface layer of SMAT
NiTi contains nanocrystallites and amorphous structure [105]. It is obvious that the
nanocrystalline structures possess large volume of grain boundaries and triple
junctions. These surface dislocations and defects act as nucleating sites for the
formation of more uniform and dense passive film [103]. The presence of amorphous
structure on SMAT NiTi surface would increase the overall corrosion resistance.
This is due to the fact that amorphous structure is chemically homogenous without
any grain boundaries and precipitates which in turn significantly improves the
resistance to pitting corrosion [160]. The surface of the SMAT samples was free
from pit formation (Fig. 7.12). S. Olumi et al. showed that nano-crystallization of
NiTi surface leads to significant increase in the amount of Ti atoms on the surface
than Ni atoms and eventually enabled the formation of more titanium oxide in the
alloy surface [161]. Thereby, the high quality passive oxide film formed over the
nanocrystalline surface has offered better corrosion resistance than the coarse (base
metal) or micro grained (welded) counterpart. Hence, the release of Ni ions having
potentially negative effects (toxic, allergic or even carcinogenic) to human beings or
failure of components due to pitting can be prevented through SMAT of NiTi alloy.
The schematic of NiTi with nanocrystallites is shown in Fig.7.13. Though, LSP
possess nanocrystalline surface, the presence of micro pores in the surface would
have acted as the sites prone to pitting. This would have led to the early breakdown

of oxide layer as notified by the lowest breakdown potential.
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Fig. 7.13: Schematic of nanocrystallites in SMAT and LSP surfaces
7.10 Summary

The surface peening treatments such as SMAT and LSP has been applied
over the friction stir welded NiTi alloy. The influence of the peening treatments on
the corrosion behaviour of the NiTi alloy has been investigated in detail using
electrochemical corrosion testing. Both the peening treatments have enhanced the
corrosion resistance of the friction stir welded NiTi alloy. The presence of
nanocrystalline surface might be attributed to the improvement in corrosion
resistance compared to the non-peened friction stir welded NiTi alloy. All the
samples have exhibited low corrosion rates in the order 10 mm/year. Notably, the
1 hr SMAT sample has recorded the lowest corrosion current of 1.2x10° mA/cm?

and the least corrosion rate of 1.295 x10™ mm/year.
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Chapter 8

Conclusions and Future Scope

8.1 Conclusions

The friction stir welding of NiTi shape memory alloy has been successfully carried

out and has yielded promising results. The influence of tool rotational speeds on the

weld properties has also been investigated. Apart from material characterization, the

smart functional capabilities and corrosion behaviour have been evaluated in detail.

The results of the work can be summarized as follows,

FSW is a feasible method to join NiTi SMA as the weld has formed without

intermetallics and the shape memory behaviour was retained after welding.

The high temperature and deformation during welding causes dynamic
recrystallization in NiTi alloy. Recrystallized grain size in the nugget has
increased with the increasing rotational speed due to considerable rise in peak

temperature and higher strain rate.

Due to solid-state nature of the welding, austenite and martensite phases in
base metal were retained in the weld without any inter transformation during

welding.

The phase transformation temperatures of the weld produced at 800 rpm was
near identical to the base metal. However, the welds at 1000 and 1200 rpm
have shown a marginal drift from the transformation temperatures of the base
metal as they were significantly affected by high temperature during
processing. The asymmetry of weld condition across the weld has led to drift

in transformation temperatures in nugget, advancing, and retreating sides.

Due to grain refinement, the weld at 1000 rpm has shown 17 % higher yield
strength compared to the base metal. The weld joint efficiency at 800 rpm
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and 1200 rpm was low and further optimization of welding parameters is

required for improving the weld structural integrity.

The centre region of the weld has shown variation in the weld composition
due to the inclusions of tungsten from the welding tool. Apart from the centre
region, the weld has composition close to the base metal ensuring good

compositional compatibility.

Tool wear was noticed for all the tool rotational speeds due to the harsh
thermomechanical conditions experienced during FSW process. The tool
wear was maximum for the weld at 1200 rpm due to which the particular

weld has shown poor mechanical strength.

The temperature distribution and strain rate at different tool rotational speeds
has been evaluated using finite element analysis. The simulation has given
better insight into the variation in the properties of NiTi alloy after welding.
The maximum temperature and strain rate were predicted for the higher
rotational speed 1200 rpm as 1094°C and 226 s respectively.

Tensile cycling behaviour of the weld has been explored at three different
strain percentages 2.5, 3.5 and 4.5. The maximum stress of 590 MPa was

recorded for 4.5% strain.

The NiTi alloy has showed damping capabilities after welding. However, the

hysteresis of the transformation has reduced compared to the base metal.

The actuation ability of the welded structure has been evaluated using
bending-recovery method. The welded structure has recovered the complete

strain during hot plate actuation.

The thermomechanical behaviour using electrical has shown the weld ability
to actuate at different actuation parameters. At 5 A current, the maximum
displacement of 17.8 mm was attained at the higher actuation speed of 60
mm/min. The life cycle analysis has been conducted up to 300 cycles and the

sample didn’t show any sign for failure.

The laser actuation was impulsive compared to the electrical actuation. The

higher displacement and actuation speed of 28 mm and 342 mm/min was
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achieved using laser actuation. However, the laser actuation based on

scanning method has shown jerky behaviour during actuation.

= The corrosion behaviour of the weld has been studied using electrochemical
corrosion testing. The weld at 800 rpm has exhibited better corrosion
resistance than the other welds. The corrosion rates increased with the tool
rotational speeds and the weld at 1200 rpm has shown the highest corrosion

rate of 2.68 x10”° mm/year.

= The peening methods such as SMAT and LSP have improved the corrosion
resistance of the friction stir welded NiTi alloy. They exhibited the lowest
corrosion rates in the order of 10” mm/year. The SMAT process has

showcased better corrosion resistance than the LSP.
8.2 Scope for future work

Though, FSW works well for the NiTi alloy, there are few challenges which have to
be addressed to further extend the technology. Some recommendation for future

work is as follow,

= Detailed investigation should be carried out to find out the ways to improve

the tool life and widen the process parameters used for welding NiTi alloy.

= Since, the FSW is desirable for lap joints; the feasibility for the fabrication of
bimetal composites of NiTi alloy (shape memory layer over pseudoelastic

layer or other such combinations for showing TWSME) can be explored.

= Efforts should be taken to improve the tensile cyclic properties of the friction

stir welded NiTi alloy.

= The low cycle and high cycle fatigue properties of the friction stir welded

NiTi alloy should be evaluated.

= Investigations on the usage of interlayers such as copper to improve the weld

properties can be performed.

= Influence of SMAT and LSP on the mechanical and fatigue properties of the

weld can be studied.
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