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Abstract 
Nitinol (NiTi) is widely used in the medical field, due to its unique superelastic 

and shape memory properties. Nitinol undergoes thermo-mechanical processing, 

such as thermosetting, laser-cutting and joining for medical application, however 

these processes can alter these properties. The Temperature-dependant 

characteristics of nitinol can work as a disadvantage to fully exploit this alloy for 

biomedical applications. 

Three different themes are explored in this thesis, a) the properties of nitinol-

nitinol bonds compared to base metal b) understanding how welding method 

affects bond properties and joint strength and c) investigating the optimum method 

for bonding nitinol to non-metal such as biopolymers. In order to overcome the 

above-mentioned limitations, different joining techniques for nitinol was 

investigated in this study. Initially, the effect of different joining techniques on 

nitinol properties, in comparison to base metal was investigated.  

Experimental results mainly focus on the nitinol to nitinol joining techniques, 

including laser micro welding (Ytterbium-fiber laser and quansi continuous wave 

laser), capacitor discharge welding, percussive arc welding, adhesive bonding, 

PEEK shrink tubes and crimping. The effects of these joining techniques on the 

microstructure, superelastic properties and strength of a joint are analysed and 

compared. The mechanical tests and analytical results suggest that the use of laser 

welding should be employed for the development of new and improved medical 

implants. However, long-term studies are required which are currently underway 

to further develop this technique.  

For various medical applications, metal components are mainly used to provide 

the strength and stiffness whereas polymeric biomaterials can provide unique 

chemical properties and manufacturing, benefits as they can be moulded and 

shaped into complex designs depending on the application. However, due to the 

massive difference in physical and chemical properties of metal and polymers, 

joining them generates new challenges. Hence, the third part of the thesis explores 

different approaches to join nitinol to polymeric biomaterials including 

Polyetheretherketone (PEEK), and polyethylene terephthalate (PET) fabric, 
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commercially known as Dacron®. Due to the difference in chemical and physical 

properties of nitinol to PET, it was difficult to join them without using an interlayer. 

Thus, a polyurethane coating was used as an interlayer to bond nitinol to PET 

fabric. This study also provides an insight into different surface treatments used to 

improve the bonding between nitinol and polyurethane coating including chemical 

etching and cold atmospheric plasma treatment.  

The study shows how an appropriate selection of the joining technique can 

enhance the exploitation of properties of nitinol alloy in the clinical area, resulting 

in improvements in the safety and durability of medical devices.  
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Impact statement 
Nitinol alloy is widely used in the medical industry due to its unique superelastic 

and shape-memory properties. The superelastic behaviour of this alloy makes it the 

ideal material for cardiovascular applications including vascular stents, stent grafts 

and heart valves. However, nitinol is usually used in combination with other 

materials when designing various medical devices. Different processing methods 

can affect the unique properties of nitinol thus limiting the use of this alloy to its 

full potential. 

This thesis provides a systematic comparison of the global and local modifications 

in the thermo-mechanical behaviour and strength introduced by the presence of 

joints in nitinol based medical devices. The analysis reveals the limitations of the 

currently used technique (i.e., crimping) in comparison to other joining techniques. 

The results have major implications for the design and manufacturing of nitinol-

based components and can lead to improved safety and efficacy of cardiovascular 

devices.  

The objective of this research is to investigate different joining techniques which 

can be used by medical device manufacturers while joining nitinol alloy for various 

applications. This research gives an insight on improving the current nitinol joining 

technique used for cardiovascular implants by shifting the focus to mainly laser 

welding. The methodology presented in this thesis has tremendous potential to 

explore laser welding of nitinol and understanding how to optimise the techniques 

to achieve an improved joint. This study also looks at improving nitinol-polymer 

joints using the polymer-coated material (PCM) technique. This work can be used 

for future research project on improving nitinol to polymer joining for 

cardiovascular application including endovascular stent grafts.  

Furthermore, this project paves way for more UCL-industrial collaborations and 

opportunities to bring together material scientists and biomedical engineers to 

improve the application of nitinol in the healthcare industry. 
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DC  Direct current 

DMAc Dimylacetamide 

DSC Differential scanning calorimetry 

EDS Energy dispersive X-ray spectroscopy 

FTIR Fourier transform infrared spectroscopy 

HAZ Heat affected zone 

HDPE High-density polyethyene 

He Helium 

HF Hydrofluoric acid 

HNO3 Nitric acid 

H2O Water 

H2SO4 Sulphuric acid 
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HV Vickers measurement 

IR Infrared 

kN Kilonewton 

KPa Kilopascal 

MD Martensite deformation 

MF Martensite finish 

mm millimeter 

mm/min Millimetre/minute 

mm/s Millimetre/second 

MP Martensite peak 

MPa Megapascals 

MS Martensite finish 

Ni peak Nickel peak 

NiTi Nitinol 

O peak Oxygen peak 

PEEK Polyetheretherketone 

PET Polyethylene terephthalate 

POSS PCU Polyhedral oligomeric silsesquioxane poly(carbonate-urea) 

PTFE Polytetrafluoroethylene 

PU Polyurethane 

QCW Quasi-continuous wave 

R-phase Rhombohedral distortion phase 

SEM Scanning electron microscopy 
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SiC Silicon carbide 

SIM Stress induced martensite 

SME Shape memory effect 

SS Stainless steel 

TIM Temperature induced martensite 

Ti peak Titanium peak 

UV Ultraviolet  

W Watt 

Yb Ytterbium  
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1.1 Project background 

This project ran in collaboration between UCL Mechanical Engineering and 

TWI Ltd., Cambridge and was funded by EPSRC. This thesis reports the study of 

the different joining techniques used for nitinol alloy and novel ways to join nitinol 

to biopolymers. This work also explores various surface modification techniques 

to enhance the adhesion between biomedical coatings and nitinol substrates.  

Cardiovascular diseases (CVDs) are one of the most prominent cause of death 

in the aging population and is estimated to increase further in the future. More than 

26% of all the deaths in the UK are caused by CVDs [1]. Hence, extensive studies 

are being carried out on improving the design and quality of the therapeutic 

solutions and current cardiovascular implants. In particular minimally invasive 

devices have become more and more popular due to their significant benefit over 

conventional surgical procedures as they allow the clinician to perform the 

treatment using small incisions. This typically results in fewer complications, less 

healing time and shorter hospital stay. However, this treatment requires collapsible 

components that enable the development of low-profile devices. Many minimally 

invasive medical devices are multi-component and involve methods of assembly 

in production.  

These cardiovascular devices are often made from nitinol, including 

angioplasty stents, vascular plugs, filters, and transcatheter heart valve frames, due 

to its superelastic properties [2]. Nitinol is a nearly equiatomic nickel-titanium 

alloy characterised by unique properties such as superelasticity, shape memory 

effect and corrosion resistance. Medical companies such as Boston Scientific, 

Medtronic Ltd, Bard Medical, offer a range of nitinol devices based on the highly 

unusual properties of the alloy [3].  

Often, in order to reduce the manufacturing complexity of the device, it is 

advantageous to join the alloy to itself (e.g. in stent and stent graft applications); 

however, this may represent a challenge, as long-term implantation in the human 

body requires metallurgical compatibility, and preservation of the structural 

integrity of weld regions under fatigue in corrosive environment (Figure 1).  
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Figure 1: NiTi wires joined by crimping in a stent graft (Talent® Thoracic Stent 
Graft, Medtronic) and in a transcatheter heart valve (Lotus™ Valve, Boston 
Scientific Corporation). The crimping sleeves are indicated by the circles. 

 

In order to expand the benefit of nitinol to more advanced applications in the 

medical field, it is essential to understand the effect of different joining techniques 

on nitinol properties. This research is focused on the application of different joining 

techniques which can be used to bond nitinol to itself and to polymeric materials 

for cardiovascular applications. 

 

1.2 Research objectives 

• Exploration of different techniques for joining nitinol, as used for medical 

applications. 

 

The primary objective of this project was to develop joining technologies for 

nitinol wires by establishing a number of techniques including laser welding, 

percussive arc welding, resistance discharge welding, and adhesive bonding. 

However, the initial approach was later modified due to availability of better 

laser welding equipment as mentioned in Chapter 3.  
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• Investigate on the effect of joining techniques on physical and mechanical 

properties of nitinol 

 

The main goal here was to analyse and characterise the physical and mechanical 

properties of welded nitinol wires, including mechanical properties, surface 

morphology and thermal analysis, and compare the results to crimped nitinol 

joint and superelastic base metal (Figure 2). Further to this, a fatigue tester was 

designed in-house to investigate the joint strength of welded nitinol joints in 

comparison to base metal and crimped wire. However, the fatigue tester rig 

needed improvement and due to time-constraints, the process was not explored 

fully for this study. 

 

• Establish effective surface modification techniques  

 

The objective of this part of the work was to determine how to improve joining 

between nitinol and polymers. Joining nitinol to polymers poses a challenge 

with large differences in material properties and thus this part investigated 

joining polymer coated nitinol to polymeric material. However, it is crucial to 

obtain good and improved adhesion between the coating and nitinol substrate. 

Thus, a large part of this study was to investigate surface modification 

techniques for nitinol substrates to improve the adhesion between nitinol and 

polymeric coating. This section gives an insight into techniques such as 

chemical etching and plasma treatment to understand how these techniques can 

enhance the adhesion properties of coatings to nitinol surfaces. This part of the 

study also evaluates the adhesive strength of polymeric coating on nitinol 

surface using peel tests and pull-off testing.  
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Figure 2: Experimental objectives of this project.
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1.3 Thesis structure 

This thesis details the way in which the research proceeded, via extensively 

surveying the literature, development of experimental set-up, selection of 

materials, methodology behind each experiment, and the discussion of results, 

following by conclusions. An overview of the thesis is briefly described below: 

Chapter 2 presents the detailed review for nitinol alloys and for the different 

joining techniques that has been reported over the years in this field. This chapter 

provides a background on nitinol including a brief explanation of its properties, 

superelasticity and its shape memory effect. It also gives a description of the most 

commonly used biopolymers for cardiovascular applications. This part also 

provides details on why polyurethane is used as a coating on nitinol.  A summary 

of joining techniques used for cardiovascular applications which are currently 

adopted or under development is generated in this chapter.  

Chapter 3 describes the methodologies, equipments and materials used in the 

project, including a description of the experimental work, processing parameters, 

mechanical tests and other analytical techniques carried out to compare and 

evaluate the performance of the different nitinol-nitinol joints as well as nitinol – 

polymer joints. This chapter also provides detailed information on the construction 

of an in-house fatigue tester. This chapter also gives detailed information on 

different surface treatments used on nitinol to improve adhesive properties between 

the metal and polymeric coating. The chapter concludes with a description of the 

methodology used for material failure assessment in nitinol-polymer joints. 

Chapter 4 provides details on the results obtained from joining techniques 

used for nitinol – nitinol. This chapter also provides a detailed discussion on 

mechanical strength, microstructure of the fractured region and superelastic 

properties of nitinol joints in comparison to the base metal and to the current joining 

technique i.e. crimping. This chapter also presents information on adhesively 

bonded nitinol wires in comparison to crimping. 
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Chapter 5 starts off with discussion on nitinol-polymer joints and progresses 

to explain about surface modification techniques which are used in this study. This 

chapter also provides discussion on peel testing and pull-off adhesion testing of 

polymeric coatings from nitinol substrates after surface treatment. This chapter also 

gives insight to effects of different surface treatment on the adhesive properties of 

polymeric coating.  

Chapter 6 provides the overall conclusions derived from this study and finally, 

Chapter 7 provides recommendations on how the work can be improved in the 

future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 : Literature Review 
 

 

 

 

 

 

 

 

 

 

 

 



32 | P a g e  
 

2.1 Introduction 

This chapter starts with a description of the properties of nitinol alloy including 

superelasticity and shape memory effect. This is then followed by the description 

of the most commonly used biopolymers used for cardiovascular applications.  The 

most commonly used joining techniques for nitinol alloy and biopolymers are also 

described below. This chapter concludes with review on the surface modification 

techniques for nitinol alloy.  

 

2.2 Nitinol (NiTi)  

Nitinol is a near equiatomic nickel-titanium alloy, possessing unique properties 

of shape memory effect and superelasticity. Nitinol was discovered in 1959 by 

William J. Buehler of the US Naval Ordinance Laboratories (NOL), who gave it 

the acronym NiTi-NOL. It usually consists of 50 atomic % nickel and 50 atomic % 

titanium. The unique shape memory effect of nitinol alloy was discovered in 1961 

[4].  

At common operating temperatures, nitinol alloy can exist in two different 

phases: austenite and martensite. Austenite has a high temperature B2 (cubic) 

ordered crystallographic symmetry whereas, martensite exhibit a low temperature 

B19’ monoclinic low-symmetry structure [5], [6]. Nitinol has the ability to 

transform from the austenite phase to the martensite phase at particular 

temperatures or strains, this is known as the thermoelastic transformation [7]. The 

atomic structure of nitinol is a three-dimensional grid where each nickel atoms is 

surrounded by four atoms of titanium (Figure 3). The bonding forces between 

nickel atom and titanium in nitinol give rise to diffusionless, solid-state transitions 

which is a reversible thermo-elastic response between the highly ordered austenite 

structure and the less ordered martensite structure, which results in the unique 

properties of the alloy including superelasticity and the shape memory effect [8], 

[9], [10]. The change between B2 and B19' causes microstructural changes which 

can range from nanoscale to tenths of millimetres depending on various factors 

including grain size, specimen size and history, which can have an effect on the 
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material properties [11]. The characteristics of these unique properties can be 

modified by changing the alloy composition and by carrying out different thermo-

mechanical treatments to the alloy [12].  

 

 

Figure 3: Lattice structure of NiTi alloy, (a) austenite and, (b) martensite. 

 

Conventional metal alloys deform by slip or dislocation movement which is 

irreversible, however nitinol alloy responds to thermo-mechanical change by 

reorienting crystal structure through reversible twin boundary movements [13]. 

The mechanical properties of two different crystal structures of nitinol, austenite 

and martensite are different (Table 1). 

 

Table 1. Mechanical properties of NiTi [15]. 

 Austenite NiTi Martensite NiTi 

Young’s Modulus 30 – 83 GPa 20 – 45 GPa 

Yield Strength 195 – 690 MPa 70 – 140 MPa 
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Ultimate Tensile Strength 800 – 1900 MPa 800 – 1900 MPa 

Elongation at Failure 20 – 25% 20 – 25% 

Recoverable strain 8 – 10% 8 – 10% 

Poisson Ratio 0.33 0.33 

 

2.2.1 Superelasticity 

Superelasticity can be described as the unusual characteristic of certain metals 

to resist plastic deformation [14]. The superelastic response of the alloy is achieved 

when the alloy is mechanically loaded in the temperature range above AF, which is 

the temperature above which only the austenite phase is stable for a stress-free 

sample [15]. Nitinol is initially found in its austenite state at stable condition 

(Figure 4 point A) with an applied stress, nitinol is loaded along the path A → B, 

where a phase transformation from austenite to martensite and detwinning of 

martensite simultaneously occur. During this stage, a large elastic strain up to 8% 

can be achieved. Upon unloading along the path B → A, the material transforms 

back to austenite, and the superelastic deformation is recovered and thus 

demonstrates a hysteresis loop in the stress-strain diagram (Figure 4).  
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Figure 4: Loading and unloading curve of superelastic NiTi. 

 

When mechanical loading is applied, detwinned martensite is obtained. During 

the unloading process, reverse transformation takes place (detwinned martensite 

→ austenite) with the alloy presenting no residual strain as the load is removed 

(Figure 5).  
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 Figure 5: Schematic of superelastic effect in NiTi alloy. 

 

Interestingly, this behavior is similar to that of natural materials such as bone, 

hair and tendon which can be elastically deformed in some cases up to 10% strain 

in a non-linear way. Reducing the plateau which characterises the superelastic 

behaviour produces a nearly constant force over a wide range of strain [16] (Figure 

6). The plateau which characterises the superelastic behaviour produces a nearly 

constant force over a wide range of strain. Resulting recoverable strains are 

substantially larger than what achieved with conventional metals such as stainless 

steel, for which the elastic recovered strain is lower than 0.5 %. Above this limit, 

stainless steel yields and undergoes plastic deformation which allows the materials 

to acquire permanent shape change that cannot be recovered even after the removal 

of load [17]. 

Superelasticity is advantageous in the design of devices that require high kink 

resistance and preservation of shape and are widely used for cardiovascular 

devices, especially for collapsible devices as it provides wide elastic range plateau 
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and constrained recovery [18], [19]. Unlike the devices made from stainless steel 

and cobalt-chromium, nitinol is much more compliant to bend inside the blood 

vessel and contours in the lumen [20].   

 

 

Figure 6: Stress-strain curve comparison of SS, NiTi, hair, bone and tendon. 

 
 

2.2.2 Shape memory effect (SME) 

The shape memory effect is a different thermomechanical behavior which 

results from nitinol is reversible phase transformation. Shape memory alloys are 

the group of alloys which remember their original shape and have the ability to 

return to their predefined shape even after exposure to extensive deformation when 

appropriate thermal conditions are reached [21]. The complete transformation 

cycle is characterized by the following temperatures: Austenite start (AS), 

Austenite finish (AF), Martensite start (MS), Martensite finish (MF) and Martensite 
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Deformation (MD) (Figure 7). If the loading exceeds MD, which is the martensite 

deformation limit, the material plastically deforms losing its superelastic properties 

and behaves like other conventional metal [22]. 

 

 

Figure 7: Hysteresis of martensitic transformation. 

 

When the alloy is mechanically loaded at a temperature below MF, deformed 

martensite starts to appear and as the load is removed, and the alloy shows signs of 

residual strain. The original shape of the material can be recovered by heating the 

alloy above AS and AF temperatures, which causes the reverse martensitic 

transformation (detwinned martensite → austenite) (Figure 8). This process is 

mainly described as the shape memory effect; low temperature (Martensite) phase  
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will stay deformed until heated, upon which they return to their original shape of 

nitinol (Figure 9) [4], [8], [23].  

 

 

Figure 8: Shape memory effect of NiTi alloy shown microscopically. 

 

During the phase transformation from austenite to martensite structure, when 

the material is cooled further, it gives rise to distorted martensite known as 

rhombohedral phase (R-phase). The R-phase transformation occurs over a small 

temperature hysteresis before martensite structure where, cubic structure changes 

to rhombohedral lattice. Both austenite to martensite and austenite to R-phase are 

martensitic transformation and can be reversed by thermal treatment [24], [25].  
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Figure 9: Macroscopic representation of shape memory effect of NiTi. 

 

The shape memory effect of nitinol is used for various application ranging 

from space missions to vascular stents.  

 

2.2.3 Phase diagram of NiTi alloy 

The phase diagram of nitinol is important to understand the microstructural 

properties of the alloy, needed for specific applications. Nitinol is a non-

stoichiometric intermetallic compound, typically characterised as Ti-rich or Ni-

rich. The main focus of the phase diagram is the central region constrained by Ti2Ni 

and TiNi3 [26] (Figure 10 grey area). The high temperature phase of nitinol at 1310 

°C is a body centric cubic structure B2, austenite crystalline structure (Figure 10 

circled red). The B2 structure usually exists as a metastable phase down to about 

room temperature [27]. Unlike other alloys, nitinol does not require quenching to 

prevent the alloy from breaking down into other phases at intermediate temperature 

[28]. However, numerous examples in the literature debate on the presence and 

absence of the eutectoid reaction of TiNi → Ti2Ni + TiNi3 at 630 °C during heat 

treatment under specific conditions [29], [30]. NiTi alloys undergo thermo-

mechanical treatment during the manufacturing stage to achieve better mechanical 
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properties. However, these treatments can alter the phase transformation behaviour 

of the alloy. 

 

Figure 10: NiTi phase diagram [26]. 

 
 

2.3 Polymeric materials for cardiovascular applications  

Polymers are large high molecular weight molecules made of small repeating 

monomers or units. They can be broken down into two classes, natural polymers 

and synthetic polymers. Natural polymers occur in nature, some of the most 

common ones are collagen, chitosan, keratin, polyamides, polysaccharides, 

polynucleotides, DNA, silk and wool. Synthetic polymers, on the other hand are 

made by scientists and engineers, such as polyurethane (PU), polyester, carbon 

nanotubes, Teflon, nylon, polyethylene, and epoxy [31]. Synthetic polymers are 

widely used for various applications due to their availability in composition and 

forms (gels, solids, fabrics, and fibers) and they can be modified into complex 

shapes and structures depending on the required application [32]. Polymeric 

materials are preferred more than metals for medical applications because of their 
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biocompatibility and the ability to alter material properties to tailor-fit the 

application. Some of the main applications include cardiovascular, neurology, 

orthopaedic and plastic surgery to name a few [33].  

Polymeric materials used for cardiovascular applications must be non-

thrombogenic as they comes into contact with the blood. Some of the applications 

where polymers are used to treat cardiovascular diseases are heart valve prosthesis, 

vascular grafts, stent-grafts, pacemakers, intra-aortic balloon pumps, heart assist 

device, etc. (Figure 11) [34]. These prostheses devices are mainly made from 

Dacron® (PET), expanded Polytetrafluoroethylene (ePTFE), polyurethane (PU) 

and polyetheretherketone (PEEK).  

 

 

Figure 11: Examples of some of the polymeric biomaterial products: (a) ePTFE 
vascular graft, (b) Endovascular graft made of Dacron® (Courtesy of Vascutek 
Ltd; (c) Triskele aortic valve made of NiTi and POSS-PCU leaflets (courtesy of 

UCL Cardiovascular Engineering). 

 
 

2.3.1 Polyethylene Terephthalate (PET) 

PET is a thermoplastic polyester, commercially known as Dacron® in the 

medical field, where it is used in either fibre or fabric form for sutures, wound 

dressings and as prosthetic vascular grafts due to its in vivo stability, resistance to 

sterilization and biodegradation [35]. It is made up of long chains of alternating 

units of glycol and terephthalic acids [36]. This polymer can be manufactured in 

various forms. In vascular surgery, PET is used in knitted and woven form. Woven 

PET is used in the manufacturing of vascular grafts as it contains smaller pores 
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than knitted ones and therefore helps to reduces blood leakage [37]. The surface of 

PET has shown to promote endothelialisation and stimulate tissue incorporation 

when used for endovascular graft [38].  

 

2.3.2 Expanded Polytetrafluoroethylene (ePTFE) 

PTFE (Teflon®) has an ethylene backbone and is made up of carbon chains 

saturated with fluorine [39]. PTFE is expanded during the manufacturing stage to 

create expanded PTFE (ePTFE). This material is commercially known as Gore-

Tex®, widely used for endovascular grafts, sutures and for tissue regenerations 

[35]. This material is biocompatible, non-reactive and non-toxic in vivo and thus 

makes a standard material for medical applications [40]. ePTFE consist of a 

fluorocarbon polymer and is manufactured by extruding thin sheets composed of 

three layers of this polymer. The top and bottom layer consist of elastic fibrils and 

the middle layer is microporous [41]. This property of the ePTFE was indicated to 

be used in smaller arteries with lower flow rates promoting low thrombogenicity, 

lower rates of restenosis, reduced calcification, and for its biochemical inert 

properties [42].  

 

2.3.3 Polyurethane (PU)  

PU is one of the most versatile polymers and is formed by reacting polyol (an 

alcohol with more than two reactive hydroxyl groups per molecule) with a 

diisocyanate, or a polymeric isocyanate in the presence of suitable catalysts. Two 

main types of polyurethane used in vascular surgery are thermoplastic PU and 

polycarbonate urethanes (PCU) [43]. Thermoplastic polyurethane has high shear 

strength, elasticity and transparency which are ideal for medical applications. 

Unlike, PET and expanded-PTFE, polyurethanes can be soft or rigid depending on 

their composition [36]. It is one of the most widely used biomaterials for treating 

cardiovascular diseases, due to its excellent biocompatibility, high tensile strength, 

excellent abrasion resistance and fatigue properties [44]. This material is also used 

in the design and manufacturing of intra-aortic balloons, catheters, pacemaker leads 
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and medical tubing [45]. One of the main risks of using PU for long-term 

cardiovascular applications is the ability of the material to oxidise and degrade in 

vivo [37].  

 

2.3.4 Polyetheretherketone (PEEK)  

PEEK is semi-crystalline, colourless organic thermoplastic polymer 

comprising of repeating monomers of two ether groups and a ketone group. 

Victrex® launched PEEK-OPTIMA™ in 1998 as a biomaterial for medical 

application [46]. Since then PEEK had emerged as the leading high-performance 

thermoplastic candidate for replacing metal implants and components in 

orthopaedic and trauma applications [47]. PEEK-OPTIMA™ is characterised by its 

high strength and its resistance to ionisation radiation which allow the implants 

designed with this polymer to undergo repeated sterilisation processes including 

conventional steam, gamma and ethylene oxide without significant deterioration 

[48]. 

 

2.4 Method 

The main methodologies used to join nitinol alloys and biopolymers are 

described below. 

 

2.4.1 Joining techniques for medical devices and implants  

Joining is the process of bringing two or more components together and is a 

crucial stage in the manufacturing of medical devices made from one or more 

materials. There are three different categorises of joining processes including [49]:- 

• Welding: fusion welding (laser, arc percussive, etc.), soldering, brazing and 

solid-state welding (friction). 

• Mechanical joining: riveting, crimping, clamping, etc. 

• Adhesive bonding: use of medical adhesives to bond two parts. 
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 Nitinol-Nitinol  
 

2.4.1.1.1 Welding processes  

Welding is a process where two or more components are joined together by 

applying heat and/or pressure. Some of the welding process requires a filler 

material to form a joint. There are different types of welding process such as laser-

spot welding, laser-seam welding percussive arc welding, capacitor discharge 

welding, laser transmission welding, ultrasonic welding, etc. To understand how 

each process works it is essential to understand the different elements of the 

welding and what they do. Over the years, welding has become popular due to its 

ability to achieve small and precise welds for various applications in the medical 

field, including welding titanium components in pacemakers, polymer sealing in 

syringes and catheters, soldering different components in electric circuits, etc. 

Some of the medical applications require microscopic welds to hermetically seal 

the device without causing any damage to the components inside. Welding is a 

crucial joining process in the manufacturing of small medical devices and 

components, however a deeper understanding of the welding processing at the 

micro-sale is required to expand the use of this technique [50].    

 

2.4.1.1.2 Laser welding  

Laser welding is a fusion welding process which uses heat from a laser beam 

to melt the material to form a joint. Lasers (an acronym for Light Amplification by 

Stimulated Emission of Radiation) are optoelectronic devices that emit a 

monochromatic beam of electromagnetic radiation with a high degree of spatial 

coherence and with precisely defined energy [51]. During the operation of a laser, 

the atoms are energised from ground state to excited state by a pumping source 

(Figure 12). Incoherent photons are emitted when the atoms relax back to the 

ground state. During this process, if the energy is high enough, melting occurs at 

the region where the laser hits. By manipulating the laser parameters of the beam, 

it is possible to achieve cutting, welding or surface treatment depending on the 
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application [52]. This process is carried out under an inert atmosphere to prevent 

oxidation at the weld (Figure 13), as oxidation can affect the strength of the welded 

joint  [53], [54].  

 

 

Figure 12: Schematic of emission. 

 

Nitinol has a high affinity for oxygen to form oxides and therefore all nitinol 

welds are performed under shielding as the oxidation at the joint during welding 

can affect the ductility of the alloy [55]. The main issue with using a laser for small 

medical applications is the diameter of the laser beam. Most medical applications 

require a laser beam with a narrow, stable, and focused energy which does not 

cause damage to the surrounding region [56].  
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Figure 13: Schematic of laser welding process. 

 

Some of the common lasers used in medical manufacturing include carbon 

dioxide (CO2) lasers, Nd:YAG, fiber laser and ultrashort pulse length lasers. CO2 

laser use an electrically excited mixture of carbon dioxide, nitrogen and helium as 

the active laser medium. The wavelength of CO2 laser is 10200 nm. These are 

usually used for drilling and cutting applications. 

Nd-YAG lasers use an yttrium aluminium garnet (YAG) crystal doped with 

neodymium (Nd) atoms to produce photons with a wavelength of 1064 nm. Pulsed 

Nd:YAG lasers are most commonly used for laser welding, and for joining medical 

components [57].  

Fibre lasers have recently become popular as they are more efficient, powerful 

and cost effective. These are equipped with better and improved optics and thus 

produce fast, high power, precise welds to small focal points. 

Ultrashort pulse length lasers have a wavelength of 1060 nm and are 

commonly used for drilling and cutting. They are solid-state lasers, having output 

pulse lengths of picoseconds (ps) (10-12 seconds) and femtoseconds (fs) (10-15 

seconds) [58].    
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Studies have been carried out on the use of CO2 lasers to join nitinol 

components for medical applications, which indicated a significantly higher 

corrosion rate at the welded region and reduction in the ductility of the alloy [59]. 

Some of the main applications where laser welding has been employed are; the 

design and manufacturing of cardiac pacemakers, defibrillators, guide wires, 

catheters, orthodontic appliances, hearing aids, etc. The main risk with using laser 

welding for nitinol joints is the deterioration of the mechanical and shape-memory 

properties of the alloy. Laser micro-welding can be used to join a wide range of 

materials including titanium, aluminium, stainless steel, copper beryllium, 

platinum, nickel alloys and carbon.   

 Advantages and disadvantages 

Laser welding has many advantages which include [53]: -  

 No contact with a heated tool: this enables to perform the welding process 

in limited space, through a laser beam.  

 Highly automated technique: which helps to reduce labour cost as laser 

system comes with automatic motion control to achieve uniform welds. 

 Low heat input: heat input from laser welding is less compared to other 

welding techniques. Laser welding also enables pulsed or continuous 

welding depending on the weld required for different application.  

 Localised heating: heat from the laser is limited to the weld region and the 

heat affected zone (HAZ) and reduces drastically after the processes, 

minimising thermal damage to the components to be joined. 

 Low thermal distortion: this is crucial in medical device manufacturing, as 

the weld region and heat affected zone can undergo distortion due to 

residual stress from laser heat.  

 Precise welds: laser welding enables to create small and precise welds for 

medical device manufacturing.   

However as with any other process, laser welding has its own disadvantages, 

such as: 



49 | P a g e  
 

 Expensive process: laser welding unit can be expensive depending on the 

equipment. 

 Need of filler material: some of the welds require filler material which can 

be expensive depending on the application.  

 

2.4.1.1.3 Percussive arc welding  

Percussive arc welding is a high-speed welding process which can be used to 

produce either a fusion or forge (solid phase) weld where an arc is struck between 

the end of two components to be joined (Figure 14). However, the process can 

result into the introduction of surface contaminants and lack of bonding at the joint, 

due to poor melting at the fusion zone [60]. Hence, it is necessary to carry out the 

welding process under inert gas shield to avoid oxidation. However, percussive arc 

being a short process, it does not require a flux covering or gas shielding. 

 

 

Figure 14: Schematic of percussive arc welding of NiTi wires. 

 

Percussive arc welding is used for butt wire welding in medical applications 

such as tipping of catheter wires, formation of thermocouples, and sensor wires 

[50].  
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 Advantages and disadvantages 

Benefits of percussive arc welding include: -  

 Fast and controllable process: short duration of the welding process helps 

to carry out the process fast. 

 Can be used for dissimilar metallurgically incompatible materials  

Some of the disadvantages of percussive arc welding are: - 

 Limitation in weld geometry: this welding technique restricts joining of 

complex shapes and components. 

 Limited to butt-butt weld configuration 

 Over-melting of the weld region: risk on potential spattering of molten 

metal. 

 Limited repeatability: repeatability of the process depends heavily on the 

process parameter.  

 

2.4.1.1.4 Capacitor discharge welding 

Capacitor discharge welding uses energy stored in large capacitors for quick 

release. It is a thermo-electric process in which heat is generated at the interface of 

the parts to be joined. Heat generated melts the two parts at the interface, forming 

a weld (Figure 15).  Electrode pressure, bulk resistance and contact resistance of 

the material are major factors during capacitor discharge welding. The electrode 

force pushes the two parts together even after the current flow is stopped to 

generate a good joint. Contact resistance is influenced by surface properties of the 

materials, including surface roughness, cleanliness and surface oxidation. Bulk 

resistance increases with temperature [61]. Capacitor discharge is used to join wire 

to pin assemblies in medical applications [50]. 
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Figure 15: Schematic of capacitor discharge welding. 

 

 Advantages and disadvantages 

Benefits of capacitor discharge welding include: -  

 Clamping force at the joint helps to keep the wires close together during the 

welding process to which enhances the weld strength.    

 Localised heating. 

Some of the disadvantages of capacitor discharge welding are: - 

 Development of small electrodes, electrode wear, and positioning the wire-

substrate assembly prior to joining.  

 Need to control of the current path in usually small diameters, especially 

when direct access for the lower electrode is not possible.  

 Electrode size, position and force are also issues.  
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2.4.1.1.5 Mechanical joining or Crimping  

Crimping is a mechanical joining technique which helps to create a joint 

between two materials without fusing the two components [62]. This process is 

most widely used to join nitinol wires in endovascular stent grafts and heart valves. 

Nitinol wires used in the design of the heart valves are joined together by crimping 

a stainless-steel sleeve over the nitinol wire ends to create a joint.  

 Advantages and disadvantages 

Some of the advantages of crimping process are [63]: -  

 No filler material needed: mechanical joining does not require a filler metal 

as there is no fusion bonding. 

 No complicated machinery required for assembly. 

 Joins dissimilar materials: can be used to join various dissimilar materials 

with no compatibility issues. 

 No additional heat used: helps to eliminate heat distortion caused by other 

joining techniques such as welding, brazing or soldering. 

 Quick process: saves time as the process is easy and straight forward. 

Limitations of using crimping for medical application include: - 

 Limited flexibility: cannot be used for flexible joints thus reducing the 

ductility of the joint. 

 Corrosion issues: crimped joints increase the risk of corrosion in vivo.  

 Disassembling issues: disassembling can destroy or deform the joined parts.  

 

 

 

 



53 | P a g e  
 

 Nitinol – Polymer 
 

2.4.1.2.1 Laser transmission welding  

Laser transmission welding is a joining process where the weld is created by 

transmitting or passing laser energy through a transparent top layer to create a weld 

at the interface (Figure 16). Laser transmission welding require a transparent 

material and an absorber to create a weld. A Nd-YAG laser beam passes through 

the transparent material and it is absorbed by the absorbing material which heats 

up and indirectly heats up the transparent layer producing a weld at the interface 

[64]. This method helps to create an internal joint without affecting the top layer of 

the transparent material [65]. Usually carbon black or Clearweld® is used as an 

absorbing medium for this process. Using carbon black as the absorbing medium 

limits the use of transparent materials to be joined as weld lines are visible while 

joining clear or coloured plastics. Therefore, Clearweld® is widely used as the 

absorbing agent in laser transmission welding [66]. Laser transmission welding is 

widely used for the assembly of oxygen masks, catheters and in microfluidics. 
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Figure 16: Schematic of laser transmission welding [67]. 

 

 Advantages and disadvantages 

Main advantages of using laser transmission welding are [67]: -  

 Quick process: high speed welding process lowers weld times. 

 Automated technique: simple and user-friendly technique. 

 Consistency: consistent welds are created. 

 Non-contact process: does not come in contact with the materials during 

welding process.  

 Minimal thermal damage: heating location is precise and limits the HAZ. 

 Dissimilar material can be welded: can be used for different materials.  

Main disadvantages of this process are: - 

 Transparent material: the upper part of the materials to be joined must be 

transparent. 
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 Limited joint geometry: cannot be used for components with complex 

geometry. 

 Expensive equipment: laser transmission welding set-up can be expensive. 

 

2.4.1.2.2 Ultrasonic welding  

Ultrasonic welding is a solid-state welding technique which uses high 

frequency vibration energy to produce a weld [68]. The electrical energy is 

converted by the transducer to shear vibrations of the same frequency which are 

transmitted to the work piece placed under moderate clamping force (Figure 17) 

[69]. The mechanical energy from the vibration is converted into thermal energy 

due to intermolecular and surface friction. As the heat increases at the interface of 

thermoplastic materials, these melt and bond to each other, then undergoing 

cooling and recrystallization [70].  

 

Figure 17: Schematic of static ultrasonic welder. 
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Ultrasonic welding is widely used as a joining process in the medical field. 

Medical devices such as catheters, blood filters, anaesthesia filters, dialysis tubes, 

face masks etc. are joined together using ultrasonic welding. This technique can 

also be used to stitch medical plastics or fabrics for hospital gowns, masks, 

transdermal patches, sterile garments and textiles for clean room.   

 Advantages and disadvantages 

Main advantages of using ultrasonic welding are: -  

 No solder materials needed: this process does not require a filler material to 

form a weld.  

 No melting required: this process produces a solid-state weld without 

melting the base material all the way through. 

 No intermetallic formations: this welding process eliminates intermetallic 

formation thus avoiding embrittlement of welded joints. 

 Dissimilar welds: it can be used to join similar and dissimilar materials.  

 Minimal thermal damage: heating location is precise and limiting HAZ. 

Main disadvantages of this process are: - 

 Limited joint geometry: cannot be used for joining assemblies with complex 

geometries. 

 Lap joint: can only be used for lap joint configuration. 

 laser transmission welding set-up can be expensive. 

2.4.1.2.3 Hot-plate and hot-bar welding  

Hot-plate welding process used heated plates to melt the joining surfaces of 

the two halves of the thermoplastic parts. The heated plate is then removed and the 

parts to be joint are bought in contact for a set amount of time to form a good joint. 

After the plastic interface have melted, the parts are brought together to form a 

molecular, permanent, and often hermetic bond. A properly designed joint welded 
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under precise process control often equals or exceeds the strength of any other 

parts. 

Hot-plate welding is not a popular welding method in the medical field as it is 

more suitable for larger components and requires a longer process time. Hot-plate 

welding is used to join blood filters, tubes and catheters, some of the analytical 

devices which include chest drainage units, testing tray and home testing kits, and 

for speciality devices such as artificial joints, braces, splints and dialysis systems 

[71].  

 Advantages and disadvantages 

Main advantages of using hot-plate welding are: -  

 Hermetical sealing: hot plate welding produces strong, hermetically sealed 

joints.  

 This process does not require a filler or solder material to form a weld. 

 No intermetallic formations: this welding process eliminates intermetallic 

formation thus avoiding brittle of welded joints. 

Main disadvantages of this process are: - 

 Slow process: this technique is slower than laser or ultrasonic welding. 

 Molten plastic sticking to hot plate: As the heat from plate melts the plastic 

material, it may stick to the plate. 

 Used for thin materials: which restricts the use of thicker material. 

 transmission welding set-up can be expensive. 

 

2.4.1.2.4 Dielectric (high frequency) welding  

Dielectric (high frequency or radio frequency (RF) welding uses an alternating 

electric field to form a weld by generating heat depending on the properties of the 

material to be joined. This is mainly used to join plastics. A high frequency electric 

field is applied between two metal bars and the parts to be joined are exposed to it. 
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The electric field causes the molecules in the thermoplastics to oscillate, which 

transfers to thermal energy by heating the parts to be joined [71].  

Radio frequency welding is used to join ostomy, blood bags and disposable 

hospital products.  

 Advantages and disadvantages 

Main advantages of using RF welding are: -  

 Low cost: the process itself is cheap and affordable.  

 Design flexibility: can be used to join different shapes of materials thus 

providing design flexibility. 

 High production rate: low cost of process helps in the increase of production 

rate. 

Main disadvantages of this process are: - 

 Slow process: this technique is slower than laser or ultrasonic welding. 

 Molten plastic sticking to hot plate: As the heat from plate melts the plastic 

material, it may stick to the plate. 

 Used for thin materials: restricting the use of thicker material. 

 

2.4.1.2.5 Adhesive bonding  

Adhesion is an interatomic and intermolecular interaction process at the 

interface of the two surfaces [72]. Adhesion forces play a vital role in bringing two 

solids together. This process can be carried out using different methodologies 

including paints, coating, adhesive joints etc. It is important to achieve a good 

adhesive bond throughout the interface of the solid as the performance of the final 

product depends on the adhesion between different components [73]. There are 

different number of factors which have an effect on adhesion between two 

materials, including surface pre-treatment, type of adherents and adhesive used, 

thickness of the adhesive and bonding and testing conditions [74], [75]. Using 
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efficient, simple and inexpensive adhesive bonding will help to provide a low cost, 

better life cycle and recyclable joint solution [76].  

Adhesives are widely used for medical and electronic application ranging from 

the attachment of sensors to substrates, encapsulation and packaging of medical 

devices. However, there are strict criteria to be followed before using adhesive 

bonding for implantable devices. Short-term disposable medical devices do not 

require long-term stability in the harsh environment of the human body and 

therefore adhesive degradation is not a major concern. On the contrary, for long-

term implantable devices, biocompatibility, stability and leaching are essential 

properties. Medical-grade adhesives must be non-toxic and solvent-free once cured 

and all medical-grade adhesives must undergo biocompatibility testing as per ISO 

10993. This standard includes hemocompatibility and cytotoxicity tests. However, 

these tests just provide basic guidelines for the suppliers and further tests need to 

be carried out before using any adhesive for long-term implantations. Medical 

adhesives are usually assessed for 30 days life span, and are also used to attach 

needles to syringes, assembling balloon catheters, oxygen masks and delivery tubes 

[77]. 

Some of the most widely used medical adhesives are epoxies, acrylic and 

silicone based. Epoxies are more suitable for long-term implantable devices as they 

are non-toxic and provide good mechanical joint strength, they can be used for 

various choice of materials and their chemical and moisture resistance [78]. 

Cyanoacrylates and UV cured acrylates are mainly used to join disposable medical 

devices made from plastic components, whereas epoxies can also be used to bond 

metal components [79]. Silicone medical adhesive are the most widely used 

solutions for implantable medical implants. Some of the examples where silicone 

adhesive (Figure 18) is used for medical applications are pacemakers, defibrillators 

and neurological stimulators.  
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Figure 18: Pacemaker unit assembled using silicone based adhesive, sealing 
titanium body to PU connector [80]. 
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 Advantages and disadvantages 

Some of the advantages of using adhesive bonding are [63]: -  

 Join dissimilar materials: can be used to join dissimilar materials with no 

compatibility issues. 

 Possibility to join thin adherents. 

 No heat used: helps to eliminate heat distortion caused by other joining 

techniques such as welding, brazing or soldering. 

 Help to produce strong and uniform bonds. 

 Bond and Sealing: can be used for both to bond materials as well as to seal 

devices. 

 Cost effective: it is one of the cheapest joining processes which helps to 

reduce labour cost. 

 Quick process: saves time as the process is easy and straight-forward. 

Limitations with using adhesives for medical application are: - 

 Biocompatibility: it is crucial to assess each adhesive, if it can be used for 

medical application without causing any toxic allergies. 

 Disassembling issues: disassembling can destroy or deform the joined parts.  

 Limited stability to heat. 

 Long-term use can affect joint properties.  

 Surface preparation: cleaning and appropriate surface treatment is necessary 

to achieve good wettability and long-term durability.  

 Resistant to sterilisation methods: different grades of medical adhesives are 

available which can withstand sterilisation methods including steam 

autoclave, ethylene oxide (ETO), radiation and chemical sterilants. 
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Therefore, suitable surface pre-treatment is an essential step before applying 

adhesives the substrate surface.  

 

2.4.2 Surface Modifications  

Surface modification or surface treatment of materials is often carried out to 

improve the surface finish of the material for further processing. Medical implants 

made of thin nitinol wires such as coronary stents and heart valves can increase the 

risk of (Ni) leaching even from the smallest defect on the implant surface [81]. 

Nickel leaching in the blood stream can cause allergic and carcinogenic effects 

[82]. Therefore, surface modification of nitinol is a subject of numerous studies to 

improve surface properties such as corrosion resistance and biocompatibility of the 

material. Some of the surface modification techniques include chemical etching 

(Ce), mechanical polishing (Mp), electropolishing (Ep), plasma treatment, 

silanisation and surface coating [83]. These techniques can also be applied to 

improve the adhesion between coating and substrates. Metal substrates tend to form 

an oxide layer on their surface, and surface treatments help to clean off these layers 

[84]. For coating technology, surface modification is usually carried out on the 

topmost layer of the substrate without affecting the bulk properties of the material.  

For nitinol devices, great care needs to be taken while applying surface 

treatments, not to alter the bulk properties of nitinol including shape recovery 

temperatures and superelasticity [85]. Some of the most common surface 

treatments employed on nitinol are chemical etching, electropolishing, mechanical 

polishing, heat treatment and plasma treatment, which are explained in the coming 

sections. 

 

 Chemical etching  

Chemical etching is one of the surface treatments where corrosive chemical 

baths, known as etchants, dissolve the surface of the material. This technique is 

widely used to remove defective layers and surface oxides from nitinol surface 
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[86], [87]. However, the success of chemical etching processes mainly depend on 

the applied etchant, the temperature of etching and the timing of etching process 

[88]. Titanium surfaces are usually chemically etched using a mixture of acids 

including hydrofluoric acid (HF) and nitric acid (HNO3). Etching the surface with 

only hydrofluoric acid is a slow process and produce a rough surface and produces 

hydrogen gas as by-product. Adding nitric acid increases the etching rate and helps 

in eliminating formation of hydrogen gas and gives a smooth surface finish to the 

material [89].  

 Electropolishing 

Electropolishing is carried out on clean metallic surfaces to achieve smoother 

surface by removing material from substrate. This process follows the same 

principle of electrolysis, the material is immersed in an electrolyte bath and 

subjected to flow of electrical current. This process helps to remove surface 

contaminants and imperfections. For biomedical applications, electropolishing 

have proved to offer a smoother nitinol surface in compassion to chemical etching 

process [90]. Electropolishing is one of the most common surface treatment used 

on nitinol stents, it has indicated to decrease the release of nickel (Ni) ions after 

implantation in comparison to mechanical polishing [91].   

 

 Mechanical polishing  

Mechanical polishing of material surface is carried out using mechanical tools 

and abrasives until desired smoothness is achieved. Mechanical polishing is carried 

out in three different stages, the surface is grinded and then polished for a smoother 

surface and finally buffed to get rid of tiny abrasive materials from grinding and 

polishing, this leaves a shiny surface. During mechanical polishing, a slurry which 

is a combination of chemicals, water and polishing abrasive particles are made to 

flow between polishing plate and the polishing head with sample attached on its 

end. As the polishing table rotates, it causes removal of material (Figure 19). 

Some of the advantages of mechanical polishing include improved surface 

finish, reduced surface adhesion and improved surface cleanability. However, 
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mechanical polishing of nitinol without additional surface treatment can lead to 

inconsistent corrosion resistant properties [83]. This is due to the micro-cracks, and 

residual plastic deformations sustained as a result of grinding and polishing process 

[92]. 

 

Figure 19: Schematic of mechanical polishing. 

 
 

 Plasma treatment  

Plasma is a state of matter composed of highly excited atomic, molecular, 

ionic, and other radical species. During plasma treatment, highly reactive species 

initiate reaction at the interface of nitinol surface resulting in good adherence and 

stable surface layers [93]. Plasma-based techniques, combining the advantages of 

conventional plasma and ion beam process, are effective methods for medical 

implants with complex geometries. Plasma treatment helps in modifying the nitinol 

surface by improving the adhesion strength, coating properties and 

biocompatibility [94]. There are two different kinds of plasma for technological 

applications, including thermal and non-thermal plasmas. Thermal plasmas have 

electrons and the heavy particles at the same temperature, whereas non-thermal 

plasma (cold atmospheric plasma) is a near room temperature ionized gas 

composed of charged particles, neutral particles and electrons [95].  The ionised 

particles break down as it hits the surface and removes surface contaminants, 

exposing a stable bonding surface (Figure 20).  
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Figure 20: Schematic of plasma treatment of sample surface. 

 

Cold atmospheric plasmas are widely used in various applications in the 

medical field due to their low temperature processing, which can be used on 

thermo-sensitive materials [96] as they eliminates the risk of thermal damage [97]. 

The cold atmospheric plasma is mainly used in the coating technology to clean, 

disinfect and decontaminate the surface prior to the application of coating [98]. 

This method is much cheaper, non-destructive and convenient alternative to low-

pressure plasma treatments. Plasma treatment is an environmental-friendly 

technique which does not use any chemicals.  

 

 Silanisation 

Silanisation is a surface modification method, widely used on biomaterials that 

are rich in hydroxyl groups such as hydroxyapatite (HA), bioglass, titania and other 

metal oxide surfaces [99]. This process covers the material surface with organo 

functional chloro or alkoxydilane molecules e.g. organosilanes which can alter 

desired surface functional properties via the used different types of organic 
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polymers [100]. The main advantages of silanisation is the stability of the 

functional surface by preventing dissolution and degradation of molecules [101]. 

The silanisation process is carried out by depositing a layer of aminosilane using 

liquid and vapour deposition techniques to achieve a coating over the metal oxide 

substrates. This process enhances the capability of biomedical implants to facilitate 

cell adhesion, proliferation, and a variety of implant specific cellular response 

[102].  

 

 Coatings 

Surface coatings are a way to modify surfaces of both metals and polymers to 

increase biocompatibility [103]. There is still a concern regarding the use of 

metallic biomaterials inside the body due to corrosion or leakage of ions, which 

can be eliminated by coating the biomaterial surface [104]. Coating nitinol surfaces 

with biocompatible polymers can enhance surface resistance and improve 

biocompatibity of long-term medical device. In the case of cardiovascular implants 

made from nitinol alloy, the coating will act as a protective shield over the titanium 

oxide layer which will eliminate the release of nickel ions avoiding any 

inflammatory response [105]. Some of the main coating techniques used for 

biomedical applications include sol-gel, thermal spraying, plasma spraying, 

sputtering and dip coating [106], [107].  
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3.1 Introduction 

This chapter provides a description of the materials, consumables and the 

joining equipments and procedures. Subsequently, the different methodologies 

used for physical and mechanical testing of the nitinol joints are reported. The 

chapter concludes with description of methodologies to improve the nitinol-

polymer joining.  

 

3.2 Nitinol-Nitinol 

Nitinol wires were joined together using different joining techniques including 

capacitor discharge, percussive arc and laser micro-welding, using PEEK shrink 

tubes, adhesive bonding, and crimping. The reason for using these three welding 

techniques were as they were the only techniques available for welding thin wires 

at TWI Ltd during the course of this project. Although, capacitor discharge and 

percussive arc welding are not widely used for thin wires and thus laser welding 

became the choice of welding technique which is explained in the end of chapter 3 

and in chapter 4. Detailed information on the joining parameters are mentioned in 

the following sections (Figure 21).   
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Figure 21: Layout of experimental work for NiTi wires. 

 
 

3.2.1 Material Selection 

For initial experiments cold worked superelastic nitinol wires of 0.55 mm 

diameter was used which were supplied by Memry GmbH (SAES Group 

Company), Germany. However, after comparing the mechanical properties of cold 

worked wires to heat treated ones, it was decided to carry out further experiments 

using heat treated wires. Wire samples of 0.44 mm diameter were chemically 

etched and straight annealed by heat treating approximately at 500 °C to restore 

superelastic properties by the supplier. For each joining technique, a couple of 

wires of 50 mm length were used.  

For adhesive bonding, epoxy-based adhesives were used as manufactured by 

Masterbond® (MasterBond Inc., US) and Epotek® (Epoxy Technology Inc., US).  

PEEK shrink tubes for joining nitinol wire was supplied by Zeus Inc., Ireland 

(PEEK Shrink®).  
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3.2.2 Joining processes 

Nitinol wires of 50 mm length were joined together using different techniques 

including mechanical crimping, welding, adhesive bonding and PEEK shrink tubes 

in a lap joint configuration (except capacitor discharge welding where wires were 

joint in butt-butt configuration (Figure 22). 

 

 

Figure 22: Description of joining configuration used for NiTi joints. 

 
 

 Mechanical crimping 

A crimping sleeve usually made of stainless steel (SS) is positioned around the 

area of the wire to be joined and deformed plastically with the wires by applying a 

mechanical force by means of crimping blade (Figure 23). This produces a region 

with dimensional interference encapsulating the nitinol wires forming a mechanical 

joint. The crimping process is usually carried out by the medical device 

manufactures after shape setting nitinol wires. 
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Figure 23: Schematic of crimping process. 
 

Mechanical crimping is a commonly used method to join nitinol wires in stent 

grafts and heart valves. Therefore, mechanically crimped nitinol joint was used as 

a reference with the other technique to evaluate which technique can be used as a 

potential replacement for medical devices instead of the crimped wire. The crimped 

nitinol joint was used from a previous project as it was difficult to purchase 

stainless steel sleeves (Figure 24). 

 

 

Figure 24: Schematic of SS crimped NiTi joint. 

 
 



72 | P a g e  
 

 Laser Micro Welding 

Laser micro-welding of nitinol wires was carried out using two types of lasers 

including a ytterbium (Yb) fibre laser and a quasi-continuous wave (QCW) laser 

unit. Yb-fiber lasers is a single mode fibre laser which produces Gaussian beam 

profile focussing the highest concentration of all of its power on a small point in 

the material. Single mode fibre laser produces narrow, high intensity beam which 

can be focussed down to spot size as small as 10 µm (Figure 25). This high 

intensity, small spot is ideally suited for laser cutting applications, but generally 

not ideal for welding, as it generates weld widths which are normally too narrow. 

For laser welding, much importance was given to parameters such as laser power, 

welding speed and beam diameter which significantly controls the heat input at the 

joint. This was done to control phase transformation of nitinol at the joint which 

can impact the superelastic and shape memory properties of the alloy. 

 

 

 

Figure 25: Schematic of laser exiting single mode Fiber and cross section of 
power intensity. 

 

Nitinol wires were welded in a lap joint configuration using a ytterbium-fibre 

laser (IPS model 1 kW) in a range from 150 W to 700 W with a beam wavelength 
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of 1070 nm operating in pulse and continuous mode (Figure 26). To create the lap 

joint, nitinol wires of 50 mm length were placed parallel to each other and were 

held in place using clamping magnets on an xyz manipulator. The wires were placed 

with 10 mm overlap and the weld was confined to 7 to 8 mm. This dimension is 

consistent with the length of the crimping sleeve commonly used in stent graft 

application (where it typically ranges from 6 to 8 mm). The welding process was 

carried under argon (Ar) shield to minimise oxidation (Figure 27). During the 

welding process, the laser beam was focused at the centre of the lap joint using a 

positioning laser. For initial experiments were carried by joining nitinol wires by 

laser micro spot welding at 150 W, welding speed used was 45 m/s. Different 

ytterbium-fiber laser parameters including laser power, laser speed with different 

argon flow rate were used to achieve a good nitinol welds (Table 2). 

 

Figure 26: Yb-fibre laser welding set-up, (a) Laser welding, (b) Schematic of Yb-
fiber laser welding set-up, (c) sample set-up, (d) seam welded NiTi wires. 
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Figure 27: Schematic of Yb laser welding set-up. 

 

A ytterbium-fibre laser consisted of scanner to provide welds with low 

distortion, reducing the processing time and providing a contactless process. For 

the study undertaken here, there was a delay in the scanning response and thus 80 

ms was added to the laser run time to compensate for the delay. Eventually, the use 

of ytterbium-fiber laser was discontinued due to the time delay and fault in the 

power system. The following table details a list of runs undertaken with ytterbium-

fibre laser together with varied parameters. 
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Table 2. Parameters of Yb-fiber laser welding. 

 

 

Trial No Laser Power 
(w)

Focus 
position          
(+/- mm)

Dot on time 
(ms)

Length of 
line (mm)

Repeats Pattern 
offset 
(mm)

Wobble 
radius 
(mm)

Wobble 
Freq (Hz)

Number of lines Weld? 
Green- Yes 

Red - No

1 150 1 125 N/A 1 N/A N/A N/A N/A
2 250 1 150 N/A 1 N/A N/A N/A N/A

3 150 1 125 N/A 1 N/A N/A N/A N/A

4 300 2 125 N/A 1 N/A N/A N/A N/A
5 250 2 125 N/A 1 N/A N/A N/A N/A
6 200 2 125 N/A 1 N/A N/A N/A N/A

6a 200 2 125 N/A 1 N/A N/A N/A N/A

7 200 0 125 N/A 1 N/A N/A N/A N/A

8 150 0 125 N/A 1 N/A N/A N/A N/A

8a 150 0 125 N/A 1 N/A N/A N/A N/A

9 150 0 125 N/A 1 N/A N/A N/A N/A
10 150 1 125 N/A 1 N/A N/A N/A N/A
13 150 1 25 N/A 1 N/A N/A N/A N/A

13a 150 1 25 N/A 1 N/A N/A N/A N/A

14 150 1 75 N/A 1 N/A N/A N/A N/A

14a 150 1 75 N/A 1 N/A N/A N/A N/A

11 150 1 10 N/A 1 N/A N/A N/A N/A
12 150 1 25 N/A 1 N/A N/A N/A N/A

Welded, created small spot, more penetration needed.

Performed on other side of sample 14, to give full penetration.

Wires for the following trials were postioned on top of one another, 0.5 to 0.5

Wires for the following trials were positioned side by side, 0.8 to 0.8

Wires for the following trials were positioned side by side, 0.5 to 0.5

Performed on other side of sample 6, to give full penetration.

Good penetration, small hole created - possibly due to too much 
power at focus.

Welded, too much power, excessive melting caused.
Welded, too much power, excessive melting caused.

Welded, majority of melting on top wire.
Heavy melting, too much power or on time, no weld.

Created small spot weld between wires, more penetration required

Welded, created small spot, more penetration needed.

Comments

Welded, created small spot, more penetration needed.

Performed on other side of sample 8, to give full penetration.

Too much heat, heavy melting.

Performed on other side of sample 13, to give full penetration.

Too much heat, heavy melting and disfiguration

Beam released and marked wire
Beam released and marked wire

Following trials were performed using 'bead on plate' method, in order to test for minimum 'on time' of laser. 

Welded, created small spot, more penetration needed.
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Trial No Laser Power 
(w)

Focus 
position          
(+/- mm)

Dot on time 
(ms)

Length of 
line (mm)

Repeats Pattern 
offset 
(mm)

Wobble 
radius 
(mm)

Wobble 
Freq (Hz)

Number of lines Weld? Green- 
Yes Red - No

15 150 1 75 N/A 1 N/A N/A N/A N/A

16 150 1 75 N/A 1 N/A N/A N/A N/A

17 125 1 75 N/A 1 N/A N/A N/A N/A

18 135 1 75 N/A 1 N/A N/A N/A N/A

18a 135 1 75 N/A 1 N/A N/A N/A N/A

19 135 1 75 N/A 1 N/A N/A N/A N/A

20 135 1 75 N/A 1 N/A N/A N/A N/A

21 140 1 75 N/A 1 N/A N/A N/A N/A

22 150 0 125 N/A 1 N/A N/A N/A N/A

23 150 0 125 N/A 1 N/A N/A N/A N/A

24 140 0 125 N/A 1 N/A N/A N/A N/A

25 130 0 125 N/A 1 N/A N/A N/A N/A

1 dot released first for alignment purposes, followed by 3 dots 
(programmed) spread 1.5mm apart - Partial joint due to gap created 
during processing. 2nd weld (single spot) performed on other side 

of sample to ensure full penetration.

1 dot released first for alignment purposes, followed by 3 dots 
(programmed) spread 1.5mm apart - Joint created, slight 

misalignment. 3 dot programme welds used on top and bottom 
surface of joint.

Only using single dot, welded on both sides
Using 3 dot programme, 0.5mm apart - Joint created, too much heat 

input.

3 dots (programmed) spread 1.5mm apart - No joint due to 
misalignment.

1 dot released first for alignment purposes, followed by 3 dots 
(programmed) spread 1.5mm apart - partial joint due to 

misalignment.

Comments

3 dots (programmed) spread 1mm apart - Joined wires, gap between 
dots maybe to close, creating what looks like one weld rather three.

Following trials were performed using 0.8 thickness nitinol wire.

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, too much heat input.

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created.

3 dots (programmed) spread 1.5mm apart - Joined wires, good 
penetration.

3 dots (programmed) spread 1.5mm apart -  1st attempt failed due to 
misalignment, 2nd attempt performed using same sample and 

joined but still some misalignment.
3 dots (programmed) spread 1.5mm apart - Partial joint, due to 

misalignment, full penetration achieved. 
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Trial No Laser Power 
(w)

Focus 
position          
(+/- mm)

Dot on time 
(ms)

Length of 
line (mm)

Repeats Pattern 
offset 
(mm)

Wobble 
radius 
(mm)

Wobble 
Freq (Hz)

Number of lines Weld? Green- 
Yes Red - No

26 135 0 75 N/A 1 N/A N/A N/A N/A

27 135 0 75 N/A 1 N/A N/A N/A N/A

28 135 0 75 N/A 1 N/A N/A N/A N/A

29 135 0 75 N/A 1 N/A N/A N/A N/A

30 135 0 75 N/A 1 N/A N/A N/A N/A

31 135 0 75 N/A 1 N/A N/A N/A N/A

32 135 0 75 N/A 1 N/A N/A N/A N/A

33 135 0 75 N/A 1 N/A N/A N/A N/A

34 135 0 75 N/A 1 N/A N/A N/A N/A

35 135 0 75 N/A 1 N/A N/A N/A N/A

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact
Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Comments

Following trials used Argon chamber used for shielding - samples to be used for tensile testing.

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact

Using 3 dot programme, 1mm apart - weld performed on either side, 
joint created, good shielding. Same weld performed on other side. 

Looks like good weld and good contact
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Trial No Laser Power -  
Requested 

(w)

Focus 
position          
(+/- mm)

Process speed 
(mm/s)

Length of 
line (mm)

Repeats Pattern 
offset 
(mm)

Wobble 
radius 
(mm)

Wobble 
Freq (Hz)

Number of lines Weld? Green- 
Yes Red - No

A-1 135 0 1000 10 1 N/A N/A N/A N/A N/A
A-2 270 0 1000 10 1 N/A N/A N/A N/A N/A
A-3 450 0 1000 5 1 N/A N/A N/A N/A N/A

A-4 500 0 1000 3 1 N/A N/A N/A N/A N/A

A-5 700 0 1000 3 1 N/A N/A N/A N/A N/A
A-6 700 0 750 3 1 N/A N/A N/A N/A N/A

A-7 700 0 700 7 1 N/A N/A N/A N/A N/A

A-8 700 0 700 7 1 N/A N/A N/A N/A N/A
A-9 700 0 700 7 1 N/A N/A N/A N/A N/A

A-10 700 0 700 7 1 N/A N/A N/A N/A N/A
A-11 700 0 700 7 1 N/A N/A N/A N/A N/A

Comments

Some possible marking on wire, no weld
Some possible marking on wire, no weld
Weld length shortened due to curvature of wire - No weld created

Weld length shortened due to new method of clamping - No weld created.

Following trials used Argon chamber used for shielding - samples to be used for tensile testing.

Small, thin seam weld created, approxiamately 6-7mm in length - Only one side welded.
Small, thin seam weld created, approxiamately 6-7mm in length - Only one side welded.

No weld, melt run created on one wire, misalignment
Partial weld

Small, thin seam weld created, approxiamately 6-7mm in length - Only one side welded.

Small, thin seam weld created, approxiamately 6-7mm in length - Only one side welded.
Small, thin seam weld created, approxiamately 6-7mm in length - Only one side welded.
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Further laser micro-welding of nitinol wires was carried out using an IPG quasi 

continuous wave (QCW) multi-mode fibre laser (Figure 28). In continuous mode, 

the laser unit produced a laser beam with maximum power of 600 W, and when 

used in pulsed mode it gives a peak power of 6 kW.  The multimode fibre laser 

beam more equally distributes its intensity across the weld, resulting in more stable 

welding conditions.  

 

 

Figure 28: QCW laser welding unit. 

 

Quasi continuous wave laser unit works with a non-Gaussian beam profile. 

Non-Gaussian profile usually referred as flat-top beam profile which distribute 

uniform energy across a given area (Figure 29). 
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Figure 29: Schematic of laser exiting multi-mode fibre and cross section of power 
intensity.  

 

Similar to ytterbium-fibre welded joints, nitinol wires of 50 mm length (Figure 

30) were fixed parallel to each other (overlap of 10 mm each side) on an xyz 

manipulator and were seam welded (size: ~50 microns, speed: 5000 mm/min) 

(Figure 32). Argon shielding at a feed rate of 7.8 L/min was used in the laser 

welding unit, to minimise further oxidation additional argon shielding was also 

used during the welding process (Figure 31). Seam welds of 7.5 mm of length were 

created. Welds were created at 50 W, which is much less than the ytterbium-fibre 

laser experiments.  

 

 

Figure 30: Schematic of QCW laser welding set-up. 
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Figure 31: QCW laser welding set-up. 
 

 

Figure 32: Sample stage set-up. 
 

A number of different laser parameters including laser power, laser speed with 

different argon flow rate were used to achieve a good nitinol-nitinol joint (Table 

3). 
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Table 3. Parameters of QCW laser welding. 

 

 

Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q1 250  - 3000 35 0 8
Q2 50  - 4000 35 0 8
Q3 50  - 5000 35 0 8

Q4 50  - 5000 35 0 7.5
Q5 50  - 5000 35 0 7.5
Q6 50  - 5000 35 0 7.5
Q7 50  - 5000 35 0 7.5
Q8 50  - 5000 35 0 7.5
Q9 50  - 5000 35 0 7.5

Neat weld created, good shielding with silver bead and minimalto no oxidation, good alignment.
Neat weld created, good shielding with silver bead and minimalto no oxidation, good alignment.

Comments

Neat weld created, good shielding with silver bead and minimalto no oxidation, good alignment.
Neat weld created, good shielding with silver bead and minimalto no oxidation, good alignment.

Too much power, sample destroyed.
Good weld created, bad shielding and oxidisation, heavy start/stop areas.

Good weld created, bad shielding and oxidisation, start/stop areas not as heavy.

Neat weld created, good shielding with silver bead and minimalto no oxidation, good alignment.
Neat weld created, good shielding with silver bead and minimalto no oxidation, good alignment.

Following trials were performed with additional shielding coming in from side of process, and improved 'smoother' programming where the table moved before beam release, this helped minimise heavy start/stop points

Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q10 50  - 5000 35 0 7.5
Q11 50  - 5000 35 0 7.5
Q12 50  - 5000 35 0 7.5

Q13 50  - 5000 35 0 7.5
Q14 50  - 5000 35 0 7.5
Q15 50  - 5000 35 0 7.5
Q16 50  - 5000 35 0 7.5
Q17 50  - 5000 35 0 7.5
Q18 50  - 5000 35 0 7.5
Q19 50  - 5000 35 0 7.5
Q20 50  - 5000 35 0 7.5

Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.

Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.

Comments

Poor result due to only using co-axial shielding (only welded one side)
Side shielding included, but wobbled because it was attached to moving head with scientific clamps, this caused issues with shielding.
Side shielding included, but wobbled because it was attached to moving head with scientific clamps, this caused issues with shielding.

From here on another camera arm was sourced and shielding was attached to this, as done in previous trials.
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Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q21 50  - 5000 35 0 7.5
Q22 50  - 5000 35 0 7.5
Q23 50  - 5000 35 0 7.5
Q24 50  - 5000 35 0 7.5

Q25 50  - 5000 35 0 7.5
Q26 50  - 5000 35 0 7.5
Q27 50  - 5000 35 0 7.5
Q28 50  - 5000 35 0 7.5
Q29 50  - 5000 35 0 7.5

Alignment slightly off, first weld looks to be approximatly 1mm shorter, some oxidisation.
Shielding looks good, good weld created.

Comments

Shielding looks good, good weld created (both side).
Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.

Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.

The following samples were welded on both sides.

The following samples were only welded on one side.

Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q30 50  - 5000 35 0 10
Q31 50  - 5000 35 0 10
Q32 50  - 5000 35 0 10
Q33 50  - 5000 35 0 10
Q34 50  - 5000 35 0 10
Q35 50  - 5000 35 0 10
Q36 50  - 5000 35 0 10
Q37 50  - 5000 35 0 10
Q38 50  - 5000 35 0 10

Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.

Comments

The following samples were only welded on one side, with each end of the overlap spot welded. As well as a spot weld in the middle of the overlap to tack the wires together prior to welding
Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.
Shielding looks good, good weld created.

Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q39 50  - 5000 35 0 10
Q40 50  - 5000 35 0 10

Q41 50  - 5000 35 0 10
Q42 50  - 5000 35 0 10
Q43 50  - 5000 35 0 10
Q44 50  - 5000 35 0 10
Q45 50  - 5000 35 0 10
Q46 50  - 5000 35 0 10

From here on tack weld requested power was set at 25W

Comments

Head  was set at incorrect focus internally (-5) - This caused bad tack welds, sample abandoned.
To much intensity on tack welds, requested power of tack weld was 50W

Shielding looks good, good weld created.
Shielding looks good, good weld created  - Although slight variation in weld, midway, 2mm in length

Failure during tack welds, gap created during this process, sample abandoned
Shielding looks good, good weld created.

Shielding looks good, good weld created  - Although one end had to be re-welded due to beam not coupling
Shielding looks good, good weld created.
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Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q47 50  - 5000 35 0 10
Q48 50  - 5000 35 0 10

Q49 50  - 5000 35 0 10

Q50 50  - 5000 35 0 10

Q51
50  - 5000 35 0 10

Q52 50  - 5000 35 0 10
Q53 50  - 5000 35 0 10
Q54 50  - 5000 35 0 10
Q55 50  - 5000 35 0 10
Q56 50  - 5000 35 0 10
Q57 50  - 5000 35 0 10
Q58 50  - 5000 35 0 10
Q59 50  - 5000 35 0 10

Comments

End spot welds performed at 37.5W - Shielding looks good, good weld created.
End spot welds performed at 37.5W - Shielding looks good, good weld created.
End spot welds performed at 37.5W - Shielding looks good, good weld created.

End spot welds performed at 37.5W - Shielding looks good, good weld created - Slight discolouring.

Deemed a failure - due to high oxidation and discolouring
End spot welds performed at 45W - Shielding looks good, good weld created - Some slight discolouring

Deemed a failure - Too much energy input into 'bottom wire' causing distortion, although end weld was successfully created - End spot welds performed at 40W - Shielding looks 
good, good weld created - Some slight discolouring

End spot welds performed at 40W - Shielding looks good, good weld created - Some slight discolouring
Deemed failure - Too much energy input into end welds, end spot welds performed at 40W - Shielding looks good, good weld created - Some slight discolouring - Extra welding 

performed at one end where beam did not successfully couple.
End spot welds performed at 30W and 35W (Due to previous discolouration) - Shielding looks good, good weld created

End spot welds performed at 35W - Shielding looks good, good weld created, some discolouring
End spot welds performed at 37.5W - Shielding looks good, good weld created, some discolouring

End spot welds performed at 37.5W - Shielding looks good, good weld created, some slight discolouring

Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q60 50  - 5000 20 0 10
Q61 50  - 5000 20 0 10
Q62 50  - 5000 20 0 10
Q63 50  - 5000 25 0 10
Q64 50  - 5000 25 0 10
Q65 50  - 5000 25 0 10
Q66 50  - 5000 25 0 10
Q67 50  - 5000 25 0 10
Q68 50  - 5000 25 0 10
Q69 50  - 5000 25 0 10
Q70 50  - 5000 25 0 10
Q71 50  - 5000 25 0 10
Q72 50  - 5000 25 0 10
Q73 50  - 5000 25 0 10

Q74 50  - 5000 25 0 10

Only tack welded at the ends, heavy oxidation

Oxidised welds created
Extra shielding taken off to see if it effected the weld region

Intrupted weld created due to fault in the software
Oxidation at the weld region

OK but ends look oxidised
Heavy oxidation at spot welds, seam weld looks good

Heavy oxodation at the spot welds

Comments

Deemed a failure - due to high oxidation and discolouring
Deemed a failure - high oxidation and discolouring on tacks only also tested end welds at 37.5w and 30w we will use 33w for next sample

OK but - End spot welds performed at 33W and the cut edge was too thin and made a hole- Shielding looks good, good weld created but stopped short for unknow reason. 
Heavy oxidation at spot welds, misaligned wire due to welding

Overmelting
Misaligned welds created as wires moved during welding

Oxidation at the weld region
Both ends of weld heavily oxidised; discoloration
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Trial number
Requested 
laser power                   

(w)

Processing 
speed 

(mm/sec)

Processing 
speed for 

programming 
(mm/min)

Argon 5 bar 
(lt/m)

Focus 
position

Length of 
weld 
(mm)

Q74 50  - 5000 35 0 10

Q75 50  - 5000 10 0 10

Q76 50  - 5000 20 0 10

Q77 50  - 5000 25 0 10

Q78 50  - 5000 30 0 10

Q79 50  - 5000 30 0 10
Q80 50  - 5000 30 0 10
Q81 50  - 5000 30 0 10
Q82 50  - 5000 30 0 10
Q83 50  - 5000 30 0 10
Q84 50  - 5000 30 0 10

Heavy oxidation on the one of the ends of weld as spot welding was used to close in the end of one side of the weld
Oxidation at the weld, seam weld misalighment on to one side towards the end of one side

Slight oxidation at the weld region

Argon shielding set to 10 lt/m

Extra shielding introduced to prevent oxidation, increased shielding gas 25 lt/m

From here on spot welding was taken off from the program

Argon shielding set to 30 lt/m

Comments

Spot misaligned - reprogrammed, oxidasation at the weld

Oxidation on the bottom part of the wire

Oxidation on the end spot welds, Both ends of the wire were sealed off at 50 W seam welds

Less oxidised than previous experiments, good welds created

Slight discolouration, Good welds created

Slight discolouration, Good welds created
Oxidation at the weld region (especially at the centre of the weld)

slight discoloration at the weld region

NiTi wire: 210 mm and weld was created towards one of the ends
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 Capacitor discharge welding 

Capacitor discharge welding was carried out using an automatic Cooperheat 

thermocouple attachment unit (Stork Cooperheat). Similar to laser micro-welding, 

50 mm length of nitinol wires sections were used to form a joint. The two wires 

were cleaned with acetone prior to welding to remove contaminants and were 

placed in a butt configuration as it resulted difficult to weld nitinol wires in lap 

joint configuration (Figure 33). Different parameters were used to create and weld. 

Using 50 A - 100 A current was unsuccessful in creating a joint between the two 

wires. Thus, the current was increased to 120 A which was ultimately successful. 

The welds were created by passing current from 120 A to 250 A for 10 ms weld 

time. A welding force of 5 Kg-f was applied to the electrode throughout the process 

to create a good joint. 

 

 

Figure 33: Description of the capacitor discharge welding set up. 

 
 

 Percussive Arc Welding 

Percussive arc welding was carried out using a micro-arc welding unit 

(Instrument Butt Welder Type KO16) (Figure 34). The two wires were joined in 

lap configuration by using a clamping system which moved the wires together as 

high temperature arc was formed from short quick electric discharge (Figure 35). 
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Using peak current of 100 A was unsuccessful in creating a weld and thus the peak 

current was increased to 150 A. The arc current was manually controlled, and the 

welds were created using variable peak currents from 150 A to 200 A. Increasing 

the power to 250 A caused over melting and no weld thus it was decided to use 

peak currents between 150 A and 200 A. 

 

 

Figure 34: Percussive arc welding process (a) capacitor unit; (b) clamping set-
up.  

 

 

Figure 35: Description of the percussive arc welding set up. 
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 Adhesive bonding 

Adhesive bonding of nitinol wires was carried out using two different epoxy-

based adhesives, Masterbond® 42HT-2Med and Epotek® 301. Similar to the other 

process (with exclusion of the capacitor discharge welding), adhesive bonds were 

produced in lap joint configuration. Wires were cleaned with acetone prior 

applying adhesives to the overlap region using a wooden spatula (Figure 36). 

Samples were cured at 93 °C for 3 hours for the Masterbond®42HT-2Med, and at 

65 °C in the oven for 2 hours in the case of the Epotek® 301 as per the material 

safety data sheet (MSDS). 

 

 

Figure 36: Schematic of adhesive bonding. 

 
 

 PEEK Shrink Tubes 

PEEK shrink tubes were used to improve the bonding between nitinol wires. 

This approach was similar to the adhesive bonding where PEEK shrink tube acts 

as an encapsulation sleeve over the joint region. It was placed over the overlap 

configuration of nitinol wires and heated between 300 to 325 °C using a hot-air 

gun to shrink the PEEK around the wires to create a joint (Figure 37). The 

temperature was recorded using a thermocouple. PEEK shrink tubes helped to 

encapsulate the wires in the lap joint configuration (Figure 38). 
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Figure 37: Schematic of NiTi joint using PEEK shrink®. 
 

 

Figure 38: PEEK Shrink® sleeve use to encapsulate NiTi wires. 

 

3.2.3 Testing 

The description of mechanical and analytical testing procedures is given 

below. 

 

 Mechanical testing Parameters 

Uniaxial tensile tests were performed on the same superelastic nitinol wire, 

after manufacturing the different nitinol joints in order to determine the mechanical 

strength of the joint in comparison to the mechanical strength of the base metal.  

Five samples were tested for each joining technique (Figure 39). Tests were carried 

out using a ZwickiLine testing machine (Zwick ROELL, Germany) with a 2.5 kN 

load cell, in water bath at body temperature (37. 0 ±1 °C) (Figure 40). The 

crosshead speed was kept at 0.5 mm/min. Tests were carried out according to the 

ASTM standard F2516 (Test method for tension testing of nickel-titanium 

superelastic materials). 

The mechanical strength of the nitinol joints was analysed by investigating the 

load-strain parameters rather than load-displacement as it is necessary to 
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understand the strain values of nitinol joints in relation to superelastic properties of 

the base metal. It is crucial that nitinol joints retain the elastic behaviour to be used 

in the designing of cardiovascular implants. Nitinol alloy can withstand a 

deformation of more than 10% strain and thus can be elastically recovered. 

Therefore, the joints were analysed to understand how different joining techniques 

effect the elastic behaviour of the alloy. As it was difficult to determine the true 

area of nitinol joint created by different techniques, it was decided to use load 

versus strain to plot rather than stress versus strain in order to assess the mechanical 

behaviour of the alloy.  

 

 

Figure 39: Schematic of tensile specimen. 
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Figure 40: Tensile testing procedure showing close-up of weld region. 

 
 

 Microstructural Analysis 

Scanning electron microscopy (SEM) was used to analyse the surface 

morphology of the nitinol joint. SEM is a non-destructive technique used for high-

resolution imaging of the surface by creating a variety of signals at the surface of 

solid specimen using a focused beam of high-energy electron instead of light to 

generate an image and provide information about the surface topography and 

composition (Figure 41). Qualitative and quantitative chemical analysis can be 

carried out using an energy dispersive X-ray spectrometer (EDS) fitted within the 

SEM.  
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Figure 41: Schematic of SEM process. 

 

Nitinol joints were randomly selected, mounted and polished to reveal the 

latitudinal cross section of the weld interface. The samples were mounted in epoxy 

and for better integration clamps were used (Figure 42). The mounts were ground 

down using a belt sander. The samples were then prepared using grinding papers 

ranging 240 to 600 grit papers. The samples were manually ground using moderate 

pressure and one orientation. After three repetitions, the sample were ready to be 

polished.  
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Figure 42: Chemically etched polished sample for SEM. 

 

The samples were washed using soap, deionized water, and ethanol series to 

remove any excess particles from the previous grounding step. This reduced the 

chance of contamination from the finer polishing paper. The samples were polished 

using a 6 µm diamond polishing lubricant. Once the surface had all the major 

scratches removed, the samples were then cleaned using the previously stated 

method. The samples were then polished using 1 µm diamond abrasive-lubricant 

and a felt pad to remove any possible scratches left from the 6 µm polish. The 

samples were cleaned once again after the 1 µm polish and prepared for a 

submicron alumina final polish. Once the weld interface had been properly 

polished, the sample were etched with 25 ml HNO3, 25 ml HF, and 5 ml Deionized 

water for a total time of 2 seconds. This chemical corrodes the solute rich grain 

boundaries of nitinol, exposing the grains.  

An EVO LS15 SEM system was used to carry out scanning electron 

microscopic images of the samples. The samples were gold coated for 45 seconds 

prior to SEM. Nitinol surface were sputter gold coated in argon atmosphere. 

Samples were rigidly mounted onto specimen stage loaded using carbon tapes 

to adhere the samples to the platform. Three samples were loaded onto the stage at 

once to reduce vacuum pump time and exposed to high vacuum within the vacuum 

chamber.  
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The approximate weld metal chemistries for welded joints were generated 

using EDS area scans using EVO LS15 SEM and Oxford Instruments Aztec EDX 

system. EDS is an analytical technique used for elemental analysis or chemical 

characterization of a sample. It provides elemental identification and quantitative 

compositional information. EDS systems are typically integrated into a SEM 

instrument. EDS system includes a sensitive X-ray detector, a liquid nitrogen 

cooling agent, and software to collect and analyse energy spectra. 

 

 Thermal Analysis 

Differential scanning calorimetry (DSC) is a thermo-analytical technique used 

to define the temperature and heat flow associated with material transitions such as 

changes of state on structure as a function of time and temperature. DSC measure 

the quantity of heat released or absorbed between the sample and the reference 

material during a change in temperature [108]. This technique is carried out by 

heating a small amount of sample, contained in a closed aluminium pan, in a 

vacuum furnace alongside an empty reference sealed aluminium pan and the 

temperature difference between both pans are recorded (Figure 43).  

 

 

Figure 43: Schematic of DSC. 
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DSC was used to understand the thermal phase transformation or transition 

temperature range (TTR) of the nitinol alloy which should give an insight on how 

the alloy would behave to the temperature variations in different environments 

encountered inside the human body [109]. As phase transformation plays a crucial 

role in the shape memory properties of nitinol, even a 0.1% variation in nickel 

content can shift the transformation temperature by 10 °C. DSC was used to 

investigate the austenite and martensite conversion in the as-received nitinol alloy 

and comparing it to welded nitinol joints. DSC was carried out using a Perkin Elmer 

unit (Pyris™ software platform). Temperature calibration was performed by 

running an indium standard (Figure 44). The DSC curves shows the melting point 

of indium. A pure substance melts at an exactly defined temperature as the 

temperature given by the intercept of the extrapolated slope of the melting curve 

and the continuation of the base line.  

 

 

 

Figure 44:  DSC calibration curve of indium. 

 

The nitinol wires were cleaned with acetone prior to thermal analysis. The 

heating chamber of the equipment was purged with nitrogen at a rate of 20 ml/min 

before running the analysis to remove moisture or oxygen which may accumulate 

and damage the cell over time. Nitinol welded specimens of 15 mg were cut across 

the welded region and the heat affected zone (HAZ) and were sealed in the 
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aluminium pans (Figure 45). DSC measurements were carried out under a 

controlled linear cooling/heating rate of 5°C/min. The test specimen was initially 

cooled from room temperature approximately 22°C to -40°C, heated to 200°C and 

cooled back to -40°C. Heating the sample from -40°C to 200°C helped to 

understand the phase transformation from martensite to austenite in NiTi alloy. The 

DSC machine was directly connected to a computer with software (Pyris™ 

software platform, Perkin Elmer) which exhibited graphs for the thermal analysis 

of nitinol wires.  

 

Figure 45: Samples prepared for DSC. 

 

The austenite start, peak and finish temperatures (AS, AP, AF) and the 

martensite start, peak and finish temperatures (MS, MP, MF) can all be identified. 

The amount of heat released or absorbed during phase transition was recorded.  

 

 Micro-hardness Test 

The micro-hardness test is a mechanical testing method for metals which 

allows qualitative analysis of arranged material’s properties including strength, 

rigidity, density and to understant the mechnaical resistance of the material. 

This method determines a material’s hardness on a microscopic level (Figure 

46). The test are carried out on small or thin samples. This process was carried to 

determine the weld quality and the hardness of the material at the welded region. 

Microhardness tests were carried out according to ASTM standard E384-11ɛ1 

(Standard Test Method for Knoop and Vickers Hardness of Materials).  
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Figure 46: Schematic of micro-hardness test process. 
 

The nitinol welded wires were cleaned in acetone and were held vertically by 

aid of plastic clips (Figure 47). The samples were then placed in a 40 mm plastic 

mould, held down by superglue and mounted in Epofix resin (made by Struers).  

The cured resin, then prepared on successive silicon carbide (SiC) grinding papers 

(i.e. 120, 320, 600, 1200 and 2400 grit size papers). It was then polished on 

polishing cloths (synthetic nap) using 3 µm and 1µm diamond paste.  The polished 

sample was then washed using ethanol and dried thoroughly. The polished samples 

were then etched using 20% sulphuric acid (H2SO4) in readiness for microscopy 

and hardness measurements (Figure 47).   
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Figure 47: Sample for microhardness test. 

 
 

 Fatigue Test 

Fatigue tests are required to predict the accurate fatigue life of materials subject 

to variable load conditions. Most implantable medical devices are designed to 

reside in the human body for long period of time and are often subjected to 

fluctuating mechanical loads [110]. The ISO requirement for a cardiovascular 

device fatigue life includes a 10 year simulation consisting of 400 million cycles 

of accelerated in vitro testing [111]. For cardiovascular implants, stent fatigue is a 

major concern and is considered during the design phase of the device. This failure 

occurs when the material undergoes fatigue failure or crimping which exceeds the 

mechanical strength of the material [112].  

The rotating beam fatigue testing method has become the standard for 

comparing the fatigue properties of nitinol wire. The testing instrument usually 

consists of a motor-driven chuck and an adjustable bushing support that allows 

variable positioning of the free end of the wire specimen. A fatigue tester was 

designed for this project to test the durability of nitinol joints against base wire 

(Figure 48). During the test, the wire samples were rotated, causing a reversing 

cycling stress, where the wire surface experiences an alternating tension and 

compression state. The test was carried out in a temperature controlled water bath 

to equate the temperature inside human body. The wire, of known length, was 
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mounted into the drive chuck system while the non-driven end was inserted into 

the other chuck.  

 

Figure 48: Technical diagram of the fatigue tester. 
 

The fatigue tester consists of an aluminium metal-frame, a DC motor (33A 

Series Permanent Magnet DC Motor), a gear system and mechanical counters 

(Figure 49). Construction of the metal-frame allowed for testing 6 wires (200 mm 

to 750 mm) simultaneously. The wire was connected to a pin vice which was 

installed in a 15- mm diameter gear at one end while other end of the wire was 

connected to a pin vice installed on a mechanical counter. The 15 mm diameter 

gears are driven by 80 mm diameter gear which is installed on a shaft connected to 

DC motor. The DC motor is controlled by a speed controller which can drive it at 

operating speed up to 100 rpm. 

However, the design and in-house construction of fatigue tester was time 

consuming and there were time constraints towards to end of the project and this 

prevented a full exploration of the fatigue testing aspect of this project. The 

equipment needed further design modification to be used for testing nitinol thin 

wires.  
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Figure 49: Fatigue tester made in-house, (a) equipment set-up;(b) pin chucks 
attached to the mechanical counter;(c) pin chuck connected to motor. 

 
 

3.3 Nitinol-Polymer 

Medical devices comprising of dissimilar materials require bonding between 

polymer and metals. Combining the properties of metal alloys with a biopolymer 

provides the ability to augment the strength and ductility of the alloy with the 

physio-chemical resistance and light-weight properties of the polymer. Polymeric 

materials are usually joined using adhesive bonding, mechanical joining techniques 

or welding [113].  Detailed information on the joining parameters are given in the 

following sections (Figure 50).  
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Figure 50: Layout of NiTi-polymer experimental work. 

 
 

3.3.1 Materials Selection 

Some of the most common biopolymers used to treat cardiovascular diseases 

include PEEK, PET (commercially known as Dacron®) and polyurethane. 

Therefore, to understand the polymer joining compatibility with nitinol alloy, 

initial experiments were carried out using PEEK films of 100 µm thickness and 

PET fabric of 130 µm thickness. 

 

3.3.2 Laser transmission welding 
Laser transmission welding is widely used for joining thermoplastics in 

industry, using laser sources with wavelengths from 800-1100 nm such as a diode, 

Nd:YAG, and fiber lasers. Natural polymers are unable to absorb radiation at these 

wavelengths and thus to make the welding process easier, laser absorbing additives 

are used to carry out welding. A thin layer of this additive is applied onto the lower 

part of the material to be joined, then both parts are placed in contact with each 
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other. As the laser beam passes through the upper layer, it heats the absorbing layer 

at the joint creating a weld between both parts. The absorbing layer can be either a 

thin carbon layer or an infrared absorbed with minimal visible colour known as 

Clearweld®. It allows a wide range of part colours and appearances to be welded. 

Laser transmission welding can be used to weld thicker components as the heat 

affected zone (HAZ) is limited to only the joint region, preventing marking on the 

outer surfaces [113]. 

For polymer-polymer welding and nitinol-polymer welding, high-power diode 

laser from Laserlines was used. During the welding process, the polymeric 

materials were held in place using clamping pressure, applied via a pneumatic 

actuator attached to a 20 mm diameter, ring-shaped sliding clamp (Figure 51). 

PEEK films were welded using a carbon film interlayer as an absorbing agent 

instead of Clearweld®, as it was difficult to see Clearweld® marking on PEEK films 

with the naked eye.  However, Dacron® layers was welded using Clearweld® as the 

laser absorbing agent. To make the laser welding process easier, Clearweld® was 

sprayed on to Dacron® using a dispensing unit which allowed for a controlled 

location of weld pathway. Dacron® was placed on the two-axis moving table with 

3 mm acrylic sheet on top on which clamping pressure of 400 N is applied which 

prevented the fabrics from sliding during the welding process.  

 

Figure 51: Laser transmission welding unit. 
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Laser transmission welding was carried out using 1 mm diameter laser beam 

and the power was gradually increased from 15 to 50 W at 2000 mm/min welding 

speed to understand the welding parameters needed to create a good Dacron® - 

Dacron® weld. Good and clean welds were created at 40 W (Table 4).  

Laser transmission welding was unsuccessful in joining nitinol-polymer and 

therefore, nitinol wire was encapsulated between two polymeric layers and the 

polymeric layers were welded. Encapsulation of nitinol wire between the Dacron® 

provided freedom of movement to the wire. Laser welding of Dacron® layers to 

encapsulate the wire was carried out using a 1 mm diameter laser beam with the 

laser power set to 40 W.  

Good and clean PEEK-PEEK welds were created using 3 mm diameter laser 

beam at a power of 25 W and welding speed of 2000 mm/min. Table 5 below 

provides detail on all the welding runs carried out with comments on the results. 
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Table 4: Parameters of laser transmission welding of Dacron® 
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Table 5: Parameters of laser transmission welding of PEEK 
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3.3.3 Ultrasonic Welding 

Ultrasonic welding is a solid phase welding technique and has been widely 

used in automotive industry. This process works by converting high-frequency 

electrical energy into high-frequency mechanical motion. The mechanical force 

along with applied force creates frictional heat between the interfaces, melting the 

material to form a solid-state molecular bond.  This is a fast and easy technique 

which requires no consumables. 

Two different types of ultrasonic welding equipment were used however, static 

ultrasonic welding was unsuccessful in welding PEEK and PET fabric. Thus, a 

continuous ultrasonic welding equipment was employed to create a joint (Figure 

52).  

Polyurethane thin film was used as an interlayer to create a good joint between 

Dacron® layers, as it was difficult to weld the material without a polymeric 

interlayer. Welding process was carried out using 2 bar (200 KPa) pressure at 15 

KHz frequency. These parameters provided good welds between Polyurethane film 

and Dacron® layer. Unlike laser transmission welding, nitinol wires were 

encapsulated between polyurethane film and Dacron® using continuous ultrasonic 

welding.  

 

 

Figure 52: Continuous Ultrasonic welding set-up. 
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3.3.4 Surface treatments 

Two different types of surface treatment techniques were used, including 

chemical etching and plasma treatment to improve the adhesion between nitinol 

surface and the polyurethane coating. 

 

3.3.4.1 Chemical Etching 

Nitinol wires were treated with acid solution made from a mixture of nitric 

acid (HNO3), hydrofluoric acid (HF) and water (H2O). A combination of the acid 

composed of 10-30 vol% of HNO3 and 1-3 vol% of HF in distilled water. For this 

study, the ratio of acid combination, HF: HNO3: H2O was kept 1:5:10. After the 

chemically etching process, the wires were stored in argon filled containers to avoid 

contamination.  

 

3.3.4.2 Plasma treatment 

Nitinol wires were treated using a cold atmospheric pressure plasma (CAP) 

system. A PlasmaTact Atmospheric Device (Figure 53) was used for the pre-

treatment of the wires, purchased from Adtec Europe Limited. The model of the 

equipment was a PM01 – 15AR0, intended for surface treatment for bonding or 

adhesion and cleaning of different materials.  

This device generates a plasma using a microwave source, at a low-

temperature atmospheric pressure. The main part of the equipment consists of a 

power supply and gas control. An argon or helium plasma can be generated by 

means of a plasma generator called a “mini-plasma torch”. The device is connected 

to xyz stage and parameters such as speed, distance between the plasma and 

substrate surface, gas composition and flow rate can be changed and controlled.  



110 | P a g e  
 

 

Figure 53: Plasma equipment used to treat NiTi surface, (a) showing parameters; 
(b) whole set-up 

 

The control unit can use argon or helium gas as the carrier, and oxygen and 

nitrogen as the active gases. For this study, argon was used as the primary gas, 

combined with 20% of oxygen as secondary gas. Plasma conditions were fixed at 

15 W of radio frequency (2.4 GHz) power. The plasma exposure was defined by 

the number of times the plasma jet passed over the substrate surface. 

Mach3 G-code software was used to programme the number of times plasma 

nozzle passes over the substrate surface, the speed, the distance between the plasma 

torch and substrate surface and the path that the plasma should treat the substrate 

surface (Figure 54). The plasma torch was programmed to pass over the nitinol 

surface three times to get rid of any contaminants on the surface. 
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Figure 54: Path of Plasma torch on NiTi substrate. 
 

For initial plasma treatment, superelastic nitinol coupons of 0.8 mm thickness 

were used. The coupons were degreased with acetone prior to plasma treatment. 

Contact angle measurements of water and diiodomethane were taken after plasma 

treatment to measure the wettability of the substrate surface. Good wetting is a 

potential indicator of a good bond. 

 

3.3.4.3 Contact angle 

Contact angle (CA) is a parameter used to quantify the wettability of solid 

surfaces. Contact angle describes the behaviour of a liquid droplet on a solid 

surface in air and is defined as the angle between the tangent at the three phase 

point and the solid surface [114]. The contact angle measurement is taken with 

defined test liquids such as water and diiodomethane. This is done by placing 5 µl 

droplets of liquid of different polarity on the sample surface and determining the 

tangent of the wetting angle. The contact angle is that formed by the intersection 

of the liquid-solid interface and liquid-vapor interface (geometrically acquired by 

applying a tangent line from the contact point along the liquid-vapor interface in 

the droplet profile) (Figure 55). The solid surfaces with contact angle (θ) < 90° are 

considered hydrophilic, while surfaces with contact angle (θ) > 90° are 

hydrophobic.  
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Figure 55: Illustration of contact angles formed by liquid drops on a smooth 
homogenous solid surface. 

 
 

3.3.5 Coating NiTi substrates 
 

3.3.5.1 Preparation of PU coating 

Nitinol wires were coated with polymeric material to achieve a good nitinol - 

Dacron joint. Polyurethane was used as coating base. To make the coating, 15g 

of PU pellets were weighed out on an electronic scale and were dissolved in 85g of 

DMAc. An overhead stirrer was used to mix the solid-solvent mixture to make the 

coating solution. Polypropylene bottles were used to store the coating solution as 

DMAc dissolves High-density polyethylene (HDPE) bottles. The solution was 

prepared at room temperature inside a fume cupboard to exhaust the toxic fumes 

from the DMAc solvent (Figure 56a, b).  
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Figure 56: Mixing PU pellets with DMAc, (a) set-up inside fume cupboard; (b) 
bottle covered with aluminium foil to prevent DMAc from evaporating. 

 
 

3.3.5.2 Coating NiTi Coupons 

Nitinol coupons were dip-coated with polyurethane to achieve a coating layer 

of 100 µm thickness. The dip-coating process was carried out using a tensile testing 

(Figure 57) machine to provide a constant displacement to create an uniform 

coating. A crosshead speed of 100 mm/min achieved a uniform coating on the 

nitinol substrate (Figure 57). Each coated specimen was cured in an oven at 65 °C 

for 1.5 hours. 
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Figure 57: Dip-coating procedure. 

 

The coating was only carried out on half of the length of each nitinol coupon 

i.e. 50 mm at first (Figure 58) before the curing procedure and then coated on the 

other side to achieve a fully coated nitinol substrate (Figure 59). 

 

 

Figure 58: NiTi coupon coated with PU for first curing cycle. 
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Figure 59: NiTi substrate dip coated with PU. 

 
 

3.3.5.3 Peel testing 

Peel testing is a widely used technique to characterise adhesion of coatings and 

adhesives to a substrate. It helps to evaluate the bonding strength of tape, adhesive, 

and other flexible substrates including rubber, biomaterials, films, medical 

packaging, dental materials and consumables [115]. Adhesive peel tests can be 

performed with either 90°, 180°, T-peel or floating roller configuration.  

The tests were carried out using ZwickiLine testing machine (Zwick ROELL, 

Germany) machine with a 2.5 kN load cell. The peel testing was carried out 

according to British standard, BS EB ISO 8510-2:2010 (Adhesives – Peel tests for 

a flexible-bonded-to-a-rigid test specimen) [116]. 180° peel test were carried out, 

where grip to grip separation was set to 80 mm at 50 mm/min test speed (Figure 

60).  
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Figure 60: Peel testing set-up. 

 
 

3.3.5.4 Pull-off adhesion test 

Pull-off adhesion tests were carried out to evaluate the adhesion strength of PU 

coating on nitinol coupons. The test was carried out using PosiTest AT-A 

(DeFelsko Automates Adhesion tester) (Figure 61), which is new hydraulic pull-

off adhesion testing system. This process involves gluing a dolly to the coated 

surface and then pulling the dolly using an exerted force perpendicular to the 

substrate surface in an effort to remove the dolly and coating from the substrate. 

The force needed to remove the dolly and the type of coating failure i.e., adhesive 

or cohesive failure is recorded as the measure of the adhesive properties of the 

coating [117].  An even force is applied to self-align the dolly onto the substrate 

which helps to achieve an accurate measurement (Figure 62). 
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Figure 61: Automated pull-off tester (DeFelsko®). 
 

 

Figure 62: Self aligning dolly used for pull-off testing [118]. 

 

An aluminium dolly of size 10 mm was used for the testing. The surface of the 

dolly was scratched with sandpaper to enable good adhesion between the glue on 

dolly and the coating. Superglue was used as the adhesive to hold the dolly in place 

on the coating surface. The glued dolly was cured on the coating surface for 2 hours 

at room temperature. The coatings were tested at 2 MPa pulling rate as per the 

ASTM standard D4541-09ɛ1 (standard test method for pull-off strength of coatings 

using portable adhesion tester) [119]. 
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Adhesives can fail either cohesively or adhesively (Figure 63). A cohesive 

failure is when the failure occurs in the bulk of one of adherents or adhesives. An 

adhesive failure occurs at the interface of the adhesive and substrate [120]. 

 

 

Figure 63: Adhesive and cohesive failure of coating from substrate. 

 
 

3.3.5.5 Fourier transform infrared spectroscopy (FTIR) 

FTIR process was used to characterise the adhesion between coating and 

substrate. The process helped to understand if the coatings failed in an adhesive or 

cohesive manner from the nitinol substrate. FTIR is an analytical technique used to 

identify organic and inorganic materials. FTIR is used to characterise and evaluate 

coating degradation in this study. The technique measures the infrared (IR) 

absorption by the substrate surface. As IR radiation passes through a sample, some 

of the radiation is absorbed by the sample and rest is transmitted. The spectrum 

produced represents the molecular absorption and transmission (Figure 64). Each 

molecule has its own unique absorption peak, exactly like a fingerprint [121]. A 

background scan is carried out before running a sample scan to detect the peaks for 

carbon dioxide and water absorbance that are present in the sample chamber.  
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Figure 64: Schematic of FTIR process. 

 

The FTIR technique was carried out with an attenuated total reflectance (ATR) 

interface. The sample is placed in contact with a crystal, either diamond or 

germanium of absorbent of near IR and of high refractive index which enables part 

of the radiation to be absorbed by PU coating and nitinol, and part to be reflected 

[122]. FTIR was carried out in a handheld Exoscan 4100 series FTIR (Analytik 

Ltd., UK) using a 4100 ExoScan FTIR Spherical Diamond ATR interface (Figure 

65). 

 

 

Figure 65: Handheld FTIR scan head (Analytik Ltd.). 
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Chapter 4 : Joining Nitinol - Nitinol 
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4.1 Introduction 

Currently nitinol wires are joined together using a stainless-steel crimping 

sleeve for cardiovascular implants. In this study, different joining techniques were 

investigated for nitinol-nitinol joining including laser welding, capacitor discharge 

welding, percussive arc welding, adhesive bonding and PEEK shrink tubes. This 

chapter presents the results of the investigation of the nitinol-nitinol joints. The 

physical and mechanical tests and the fracture surface inspection performed on 

nitinol joints are described below. Tests included uniaxial mechanical tests, DSC, 

micro-hardness tests, and surface analysis such as SEM. 

 

4.2 Mechanical crimping 

Stainless steel crimped nitinol joints (Figure 66) have been used for vascular 

implants due to their biocompatibility and good mechanical strength. This process 

is usually carried out by crimping a stainless steel sleeve over the nitinol joint.  

 

 

Figure 66: NiTi joint produced using SS crimp sleeve. 

 
 

4.2.1 Mechanical Testing  

Testing the crimped joint generated by the stainless steel sleeve, it was 

challenging to calculate the cross-sectional area and hence the stress value. 

Therefore, load-strain curve of base metal was compared to the crimped nitinol 

joint. It is evident that crimped joints do not exhibit the same superelastic 

characteristics as the base metal. During mechanical testing, as the crimped joint is 
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pulled apart, the wire started to come lose by slipping from one crimp to next, until 

one of the wires completely leaves the stainless-steel sleeve (Figure 67). 

 

Figure 67: Load-strain curve of NiTi joints produced using SS crimp sleeve. 

 
 

4.3 Laser micro welding 
Laser micro welding of nitinol wires was carried out using ytterbium and quasi 

continuous wave lasers. A quasi continuous wave laser creates cleaner welds with 

minimal oxidation in comparison to a ytterbium laser.  

 

4.3.1 Yb-fiber laser 

Cold-worked nitinol wires of thickness 0.55 mm were welded using ytterbium 

laser. To determine the optimum power setting of the laser, the first few nitinol 

joints were produced using spot-welding. The process was carried out under an 

argon gas stream to prevent oxidation. For spot welding, laser power between 150 

to 300 W was used. The laser beam release time was set between 10 to 150 ms. 
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Good spot welds with minimal oxidation were created at 200 W, however more 

penetration was required to create strong joints (Figure 68).  

 

Figure 68: Yb fibre spot welded NiTi wires. 
 

Increasing the power above 250 W resulted in over-melting (Figure 69a, b) and 

heavy oxidation at the weld region (Figure 70). This resulted in formation of weld 

beads and distortion at the joint (Figure 69a, b). Laser spot welding did not create 

strong welds as they broke at the weld region during mechanical testing, thus 

further joints were produced by spot welding at three locations at the lap-joints. 

 

 

Figure 69: Yb fibre laser spot welded NiTi joints (circles indicate over-melting at 
the weld) (a) weld bead formation; (b) over-melting at weld region. 

 

 

Figure 70: Over-melting and oxidation at the Yb-fibre laser welded NiTi joint. 

 

After the optimum parameters were identified, nitinol joints were produced 

using three spot welds to enhance the strength of spot-welded bond (Figure 71). 
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Further nitinol welding was performed inside an argon chamber to prevent 

oxidation, however the spot welds produced had discolouration at the welded 

region (Figure 71b). Laser welding distorted the shape of the wire as the laser hit 

the surface (Figure 72). The spot-welded wires all broke at the weld (Figure 71a) 

due to heavy oxidation at the joint which indicated that the welds created were not 

strong enough. 

 

 

Figure 71: Macrographs of spot welded NiTi joint (a) Fracture at welded spot; 
(b) discolouration at the spot welds. 

 

Figure 72: Laser micro-spot welding using Yb-fibre laser. 

 

Further joints were produced by seam welding nitinol wires to increase the 

strength at the joint. The same laser equipment was used for seam welding, the 

laser beam was focussed at the centre of both wires and seam welded along the 

centre for 7 to 9 mm weld. A range of power setting between 135 to 700 W was 
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used to understand the seam welding process. The weld speed was kept from 75 

mm/s to 1000 mm/s (Figure 73a, b). Further testing of the joints was carried out as 

the welds produced were more promising than for spot welding.  

 

Figure 73: (a) and (b) Yb-fibre seam welded NiTi joints. 

 
 

4.3.1.1 Mechanical Testing 

The load-strain curves of ytterbium-fibre welded nitinol wires were considered 

different to that of the usual superelastic nitinol wires. Two different sets of 

samples were used for mechanical testing: nitinol joints (welded on one side) and 

nitinol joints (welded on both sides). None of the wires exhibited the usual 

superelastic behaviour of a nitinol wire as the wires did not undergo heat treatment 

prior welding which contributes towards the superelastic and shape memory 

properties. During tensile testing, the joints failed at the weld region (Figure 74) 

confirming that it is the weakest point in the joints. The weld fracture 

characteristics is mainly attributed to some stress concentration at the weld region 

[123].  
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Figure 74: Seam welded NiTi joint failed around weld region (circle indicating 
fracture). 

 

As-received base metal was strain hardened and was not exposed to any heat 

treatment. The strain hardened wire would possess strain-induced twinned and 

martensitic microstructure at room temperature unlike straight annealed wire [124]. 

The as-received wires exhibited engineering loads and strain curve with an 

elongation of 15% (Figure 75 black dotted line). Nitinol joints welded on one side 

failed between 2 to 4 % strain (Figure 75).  

 

Figure 75: Mechanical strength of Yb fibre laser welded NiTi joints (one side 
welded). 
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The wires welded on both sides exhibited slight increase in withstanding the 

load to greater strain than one side welded nitinol joints (Figure 76). During tensile 

tests as the load increases, the joints are pulled apart and, in this case, the wires 

fractured at the welded region making the joint a critical point. The stiffness of the 

both sides welded wires (Figure 76) is greater than one-side only welded wires 

(Figure 75) as welding on one-side of nitinol wires has acted as the defect during 

mechanical testing as the wires are pulled apart.  

 

Figure 76: Mechanical strength of Yb fibre laser welded NiTi joints (both sides 
welded). 

 
 

4.3.1.2 Microstructure  

SEM helped to evaluate the surface morphology of nitinol wires after laser 

micro welding. The first few welds were discoloured at the joint region indicating 

oxidation (Figure 77a, b) and therefore as mentioned above, further welding was 

carried out under argon to prevent oxidation.  
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Figure 77: Laser micro welding of nitinol (a) and (b) showing discolouration 
(indicated by red circles). 

 

SEM observation confirmed that laser-micro welding nitinol wires using a 

ytterbium laser melts the surface of one of the nitinol wires distorting the shape of 

the wires (Figure 78a) which could be due to misalignment during welding process 

causing the laser beam to be focused on one wire rather than at the centre of both 

wires. SEM microstructure examination revealed the solidification mode across the 

weld region changing from planar to dendritic (Figure 78b, c) due to the increase 

in cooling rate from the weld zone to the base metal [125]. The wires failed in a 

trangranular failure mode where fracture propagates at the interface from the non-

welded side of the wire [126]. 
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Figure 78: Micrograph of one side Yb welded NiTi joint (a) welded wires; (b) 
higher magnification of weld interface; (c) weld line showing change in 

microstructure (circle indicating dendrites). 

 
 

Welding was carried on both sides of the lap joint configuration to improve 

joint strength. Micrographs of both sides of the welded wires indicated a good weld 

region with no appearance of cracks or misalignment (Figure 79). However, the 

microstructure of both side welded wires was different from the wires welded only 

on one side. The base metal indicated the presence of black particles which were 

not present at the weld region (Figure 79c). These black inclusions are caused by 

the presence of carbide which gets dissolved during laser welding [127].  
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Figure 79: Micrograph of both side Yb welded NiTi joint (a) welded wires; (b) 
weld region and bae metal; (c) presence of voids on base metal in comparison to 

weld region. 

 
 

The EDS analysis was carried out at weld region as well as the base metal to 

understand the chemical composition of the weld. The weld region of both one-

side welded and both-side welded indicates the presence of Titanium (Ti), Nickel 

(Ni), Carbon (C) and Oxygen (O) contents (Figure 80; Figure 81). Both base metal 

and the welded region show similar nickel and titanium contents. Carbon peaks 

confirmed the presence of contamination and oxidation at the joint. Nitinol joints 

produced by welding both sides of the wires do not show any oxygen peaks (Figure 

81) which suggests that the oxidation did not occur during welding process. 

However, single side welded joints (Figure 80) showed signs of contamination with 

the presence of oxygen peak during EDS analysis [128].  
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Figure 80: EDS analysis of one side Yb-fibre welded NiTi. 
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Figure 81: EDS analysis of both side Yb-fibre welded NiTi. 

 
 

4.3.1.3 Micro-hardness Test 

Micro-hardness tests were carried out on both laser welded nitinol wires and 

base metal according to ASTM E384–11ɛ1 International Standard [129]. The micro-

hardness profile provided the location of the indentation across the base metal and 

welded joints (Figure 82). Hardness profiles helps to determine a material’s 

resistance to deformation. The indent is measured in x and y direction from tip-to-

tip. Ocular 1 refers to the measurement in x-direction and ocular 2 refers to the 

measurement in y-direction. The ocular is measured in micrometres (µm), whilst 

the hardness is measured in Vickers (HV). Cold worked base metal exhibited high 

hardness values (Table 6) as it lacked the ductility and softness of superelastic 

nitinol as the metal alloy did not undergo any form of heat treatment. The fine 

grains present on the base metal due to the cold drawing wire fabrication process 

contributes towards high hardness values. Additionally, the elastic modulus of 

nitinol alloy can be affected by the level of cold working [130].  
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Figure 82: Micro-hardness indentation (circle indicating indent position), (a) 
base metal;(b) Yb-welded NiTi. 

 

Table 6. Hardness values of base metal. 

Indent No. 
Ocular 1 

(µm) 

Ocular 2 

(µm) 
HV Comments 

1 19.7 19.8 475 Base metal 

2 19.1 20.1 483 Base metal 

3 20.3 20.4 448 Base metal 

4 20.0 19.8 468 Base metal 

5 21.2 19.8 441 Base metal 

 

The micro-hardness profile across the weld region exhibited a decrease in 

hardness value from 490 to 281 HV which is almost a 60% reduction in material 

hardness due to welding (Figure 83). The micro-hardness of a welded joint 

gradually decreases from 490 HV to 300 HV at the heat affected zone and then 

drops to 280 HV at the weld region (Table 7). This reduction is mainly caused by 

removal of cold working as heat is introduced into nitinol during welding process.  
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Figure 83: Comparison of hardness across base metal and Yb-fibre welded joint. 

Table 7. Micro-hardness values of Yb-fibre welded NiTi wires. 

Indent No. Ocular 1 

(µm) 

Ocular 2 

(µm) 

HV Comments 

1 20.0 20.1 461 Parent material 

2 20.6 20.7 435 Parent material 

3 20.9 20.1 441 Parent material 

4 25.4 24.0 304 HAZ 

5 26.3 25.1 281 Weld zone 

6 24.5 23.7 319 HAZ 

7 19.1 19.8 490 Parent material 

8 20.3 19.8 461 Parent material 

9 20.0 20.1 461 Parent material 
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4.3.1.4 Thermal Analysis 

DSC analysis of the base metal and ytterbium laser welded wires suggested 

that a modification of the crystal structure was occurring during the welding 

process. Thermograph of cold worked base metal exhibited no heating and cooling 

peak as it does not show the desired superelastic or shape memory properties [131]. 

The data analysed therefore, does not report austenite (AS, AP, AF) and martensite 

(MS, MP, MF) peaks in accordance with ASTM International Standard F2004 [132]. 

However, DSC scan of ytterbium laser welded nitinol wires are completely 

different to that of the base metal (Figure 84). Thermograph of joints produced by 

welding on one side show single stage transformation at the weld region with no 

presence of rhombohedral phase (R-phase). Similar to micro-hardness profile, the 

heat from the laser has completely removed cold working effects from the wires 

[133]. During cooling cycle, the ytterbium welded joint transforms from B19' 

monoclinic structure to B2 cubic structure. However, the martensitic peak shows 

the presence of shoulder peak which could be formation of R-phase in the cooling 

cycle. It is typical for nitinol alloy to exhibit austenitic peak during heating and 

martensitic peak during cooling except for the fluctuation shown halfway through 

the martensitic transformation (Figure 84 bottom curve) [134]. The raw data from 

the DSC analysis of one side ytterbium laser welded nitinol wire (Figure 85). 
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Figure 84: Thermograph of base metal and one-side Yb welded NiTi. 

 

Figure 85: DSC heat flow and temperature curve of Yb-fibre (one-side) NiTi 
joint. 

 
 

For both-side ytterbium welded joint, the same thermal analysis pattern can be 

seen during cooling cycle with peak forming after martensite peak (MP) (Figure 

86). The appearance of two peaks during heating cycle indicates the presence of R-

phase before austenite start (AS) and indicates that the cooling cycle takes place in 
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double step, giving rise to R-phase [135], [136]. The raw data from the thermal 

analysis of one-side ytterbium laser welded nitinol wires (Figure 87). Formation of 

R-phase has a negative effect on the nucleation of martensite phase by altering the 

martensite start and finish temperatures. R-phase can occur in both stages of 

transformation, i.e., from austenite to martensite or from martensite to austenite. In 

this scenario, laser welding has influenced the formation of intermetallic 

compounds, i.e., Ni4Ti3 precipitates which can cause NI rich alloy thus affecting 

the phase transformation of the alloy. 

 

 

Figure 86: Thermograph of base metal and both side Yb-fibre welded NiTi joint. 
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Figure 87: DSC heat flow and temperature curve of Yb-fibre (both side) NiTi 
joint. 

 

4.3.2 QCW Laser 

Eventually use of ytterbium laser was discontinued due to a fault in the laser 

unit and a consequential delayed response. Thus, nitinol joints were created using 

quasi continuous wave laser welding process. Nitinol wires of 0.44 mm (straight 

annealed superelastic) were used for further joining experiments. The heat 

treatment (straight annealing) introduced a superelastic response in the wire. To 

create seam welds, laser power of 50 W was used which was much less than 

ytterbium laser. The quasi continuous wave laser produced clean welds with 

minimal to no oxidation (Figure 88) compared to the previous methods. Further 

testing of the welded joints was carried out to understand how both laser welding 

process affected the properties of nitinol and which process produced joints with 

better mechanical strength. 
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Figure 88: QCW welded NiTi joint (circle indicating joint overlap with the weld). 

 
 

4.3.2.1 Mechanical Testing 

The load-strain curve from static tensile testing of superelastic base metal and 

quasi continuous wave laser welded on one side of nitinol joints were studied 

(Figure 89) and the results indicated that both base metal and welded nitinol follow 

the same load curve up to 15% strain. Mechanical testing were carried out 

according to the ASTM standard F 2516-07ᵋ2 (Test method for tension testing of 

nickel-titanium superelastic materials) [137]. Nitinol wire in its as-received 

condition shows the characteristics of a super elastic alloy (Figure 89 black dotted 

line) exhibiting distinct mechanical response under load including elastic response 

during austenitic phase → detwinning → stress induced martensite transformation 

(2 to 8% strain) → elastic response (8 to 18% strain) → stress induced martensitic 

transformation → elastic/plastic response of the wires to eventually failure [130].  

However, laser welded wires withstand strain to much lower degree in 

comparison to base metal. This is due to the formation of intermetallic compounds 

during welding which limit the ductility of wire at the joint, thus reducing the 

strength of the joint to a great extent. Quasi continuous wave laser welded wires 

followed the same pattern as the base metal until up to 15% before failure. Welded 

joints exhibited four responses in comparison to the superelastic base metal. The 

welded wires withstood strain level up to 16 to 18% without modifying global load-

strain behaviour which is much better in comparison to ytterbium laser welded 

nitinol joints which failed at 4 to 6% strain. The load-strain behaviour of welded 

joints seems to be mainly unaffected by the welding process as the similar load 
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plateau can be observed in both materials i.e. similar values for load and strain were 

measured. For a proper evaluation of the joint performance, it is essential to 

understand that only one side of the overlap joint was welded which mainly 

affected the surface area of the joint by reducing it and the high stress concentration 

was pushed onto the other side of the weld region. Thus, welding on both sides was 

carried out to improve the performance of the joint.  

 

 

Figure 89: Load-strain curve of QCW laser welded NiTi joints (one side welded). 
 

Load-strain curve of both side welded nitinol joint shows similar 

characteristics as the single side welded nitinol joints (Figure 90). However, both 

sides welded can withstand levels of strain up to 20 to 24%. Though reduced, the 

extension of the phase transformational plateau is still large similar to single side 

welded nitinol joints, covering the region from 2 to 8%. The welded wires went 

through a necking phase before fracture, indicating the superelastic properties of 

the nitinol alloy at the welded joint. Analysing the fracture surfaces after 

mechanical testing revealed ductile characteristics at the fracture mode with 

presence of dimples on both surfaces (Figure 101). Literature suggests that usually 

laser welded joints fail at the centre of the weld, due to the higher stress levels in 

that region  [138]. However, in this case, all the tested samples broke in close the 

0 5 10 15 20 25 30 35 40
0

20

40

60

80

100

120

140

160

180

200

220

Lo
ad

 (N
)

Strain (%)

 Base metal
 NiTi weld 1
 NiTi weld 2
 NiTi weld 3



141 | P a g e  
 

proximity to the weld, rather than at the welded joint. The heat from the welding 

process has clearly shifted the fracture point from the weld region to the heat 

affected zone. This is due to a change in microstructure and increase in surface 

porosity at heat affected zone. The complex stress state induced by weld region 

geometry, together with its unfavourable microstructure, makes the heat affected 

zone the most critical of the entire specimen, which was confirmed by failure 

analysis. 

As for one-side welded joints, both side welded wires preserved the 

superelastic behaviour of nitinol alloy (Figure 90). The welded joints revealed the 

different stages of superelastic response including elastic deformation of austenite 

phase. Stress induced martensitic (SIM) transformation and elastic and plastic 

deformation of martensite until failure [13].  

 

 

Figure 90: Load-strain curve of QCW laser welded NiTi joints (both sides 
welded). 

 

Discontinuities along the bond interface could have acted as the stress 

concentrators, resulting in fracture initiation at the interface, which then can be 
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propagated through the softened heat affected zone [130]. To improve this, both 

ends of the welded joints were spot welded (Figure 91) to eliminate the wires from 

opening up from both sides of the welded region during mechanical testing.  

 

Figure 91: NiTi joint produced using QCW welded on both sides, (a) Fracture 
prone areas;(b) introducing weld beads. 

 

However, introducing spot welds at the end (Figure 92a) has significantly 

made the joints weaker as the spot welds, introducing thermal damage to the region. 

Welded joints showed lower load-strain rupture (Figure 93) than the base metal 

and other quasi continuous wave laser welded joints (without spot welded ends), 

mainly due to unfavourable microstructure at the weld region and spot-welded 

ends. The spot-welded joints broke at strain levels between 10 to 16%. All the 

tested samples broke at the spot-welded ends (Figure 92b) confirming that it is the 

weakest region in the joints. Spot welding at the ends was thus dropped from further 

testing to preserve the superelastic behaviour of nitinol alloy at the welded joints.  
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Figure 92: QCW welded NiTi (a) spot welded ends; (b) failure at the spot weld. 

 

 

Figure 93: Load-strain curve of QCW welded NiTi joints with spot welded ends. 

 

4.3.2.2 Microstructure  

Microstructural analysis of the laser welded nitinol joints was carried out by 

means of SEM. Micrographs of laser welded nitinol wires helped to understand the 

surface morphology of the specimens before and after welding processes. Quasi 

continuous wave laser one side welded nitinol joints indicated that lack of bonding 

on the opposite side of the lap joint configuration results in a crack initiation point 

(Figure 94a, b). The crack then proceeded along the weld region until failure 
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(Figure 96a, b). However the welded joint fracture exhibited a ductile morphology 

with brittle region towards the fracture initiation point with fine dimples [139] 

(Figure 94c, Figure 96c). Conversely, looking at the other side of the broken wire, 

the presence of failure notch indicates the wire broke along the crack growth 

(Figure 95a). The dimples on the fracture surface (Figure 95b) looks fairly larger, 

which indicated that the wires pulled apart in a ductile manner. This indicates that 

the laser welding preserves the superelasticity of nitinol alloy at the welded joints 

to a great extent by preserving the plasticity of the base metal [140]. 

 

Figure 94: Micrograph of QCW welded NiTi joint (one side) (a) SE view of a 
fracture surface on the welded side; (b) crack initiation region on the same 

welded side; (c) detailed view of the same fracture surface. 
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Figure 95: Micrograph of QCW welded NiTi joint (one side) (a) SE view of the 
fractured wire; (b) detailed view of the same fracture surface. 

 

 

Figure 96: Micrographs of QCW laser welded NiTi joint (a) fracture surface 
point; (b) close-up fracture point; (c) micrograph of fractured wire. 

 

Smoother nitinol joints were achieved when laser welding was carried on both 

sides of the lap configuration. As this eliminated the potential stress raisers and 

also provided smoother surfaces which are essential of in vivo medical devise to 

avoid any damage to tissues and organs [141]. Void nucleation makes the surface 

microporous and this micro porosity contributes towards the ductile behaviour of 

base metal. Absence of this voids indicate that the weld region is more brittle 

decreasing the fracture toughness of the joint [6]. However, both side welded 



146 | P a g e  
 

nitinol joints exhibited similar morphology as the single side welded joints without 

the presence of crack failure (Figure 98a). Detailed imaging of the fracture surface 

revealed dimples surface with presence of voids indicating micro porous surface 

(Figure 98b). SEM analysis also reveal that the welded joints went through welding 

(necking) phase before fracture, indicating the superelastic behaviour of nitinol 

alloy (Figure 97a, b) (Figure 99a, b). The other side of the broken nitinol joints 

reveals the same characteristics with dimples on the surface which could be 

elongation of fine particles [142] that drew out as the joint underwent mechanical 

testing, leaving the pores behind (Figure 99b).  

 

Figure 97: Micrographs of QCW welded NiTi (both side) (a) fracture region at 
the joint; (b) fracture region of broken end of the wire. 

 

 

Figure 98: Micrograph of QCW welded NiTi joint (both side) (a) fracture region 
at the welded side; (b) detailed view of same fracture surface. 
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Figure 99: Micrograph of QCW welded NiTi joint (both side) (a) fracture region 
of broken end of wire; (b) detailed view of the same fracture surface. 

 

EDS analysis of one-side laser welded joints similar titanium (Ti) and nickel 

(Ni) peaks in comparison to welded region and base metal (Figure 100). EDX can 

help to investigate changes in nickel and titanium content at the weld which can 

influence the superelastic properties of nitinol wires. The presence of Au peaks is 

due to gold sputtering of the sample prior to EDS analysis.  

 

Figure 100: EDS scan of single side QCW welded NiTi joints. 
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Similarly, for the EDS analysis of both-sided welded was similar to one-side 

welded joints showing titanium (Ti) and nickel (Ni) peaks with oxygen (O) and 

carbon (C) peaks indicating contamination at the weld region (Figure 104).   

 

 

Figure 101: EDS scan of both side QCW welded NiTi joints 

 

4.3.2.3 Micro-hardness Test 

The micro-hardness profile of laser welded nitinol joints (one-side) shows a 

steep reduction in the material hardness at the weld region and heat affected zone. 

The base metal exhibited an average hardness values of 369 (Table 8, Table 9, 

Table 10) in comparison to the welded joints, which exhibited hardness values 

between 270 to 350 HV (Figure 102). The variation in the micro-hardness of the 

base metal is due to microstructural changes to the nitinol wire during sample 

preparation (sanding and polishing) which can create martensitic areas affecting 

the micro-hardness across the metal [143]. 

The variation in micro-hardness at the weld joint (Table 11) is due to 

differences in grain size. On measuring the hardness distribution in the weld, the 
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result shows that softening takes place in this particular zone, most probably 

because after melting and solidification, the strengthening effect of the base metal 

due to the cold work is lost. The changes in the microstructure and grain size affects 

the hardness profile of the material [144].  

Table 8. Micro-hardness profile of superelastic NiTi alloy (Base metal 1). 

Indent No. 
Ocular 1 

(µm) 

Ocular 2 

(µm) 
HV Comments 

1 21.8 23.3 365 Base metal 

2 22.2 22.4 373 Base metal 

3 23.9 22.6 343 Base metal 

4 21.1 22.8 385 Base metal 

 

Table 9. Micro-hardness profile of superelastic NiTi alloy (Base metal 2) 

Indent No. 
Ocular 1 

(µm) 

Ocular 2 

(µm) 
HV Comments 

1 22.3 24.1 370 Base metal 

2 23.2 22.5 375 Base metal 

3 24.9 23.4 365 Base metal 

4 23.6 22.8 372 Base metal 
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Table 10. Micro-hardness profile of superelastic NiTi alloy (Base metal 3) 

Indent No. 
Ocular 1 

(µm) 

Ocular 2 

(µm) 
HV Comments 

1 22.3 24.1 370 Base metal 

2 23.2 22.5 375 Base metal 

3 24.9 23.4 365 Base metal 

4 23.6 22.8 372 Base metal 

 

 
Figure 102: Micro-hardness profile of one side QCW welded NiTi joint. 
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Table 11. Hardness values of one side QCW welded joints. 

Indent No. 
Ocular 1 

(µm) 

Ocular 2 

(µm) 
HV Comments 

1 23.0 20.1 345 Base metal 

2 23.6 20.7 336 Base metal 

3 26.0 20.1 271 Weld boundary 

4 24.8 24..0 298 Weld region 

5 24.5 25.1 308 Weld region 

6 26.0 23.7 300 Weld boundary 

7 23.9 19.8 340 Base metal 

8 22.7 19.8 349 Base metal 

 

However, the increase in hardness can be seen from the weld region to the base 

metal with some variation in the measured values (Figure 103). Heat produced 

during laser welding process reduces work hardening within the weld and at the 

heat affected zone, it also recrystallizes the grains, which may influence the 

hardness of the welded region compared to the heat affected zone and reference 

materials [145]. As seen from the graph (Figure 103), weld hardness decreases due 

to the softening of metal around the heat affected zone during laser micro-welding 

(Table 12). 



152 | P a g e  
 

 

Figure 103: Micro-hardness profile of both sides QCW welded NiTi joint. 

 

Table 12. Hardness value of both side QCW welded joints. 

Indent No. 
Ocular 1 

(µm) 

Ocular 2 

(µm) 
HV Comments 

1 25.8 26.0 276 Base metal 

2 26.4 26.7 263 Base metal 

3 26.9 26.2 263 Weld boundary 

4 24.5 25.4 298 Weld region 

5 25.0 24.3 305 Weld region 

6 25.2 25.8 285 Weld boundary 

7 25.6 26.4 274 Base metal 

8 25.8 26.0 276  
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9 25.0 25.2 294 Base metal  

10 24.1 26.0 296 HAZ  

11 24.7 24.5 306 Weld region  

12 25.6 24.3 298 HAZ 

13 25.8 24.5 293 Weld region 

 

 

4.3.2.4 Thermal Analysis 

The differential scanning calorimetry (DSC) technique helped to measure 

martensitic transformation behaviour of the base metal and welded joints. DSC 

tests were used to investigate the effect of laser welding on the superelastic 

behaviour of nitinol. These tests helped to understand the changes in austenite and 

martensite temperatures of base metal in comparison to the welded nitinol wires. 

DSC thermographs of laser welded nitinol joint and base metal exhibited similar 

high and low temperature peaks. For one-side and both-side welded joints, the scan 

follows the same pattern during cooling and heating cycles and with no signs of 

rhombohedral phase (R-phase). This is positive as R-phase formation can alter the 

superelastic behaviour of nitinol by increasing the austenite to martensite hysteresis 

[146]. The one-step reversible B2-B19’ martensitic transformation appearing in 

both cases, suggest that the thermo-mechanical properties of nitinol wires were not 

substantially altered after welding (Figure 104). The one-step transformation 

behaviour is a typical behaviour of fully annealed nitinol alloy [147]. The raw data 

from the thermal analysis of base metal (Figure 105), quasi continuous wave one-

side welded (Figure 106) and both side welded (Figure 107) explains the phase 

transformational changes to the superelastic nitinol wire before and after welding. 

The base metal exhibits one exothermic curve i.e. transitions from B19' to B2 

and one endothermic curve, i.e. transition from B2 to B19' during cooling and 

heating cycle. The temperature scan of base metal indicates the heating curve at 

4.12 °C and cooling curve at 0.53 °C. The DSC scan of one side laser welded nitinol 
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wire is almost the same as the base metal with heating peak at 3.81 °C and 3.45 °C 

and cooling peak at 0.51 °C and 0.19 °C (Figure 108). There were not significant 

changes in the phase transformation temperatures between welded and base metal 

which is controlled presence of intermetallic Ti/Ni phases. The controlled heat 

input and self-quenching of the welded samples helped to decrease the formation 

of intermetallic phases.  

 

Figure 104: DSC result QCW welded (one side) NiTi joint. 
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Figure 105: DSC heat flow and temperature curve of superelastic NiTi base 
metal. 

 

Figure 106: DSC heat flow and temperature curve of QCW welded (one side) 
NiTi joint. 

 

Figure 107: DSC heat flow and temperature curve of QCW welded (both side) 
NiTi joint. 
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Figure 108: DSC result QCW welded (both sides) NiTi joint. 

 

4.4 Capacitor discharge welding 

Capacitor discharge welding was used to produce butt-butt nitinol joints as it 

resulted difficult to weld nitinol wires in lap joint configuration. Joints created by 

capacitor discharge welding failed during physical examination and had heavy 

oxidation around the welded region which contributed towards the weak joints 

(Figure 109a, b). 

 

Figure 109: (a) and (b) NiTi joints produced by capacitor discharge welding.  
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4.4.1 Microstructure 

Microstructural examination of capacitor discharge welded nitinol wire 

showed alterations to the material structure. The welding process had distorted the 

shape of the wire in comparison to the base metal (Figure 110a, b).   

 

Figure 110: Micrographs of nitinol wire: (a) base metal; (b) capacitor discharge 
welded wire. 

 

4.4.2 Thermal analysis  

Thermal analysis of welded joints confirmed that capacitor welding modifies 

the thermo-mechanical properties of the nitinol alloy, reducing the transformation 

temperature during austenitic phase (Figure 111). Thermographs show no evidence 

of exothermic peaks during the cooling cycle, suggesting that the heat from the 

welding process eliminated the phase transformation from austenite to martensite. 

The raw data from the DSC analysis of capacitor discharge welded nitinol wire 

indicates to the same phenomena with no exothermic peak during cooling cycle 

(Figure 112). 
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Figure 111: DSC result of capacitor discharge welded NiTi. 

 

Figure 112: DSC heat flow and temperature curve of capacitor discharge welded 
NiTi. 

 

4.5 Percussive arc welding 

Nitinol welds created by percussive arc welding also failed during physical 

examination and had heavy oxidation around the joint with weak welds (Figure 

113a, b).  
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Figure 113: (a) and (b) NiTi joints produced by percussive arc welding.  

 

4.5.1 Microstructure 

Micrographs of percussive arc welded wires indicate the changes to nitinol 

wire structure in comparison to the base metal after welding process (Figure 114a, 

b). The heat from the welding process has flattened the wire at the weld, as the 

wires were forged together to form a joint.  

 

Figure 114: Micrographs of nitinol wire: (a) base metal; (b) percussive arc 
welded wire. 

 

4.5.2 Thermal analysis  

Thermal analysis of welded joints confirmed that percussive arc welding has 

introduced changes to the thermo-mechanical properties of nitinol alloy, shifting 

the austenitic peak during heating cycle (Figure 115). The raw data from the DSC 

analysis of percussive arc welded nitinol wire (Figure 116) indicates the shift in the 

austenite peak and shows no peak during cooling cycle. 
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Figure 115: DSC result of percussive arc welded NiTi. 

 

Figure 116: DSC heat flow and temperature curve of percussive arc welded NiTi. 

 

The main difference in the thermographs is the sharp MS peak on the percussive 

arc welded nitinol joint. Lower transformation temperatures in capacitor discharge 

welded and percussive arc welded nitinol joints may be due to grain coarsening, as 

the heat affected zone undergoes grain coarsening during welding process [148].   
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4.6 PEEK Shrink Tubes 

Nitinol wires were joined mechanically using PEEK® shrink sleeves by 

shrinking the tube using hot air to encapsulate nitinol wires (Figure 117). This 

mechanical joining technique helps to prevent any alteration to the base metal 

properties unlike welding techniques as the temperature used (300 to 325 °C) to 

shrink PEEK® sleeves is much less than shape setting temperature (500 °C). Nitinol 

joints were also produced using PEEK shrink tubes by heating the tubes using hot 

air gun to create an encapsulation over the nitinol. The shrink tubes create a 

mechanical joint without affecting the nitinol properties.  

 

Figure 117: PEEK shrink tube encapsulating NiTi wires. 

 

4.6.1 Mechanical Testing 

The load-strain curve of nitinol joints produced using PEEK® shrink sleeve is 

completely different to the characteristic load-strain of superelastic nitinol wires 

and laser welded joints. The load-strain curve of PEEK® shrink tube encapsulated 

nitinol joints does not exhibit the hysteresis curve during stretching. Tensile testing 

does not reveal the superelastic behaviour of the base metal. During mechanical 

testing, as the joint undergoes stretching, the wire started slipping inside the PEEK® 

shrink sleeves (Figure 118) and as the load increases, the wire is finally pulled off 

the sleeve.  The joint is not strong enough to withstand high load-strain levels as 

there was no fusion bonding between PEEK® shrink tube and nitinol wires. 
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Figure 118: Load-strain curve of PEEK® shrink tube encapsulated NiTi joints. 

 

4.7 Adhesive Bonding 

Nitinol joints were produced by bonding wires using two medical grade epoxy-

based adhesives, Epotek® and Masterbond® (Figure 119a, b). Epotek® adhesive was 

less viscous (Figure 119a) than Masterbond® and thus caused difficulty in 

producing a good joint. Masterbond® was able to generate an encapsulation of 

adhesive over the wires (Figure 119b).   

 

Figure 119: NiTi joints formed by adhesive bonding, (a) Epotek®; (b) 
Masterbond®. 
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4.7.1 Mechanical Testing  

Mechanical testing was carried out on joints produced with both adhesives 

(Figure 120). The load-strain curves prove that the nitinol joints produced with 

Epotek® (Figure 121) are much weaker than the joints produced with Masterbond® 

(Figure 122). Epotek® joints failed at strain level of 1% whereas Masterbond® joints 

fractured between 3 to 9% strain. 

 

 

Figure 120: Tensile testing of adhesively bonded NiTi wires. 
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Figure 121: Load-strain curve of NiTi joints produced using Epotek®. 

 

The load-strain curve of nitinol joints produced using Masterbond® exhibit 

similar characteristics as the base metal to an extent. The wires undergo martensitic 

transformation properties before fracturing (Figure 122). The first yielding of the 

glued nitinol joints occurs at a load value of 70 to 75 N, which is the starting point 

of the B19’ martensite formation from the B2 austenite phase. Some of the nitinol 

joints produced using Masterbond® adhesive withstood strain levels up to 9% 

before failure. 
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Figure 122: Load-strain curve of NiTi joints produced using Masterbond®. 

 

4.8 Chapter Summary 

This chapter presented a systematic analysis of the main joining techniques 

used to produce nitinol joints, including crimping, laser micro welding (ytterbium-

fibre and quasi continuous wave), capacitor discharge welding, percussive arc 

welding, PEEK® shrink tubes and adhesive bonding. The mechanical strength of 

different nitinol joints was compared with base metal. Results showed that laser 

micro welding (QCW) preserved the superelastic characteristics of the base metal 

to a great extent and produced much stronger joints than the other techniques. 

Welding however, has the capacity to dramatically alter the mechanical properties 

and therefore it is essential to understand the fundamental properties of nitinol alloy 

to optimize process design. The mechanical properties of the welded joints mainly 

depend on the weld composition and microstructures at the joint region. The high 

temperature and deformation during the capacitor and percussive arc welding 

techniques caused dynamic recrystallization in the nitinol joints.  
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Fracture surfaces of quasi continuous wave welded nitinol joints revealed 

ductile failure modes depending on the welding parameters and the EDS analysis 

provided similar titanium (Ti) and nickel (Ni) contents at the weld region in 

comparison to the base metal. Thus, proving it to be better joining technique than 

percussive arc welding and capacitor discharge welding.  

Comparing the transformation temperatures of welding processes including 

laser micro welding, capacitor discharge welding and percussive arc welding, it is 

evident that laser micro welding (QCW) does not completely alter the 

transformation temperature of the alloy. The quasi continuous wave laser welded 

wires exhibit similar curves for heating and cooling cycle without giving rise to R-

peak as the superelastic base metal. Laser welding preserves the superelastic 

properties of nitinol at the joint to a great extent and this is advantageous in the 

medical application of nitinol alloy. 

Adhesive bonding resulted a valid alternative, showing the potential to achieve 

similar mechanical characteristics at substantially lower costs. This approach 

provided better performance than mechanical crimping, which is currently the most 

adopted approach to join nitinol wires. Use of adhesive should be given more 

attention as a potential joining method for biomedical applications.   
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Chapter 5 : Surface modification of nitinol to 

improve adhesion 
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5.1 Nitinol-Polymer 

For medical applications, it is important to ensure a good bond strength 

between the coating and the nitinol substrate.  This study used different techniques 

to improve adhesion between polymeric coatings and nitinol substrates. Initially, 

joining nitinol to a polymer was carried out using laser transmission and ultrasonic 

welding, however due to the difference in material properties in metal and polymer, 

generating a good joint was a major issue. Thus, the focus of this part of the study 

was to investigate coating nitinol with polymeric materials first and then joining 

the coating to the polymer itself, so eliminating direct metal to polymer joining. 

This chapter investigates different surface treatments which will help to enhance 

the adhesive properties of nitinol surface by prior coating. 

Nitinol-polymer joining was carried out by dip-coating nitinol coupons with 

polyurethane and welding the coated nitinol to Dacron®. Nitinol substrates were 

coated with 100 µm thickness of polyurethane. Chemical etching and cold 

atmospheric plasma treatment were the main available techniques and thus these 

techniques were used to treat the nitinol surface.  

 

5.1.1 Chemically etched surface 

Chemically etched nitinol coupons were dip-coated with polyurethane and the 

coated surface was cured in an oven for 1.5 hours. The chemical etching process is 

described in chapter 3, section 3.3.4.1 which outlines the combination of chemicals 

used for the process. 

 

5.1.1.1 Peel test 

Peel testing of the chemically etched surface showed normalised load vs 

displacement curve that were similar to a typical pull-out sample (Figure 123).  



169 | P a g e  
 

 

Figure 123: Peel strength curve of chemically etched NiTi and PU coating. 

 

The variation in bond strength across nitinol coupon is not constant [149]. 

However, all chemically etched samples followed the same pattern. As the load 

increases, the coating starts peeling off the nitinol surface until the coating 

completely comes off the substrate (Figure 124).  
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Figure 124: Peel-testing of chemically etched NiTi substrate. 

 

5.1.1.2 Pull-off test 

Pull-off testing (Posi test) of polyurethane was carried out to understand 

whether the mode of failure was cohesive or adhesive. FTIR was used to 

characterise the failure mode by running a chemical analysis on nitinol surface to 

determine the presence of any coating residue after pull-off test [150]. For all the 

chemically etched samples, the coating came off between 1.07 and 1.37 MPa 

during pull-off testing (Figure 125). The failure mode was adhesive with no coating 

left on the nitinol surface after pull-off testing which was confirmed by FTIR. 

 

Figure 125: Pull-off tested chemically etched NiTi substrate. 

 



171 | P a g e  
 

5.1.1.3 FTIR analysis 

The FTIR analysis of chemically etched nitinol coated with polyurethane 

(Figure 126) exhibited urethane linkages in the region between 1620 and 1640 cm-

1 due to stretching of C=O and bending vibration of N-H at 1535 cm-1[151]. The 

FTIR spectra of chemically etched nitinol substrate (Figure 127) does not provide 

any peaks as all the IR gets reflected off the surface, thus no absorbance peaks were 

seen [152].  
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Figure 126: FTIR spectra of PU coating on chemically etched NiTi. 

 

Figure 127: FTIR spectra of chemically etched NiTi surface. 

 

The FTIR spectra of pull-off tested area of chemically etched nitinol (Figure 

128) were similar to a nitinol surface with no signs of absorbance peaks indicating 
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that coating failed adhesively and there was no coating left as the posi tester pulled 

of all the coating from the surface.  

 

 

Figure 128: FTIR spectra of PU coating peeled off surface on chemically etched 
NiTi. 

 

5.1.2 Plasma treated surface 

To understand the wettability of the surface, contact angle measurements were 

taken of plasma treated surfaces, using water (Figure 129) and diiodomethane 

(Figure 130). Contact angle measurements of water on nitinol surface before and 

after exposure to different plasmas including argon (Ar), argon – air (Ar-Air), 

argon – oxygen (Ar-O2) and helium (He) are shown below. 
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Figure 129: Contact angle taken on different NiTi surface with water. 

 

Figure 130: Contact angle taken on different NiTi surface with diiodomethane. 

 

Nitinol surfaces treated with Ar-O2 provided better contact angle 

measurements (Table 13) than all other plasma treated ones and thus Ar-O2 was 

used to treat nitinol surface prior coating procedure. Ar-O2 is widely used to clean 

metal surfaces as this mixture helps to activate the surface prior to bonding. Argon 

atoms prevent oxygen atoms from oxidising the surface of nitinol. 
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Table 13. Contact angle measurements. 
 

Degreased He treated Ar treated Ar-Air Ar-O2 

Water 66.3 ° 54.2 ° 47.6 ° 27.6 ° 26.3 ° 

Diiodo 57.6 ° 44.5 ° 55.6 ° 57.2 ° 39.0 ° 

 
 

5.1.2.1 Peel test 

Peel testing of plasma treated nitinol surfaces exhibited different load-

displacement curves than chemically etched surfaces. The plasma treated 

specimens follow the similar curve pattern, however in the case of plasma treated 

specimen 2, the coating starts stretching during the start of the peel test which 

caused the flat line from 0-7 mm as indicated on the graph (Figure 131 black line). 

The smooth curve on the plasma treated specimens indicates stretching at the 

coating film rather than peeling off from the substrate, the first dip in the graph 

indicates the slippage of the stretched coating from the substrate (Figure 131). 

 

Figure 131: Peel strength curve of plasma treated NiTi and PU coating. 
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However, unlike the chemically etched surface, as the load increases, the 

coating starts stretching until it starts tearing at the coating before peeling off from 

the nitinol substrate (Figure 132). This indicates that plasma treatment substantially 

improved the adhesion between the coating and the nitinol.  

 

Figure 132: Peel-testing of plasma treated NiTi substrate. 

 

Plasma treatment clearly improved the wettability of the nitinol substrate 

which in turn enhanced the adhesion between the polyurethane coating to nitinol. 

This process also helped to remove surface contaminants, thus cleaning and making 

the surface active prior to coating process.  

 

5.1.2.2 Pull-off test 

Pull-off testing of plasma treated nitinol coupons was carried out using the posi 

tester. During pull-off testing, the coating remained intact on the plasma treated 

nitinol substrates even at 1.84 MPa (Figure 133). The failure mode for the plasma 

treated surface was cohesive with traces of coating left on the nitinol surface after 

pull-off testing. FTIR was carried out to understand the surface chemical 

composition on the nitinol surface.  
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Figure 133: Pull-off tested plasma treated NiTi substrate. 

 

5.1.2.3 FTIR analysis 

The FTIR analysis was carried out on plasma treated nitinol surface coated 

with polyurethane (Figure 134) and on pull-off tested nitinol surface (Figure 135). 

The coated surface exhibited similar spectra as the chemically etched nitinol 

surface coated with polyurethane with C=O stretching peak between 1620 and 

1640 cm-1 and peak N-H at 1535 cm-1 due to ending vibration [151]. 

 

Figure 134: FTIR spectra of PU coating on plasma treated NiTi. 
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Figure 135: FTIR spectra of plasma treated NiTi. 
 

However, for the posi tester region of the plasma treated nitinol, the coating 

was peeled off using a small knife to expose nitinol surface for FTIR analysis. The 

spectra shows the presence of the polyurethane coating (Figure 136) on the peeled 

off surface with absorption peaks at C=O and N-H bonds. 

 

Figure 136: FTIR spectra of PU coating peeled off surface on plasma treated 
NiTi. 
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5.1.3 Summary 

Joining nitinol to polymer directly was deemed unsuccessful as mentioned in 

sections 3.3.2 and 3.3.3, and so to create better joints between nitinol and polymers 

it was decided to use a polymer-coating technique. Polymer coatings are widely 

used in the medical industry to improve biocompatibility of medical devices.  

Additionally, in this chapter, two surface treatments were compared: chemical 

etching and plasma treatment, the results obtained indicate that plasma treatment 

provides the best adhesion between a polyurethane coating and nitinol. Plasma 

treatment can be used on a nitinol surface for various purposes including cleaning, 

etching, activation and cross-linking [153]. In this study, the main focus was to 

clean and improve the wettability of the nitinol surface to improve adhesion 

between a coating and the nitinol surface. The FTIR results exhibited the presence 

of a polyurethane coating even after pull-off testing on plasma treated nitinol 

surface. Surface modifications have shown to increase the bond strength between 

metal alloys and polymeric coatings [105]. Applying plasma treatment to nitinol 

surface did improve the level of adhesion between the nitinol surface and the 

polymeric coating. The use of argon-oxygen plasma treatment on the nitinol 

surface increased the nitinol/coating pull out force by 29%.  

Joining polymer-coated nitinol to other polymeric materials will help to further 

explore the use of nitinol for various medical applications. It is crucial to achieve 

a better adhesion between the metal substrate and polymeric coating and thus, this 

chapter also gave an insight on how plasma treatment can be used to help the prior 

coating of nitinol, and this also gives an indication of how this method can be 

applied before joining coated nitinol to polymers, as discussed further in chapter 7.  
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Chapter 6 : Conclusion 
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6.1 Conclusions 

The main contribution of the research described in this thesis is the 

investigation of joining nitinol wires using welding in comparison to currently used 

techniques e.g., crimping. This study also aimed to investigate the effect of joining 

techniques on the properties of nitinol wires. This objective was fulfilled by 

assessing the mechanical properties, microstructure and phase transformation of 

nitinol joints in comparison to base metal and crimped wire.  

The main conclusions of the work are given below: 

1. Degreasing a nitinol surface with acetone before employing joining 

techniques was essential to remove surface contaminants. Entrapment of 

contaminants in the weld structure can reduce the mechanical strength 

significantly.  

2. Mechanical testing showed welded specimens using ytterbium fiber laser 

fractured at the actual fusion zone which can be due to too much power at 

the weld zone. Optimising the cooling rate will help to improve the 

situation. However, ytterbium fiber laser welded broke at around 4 to 5% 

strain. 

3. The results of the mechanical tests of seam welded superelastic nitinol wires 

using quasi continuous wave laser, showed strains of up to 16 to 18% for 

one-side welded wires whereas for both sided welded wires strain of more 

than 20% strain were withstood. 

4. Ytterbium fiber welded samples show a 64% decrease in microhardness 

compared to quasi continuous wave seam welded nitinol, which showed a 

22% decrease in hardness across the weld region to the heat affected zone 

and base metal. 

5. Nitinol – nitinol joints produced with Masterbond® gave promising results 

under mechanical testing than the currently used process (crimping) which 

indicated that optimizing this technique could help in the improved design 

of medical devices.  
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In conclusion, this study confirmed laser micro welding can provide excellent 

bonding of nitinol wires, which preserves the superelastic properties of the base 

metal, resulting in high structural performance compared to other joining 

techniques (Table 12). Quasi continuous wave laser welding provided promising 

results in terms of improved mechanical strength in comparison to crimping. 

Adhesive bonding also provided good mechanical results which indicates that 

this method can be used as a valid alternative to current crimping methods at lower 

cost. Adhesive bonding does not affect the superelastic properties of the base metal 

as the adhesives cures at much lower temperature than the nitinol shape-setting 

temperature (approx. 500 °C).  

For nitinol-polymer joining, this thesis also provides a basis for understanding 

on the surface treatments for nitinol which will can help to improve the adhesion 

between polymeric coatings and a nitinol surface. In this study, plasma treatment 

proved to exhibit better adhesion properties than chemical etching. Cold 

atmospheric plasma was used to treat nitinol surface as it does not alter the surface 

properties of nitinol and thus can be used in variety of medical applications 

involving nitinol alloys. Nitinol can be bonded to polymeric materials using a 

polymeric coating as an interlayer however, this needs to be studied further to fully 

understand the process and evaluate the effect on joint strength between coated 

nitinol and polymer. Table 14 summarises the main outcomes of the work 

presented here. 
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Table 14: Summary of different joining techniques. 

Joining techniques 

 Polymer- polymer Polymer – nitinol   Nitinol – nitinol 

Laser transmission 

welding 
✔ ✔ - 

Continuous ultrasonic 

welding 
✔ Encapsulation - 

Static ultrasonic 

welding 
✘ ✘ - 

Hot plate welding ✘ ✘ - 

Laser micro welding - - ✔ 

Arc percussive 

welding 
- - ✘ 

Resistance discharge 

welding 
- - ✘ 

Adhesive bonding - - ✔ 

 

 

 

 

 

 

 

 

 



184 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

Chapter 7 : Recommendation for future work 
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7.1 Future work 

Nitinol joints should possess the following features: superelasticity, shape 

memory effect and improved mechanical strength to enable them to be applied to 

medical devices depending on the application. Laser micro welding of nitinol joints 

could be regarded as a potential joining technique for cardiovascular devices 

however, the fatigue tests was not completed in this study due to problems with the 

apparatus. The main issue that could not to overcome in the time available was 

clamping the wire. 

For nitinol – nitinol joints, some of the key improvements which can be made for 

future work are: 

• Use of finite element analysis (FEA) to access the changes in mechanical 

performance of nitinol welded joints. This would provide a deeper 

understanding of how welding processes affect nitinol properties under different 

loading conditions. It will also help to access the changes in thermal residual 

stress caused by welding which will help to improve the welding process.  

• Understanding adhesive bonding of nitinol using Masterbond® and improving 

the technique by using a lay-out which puts pressure during the curing cycle, 

allowing for stronger joints. 

• Optimising the use of PEEK shrink tubes as crimp sleeves over adhesively 

bonded nitinol which could replace the crimping process given that PEEK shrink 

tubes are cost effective and biocompatible.  

For nitinol – polymer joining: 

• Laser transmission welding of polyurethane coated nitinol to Dacron® was 

carried out at different laser power settings to achieve a weld (Figure 137). 

Welds were achieved between 25 to 50 W. Further welding was carried out using 

Clearweld® as laser absorbing agent to optimise welding process. This 

experiment suggested that 40 W is sufficient to achieve welds between a 

polyurethane coating and Dacron® (Figure 138). However, due to time and 

resource constraint this process was not explored fully. 
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• For future work, laser transmission welding of nitinol-polymer joining can be 

explored further to understand the joint strength and properties (Figure 137). 

Different weld settings were used to create welds between nitinol and Dacron® 

which can be studied further in the future work to understand the weld strength. 

 

 

Figure 137: Laser transmission welding of coated NiTi- Dacron®. 

 

Figure 138: Laser transmission welded NiTi- Dacron® at power from 25 to 
40 W. 

 

• Mechanical testing needs to be carried out to characterise the bond strength 

between the coated nitinol and Dacron®.  

• Improving the coating process will enable a better exploration of this technique. 

The thickness of the coating can be optimised depending on the application 
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which will help to improve the bond strength between the coated nitinol and 

polymeric material. 

• Different polymeric materials can be investigated to understand which provides 

better adhesion to a nitinol surface, and can be used for biomedical applications. 

• It is crucial to further explore the use of adhesive bonding to join nitinol to 

polymeric materials, given how common the need for good bond is.  
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