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ABSTRACT 

THE EFFECT OF MICROSTRUCTURAL DEFECTS AND GEOMETRICAL 

FEATURES ON FATIGUE BEHAVIOR OF SUPERELASTIC 

NITINOL WIRES 

Parisa Shabani Nezhad 

Marquette University, 2023 

Nitinol is an alloy of nickel and titanium, which exhibits outstanding functional 
properties, such as shape memory and superelastic behavior. Superelastic nitinol wires 
exhibit recoverable strains that are significantly greater than traditional alloys. In most of 
its applications, nitinol is exposed to cyclic loads, which results in functional and/or 
structural fatigue that ultimately leads to failure. The classical fatigue theories do not 
appropriately address the fatigue performance of superelastic nitinol due to the complex 
nature of the martensitic transformation. It has been shown that the main fatigue crack 
initiation sites, other than surfaces, are microstructural inhomogeneities such as voids 
and non-metallic inclusions. The effect of wire size on fatigue performance of superelastic 
nitinol is not clearly understood. In this research, nitinol wires with three different sizes 
are subjected to microstructural analysis and low-cycle fatigue tests to understand the 
effect of wire size on their phase transformations and fatigue life. For this purpose, 
advanced non-destructive characterization techniques such as X-ray microtomography 
(μCT) and far-field High Energy Diffraction Microscopy (ff-HEDM) were utilized. This 
allows for the acquisition of a comprehensive 3-D map of the distribution of 
microstructural defects within a material, determination of the crystallographic 
orientation of the material surrounding these defects, as well as the lattice strain of the 
grains before and during fatigue testing. 

This study indicated that the superelastic properties and fatigue response of the 
nitinol wires is strongly influenced by their size and microstructure. Comparing the fatigue 
data of the wires and analyzing the macroscopic scale results of the 3-D Digital Image 
Correlation (DIC) technique revealed that the smaller wires exhibited a better functional 
performance, although they were more vulnerable to surface defects. Conversely, larger 
wires experienced a more significant microstructural damage during cycling, which was 
linked to their cooling rate effects. Overall, the results of this research suggest that wire 
size and microstructure are crucial factors that must be carefully controlled in the design 
and development of nitinol-based devices. 
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1 OVERALL MOTIVATION AND BACKGROUND 

1.1 Introduction 

This study is focused on the effect of geometry and microstructural features on 

the fatigue performance of superelastic nitinol wires. This work is presented in five 

chapters. The first chapter includes an overall background on nitinol and significance of 

studying the effect of wire size and the fatigue behavior of superelastic nitinol wires. The 

second chapter is focused on the effect of geometry and compares the structural and 

functional fatigue of the wires with different wire sizes. In the third chapter, 3-D X-ray 

diffraction techniques were used to study the phase transformations and functional 

fatigue behavior of the material, with focus on the microstructural damage accumulation 

during cycling. In the fourth chapter, a 3-D digital image correlation (DIC) technique was 

used to study the effect of wire size on the inhomogeneous transformation in macro-scale 

level. Ultimately, the fifth chapter is dedicated to the overall conclusion of the previous 

chapters. 

1.2 Superelastic Nitinol 

Nitinol is a near equiatomic alloy of nickel and titanium that exists within a narrow 

composition range (49%-51at.%) at low temperatures (1). It is characterized by its high 

strength at room and elevated temperatures (2), low modulus of elasticity (3), moderate 

density (2), reasonable impact resistance (2) and ductility (4), good high cycle fatigue 

properties (5), biocompatibility (5–8) and extraordinary mechanical vibration damping 

properties (2,6,7,9) that are sensitive to both composition and temperature changes 
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(2,4,5,7,8). These properties make nitinol an ideal choice for medical, dental, aerospace 

and automotive industries (10–18). 

The importance of nitinol comes from its unusual properties, such as shape 

memory effect and superelasticity (also known as pseudoelasticity). Both properties arise 

from the transformation between the two phases (austenite and martensite) that it 

adopts within a narrow temperature window (4,10–12,19–23) Martensite is the low 

temperature phase with a lattice structure of B19’ that is stable below the transformation 

temperature window, while austenite is the high temperature phase with a lattice 

structure of B2, stable above the transformation temperature of the material 

(4,11,24,25). If the application temperature is below the transformation temperature, the 

shape memory form of nitinol occurs, in which a previously deformed material recovers 

its original shape upon heating (Figure 1-1 (a)) (4,11,25). While in its superelastic form, 

the deformed material returns to its initial shape simply after unloading (Figure 1-1 (b)) 

(4,11,25). In this research, only the superelastic form of nitinol will be studied. 

Superelasticity involves the stress induced transformation of austenite to 

martensite, followed by strain recovery upon removal of the applied stress (26–28). The 

superelastic alloys are capable of sustaining and recovering relatively large strains (about 

8%) without undergoing plastic deformation (29). 
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Figure 1-1- the stress-strain behavior of (a) shape memory and (b) superelastic form of nitinol (11). 

Figure 1-2 shows a typical stress-strain curve of a superelastic nitinol component. 

Initially, the material is in the austenitic state and deforms elastically along the straight 

line OA under load, with the slope of the line corresponding to the Young's modulus of 

the austenite phase (20,24,29). Once the stress reaches a critical stress level (σMs), the 

upper plateau starts, and the austenite phase isothermally transforms to martensite (29). 

Point B indicates the completion of the martensitic phase transformation (29). Increasing 

the applied load will result in elastic deformation of martensite phase. The slope of the 

line BC indicates the Young’s modulus of the martensite phase (20,29). If the stress 

exceeds σy, the martensite phase yields through a conventional dislocation glide 

mechanism (29–32) Upon unloading, the specimen follows the line CD. Following the 

reduction in applied stress, the material enters a lower plateau region, and the reverse 

transformation M→A begins (29). At the point E, the reverse transformation is complete, 

and the initial austenite phase is recovered (29). The hysteresis loop (difference between 

the stress-strain curve in the loading and unloading cases) indicates the energy dissipation 
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of the process, or latent heat of the transformation (29,33,34). The ability of the material 

to undergo internal crystalline transformations is reflected in the hysteresis loop (29). 

 

Figure 1-2- A typical stress-strain curve of superelastic nitinol, adapted from M. Schwartz (29). 

There are 4 temperatures associated with the phase transformation in nitinol (29–

31,35): (i) Martensite start temperature (Ms), the temperature in which martensite starts 

to form from austenite. (ii) Martensite finish temperature (Mf), the temperature in which 

the austenite to martensite transformation finishes, and the microstructure is 100% 

martensite. (iii) Austenite start temperature (As), the temperature in which austenite 

starts to form from martensite. (iv) Austenite finish temperature (Af), the temperature in 

which the martensite to austenite transformation finishes, and the microstructure is 

100% austenite. The phase transformation occurs over a certain temperature range, 

where the superelastic hysteresis loop appears in the stress-strain curve of the nitinol. 

This temperature range is shown in Figure 1-3 (a). Below this range, residual strain is still 

present after the stress is withdrawn, as illustrated in Figure 1-3 (b). Figure 1-3 (c) displays 
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the superelastic behavior of the material at the temperature of 

Af. As the application temperature reaches to Af, the material exhibits an ideal 

superelastic behavior with no residual strain upon unloading. Above temperature Md, the 

stress-induced martensitic transformation is no longer possible (36,37). Above the 

superelasticity range (Af -Md), the austenite phase exhibits elastic-plastic behavior as a 

conventional metal (37–40), shown at Figure 1-3 (d). 

 

Figure 1-3-(a) Phase transformation temperature range in superelastic nitinol (38), stress-strain curve of a 
nitinol sample with Af=10̊C and Md=150̊C (b) below the superelastic temperature range, (c) around Af, (d) 

at the temperature of Md (37). 
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Subsequently, to attain superelastic behavior at the room and body temperature, 

the austenite finish temperature must be below room temperature (10,37,41,42). 

Employment of stress at a temperature close to Af will result in reorientation of atoms 

and formation of stress induced martensite (SIM) at elevated temperatures. Since 

martensite is unstable at the elevated temperatures, the specimen returns to its original 

shape after removing the external load (38,43,44). 

1.3 Problem Description 

In the case of the superelastic nitinol, it has been reported that each product form 

(wires, tubes, sheets, and foil) has a unique characteristic texture (45). In fact, each 

product, composition and set of process parameters must be individually tested and 

analyzed to provide accurate fatigue life data (46). Among all the forms, nitinol wires have 

found developing applications in medical woven or braided textiles. These textiles deliver 

high drapability and can mimic the structure of the natural arteries and tendons (47–52). 

According to Norwich et al, the independence of fatigue life from wire diameter may not 

hold true for nitinol, and the smaller wires demonstrate a higher rate of fatigue survival 

(46). However, they did not provide specific details on functional or structural fatigue, or 

the impact of internal defects and damage accumulation on phase transformation in 

wires of different sizes. Chapter 2 will delve into the effect of wire size on functional and 

structural fatigue of superelastic nitinol wires, providing more detailed discussions on 

these topics. Other than that, it has been reported that in the wire specimens, the fatigue 

properties of the wires are controlled by surface stress concentrations which are mostly 

introduced by the wire drawing process (53). In general, the small sized wires mostly are 
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subjected to heavy sequential drawing and are more prone to have surface stress 

concentrations (53). However, it is not clear how the surface defects and wire processing 

affect the interplay between the functional and structural fatigue of the superelastic 

materials. More data needs to be collected to determine the significance of the wire 

diameter on the fatigue performance of nitinol and the failure mechanisms that drive the 

fatigue failure. 

The effect of wire size on fatigue performance of superelastic nitinol is one of the 

factors that has received less attention and is not clearly understood. In this research, the 

effect of wire size on fatigue behavior of superelastic nitinol wires will be investigated in 

detail, to identify the determining factors in the functional and structural fatigue of the 

material. The proposed work will fill the knowledge gaps and advance the current 

understanding of fatigue behavior in superelastic nitinol wires with respect to wire size. 

1.4 Motivation 

In many of its applications, nitinol is subjected to cyclic deformations or stresses. 

Nitinol-based medical devices may undergo millions of cycles throughout their lifespan 

due to respiratory or cardiac cycles (54). Fatigue damage caused by cyclic loading reduces 

the useful life of nitinol, which can have complex adverse outcomes in biomedical devices 

and aerospace applications (55–57). Fatigue is often the major failure mode for such 

components (17,18,58). 

The Paris-Erdogan law (equation 1-1) has been frequently used to assess the 

remaining life of the metallic components (59). 
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1-1 

 

This equation describes the crack growth rate by relating the crack length (a) to 

the change in stress intensity factor (∆K) after N cycles, where A and m are constants. It 

has been shown that austenite and martensite have different stress intensity factors and 

crack growth rates (10,60,61). Therefore, in a mixed state microstructure, the Paris law 

does not accurately predict the crack growth rate (60).  

The Coffin-Manson law (equation 1-2) is another classical fatigue theory that 

relates the number of cycles to failure (NR) to the amplitude of the cyclic plastic 

deformation (∆εp), where C and β are the material constants (62,63). 

  

1-2 

 

The β (fatigue ductility exponent) in this equation is an indicator of the change in 

the plastic strain (62,63). Although the plasticity and superelasticity are interdependent 

in superelastic nitinol (64), before the transformation is complete, the plastic strain is 

insignificant compared to the high strain of the phase transformation (58). Therefore, the 

Coffin-Manson law does not properly describe the strain associated with the phase 

transformation in superelastic nitinol. 

Basquin equation (equation 1-3) is another power law similar to the Coffin-

Manson law that is used to analyze the fatigue data of elastic region of the engineering 
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materials (58,65). Similar to the Coffin-Manson law, NR denotes the number of cycles to 

failure, and C and β are material constants. 

  

1-3 

Basquin equation models classical fatigue for linear elastic metals and 

corresponds to elastic deformation of a single-phase material (58,65), so it does not 

predict the fatigue behavior of nitinol in the plateau region. 

Bonsignore concluded that the strain limit diagrams are not reliable to predict the 

fatigue behavior of superelastic nitinol components (66). The fatigue performance of 

superelastic nitinol depends on the exact composition, heat treatment history, processing 

history, sample geometry and surface conditions of the component (66). The material 

composition, loading condition, and process history are unlikely to match the published 

papers (66). 

 Therefore, these models are not designed to account for the phase 

transformation under load and the high strain of the martensitic transformation. The 

fatigue behavior of superelastic nitinol involves more complexities compared to other 

traditional metal alloys, which arise from its martensitic transformation (58,67,68). 

Therefore, these theories may not accurately predict the fatigue behavior of superelastic 

alloys (58,69–71). 

To study the fatigue behavior of polycrystalline nitinol, it is essential to understand 

the deformation and damage mechanisms at the grain size level, which can vary 

significantly from grain to grain (72). 
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Therefore, in this research, far-field high energy diffraction microscopy (ff-HEDM) 

technique and micro-computed tomography (µ-CT) were utilized to gain a comprehensive 

understanding of the deformation and damage mechanisms in polycrystalline nitinol 

under cyclic loading, including the initiation and propagation of cracks, the evolution of 

microstructure, and the role of crystallographic texture and grain boundaries in fatigue 

behavior. This information can be used to improve the design and performance of nitinol-

based devices and components. 

1.5 Contribution to the Field 

With respect to standards and material production, the manufacturers of nitinol 

follow the standards set by ASTM International (ASTM F2063) (66,73), which covers the 

physical, mechanical, chemical, and metallurgical requirements for wrought nickel-

titanium bar, flat rolled products, and tubes that nominally contains 54.5 wt.% to 57.0 

wt.% nickel (73).  The scope of this standard does not include the required precision to 

guarantee the shape memory or superelastic features of the product (73). It has been 

known that the superelastic properties and transformation temperature of nitinol are 

extremely sensitive to its chemical composition (22,74,75). A 1% change in the chemical 

composition will result in 10°C change in the transformation temperature (75). The 

standard does not refer to any material geometry or processing methods such as drawing, 

rolling, or forming, despite their significance in determining the mechanical properties of 

the material (73). Concerning the ASTM standards, it is critical that the nitinol 

specification contain adequate information to tolerably meet the needs of the product.  
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Studying the effect of wire diameter on the fatigue behavior of superelastic nitinol 

wire is essential for improving the design and performance of the nitinol-based devices. 

This research can provide insights into how the size of nitinol wire affects its functional 

and structural fatigue, enabling researchers to optimize the wire size for specific 

applications and development of new nitinol-based technologies. By gaining a 

comprehensive understanding of the effect of wire size on the fatigue behavior of 

superelastic nitinol wire, researchers can enhance the reliability and durability of devices 

made of superelastic nitinol wire, particularly those subject to cyclic loading, such as 

medical implants and aerospace structures. 
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2 COMPARISON OF FATIGUE PERFORMANCE IN SUPERELASTIC NITINOL WIRES OF 
DIFFERENT SIZES  

2.1 Introduction 

The size and location of a flaw can significantly affect the fatigue performance of 

a material (14,54,82,66,68,76–81). Even small flaws can act as stress concentration 

points, leading to fatigue crack initiation and propagation (83,84). It has been shown that 

the processing methods such as wire drawing can introduce microstructural defects to 

the material (85,86). Due to the impact of flaw size and location on fatigue performance, 

it is essential to consider the effect of the material processing methods that introduce 

defects to the material. 

This chapter focuses on the functional and structural fatigue of superelastic nitinol 

wires. Three wires with different diameters were analyzed microstructurally and 

subjected to low-cycle fatigue tests to determine the effect of internal microstructure on 

fatigue performance of the wires. 

2.1.1 Literature Review 

Unfortunately, nitinol devices may suffer from several forms of fatigue damage 

that range from component shape change to catastrophic fractures (41). One should 

distinguish between structural fatigue and functional fatigue of nitinol. The structural 

fatigue concerns local work-hardening and accumulation of microstructural damage, 

crack initiation and propagation until the failure in a conventional sense (58,83,87–89), 

while the functional fatigue is related to the changes in the transformation temperatures, 
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transforming volume reduction, and degradation of thermomechanical or superelastic 

response of the material (58,83,87–89). 

Martensitic transformation of nitinol is ideally reversible. However, with 

increasing cycles, the residual plastic strain in the unloaded state increases (60,68,87,90–

92). As shown in Figure 2-1, increasing the number of cycle results in changes in the 

transformation stress range, the area of the hysteresis loop and the residual strain, which 

correspond to a degradation of the functionality of superelastic nitinol (68,87,89,93).  

 

Figure 2-1-Evolution of the fatigue behavior of superelastic nitinol under tension-unloading condition (93). 

Microscale material defects, such as inclusions (including both Ti4Ni2Ox oxides and 

TiC carbides) are typically inherent to the material and can be introduced during the 

manufacturing process (14). During the wire drawing process, longitudinal inclusions may 

break up into smaller pieces, which can then form stringers along the wire drawing 

direction (46,94). Defects inherited from production process negatively impact the 
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material's mechanical resistance, particularly regarding fatigue (95). In many cases, the 

fracture surfaces exhibit non-metallic inclusions at the crack initiation point (15,68,100–

102,76,78–80,96–99). The crack nucleation period may be suppressed, depending on the 

size, location, and morphology of the inclusion (95). Besides, the stress field and local 

stress concentration around the inclusion assist the martensitic transformation 

(83,84,103). Thus, the shape, size, distribution, and location of inclusions should be 

determined to predict the stress distribution around the inclusions and the fatigue failure 

mode. The microstructural defects may induce multiaxial stress states that result in 

activation of multiple martensite variants (different crystallographic orientations) in their 

vicinity (104). Microstructural characterization techniques can identify and analyze 

microstructural defects, such as cracks, voids, and inclusions, to enhance our 

understanding of material fatigue failure (81). 

Extensive studies have been conducted to investigate the size effect on the fatigue 

behavior of metallic components. Scheiner et al (105) conducted research on the fatigue 

behavior of stainless steel and cobalt-nickel alloy wires. They studied wires with 

diameters ranging from 26 to 46 microns to identify the key factors affecting fatigue life. 

Their findings suggest that wire strands should be produced with the smallest possible 

diameter, without introducing structural flaws, to extend their service life (105). 

Dai et al (106) conducted a study to examine the impact of thickness on the fatigue 

properties of polycrystalline Cu foils at micrometer scales. They maintained a consistent 

grain size across all foils, while the foil thickness was varying from 20 to 420μm. The study 

found that the surface grains are the dominant factor in controlling fatigue properties of 
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the micrometer-scale Cu foils. When the foil thickness is approaching the grain size, the 

fatigue life of Cu foils strongly depends on the tensile plasticity of the foils. Overall, the 

study suggests that the thickness of the foil, in relation to the grain size, plays a significant 

role in determining fatigue properties (106). 

 Hofbeck et al investigated the fatigue strength of Cu and Au wires with bamboo 

type structures. They observed that as the wire diameter decreased, the fatigue strength 

increased. This increase in fatigue strength was attributed to the small slip distances that 

are available in thin wires (107). 

Merchant et al (108) conducted a study on the fatigue performance of copper foils 

with thicknesses ranging from 12 to 35 µm at a wide range of strain amplitudes. They 

monitored the dislocation configurations to understand the mechanism behind fatigue 

crack propagation. The results of their study showed that the fatigue crack propagation 

through the foil thickness was related to dislocations and grain structure rather than the 

foil thickness. However, they observed that strain localization and dislocation 

configurations were generally observed for the bulk samples (108). 

Although the fatigue behavior of wires and foils has been extensively studied in a 

structural sense, none of these studies have focused on the superelastic functional fatigue 

of the material. 

Ueland et al (109) studied the cycling behavior of the oligocrystalline (polycrystal 

with small number of grain) in the Cu-Zn-Al shape memory wires with diameters ranging 
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from 100 down to 20 µm. They reported that the energy dissipated per cycle increases 

with decreasing wire diameter (109). 

Soul et al (110) investigated the damping performance of superelastic nitinol wires 

across a range of frequencies for two different wire diameters, 0.5mm and 2.46mm. The 

study found that the thinner wire had better damping capacity compared to the larger 

wire diameter. At low frequencies, the larger wire diameter also exhibited good 

hysteresis. They explained these findings by considering the balance of heat flow released 

by latent heat and transmitted to the surroundings (110). 

Norwich et al (46) conducted research on the fatigue behavior of superelastic 

nitinol wires with varying diameters. All wires were drawn from the same starting material 

and underwent the same heat treatment procedure. The study found that the smaller 

wire had a better fatigue survival rate, but they did not provide details on the phase 

transformation and functional fatigue of the material (46). 

Despite the widespread use of superelastic nitinol wires in various industries, the 

effect of wire size on their structural and functional fatigue has not been extensively 

studied. This is a critical knowledge gap, as wire diameter may significantly impact fatigue 

behavior. Therefore, further research is needed to fully characterize the fatigue behavior 

of superelastic nitinol wires with different sizes. 

2.1.2 Objective and Goal 

Three different sizes of nitinol wire were used to investigate the effect of wire size 

on the functional and structural fatigue behavior of superelastic nitinol. To manufacture 
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the small-sized wires, the large wires go through multiple hot/cold wire drawing passes 

that may introduce a large number of defects into the microstructure (111–113). These 

microstructural imperfections may affect the structural and functional fatigue behavior 

of the superelastic nitinol (77,99). Besides, the fatigue properties of nitinol are very 

product specific. Manufacturers follow the same standard for the nitinol superelastic 

products (ASTM F2063), which covers a wide range of chemical compositions (54.5 wt.% 

to 57.0wt.% nickel) for wrought nitinol (73). However, it does not include any information 

about the processing and metallurgical variables of the specimens (73). As small as a 0.1% 

deviation in chemical composition and slight variations in the production process can 

result in drastic changes in the physical and mechanical properties of the material (74,75). 

This gap in the existing standards will adversely affect the accuracy of engineering 

designs. My hypothesis is that a small change in the geometry, manufacturing and 

processing variables may significantly affect both functional and structural fatigue of 

superelastic nitinol. In this work, nitinol wires with three different sizes are subjected to 

microstructural analysis and low-cycle fatigue tests to provide a better understanding of 

the effect of wire size on their functional and structural fatigue behavior. The outcome of 

this objective will fill the manufacturers’ information gap around their acceptable 

tolerance. It will also help to establish a more comprehensive and accurate standard for 

the consistency of their future products. 
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2.2 Experimental Procedure  

The materials selected for this study were medical grade nitinol wires, purchased 

from Edgetech Industries1. The wires were drawn and annealed based on the material 

specification sheet provided by the manufacturer. No information was given regarding 

their processing and heat treatment condition. Table 2-1 presents the information 

provided by the manufacturer. 

Table 2-1-Material specification provided by the manufacturers 

 

The critical transformation temperatures of the given nitinol alloy must be 

determined to ensure that the material is superelastic at the preferred temperatures. As-

received wire samples were subjected to thermal analysis using differential scanning 

calorimetry (DSC) to confirm the transformation temperatures reported by the 

manufacturer. 40ml aluminum crucibles were used with a Mettler-Toledo DSC (model 

822e) equipped with STARe software. To minimize the effect of cutting pressure on the 

wires, a digital low speed diamond saw with water coolant was used to cut the wires into 

4-5mm pieces that fit in the crucibles. An average load weight of 30-40mg was used for 

each test. The DSC tests were performed using a liquid nitrogen as a coolant and under 

 
1 https://www.edge-techind.com/ 
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nitrogen cover gas. The testing temperatures ranged from -50 to 50°C, and the heating 

and cooling rate was set to 10°C/min. To measure the transformation enthalpy (latent 

heat of transformation) and the temperatures, a spline baseline was used to subtract the 

background. The software calculated the transformation temperatures and the 

transformation enthalpies. To ensure repeatability of the data for each wire, DSC scans 

were conducted three times per wire. The reported transformation temperatures and 

enthalpies are an average of three DSC scans. 

Scanning electron microscopy (SEM) images were used to determine the number 

density and average size of the non-metallic inclusions of the as-received wires. The 

samples were prepared using standard metallographic techniques (ASTM E3-11). To avoid 

martensitic phase transformation during the sample preparation, a standard Al2O3 

abrasive polishing process with minimal surface strain was applied. At least five samples 

were analyzed to collect statistically relevant data. To determine the number density of 

inclusions in each wire, a random selection of 5 SEM images with magnification of ×950 

was analyzed. The number of inclusions present in each image was manually counted, 

and then divided by the surface area of the sample captured in the SEM figure.  

Load-displacement curves of the samples were collected using a Mark10-ESM750 

(displacement resolution 0.001 inch or 0.0254mm) tensile test stand. Each set of data was 

collected at least 3 times to ensure that it was repeatable. To obtain the best load 

resolution for each sample, three load cells were used. The MR01-750 (load resolution 

0.5 lbf or 2.2241 N), MR01-100 (load resolution 0.1 lbf or 0.4448 N), and MR01-50 (load 

resolution 0.02 lbf or 0.0889 N) were used for the 1mm, 0.5mm, and 0.2mm wires, 
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respectively. A pair of self-tightening wedge grips (Mark10- G1061-2) were used to 

measure the pure tensile stress of the wires and avoid the spring back and shear stresses.  

The monotonic tensile tests were conducted with a cross head speed of 

10mm/min until the wire failed. The upper plateau and failure stress (stress at the 

breaking point) of the three wires were determined from the tensile tests. Then the wires 

were cycled under stress-controlled conditions. To assess the upper/lower plateau 

stresses and shape-recovery behavior of the wires, a cycling frequency of 0.001Hz was 

used. The frequency was chosen reasonably small to avoid the effect of latent heat of 

transformation. The upper fatigue limit was set slightly above the upper plateau of the 

wires, and the lower limit was set at zero. Results of these low strain rate fatigue tests 

were used to determine the lower plateau stress of the wire. The Mark10 instrument 

delivered the force-displacement curves of each sample. The “engineering stress” was 

calculated by dividing the force (obtained from the Mark-10 device) by the initial cross-

sectional area of the wires (σ =
F

A
). The “engineering strain” was calculated by dividing 

the displacement (obtained from the Mark-10 device) by the initial length of the wire (ε =

∆l

l0
). The initial length of the wire (l0) was measured as the distance between the upper 

and lower grips. After determining the upper/lower plateau stresses of the wires, the rest 

of the tests were performed with frequency of 0.1Hz. 

The Mark-10 device reports the distance traveled by the upper grip during the 

test. However, the displacement obtained from the Mark-10 may not be accurate. 

Therefore, a digital image correlation (DIC) technique was used to measure the precise 

deformations. The DIC data was collected using a Leica M-125C microscope, mounted on 
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a horizontal adapter. It was equipped with two high-speed Dantec cameras with a 

resolution of 1µm. The experimental setup can be seen in Figure 2-2. 

 

Figure 2-2- DIC system setup. 

The DIC technique tracks and correlates a random pattern on the surface of an 

object to measure its displacement (114–116). The random pattern can either be 

naturally inherent surface features or an artificially added pattern (114,117). The quality 

of the patterns is a critical factor in determining the accuracy and reliability of the DIC 

measurements (118). The stability, randomness, density, and high contrast (ideally black 

and white) of the speckle pattern are important factors for ensuring the accuracy of 
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displacement and strain measurements (118,119). The pattern elements should be small 

enough to provide high spatial resolution, but large enough to be visible under the 

magnification used for imaging (119). 

To prepare the nitinol wires for DIC measurement, they were painted with a white 

Angelus acrylic leather paint. This paint provided enough flexibility and did not flake off 

or shed with strain changes on the surface of the wire. Then an airbrush was used to add 

black speckle patterns on the white background. Figure 2-3 shows the speckle pattern 

created on the 1mm wire before the DIC measurement. 

 

Figure 2-3- speckle pattern created on the wire surface. 

Global strain is defined as the total strain experienced by the entire length of the 

specimen. To measure the precise global strain, the initial length of the wire was selected 

small enough, so the total length of the wire was within the “field of view” of the DIC 



23 
 

 

cameras. For the 0.2mm and 0.5mm wires, the magnification of ×12.5 was used and the 

sample size (the distance between the upper and lower grips) was approximately 5mm. 

for the 1mm wire, the magnification of ×8 was used, with a sample size of 8mm. The 

fatigue testing frequency and image acquisition speed were both set at 0.1Hz. So, a total 

of 100 images were collected for each cycle. A displacement-controlled fatigue test was 

carried out on all three wires. The upper and lower fatigue limits were set slightly above 

the upper plateau and slightly below the lower plateau of the wire, respectively. The 

Istra4D V4.7 software was used for image acquisition, evaluation, visualization. Prior to 

the test, a calibration target was used as a reference object to define the intrinsic and 

extrinsic parameters of the cameras, including each camera’s perspective of the object, 

camera‘s perspective to each other, and the global coordination system. A calibration 

target of 3mm was used for the 1mm wire and a 2mm target was used for the 0.5 and 

0.2mm wires. Any change in image acquisition or camera settings (including 

magnification, focus or aperture) may change the calibration parameters and requires 

another calibration.  

To develop the stress-strain curves with precise strain, the results of fatigue 

instrument (Mark-10) was matched with the DIC data. The fatigue and DIC tests were run 

at the same time, so their results were matched based on time compatibility. The DIC 

images were collected without interruption until the end of the 10th cycle. At the 20th and 

50th cycles, the DIC image acquisition was started over again. After each image acquisition 

start up, the first image is counted as the reference point with zero strain. Therefore, 

strain maps of the 20th and 50th cycles do not include any residual strain of the previous 
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cycles. Since the cycling was performed under a displacement-controlled condition, it is 

assumed that the upper strain remains the same. Thus, the obtained upper strains for the 

20th and 50th cycles were shifted to the upper strain of the first 10 cycles for comparison. 

The accuracy of the elastic modulus calculated directly from the fatigue or tensile 

test stand results is compromised by the inaccurate measurement of strain. Therefore, 

after developing the stress-strain curves with the precise DIC strain measurements, the 

elastic modulus of both austenite and martensite for the three different wire sizes were 

calculated. This was done by determining the slope of the linear section of the curves, 

using the SLOPE function in Microsoft Excel. To ensure repeatability, each test was 

repeated 3 times. The stress-strain curves were further evaluated to determine the 

gradual loss of functional properties of the superelastic nitinol wires. Evolution of the 

hysteresis shape and residual martensite were examined to distinguish the functional and 

structural fatigue. The area of the hysteresis loop was measured using the ImageJ image 

analysis software 2. 

The main purpose of this study is to determine the role of the microstructural and 

geometrical features on the fatigue life of the superelastic nitinol wires. Many researchers 

have shown that the most common observed fatigue crack initiation site is a surface 

defect (95,120–122). To quantify the surface roughness of each sample, a confocal laser 

microscope was used. Each test was repeated 3-5 times to make sure that it was 

repeatable. To improve the surface quality, and subsequently prevent the surface crack 

nucleation and premature failure, the wires were electropolished prior to the fatigue 

 
2 https://imagej.nih.gov/ij/download.html 
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testing. The electropolishing of the nitinol wires was conducted in an electrolyte solution 

of 80 vol.% acetic acid (99.5-100%- Mallinckrodt Baker, Inc.) + 20 vol.% perchloric acid 

(60-70% solution- Mallinckrodt Baker, Inc.) (123) at room temperature. The two-

electrode setup consists of Ni as counter electrode (cathode) and nitinol as working 

electrode (anode) (123). A current was applied to remove the initial oxide surface of the 

wires. It was followed by a surface treatment procedure to achieve a smooth finish 

surface. The experiments revealed that the electropolishing current and time vary for 

each wire. The parameters depend on the initial surface finish of the as-received wire and 

the wire size. The electropolishing current and time were determined for each wire 

through trial and error. Table 2-2 shows electropolishing process of each wire. 

Table 2-2- surface treatment electropolishing parameters of each wire. 

 

Postmortem SEM analysis was conducted to identify the source of failure and 

characterize the failure mode for each sample. The crack propagation and rupture zone 

of the wires were measured using ImageJ. 

The DSC tests were conducted after 500, 1000, 1500 cycles to evaluate the evolution of 

the transformation temperatures and functional degradation during cycling. 
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2.3 Results  

Figure 2-4 illustrates the DSC results of the as-received wires. The transformation 

enthalpies (areas under the DSC peaks) of the three wires were assessed to compare their 

superelasticity and evaluate their functional fatigue. 

  

Figure 2-4-DSC of the as-received wires. 

Table 2-3 shows the critical transformation temperatures and enthalpy of 

transformation, taken from the DSC data. The 0.2mm wire had the highest transformation 

enthalpy and the closest Af temperature to the room temperature, while the 0.5mm wire 

had the lowest transformation enthalpy and the farthest Af temperature from the room 

temperature. 
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Table 2-3-critical transformation temperature and enthalpy of the as-received wires. 

 

Figure 2-5 shows the SEM images of the three different wire sizes. The arrows 

denote the inclusions and microcracks that formed in the front and rear of the inclusions 

during the wire drawing process. The figures show that the microstructure of the 0.2mm 

wires contained sharp voids and cracks at the front and back of the inclusions. Some 

micro-voids can also be seen around the inclusions of the 0.5mm and 1mm wires. 

However, this microstructural feature is more prominent in the 0.2mm and 0.5mm wires. 

Table 2-4 presents information on the size and density of the inclusions (the void 

lengths are not included in the inclusion size measurements). According to this result, the 

0.2mm wire has the highest density of the microstructural defects compared to the other 

wires. 

Figure 2-6 (a) shows the result of tensile test of the wires with three different sizes. 

This figure shows that the 0.2mm wire had a lower plateau stress compared to the 0.5mm 

and 1mm wires. Figure 2-6 (b) exhibits the first cycle of the three wires, cycled under 

stress-controlled condition with frequency of 0.001Hz. Based on measurements taken 

through crosshead motion, it can be observed in this figure that the 0.5mm and 1mm 

wires exhibited some residual strain at the end of the first cycle. Figure 2-6 (c) and (d) 
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show the change in upper plateaus and the difference between the upper and lower 

plateaus of wires during the first 30 cycles, respectively. 

 

Figure 2-5-SEM images of the inclusions observed in the wires (a) and (b) 0.2mm, (c) and (d) 0.5mm, (e) 
and (f) 1mm, note that the drawing direction is left-right. 
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Table 2-4-the maximum size, average length, and density of the inclusions 

 

 

Figure 2-6- (a) tensile test until failure (b) first cycle of the wires, (c) the upper plateau of the wires for the 
first 30 cycles, (d) the difference between the upper and lower plateaus for the first 30 cycles. 

Table 2-5 shows the failure stress of the tensile tests, along with average upper 

and lower plateau stresses of the first cycles. The results indicate that the upper and lower 
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plateaus, as well as the difference between them, rapidly declined in the first 10 cycles 

and then stabilized. The 0.2mm wire exhibited the most stable superelastic stress window 

(the difference between the upper and lower plateaus). 

Table 2-5- the average of failure stress, upper and lower plateau of the wires 

 

The data of Figure 2-6 and Table 2-5 were collected under a cycling frequency of 

0.001Hz. After these data were collected, the rest of the tests were carried out with a 

cycling frequency of 0.1Hz. Figure 2-7 shows the first cycle of the three wires with the 

frequency of 0.1Hz. After increasing the strain rate, the required stress to initiate the 

phase transformation slightly increased in all wires. Also note that an upward trend was 

found in the 1st cycle plateaus of all three wires. 

The DIC tests were performed to determine the accurate strain field of the wires. 

Figure 2-8 shows the load-displacement curve and DIC pattern of the first cycle, for the 

three wires. The wires were initially in an austenitic state with zero strain, indicated by 

the blue color on the DIC scale axis. Point 1 in Figure 2-8 (a), (c) and (e) marks the onset 

of plateau stress in all wires, but no macroscopic martensite band formed at this point. 

The DIC system detects the austenite or martensite bands based on their measured strain. 

At point 2, a high strain region formed near the grips in all the wires and grew throughout 
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the wires. The high strain region was represented in red by the DIC software and 

represented the martensite band. The highest achieved local strain in all wires were 

between 8-9%. In 0.5mm and 1mm wires, another band forms at the lower grip and the 

two bands coalesced. 

 

Figure 2-7- first cycles of the wires with frequency of 0.1Hz. 

The stress-strain curves shown in Figure 2-9 (a), (b) and (c) have been created from time 

compliance of the Mark-10 fatigue test and DIC data. Figures (a), (b) and (c) are associated 

with the 0.2, 0.5 and 1mm wires, respectively. Figure 2-9 (d), (e), (f) and (g) compare the 

1st, 10th, 20th and 50th cycles of the wires, respectively. Assessment of the Figure 2-9 (d)-

(g) confirms that the 0.2mm wire exhibits a more ideal flat plateau, compared to the 0.5 

and 1mm wires. Figure 2-9 (h) shows the change in hysteresis loop area of the wires in 50 

cycles. As illustrated in Figure 2-9 (h), the hysteresis area of the 0.2mm wire dropped by 

15% during the first 10 cycles, compared to the 50% and 54% drop in the 0.5mm and 1mm 
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wires, respectively. The change in residual strain of the wires is exhibited in Figure 2-9 (i). 

At the end of the 10th cycle, the accumulated residual strain of the 0.2mm wire was about 

0.56%, compared to 1.34% of the 0.5mm wire and 1.19% of the 1mm wire. Since the initial 

image acquisition stopped at the end of the 10th cycle, only the residual strain of the first 

10 cycles were used in this figure. 

 

Figure 2-8- (a) the load-displacement curve of the first cycle of 0.2mm wire (b) 0.2mm wire DIC pattern, 
(c) the load-displacement curve of the first cycle of 0.5mm wire (d) 0.5mm wire DIC pattern, (e) the load-

displacement curve of the first cycle of 1mm wire (f) 1mm wire DIC pattern. 



33 
 

 

 

Figure 2-9- (a) engineering stress-mean strain of (a) 0.2mm, (b) 0.5mm, (c) 1mm, comparison of the (d) 
first cycles, (e) 10th cycles, (f) 20th cycles, (g) 50th cycle, (h) hysteresis areas, (i) residual strains. 

The stress-strain curves of Figure 2-9 (a), (b) and (c) were used to determine the 

Young’s modulus of the austenite and martensite phases of the three wires, shown in 

Table 2-6. As indicated in the table, the martensite phase had a lower elastic modulus 

compared to the austenite phase. 

Figure 2-10 (a), (b) and (c) show surface of the as-received 0.2, 0.5 and 1mm wires, 

respectively; and Figure 2-10 (d), (e) and (f) display the electropolished surface of each 

wire. It can be seen from the figures that the surface quality of the wires significantly 

improved after the surface treatment. 
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Table 2-6- austenite and martensite elastic modulus of the wires 

 

 

 

Figure 2-10- SEM images showing the surface of the wires, as-received (a) 0.2mm, (b) 0.5mm, (c) 1mm, 
after surface treatment (d) 0.2mm, (e) 0.5mm and (f) 1mm. 

Figure 2-11 (a) shows the surface of a 1-mm wire acquired by confocal laser 

microscopy. Figure 2-11 (b) displays the cross-sectional profile of the wire and Figure 2-11 

(c) exhibits the same profile after flattening. The average of profile absolute values (Ra) 

were used to quantify and compare the surface roughness of the wires. Table 2-7 shows 

the surface roughness of the as-received and electropolished wires. The results of 
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confocal laser microscopy also confirmed the surface quality improvement after the 

surface treatment process.  

 

Figure 2-11- confocal laser microscopy result (a) surface of a 1mm wire, (b) a random profile, (c) the same 
profile after flattening filter. 

Table 2-7-average surface roughness 

 

Figure 2-12 compares the effect of surface treatment procedure on the fatigue 

mechanism of the 0.2mm wire. Figure 2-12 (a) shows the fracture surface of a non-

electropolished 0.2mm wire. Figure 2-12 (b) and (c) display enlargement of some regions 

of the fracture surface, presenting the beach marks and river marks at the surface. As 

illustrated in Figure 2-12 (f), the crack initiated at the surface of the wire for this sample. 

Figure 2-12 (d) displays the fracture surface of an electropolished 0.2mm wire. Figure 2-12 

(e), (f) and (g) emphasize more detail of the fractured surface. Similar to the non-
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electropolished sample, this sample also exhibited two regions, one fatigue with beach 

marks and one of the final fracture. A non-metallic inclusion was found at the crack 

initiation site of the electropolished wire (Figure 2-12 (e)). The arrows show the crack 

growth direction. 

Figure 2-13 exhibits the longitudinal surface of the 0.2mm wire, perpendicular to 

the fracture surface seen in Figure 2-12 (d). The surface “A” at Figure 2-13 (a) represents 

the fracture surface after fatigue failure. The arrows in Figure 2-13 (a) indicate the 

damage caused by the grip. Figure 2-13 (b) shows a surface crack that formed at a corner 

of an inclusion. 

The evolution of transformation temperatures and enthalpies after fatigue is 

displayed in Figure 2-14 (a), (b) and (c), for the 0.2, 0.5 and 1mm wires, respectively. The 

DSC peaks of the fatigued wires, as shown in Figure 2-14, initially shifted to the right. 

However, in the 0.5 and 1mm wires (Figures (b) and (c)), the peaks gradually split up as 

the cycle number increases, and the two peaks gradually moved away from each other. 
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Figure 2-12- (a) the fracture surface of 0.2mm wire, not electropolished, (b) crack growth direction (c) 
crack initiation site (d) fracture surface of 0.2mm wire, electropolished, (e) secondary crack, (f) direction 

of crack growth, (g) crack initiation site. 

 

Figure 2-13- (a) longitudinal fracture surface of the electropolished 0.2mm wire (b) a crack that initiated at 
the corner of a surface inclusion. 
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Figure 2-14- evolution of critical transformation temperatures after fatigue (a) 0.2mm, (b) 0.5mm, (c) 
1mm. 

2.4 Discussion  

2.4.1 Functional Fatigue  

To exhibit the maximum superelasticity effect at room temperature, superelastic 

nitinol should have an Af temperature that is slightly below room temperature (124). The 

DSC results of the as-received wires (Figure 2-4) and their tensile behavior (Figure 2-6 (a)) 

showed that all three wires were superelastic at room temperature. Although the wires 

were intended to be the same based on their material specification provided by the 

manufacturer, we found variations in their material properties. The DSC result (Figure 2-4) 

showed that the 0.2mm wire presented an Af temperature closer to the room 

temperature, with a relatively higher transformation enthalpy. The transformation 

temperature of nitinol can be influenced by various factors. Kokkinos et al. demonstrated 

that subjecting Ni-rich nitinol alloys to thermal aging treatment leads to the creation of 
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Ni4Ti3 precipitates and intermediate R-phase, which causes a change in the composition 

and results in a change in the transformation temperatures (125,126). A more detailed 

discussion of the effect of the intermediate R-phase can be found in Appendix 2-B. 

Depending on annealing temperature, time and cooling rate, the transformation 

temperatures may dramatically change (126–130). Jahanbazi et al showed that both cold 

work and heat treatment have an impact on transformation temperatures (127). They 

found that a higher cooling rate results in a lower Af temperature, while a greater extent 

of cold work leads to an increase in the Af temperature (127). Carl et al reported that 

even small changes in the composition can have a significant impact on transformation 

temperatures (128). The manufacturer did not provide information regarding the wire 

processing, but according to the material specifications, all wires were in an annealed 

condition. There was no noticeable sign of the intermediate R-phase in the stress-strain 

curve of any of the wires. However, the slight presence of R-phase in the 0.5mm wire will 

be discussed in Chapter 4. 

Many researchers have shown that as the application temperature reaches Af, the 

material exhibits an ideal superelastic behavior with no residual strain upon unloading 

(37–40). Therefore, it is expected that the 0.2mm and 0.5mm wires exhibit the most and 

the least stable superelastic response, respectively, which is in agreement with Figure 2-9. 

As shown in Table 2-3, the 0.5mm wire showed a significantly lower transformation 

enthalpy. The strong decrease in the enthalpy of the transformation in the 0.5mm wire is 

caused by stabilization of the austenite phase (131,132). The enthalpy of transformation 

in nitinol is closely related to its transformation temperature (132). As mentioned earlier, 
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the 0.5mm wire has the highest difference between its Af temperature and the 

application temperature (room temperature). Stabilization of the austenite at the 

elevated temperatures (above its Af temperature) makes it harder for the martensite 

phase to be stress-induced (131,132). 

The area of the hysteresis loop represents the capability of the material to 

dissipate energy and recover the applied deformation (89). Increasing the number of 

cycles and consequential accumulation of defects results in gradual reduction of energy 

dissipation per cycle (area of the hysteresis loop) and an increase in the residual strain. It 

also can be seen in Figure 2-9 (i) that the residual strain growth rate in 0.2mm wire is 

significantly lower than the other two wires. The functional fatigue could be described in 

terms of the ability of the material to absorb energy (i.e., the area of the hysteresis loop) 

or the evolution of residual strain (68,87). From these observations, it can be concluded 

that the 0.2mm wire shows a better functional behavior than the 0.5 and 1mm wire. 

Since the Af temperature of the 0.5mm wire was relatively far from the application 

temperature, it does not exhibit an ideal superelastic behavior. So, the measured strain 

of the 0.5mm wire contains some plasticity as well. The Af temperature of the 1mm wire 

is close to the application temperature. So, it can be expected that the contribution of 

plasticity in the residual strain of the 1mm wire is insignificant compared to the 0.5mm 

wire. 

To avoid the effect of the transformation latent heat, the data of Figure 2-6 was 

collected under the frequency of 0.001Hz. When the test is performed in very low 



41 
 

 

frequency conditions, it is expected that the wires recover the deformation at the end of 

the first cycle, with the least amount of residual strain. Figure 2-6 (b) showed that the 

0.5mm and 1mm wires had some residual strain. However, after holding the sample at 

room temperature, a 100% strain recovery was detected after one cycle. This observation 

can be justified by the shape memory effect and high sensitivity of the superelastic nitinol 

to the temperature change. Due to the latent heat of transformation, the specimen 

experiences a non-isothermal condition. Therefore, the residual strain is governed by two 

main sources: (i) the isothermal superelastic strain, which recovers upon unloading, and 

(ii) the strain which is caused by the accumulated heat and recovers as the wire cools 

down (133). While the internal heat production from the transformation latent heat is 

proportional to the specimen volume, the heat exchange with the surroundings is 

proportional to its surface area. The competition between these two factors defines the 

evolution of strain (134). It also has been known that the larger surface area to volume 

ratio (
A

V
=

2πrh

πr2h
=

2

r
) causes the object to cool down faster (135). Therefore, the 1mm wire 

has a lower cooling rate and holds more heat than the smaller wires. This factor 

contributes to the higher residual strain of the 1mm wire, as well. 

As shown in Figure 2-14, the DSC peaks of fatigued wires, initially shifted to the 

right. However, as the cycle number increased, the peaks of 0.5mm and 1mm wires 

gradually split and moved further apart. This phenomenon indicates the development of 

an intermediate R-phase. Santos et al (136) reported that R-phase transforms to 

martensite under applied load. However, it does not recover its deformation upon 

unloading. R-phase tends to show more shape memory effect, that the deformation 
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recovery occurs after heating the sample above its Af temperature (136). Formation of 

the intermediate phase may also contribute to the higher residual strain of the 0.5 and 

1mm wires. However, as illustrated in Figure 2-14, the intermediate R-phase appears as 

the cycle number increases and it may not have a large contribution during the first 10 

cycles. Appendix 2-B includes more information about the effect of R-phase on the 

mechanical behavior of the superelastic nitinol wires. 

Table 2-6 shows the elastic modulus of the wires, where the strain measurements 

were taken from DIC results, which indicated that the 0.2mm wire had a lower elastic 

modulus compared to the other wires. Lach et al (137) found that there are two main 

factors that affect the stress-strain behavior (i.e. the transformation stress plateau and 

elastic modulus) of the nitinol: (i) the presence of microstructural phases such as 

martensite and R-phase in the initial microstructure; (ii) their stress state (either twinned 

with low residual stresses, or detwinned with high residual stresses). So, the stress-strain 

behavior strongly vary with the heat treatment history, micromechanical state of the 

material and its initial microstructure (137). While the thermo-mechanical history of the 

wires was not provided by the manufacturer, a microstructural analysis may explain the 

difference between the stress-strain behavior of the wires. As presented in Table 2-4, the 

0.2mm wire had the highest defect density, introduced through the  production process. 

Therefore, it may experience a higher micro-stress fluctuation within the initial austenite 

matrix. As displayed in Figure 2-5 (a) and (b), the 0.2mm wire contained a series of micro-

flaws elongated in the longitudinal direction of the wire. These microstructural flaws 

around the non-metallic inclusions were likely introduced through the wire drawing 
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process (113). These micro-flaws are also seen around some of the larger inclusions of 

0.5mm wire as well. The larger density of inclusions and microstructural flaws in the 

0.2mm affects the micro-stress state of the matrix surrounding them and leads to partial 

transformation of the nearby grains. With the same explanation, the 0.5mm wire had the 

lowest density of microstructural defects and the highest upper plateau stress. 

As exhibited in Figure 2-7, the strain rate affected the shape of the hysteresis area 

and the plateau stresses. Many studies have shown that an increase in the strain rate 

results in transformation hardening, which is also a direct outcome of accumulation of 

the transformation latent heat (38,132–134,138). As a result of transformation 

hardening, the phase transformation becomes more difficult and higher local stress is 

needed to proceed (90). As illustrated in Figure 2-7, under frequency of 0.1Hz, the plateau 

of the 0.2mm wire remained mostly flat, compared to those of the 0.5 and 1mm wires, 

which corresponds to the lower strain rate sensitivity of the 0.2mm wire. Other than the 

strain rate, the transformation hardening in nitinol is a function of the internal state 

variables, which include the localized microstructure of the interface, grain size, and 

microstructural defects (133). The better heat conduction between the 0.2mm wire and 

its surrounding also resulted in a lower strain rate sensitivity in this wire and a more stable 

plateau compared to the larger ones, as shown in Figure 2-7. 

Degeneration of superelasticity can also be described as a decrease in plateau 

stresses and the superelastic window (the difference between the upper and lower 

plateaus). As the microstructural damage gradually increases, the critical stress for the 

stress-induced transformation decreases and the hysteresis loop becomes narrower 
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(68,89,93). Figure 2-6 (c) showed that the upper plateau of 0.2mm, 0.5mm, and 1mm 

wires decreased by 13%, 18%, and 19% respectively, within the first 10 cycles. Figure 2-6 

(c) indicates that the hysteresis loop narrowed by 5%, 25%, and 23% for the 0.2mm, 

0.5mm, and 1mm wires, respectively. These observations also suggest that the 0.2mm 

wire has a more stable superelastic functionality compared to the others. 

Figure 2-8 (b), (d) and (f) display the DIC map and strain progression for the 

0.2mm, 0.5mm, and 1mm wires, respectively. The first martensite band in all wires did 

not initiate at the onset of superelastic plateau. In all wires, the first martensite band 

nucleated near the grips at point 2, as a result of grip pressure. This aligns with the 

observation by Daly et al (139) that the martensitic phase transformation begins at the 

grain level before macro-bands become visible. The macroscopic martensitic band 

expanded throughout the wire. Upon unloading, an austenite band formed and grew into 

the martensite, and as shown in Figure 2-8 (d), (e) and (f). At the end of the lower plateau, 

the wires returned to their initial austenitic state. The formation and annihilation of 

martensitic/austenitic bands will be examined in more detail in Chapter 4. 

As Table 2-6 shows, the elastic modulus of martensite is lower than that of 

austenite. While the initial calculations based on statistical thermodynamics claimed that 

the elastic modulus of martensite is higher than austenite, the experimental results 

represent the opposite (140). The phase transformation in a polycrystalline superelastic 

nitinol never exceeds to a fully transformed martensitic state at the end of the plateau 

(91). The martensitic transformation continues to proceed beyond the transformation 



45 
 

 

plateau in the linear elastic deformation range of martensite, which results in the lower 

values of martensite elastic modulus (140,141). 

2.4.2 Structural Fatigue 

In superelastic nitinol, functional fatigue is characterized by the gradual 

degradation of superelastic response of the material, due to repeated cyclic loading. 

Whereas structural fatigue involves crack initiation, propagation, and failure in traditional 

sense (58,83,87–89,95,142). 

Fatigue crack initiation determines the starting point of crack growth and thus the 

overall fatigue life of the material (143). A proper understanding of fatigue crack initiation 

is important for predicting the fatigue life of a component. It has been known that surface 

roughness is one of the detrimental factors affecting fatigue strength (144–146). 

Therefore, it is important to study the effect of surface roughness on the fatigue life of 

the wires.  

According to Roark’s formula (equation 2-1), the stress concentration factor (Kt) 

is a nonlinear function of the specimen notch and its geometry (147,148). 

 

 

2-1 

 

In this equation, “a” and “W” represent the notch length and specimen width 

respectively (147). In this study, “a” represents the surface defect length and “W” 

represents the wire diameter. Based on the Roark’s formula, for the wires with similar 
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surface quality (similar “a” value), the smaller wires are more sensitive to the surface 

roughness. 

Figure 2-10 and result of Table 2-7 showed a considerable improvement in the 

surface quality of the wires after electropolishing. Figure 2-12 highlighted the significance 

of the surface quality on fatigue fracture surface. Fractured surfaces shown in Figure 2-12 

were analyzed to characterize crack initiation and propagation features. Fatigue life 

mainly includes crack nucleation and growth of a fatigue crack (149). The fracture surface 

can be divided into two distinct regions, an area of crack initiation and fatigue crack 

growth (zone 1 in Figure 2-12 (a) and (d)), followed by a region of ductile tensile fracture 

caused by overload (zone 2 in Figure 2-12 (a) and (d)) (150,151). Beach marks and river 

marks are typical features of a fatigue fracture surface and reveal information about the 

crack growth rate and stress state during fracture (95,120,150,151). Beach marks indicate 

stable, slow crack growth, while river marks indicate fast, unstable rupture where the 

material cannot withstand the load (150,151). The non-electropolished wire had a small 

beach mark region (see area A in Figure 2-12 (c)), while the electropolished wire showed 

a larger area of crack propagation (almost all area of zone 1 in Figure 2-12 (d)). The arrows 

in Figure 2-12 (c) indicate the crack propagation direction. The beach marks and fatigue 

striations can be traced back to determine the fatigue crack origins (150,151). As 

expected, the non-electropolished wire showed the surface as the crack origin. It has 

been reported that in the heavily drawn wires, the fatigue performance of the wires is 

controlled by the surface defects, which mainly lead to short fatigue lives (53). Figure 2-12 

(g) displays that the crack in the electropolished wire initiated from a surface inclusion. 
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Numerous observations have shown that fatigue crack initiation occurs at an inclusion 

that is located at or near the surface (78,99,152). This is due to a mechanical interaction 

between the surface and sub-surface inclusions, which is very detrimental to the fatigue 

life of the material (102). The arrow in Figure 2-12 (e) shows fatigue striations. Region A 

displays a secondary fatigue crack near the surface, parallel to the striations, indicating 

the complex tip geometry of the fatigue crack (120). Region B is probably a void caused 

by a non-metallic inclusion that was detached during fatigue. The stable crack 

propagation area of the electropolished sample (zone 1) was estimated to be 45% of the 

wire's total area. The river marks are clearly observed in zone 2 in Figure 2-12 (a) and (d) 

indicating the final catastrophic overload forces (150,151). Figure 2-12 (b) and (f) exhibit 

the magnified morphology of the unstable rupture regions. The arrows show the river 

marks and direction of crack growth. This region is characterized by elongated dimple 

patterns and micro-void coalescence which are common features of ductile fracture 

(89,150,151). 

Experimental observations showed that in the electropolished 0.2mm wires, the 

failure happened at a surface/sub-surface inclusion near the grips, due to the mechanical 

interaction between the grip pressure and inclusion stress field. In Figure 2-13 (a), there 

are visible lines on the wire surface that are related to the damage caused by the grip (see 

Appendix 2-A for grip information). Figure 2-13 (b) illustrates an inclusion at the surface 

with a sharp corner, where a crack initiated. Around the fracture surface, similar cracks 

are commonly found on the circumferential surface of all wires. However, considering the 
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stress concentration factor and the Roark’s equation (equation 2-1), these cracks are 

more detrimental to the smaller wires (147). 

2.5 Conclusion 

Superelastic nitinol wires of three different sizes were subjected to 

microstructural characterization and low cycle fatigue tests. The microstructural 

characterization results revealed that the smaller wires exhibited a higher quantity of 

internal cracks and defects introduced through the wire drawing process. 

Surprisingly, despite the higher density of defects, the small wire exhibited better 

functional fatigue, which can be attributed to the cooling rate effect. However, the 

presence of internal cracks in small wires leads to a smaller upper stress plateau 

compared to larger wires. 

The smaller wire also displayed higher sensitivity to surface defects, which 

diminished the crack nucleation stage of this wire, resulting in a decrease in its structural 

fatigue life (see Appendix 2-A). 

2.6 Future Work 

The amount of energy dissipated during the functional fatigue process can vary 

depending on the size of the nitinol wires. Analyzing the temperature changes over time 

can provide a better understanding of how wire size affects functional fatigue behavior. 

Therefore, the next step to compare the functional and structural fatigue of superelastic 

nitinol wires with different sizes can be accomplished through an infrared thermography 

study. 
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Infrared thermography is an effective technique for studying the differences in 

fatigue performance of wires with different sizes. This method detects temperature 

changes on the surface of the wire during cyclic loading, which can provide insights into 

energy dissipation and heat generation. Moreover, infrared thermography can also 

identify surface defects and cracks in the wire, providing information on crack initiation 

and propagation stages of the fatigue process. Overall, infrared thermography is a 

valuable tool for investigating the effect of wire size on fatigue performance, 

supplementing DIC measurements presented in this work. 

The chemical composition is another important factor that significantly affects 

superelasticity and transformation temperatures. Conducting an Inductively Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES) test would be an effective way to 

determine the exact composition of the material and provide a better understanding of 

the differences between the transformation temperatures. 

2.7 Research Limitations 

One limitation of this study was the fatigue testing methodology. We encountered 

issues with the grip serrations, which led to non-uniform stress being applied to the 1mm 

wires and difficulty holding the smaller wires. To overcome these issues, we tested 

various types of grips. However, we found that bollard grips, which are commonly used 

for wires, were not suitable for superelastic materials due to the superelasticity that 

occurs around the bollard and affects stress measurements. Therefore, alternative grip 

designs are needed. 
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It should be noted that changes in grip design and the contact surface between 

the grip and the sample may have a significant impact on stress measurement. This 

highlights the need to address grip-related issues to ensure accurate and consistent 

results. 

Our observations revealed that the composition and characteristics of nitinol 

wires can vary, which can affect their fatigue performance. The wires that were purchased 

at different times showed variations in their material properties. This highlights the 

urgent need to establish standardized procedures to ensure the production of more 

reliable nitinol wires. 

Appendix 2-A 

Strain Amplitude- Cycle Number Plot 

The cyclic fatigue life of a material is often evaluated as the number of cycles to 

failure, Nf. Experimental tests were performed at a constant frequency of 0.1 Hz under a 

displacement-controlled condition. As a result of functional fatigue, the lower plateau of 

the 0.2mm wire wires dropped below zero MPa after a few hundreds of cycles. To avoid 

compressive stresses, the lower strain was fixed at 30% of the plateau for all wires and 

the upper strain was variable. The strain amplitude was calculated as 
∆ε

2
=

εup−εlo

2
. To 

avoid premature failure, the wires were electropolished using the parameters mentioned 

in Table 2-2. 

Figure 2-15 (a) shows the self-tightening wedge grip (Mark10- G1061-2). Our initial 

data revealed that the serrations on the wedge grips create dents on the wires and lead 
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to premature failure. So, a pair of wire bollard grips (Mark10-2.00G1103) was used for 

this experiment as shown in Figure 2-15 (b). The bollard grips are designed so that the 

wire can be wrapped around the bollards and clamped at one end. In this design, the wire 

section wrapped around bollards may undergo phase transformation as well, resulting in 

some shear component and spring back effects in the measured stress. To avoid these 

cases, the wire was not wrapped around the bollards and only the clamp part was used 

to tighten the wires. 

 

Figure 2-15- (a) wedge grip (b) bollard grip. 

The strain amplitude (
∆ε

2
) versus number of cycles to failure (Nf ) plot for the 

0.2mm and 0.5mm wires is illustrated in Figure 2-16. The number of cycles to failure 

increased as the applied cyclic strain amplitude decreased. Fractography of all the 0.2mm 

wires showed a surface or sub-surface inclusion at the crack initiation site. So, the failure 

of the 0.2mm wires involved crack initiation and propagation.  
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Figure 2-16-Total strain amplitude (∆ε /2) versus number of cycles to failure (𝑁𝑓) plot for the 0.2mm and 

0.5mm wire. 

However, Figure 2-17 shows that the 0.5mm and 1mm wires failed due to a 

surface defect. Further failure analysis revealed that the friction between grip and the 

wires damaged the surface (Figure 2-17 (c) and (f)), causing a premature failure . 

Comparing them with Figure 2-13, it is easy to see that the clamps caused less damage to 

the 0.2mm wire compared to the 0.5mm and 1mm wires. This could be due to the higher 

applied load to the larger wires. Therefore, fatigue life of the 0.5 and 1mm wire lacks crack 

initiation phase. Despite this, Figure 2-16 showed that the 0.5mm wires had a longer 

fatigue life compared to the 0.2mm wire, indicating that the crack propagation time in 

0.5mm is greater than the total time of crack nucleation and propagation in the 0.2mm 

wire. As seen in Figure 2-17, the fracture surfaces of the 0.5mm and 1mm wires had a 

similar morphology to that of the 0.2mm wire. The stable crack propagation area (zone 

1) in the 0.2mm electropolished wire was 45%, while it was estimated 27% and 21% for 

the 0.5mm and 1mm wire, respectively. Various factors may affect the stable crack 



53 
 

 

growth prior to failure, such as microstructure, strength, toughness, and residual stress 

state. The presence of inclusions, impurities, or defects can also influence crack 

propagation and limit stable crack growth. Additionally, the loading conditions, such as 

stress intensity, also play a role in limiting stable crack growth (95,150,153). Area A in 

Figure 2-17 (b) and (e) show the crack initiation region. Arrow B in Figure 2-17 (b) and (e) 

exhibit fatigue ratcheting marks parallel to the direction of crack propagation, indicating 

multiple crack initiation sites (150). 

 

Figure 2-17- (a) fracture surface of the 0.5mm wire after fatigue (b) crack initiation site in 0.5mm wire (c) 
effect of grips on the o.5mm wire surface (d) fracture surface of 1mm wire (e) the crack initiation site of 

the 1mm wire (f) effect of grip on the 1mm wire. 

Appendix 2-B 

R-Phase 

The nitinol wires were purchased multiple times from the same vendor. The 

results showed that the wires were not all the same at each purchase. This is another 

indication of inconsistency in superelastic nitinol design in the lack of exact standard. 
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Figure 2-18 displays the stress-strain behavior of the 0.2mm wire in two purchases. 

Although the material specifications were the same for both samples, they showed 

significantly different response to the applied load. One of the samples displayed a 2-step 

plateau which is characteristic of the presence of the intermediate “R-phase” in the initial 

microstructure (136,154,155). 

It has been reported that other than austenite and martensite, nitinol may also 

present an intermediate phase with rhombohedral lattice structure, known as R-phase 

(136,156,157). While in the ternary systems such as Ni-Ti-Fe, Ni-Ti-Al, or Ni-Ti-Co, R-phase 

occur spontaneously (158), in the binary system of Ni-Ti, the R-phase may appear after 

the aging heat treatment of the Ni-rich alloys (136,155,157,159–162). As the Ti3Ni4 

precipitates form during the aging treatment, the R-phase nucleates around the 

precipitates (160,161). 

In the 2-step plateau shown in Figure 2-18, the first step of loading is associated 

with the R → M, and the second step is related to the A → M phase transformation 

(136,154). It can be seen from the figure that the R-phase had a lower plateau stress level, 

lower Young’s modulus and less elongation compared to the austenite phase of nitinol, 

which is consistent with the previous studies of R-phase (136,154,155). After unloading, 

the mixed sample showed a large amount of residual strain, compared to the sample that 

was initially in the fully austenitic state. This is also consistent with the finding of Santos 

et al (136). Their observation showed that R-phase tends to demonstrate a shape memory 

effect and recovers its original state after applying heat (136). 
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Figure 2-18- Comparison of the stress-strain behavior of the superelastic nitinol with initial austenitic state 
and a mixed state of austenite and R-phase. 

The diffraction data were collected using a SuperNova diffractometer (Oxford 

Diffraction) equipped with an Atlas CCD detector. Four phi scans were performed at a 

scan rate of 1 deg/sec, covering both positive and negative two-theta angles. The sample 

was positioned parallel to the face of the detector at an omega angle of 57 deg, with a 

distance of 75 mm and an effective chi angle of 90 deg. Cu K-alpha radiation with a 

wavelength of 1.54184 Å was used. 

Figure 2-19 (a) and (b) compares the DSC and XRD results of the mixed-phase wire 

with the fully austenitic sample. The DSC result of the sample that contained R-phase 

showed a 2-step transformation during cooling (Figure 2-19 (a)), but only one step was 

detected during the heating. This is also consistent with the finding of Santos et al (136) 

and Kahlil-Allafi et al (163). 
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Figure 2-19- effect of the presence of R-phase on the wire, (a) DSC and (b) XRD comparison. 

The XRD results of both austenitic and mixed-phase wires (Figure 2-19 (b)) 

displayed the presence of some martensite in the initial state of the material, denoting 

that the wires were under stress during the sample preparation or installation in the XRD 

sample holder. The austenite phase displays a peak near 42.5° (162,164,165), which splits 

into a double peak following formation of the R-phase (162,164,165). The arrows in Figure 

2-19 (b) show the double peaks of R-phase. It is difficult to find the ratio of the austenite 

and R-phase in the XRD data, due to overlapping of the peaks of the two phases. However, 

the amount of residual strain after unloading (illustrated in Figure 2-18) is proportional to 

the quantity of R-phase in this sample (136). 
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3 MICROSTRUCTURAL EVOLUTION OF SUPERELASTIC NITINOL UNDER FATIGUE: 
INSIGHTS FROM 3-D X-RAY CHARACTERIZATION 

3.1 Introduction 

2-D images only contain information about the surface of a sample (166–169) and 

the surface microstructure does not reveal the true number density, morphology, and 

distribution of defects in three dimensions (167,170–172). To obtain the 3-D geometry of 

the inclusions, the crystallographic orientation of the material surrounding them and the 

lattice strain around non-metallic inclusions, a microstructural characterization via two 

synchrotron-based X-ray methods will be employed before and during fatigue testing. 

First, absorption-contrast X-ray micro-tomography (μ-CT) scans was conducted to locate 

the positions of the nonmetallic inclusions and the other microstructural defects. Then, 

far-field high energy diffraction microscopy (ff-HEDM) experiments was carried out to 

obtain 3-D orientations of the grains along with the elastic strain measurements. 

3.1.1 Literature Review 

The μ-CT system can reveal the internal microstructure of samples by capturing 2-

D images from different angles (173). This system utilizes X-rays to generate cross-

sectional images of physical objects (173–175). The 2-D images can be processed using 

reconstruction software to create a comprehensive 3-D model of the scanned object, 

which can be further refined and analyzed in a digital environment for research, design, 

and simulation purposes (173,175). Given its non-destructive and high-resolution imaging 

capabilities, the μ-CT system has become an essential tool in numerous fields, including 

materials science, engineering, biology, and medicine (173–175). Its use has enabled 
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researchers to gain valuable insights into complex structures and has opened up new 

avenues for exploring the microscopic world (173–175). 

Figure 3-1 shows the four steps of imaging in μ-CT technique. In step A, a series of 

X-ray images are taken of the object as it rotates. The object is rotating at a small angle 

for each image acquisition, resulting in a set of 2-D images of the object at different angles 

(step B). Then the images are processed through a computer algorithm to reconstruct the 

stack of the cross sectional images (step C). The final output of the tomography process 

is a 3D image of the object that can be visualized and analyzed (step D) (173–175). 

However, the μ-CT technique is unable to detect crystallographic orientations of 

the grain structure. Such orientations are often closely linked to material properties. 

Therefore, while tomography techniques are valuable tools, they may not provide a 

complete picture of a material's characteristics (176,177). 

HEDM is an advanced technique capable of characterizing the microstructure of 

large polycrystalline aggregates at the grain length scale with sensitivity to 

crystallographic orientation (177). This non-destructive method provides high-resolution 

information about the internal structure of materials, enabling researchers to study the 

fundamental mechanisms that govern the behavior of materials under various conditions 

(176–178). The far-field HEDM technique can be utilized to study properties of individual 

grains within a polycrystalline material and measure the 3-D position, volume, 

orientation, and elastic strain of the individual grains (179–181). On the other hand, the 

near-field HEDM technique can be used to map the spatial distribution of grain 

morphologies (177,179). 
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Figure 3-1- Schematic of X-micro-computed tomography steps, (A) image acquisition as the sample 
rotates, (B) 2-D projections of the sample are rendered, (C) reconstruction (D) 3-D model of the object 

(175). 

Figure 3-2 shows the schematic of ff-HEDM and nf-HEDM. The far-field detector is 

positioned approximately 1 meter away from the sample, and it is utilized for collecting 

ff-HEDM data. The near-field detector, on the other hand, is located 5-15 mm from the 

sample (179). As the sample rotates 360º in ω, data is collected from multiple diffraction 

patterns, which are then used to reconstruct the 3-D orientation of the grains (179). 
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Figure 3-2- Schematic of experimental setup in ff-HEDM and nf-HEDM (179). 

The HEDM technique has been used to study the grain-scale evolution of 

numerous materials, including steel (182,183), Ni superalloy (184), copper (185) and 

titanium (186) under applied loads. In the case of superelastic nitinol, there have been 

relatively few studies that focused on the phase transformation at the grain-scale. 

Paranjape et al (72) studied intragranular heterogeneity in the phase transformation of 

superelastic nitinol under an applied load. They utilized ff-HEDM technique and showed 

that heterogeneity in the phase transformation of the grains arises from their 

microstructural constraints, such as grain orientation and neighboring interactions (72). 

They reported that the higher number of the neighboring grains may bring more 

constraint to the grain transformation, resulting in a higher amount of heterogeneity in 

the grains (72). Other than grain boundaries and texture, the microstructural features 

such as inclusions, precipitates and the intermediate R-phase are also considered as 

microstructural constraints that impact granular heterogeneity in superelastic nitinol 

specimens grains (72,81). 
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In another study, Paranjape et al combined ff-HEDM and modeling techniques to 

analyze the effect of micron-sized inclusions on martensitic transformation of a lab-grown 

single crystal nitinol with multiple subgrains (81). They showed that the stress state near 

the inclusions affects the activation of martensite variants, leading to increased 

heterogeneity in the vicinity of the inclusions (81). Although this work by Paranjape et al 

shed light on the effect of inclusions on the activation of martensite variants in a nitinol 

single crystal, the impact of stress state on the inclusions in a polycrystalline material has 

yet to be studied. In this research, the ff-HEDM technique was combined with µ-CT to 

investigate the effect of the inclusions in a polycrystalline material, as they are commonly 

used in practical applications.  

The ff-HEDM technique is effective in characterizing the microstructure of the 

materials that have a relatively large grain size (72,177). A strong crystallographic texture 

or a higher number of the grains can increase the likelihood of spot overlap (177,187). 

Intensity of the spots is proportional to their relative grain volume (177,188) and the 

detectable grain size distribution is limited by the dynamic range of the area detector 

(177). Therefore, if the grain size is small in a polycrystalline specimen, the grains may not 

be detected by ff-HEDM and can potentially disappear from the resulting microstructure 

characterization (72,177). 

Figure 3-3 displays the schematic of martensitic transformation at the grain size 

level in a polycrystalline material. It has been shown that in a polycrystalline material, a 

complete transformation implies that around 60-70% of the volume has undergone the 

transformation process (91). During the phase transformation, unfavorably oriented 
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grains may never go through phase transformation and the favorably oriented grains may 

only exhibit partial transformation (72,91). The HEDM technique is capable of detecting 

and differentiating between grains and subgrains based on their crystallographic 

orientation (187). The schematic of grain transformation under load is depicted in Figure 

3-3 (b). When under load, the partially transformed grains are divided into martensite and 

austenite subgrains. Even the fully transformed grains are refined into martensite 

domains with different orientation, which are separated by interdomain interfaces 

(schematically shown in an enlarged grain in Figure 3-3 (b)) (189). After unloading, a high 

density of dislocations remain in the austenite grains (90,190,191), which interact and 

entangle with each other, leading to the formation of sub-boundaries and low angle grain 

boundaries within the austenite grains (192,193), as schematically displayed in Figure 3-3 

(c). Furthermore, after each cycle, some retained martensite can remain in the material 

(91). 

Thus, due to the complex nature of the superelastic transformation, a superelastic 

nitinol material typically maintains a mixed grain-sub grain texture after a severe cold 

deformation (194). Therefore, for the ff-HEDM experiment, a minimum initial grain size 

distribution of 30-40μm is preferred. 
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Figure 3-3- Schematic of martensitic transformation and grain refinement in superelastic nitinol, (a) pre-
cycling, (b) under load, a transformed grain is enlarged to show the martensite variants with different 

orientation within one grain, (c) the subgrains inside the austenite grains after unloading, adapted from G. 
Eggeler et al (88). 

In this chapter, the 3-D X-ray techniques will be utilized to study the effect of 

cycling on the microstructure of superelastic nitinol. 

3.1.2 Objective and Goal 

 The inevitable manufacturing defects introduced by the production process leads 

to a decrease in the fatigue performance and creates a large variation in the fatigue life 

(195). It has been shown that the crack nucleation sites are usually connected to the 

surface and internal defects such as notches, inclusions, and voids (144). The fatigue data 

indicates that larger defects are associated with a shorter fatigue life (196). However, 

post-mortem fractography shows that the initiating defect is not always the largest defect 

(197). It also has been acknowledged that the proximity of the inclusions to the surface 

plays a role in the fatigue life. The optical or electron microscopes only deliver 2-D images 

that contain limited information about the surface of a sample (166,170,197–199). The 3-

D characterization techniques are needed to achieve a full dataset of the density, location, 



64 
 

 

geometry, and possible connectivity of the defects (123,200,201). I hypothesize that the 

size, density, and location of the microstructural imperfections significantly affect the 

phase transformation and fatigue behavior of a superelastic nitinol specimen. To verify 

this hypothesis, 3-D synchrotron X-ray methods such as ff-HEDM and μ-CT were utilized. 

The combination of these two techniques allowed for the observation of the 

microstructural evolution of superelastic nitinol around inclusions and internal voids at 

the grain-scale level (202). 

3.2 Experimental Procedure 

The original goal of the research was to examine the effects of cyclic loading on 

nitinol wires. However, in order to meet the requirements of the Advanced Photon Source 

(APS), a particular sample design was needed, which can be seen in Figure 3-4 (a). For this 

purpose, a cold-rolled superelastic nitinol sheet with a thickness range of 3.99mm-

4.11mm and an Af temperature range of 10±5ºC was purchased from Edgetech Industries. 

To prepare the samples for the study, electrical discharge machining (EDM) was employed 

parallel to the rolling direction of the sheet. EDM is a precise machining method that uses 

a series of electric  sparks to erode the material and create a desired shape with tight 

tolerances (203). Figure 3-4 (b) shows the sample after EDM process.  
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Figure 3-4- (a) sample geometry, (b) the sample after EDM. 

The as-received specimen had a nanoscale grain size distribution. Therefore, a 

heat treatment procedure was implemented to grow the grains. The vacuum-

encapsulated specimens were placed in a resistance furnace and heated at a rate of 

10ºC/min and maintained at 850ºC for 2 hours. Afterwards, they were water quenched. 

The backscattered electron (BSE) SEM images were used to observe the grain boundaries 

after the heat treatment. 

To improve the surface quality of the samples after EDM, the electropolishing 

procedure was applied using the setup described in Chapter 2, Section 2.2. The samples 

were electropolished under 0.5A current until a desired surface quality was achieved. 

SEM images were used to examine the surface quality of the samples after surface 

treatment. The tensile behavior of the annealed and non-annealed samples were 

collected using the Mark10-ESM750 (displacement resolution 0.001 inch or 0.0254mm) 

tensile test stand and MR01-750 (load resolution 0.5 lbf or 2.2241 N) load cell. The 
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experimental procedure outlined in Section 2.2 was followed to create the speckle 

pattern and the DIC data acquisition. Stress-strain curves were generated for both 

annealed and non-annealed samples. Stress was calculated by dividing the load (taken 

from the Mark-10 instrument) by the surface area of the gauge section, and the strain 

was determined by averaging the strain distribution over the DIC map.  

The ff-HEDM experiments involved mounting the sample in a compact load frame 

and illuminating it with monochromatic X-rays with a wavelength of 0.172978nm and an 

energy of 71.676 keV. A single layer scan of the 1mm tall region at the gauge center was 

conducted using a 1mm tall beam. The images were recorded at a 0.1° step size on a 

GE5.EDF detector positioned 924mm away from the specimen. 

The annealed sample was subjected to an in-situ tension experiment under stress-

controlled conditions, ranging between 0-400MPa. The crosshead speed was set to 

0.001mm/s. During the first cycle, ff-HEDM data was collected at loading stresses of 100, 

200, 300, and 400 MPa. Upon unloading, ff-HEDM data was collected as the stress 

reached 300, 200, 100, and 0 MPa. Subsequently, the data was collected at the maximum 

load of 400MPa and unloaded states of the cycle 2, 3, 4, 10, 100, 500, 1000, 1100, 1200, 

1300, 1400, 1500 and 1600. At Cycle 1600, the maximum applied load was increased to 

450 MPa, which led to the sudden failure of the specimen. 

The ff-HEDM data of the non-annealed sample was collected under the same 

loading conditions for 400 cycles. The data was collected at the maximum and minimum 

loads during the first 10 cycles, and subsequently collected every 100 cycles at the 100th, 

200th, 300th, and 400th cycle. 
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The Microstructural Imaging using Diffraction Analysis Software (MIDAS), 

developed by APS was used to analyze the ff-HEDM data of the annealed sample. MIDAS 

was used to obtain information about the grain size, centroid, orientation, and grain strain 

tensor (177). A 3-D polycrystal (Voronoi tessellation) image with the dimensions of 

0.2mm×0.2mm×0.2mm was developed using the open-source Neper3 software. Due to 

the large number of grains in the non-annealed sample, the package was not able to 

distinguish and process the diffraction spots of the grains, as the technique had a 

limitation in this regard (72,177). The diffraction images of both samples were processed 

using HEXRDGUI4. To avoid the potential impact of internal residual strain that formed 

after EDM, the lattice parameter of the austenite phase was determined by analyzing the 

diffraction pattern of the annealed sample. Similarly, during the initial loading of the non-

annealed sample, the martensite lattice parameters were determined using HEXRDGUI. 

The µ-CT technique was utilized to monitor the microstructural evolution of the 

specimen while the sample was under cyclic loads. The PG1 high-resolution tomography 

detector, with a spatial resolution of approximately 3μm was used. The sample was 

rotated over a 360º angular range and images were captured in 0.1º steps. The initial 

tomography data acquisition was performed on the pre-cycling annealed sample. 

Subsequent scans were taken only at the maximum load for the 1st, 10th, 100th, 500th, 

1500th, and 1600th cycles, where cracks were open and easier to detect. The tomography 

data were reconstructed using a MATLAB code for image reconstruction developed by 

 
3 https://neper.info/ 
4 https://github.com/HEXRD/hexrdgui 

https://neper.info/
https://github.com/HEXRD/hexrdgui
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APS and GRIDREC algorithm. The open-source software TOMVIZ5 was used to visualize 

and analyze the 3-D tomographic images. The SEM images were utilized to conduct a 

fractography analysis on the failed annealed sample. 

3.3 Results 

Figure 3-5 shows the grain structure in 1mm wire after the grain growth heat 

treatment. In Figure 3-5 (a), the black arrows depict the precipitates that formed after the 

heat treatment. After polishing, the experimental observation showed that some grains 

on the surface of the sample transformed into martensite due to the applied load during 

mechanical polishing. In Figure 3-5 (b), grains A and B in Figure 3-5 (b) remained in 

austenitic state and did not show martensite variants, while arrows C, D, E and F indicate 

the martensitic grains with different orientations. The same heat treatment procedure 

was applied to the APS sample. 

Figure 3-6 compares the tensile behavior of the samples before and after grain 

growth heat treatment, collected using Mark-10 stand. Both samples displayed a similar 

behavior until 400N applied load. The annealed sample exhibited the characteristic of a 

brittle material, a linear elastic region followed by a sudden failure at 500N. While the 

non-annealed sample showed a small plateau near 370N, as indicated by an arrow, 

followed by a significant plastic deformation region. 

 
5 https://tomviz.org/ 
 

https://tomviz.org/
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Figure 3-5- (a) The grain structure after the grain growth heath treatment in 1mm wire, (b) enlarged 
section of the image that highlights the austenite grains and differently oriented martensite grains. 

 

Figure 3-6-comparison of the tensile behavior of the annealed and non-annealed samples. 

Figure 3-7 compares the DIC strain measurement of the gauge section of the 

samples, before and after annealing. The samples were cycled under stress-control 

between 0-400N. Comparing the DIC maps revealed that the annealed sample showed 

slightly less strain than the non-annealed one at 400N load. Figure 3-7 (e) displays the 

stress-strain behavior of the samples until failure. 
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Figure 3-7- DIC images stress controlled 0-400, (a) the load-displacement curve of the non-annealed 
sample, (b) the DIC map of the non-annealed sample, (c) the load-displacement curve of the annealed 

sample, (d) the DIC map of the annealed sample, (e) the stress-strain curves of the samples. 

Figure 3-8 compares the full ring diffraction pattern of the sample before and after 

the grain growth heat treatment. In both patterns, the diffraction spots fell on the Debye-

Scherrer rings of the cubic austenite. The (110), (200) and (211) rings are illustrated in 

Figure 3-8 (a) and (b). However, both patterns were missing the (100), (111) and (210) 
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rings. The non-annealed sample had a 4-fold symmetric diffraction pattern at the A(200) 

ring, while the annealed sample showed a random pattern of the grains. Additionally, the 

annealed sample exhibited a more spotty pattern and a lower number of grains compared 

to the non-annealed one. The lattice parameter of the annealed austenite sample was 

determined to be 3.014A using the diffraction pattern of the annealed sample. 

 

Figure 3-8- The diffraction pattern of the (a) not-annealed and (b) annealed sample, pre-fatigue. 

A stress-controlled cyclic load between 0-400MPa was applied to the annealed 

sample. Figure 3-9 presents the change in diffraction spots of the annealed sample during 

the first cycle. The stress-strain curve shown in Figure 3-9 (b) is taken from Figure 3-7 (e). 

Three A(211) grains were selected to closely follow the change in their diffraction pattern 

during the loading and unloading steps of the first cycle. The results of Figure 3-9 indicated 

that the size and intensity of the diffraction spots changed as the material was under load. 

Upon loading at 100MPa load, there was no significant change in the pattern of the three 
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grains. At 200MPa load, the size of spots decreased while the number of spots increased, 

and this trend continued as the load increased. It is possible that the high intensity spot 

observed at the 400MPa cycle is the result of overlapping several spots. There was no 

indication of martensitic phase transformation upon loading the annealed sample, as 

evidenced by the absence of a martensite ring in the diffraction pattern of the loaded 

material. In Figure 3-9 (h), (i) and (j), it can be observed that the number of spots gradually 

decreased, as the load decreased. At the end of the cycle (Figure 3-9 (k)), the three grains 

were recovered. However, three additional small spots were also observed near A(211) 

ring. 

A close examination of the diffraction pattern showed that when the material is 

under load, the Debye-Scherrer rings shift towards a larger radius. To further investigate 

the shift in spot position during the cycling, grain 2 of Figure 3-9 (c) was enlarged in Figure 

3-10. Figure 3-10 (b) shows shift in the position of the spots as well as increase in their 

number as the material is under load. After the first unload, the spot shifted back to the 

initial Debye-Scherrer ring position, but the number of the spots was not the same as the 

pre-cycling condition. 
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Figure 3-9-First cycle of the heat treated sample (a) the first three Debye-Scherrer rings, (b) stress-strain 
curve of the 1st cycle, enlargement of three grains (c) pre-cycling, (d) loading under 100MPa, (e) loading 

under 200MPa, (f) loading under 300MPa, (g) peak load at 400MPa, (h) unloading under 300MPa, (i) 
unloading under 200MPa, (j) unloading under 100MPa, (k) end of the 1st cycle. 
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The subsequent cycles exhibited the same trend. At the 1600th cycle, the applied 

stress was increased to 450Mpa, resulting in a larger shift of the Debye-Scherrer ring 

position and ultimately leading to sample failure. Figure 3-10 (i) showed that the spots 

did not shift back to their initial position after the 450 MPa stress. Furthermore, under 

450MPa stress, the spots were elongated in the radial direction of the Debye-Scherrer 

ring. 

 

Figure 3-10- Shift in spatial position of grain 2, annealed sample (a) pre-cycling, (b) first load peak at 
400MPa, (c) first unload, (d) second load at 400MPa, (e) second unload, (f) 100th load at 400MPa, (g) 100th 

unload, (h) 1600th load where the stress increased to 450MPa, (i) after failure at 1600th cycle. 
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Figure 3-11 (a) displays the HEXRD diffraction pattern of the non-annealed sample 

before cycling. 

 

Figure 3-11- Diffraction pattern of the non-annealed sample (a) pre cycling, the specified region is 
enlarged at (b), (c) a (200) grain of austenite, (d) loaded sample, the specified area is magnified at (e). 
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As shown in this figure, the diffraction peaks of the grains fell approximately on 

the reference Debye-Scherrer rings of cubic austenite. The diffraction spots were located 

on the (110), (200), (211) and (220) rings of austenite, while the (100), (111) and (210) 

were empty. The specified area of Figure 3-11 (a) is enlarged in Figure 3-11 (b). Figure 

3-11 (c) illustrates the magnified reflection of a set of (200) grains. The figure revealed 

that prior to cycling, the grains were shifted to a slightly smaller ring radius. The solid line 

represents the location of the Debye-Scherrer rings for a cubic austenite with a lattice 

parameter of 3.014A, whereas the dashed line indicates the location of the shifted 

diffraction spots. The diffraction pattern of the sample at the first load (under 400N 

tensile load) is shown in Figure 3-11 (d). This figure illustrates that as the austenite rings 

faded, there was a noticeable increase in the intensity of the martensite rings. Unlike the 

pre-fatigued sample (Figure 3-11 (a)) that had a spotty pattern, the diffraction pattern 

under load showed a smoother pattern (Figure 3-11 (d)). The outlined area of Figure 3-11 

(d) is enlarged in Figure 3-11 (e). 

Table 3-1 displays the lattice parameters of both austenite and martensite, as 

measured using HEXRDGUI. The martensite lattice parameters were determined during 

the first load of the non-annealed sample. 

Table 3-1- lattice parameters of austenite and martensite phases 
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Figure 3-12 shows a full map of the diffraction pattern observed in the non-

annealed sample at the first load. The diffraction pattern reveals the presence of the 

martensite phase with a 2, 4 and 6-fold symmetry.  

 

Figure 3-12- Symmetries in the diffraction pattern of monoclinic martensite phase, the first load of the 
non-annealed sample. 

Figure 3-13 compares the diffraction patterns of the 1st, 4th, 100th and 400th cycles 

in loaded and unloaded states. Upon the first load, the spotty pattern changed to a more 
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diffused pattern. The reflections of the martensite peaks can also be seen in Figure 3-13 

(e). As shown in Figure 3-13 (b), the diffraction ring in the unloaded state of the 4th cycle 

displays a more dispersed pattern compared to the pre-fatigued one, with a noticeable 

ring broadening effect. Additionally, Figure 3-13 (b) displays the reflection of M(003) 

peak. At the loaded state of the 4th cycle (Figure 3-13 (f)), the austenite and martensite 

coexist. As the cycle number increased, the peak of A(200) in the unloaded state 

weakened, and the M(003) peak became more intense. At the unloaded state of the 400th 

cycle, the A(200) peaks showed a very low intensity and it fully disappeared upon loading. 

A broadening of the martensite peaks was also observed in the loaded and unloaded 

states of the 400th cycle. 

 

Figure 3-13- The diffraction pattern of the not-annealed sample (a) pre fatigue, unloaded state of the (b) 
4th, (c) 100th, (d) 400th cycle, the loaded state of (e) 1st, (f) 4th, (g) 100th and (h) 400th cycles. 

Figure 3-14 displays the Voronoi tessellation image of the annealed sample before 
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cycling. MIDAS detected 91 grains in the cube shown in Figure 3-14. Since the sample was 

in annealed condition, it does not include any subgrains. Based on the MIDAS results, the 

grain size for this sample was in the range of 77-186µm. 

 

Figure 3-14- A Voronoi tessellation of the annealed polycrystalline sample prior to cycling, different colors 
represent different grains. 

Figure 3-15 (a) and (b) display the SEM micrograph and the reconstructed 

tomography image of the non-annealed sample after the surface treatment, respectively. 

While the non-annealed sample exhibited a uniform and smooth surface, the surface 

treatment procedure in the annealed sample resulted in a pitted surface as shown in 

Figure 3-15 (c) and (d). 

As shown in Figure 3-16, the internal damage and defects formed within the initial 

cycles and gradually increased by increasing the cycle number. The sudden increase in the 

applied stress at the 1600th cycle resulted in formation of several cracks that mainly 
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initiated at the surface of the specimen. The results revealed that propagation and 

coalescence of cracks “A” and “B” led to the final failure. Crack “C” was the only internal 

crack that was observed within the sample. Figure 3-17 (a) presents the solid form of the 

annealed sample at the last cycle. Figure 3-17 (b) and (c) show the top and front view of 

the specimen, respectively. 

 

Figure 3-15- (a) SEM image of surface of the non-annealed sample (b) 3-D tomography image of the non-
annealed sample (c) SEM micrograph showing surface of the sample after annealing and surafce 

treatment (d) 3-D tomography image of the sample. 

Figure 3-18 shows the SEM image of the fracture surface of the annealed sample 

after failure at 1600th cycle. The location of the cracks “A”, “B” and “C” are illustrated in 
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the figure. It can be observed that there are multiple surface crack initiation sites present 

on the fracture surface. The river marks can be seen as shallow grooves on the surface. 

The ratcheting marks, where the cracks merge together, are highlighted with white 

arrows. 

 

Figure 3-16-Tomography images of the internal defects of the annealed sample (a) pre cycling, (b) 10th 
cycle, (c) 1500th cycle, (d) 1600th cycle. 
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Figure 3-17- (a) the solid form of the annealed sample at the 1600th cycle, when the cracks formed, (b) top 
view, (c) front view. 

 

Figure 3-18- fracture surface of the annealed sample. 
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3.4 Discussion 

3.4.1 Annealed Sample 

As seen in Figure 3-6, the annealed sample exhibited the characteristics tensile 

behavior of a brittle material. Numerous studies have confirmed that there is an optimal 

grain size range for nitinol to display the desired superelastic performance (204–210). For 

the best superelastic behavior, the average grain size should be below 200 nm, but not 

significantly smaller than 100 nm (211,212). From Figure 3-5, the average grain size of the 

material after grain growth heat treatment can be measured around 40µm, which is 

significantly above the mentioned range. It has been reported that decrease in the 

number of the grains suppresses the phase transformation (204). The martensite 

nucleation rate is significantly affected by the grain boundaries (213). In larger grain sizes, 

the number of grain boundaries is decreased, which results in fewer sites for martensitic 

nucleation and suppression of the phase transformation (204) (213). Therefore, it is 

expected that after grain growth heat treatment, the superelastic performance of the 

material drops. Figure 3-5 also shows numerous large precipitates that formed during the 

heat treatment. Although the stress concentration near the defects and inclusions assist 

the martensitic transformation (83,84,103), the non-deformable large precipitates also 

resist shearing by stopping or deflecting the slip bands (214,215). Large precipitates 

potentially acted as constraints at phase interfaces and contributed to the poor 

transformation response (81). Several factors can contribute to a reduction in the ductility 

of a material during heat treatment, assuming that the chemical composition of the 

samples remains unchanged. These include the effect of microstructural defects that can 
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cause the material to transition from superelastic to brittle as well as the grain size effect, 

as described by the Hall-Petch equation (σ = σ0 +
K

√d
) (216). In this equation, σ0 is the 

original yield stress, d is the average grain diameter and K is constant. As displayed in 

Figure 3-6, the non-annealed sample showed a small plateau region under applied load, 

indicating a weak superelastic response at the room temperature. The superelastic 

response of a material can be affected by numerous factors, such as its composition and 

transformation temperatures (19,37,38). However, the phase transformation is highly 

dependent on the crystallographic orientation and the defect structure of the material as 

well (217–219). It has been shown that the transformation strains in single-crystal nitinol 

are the highest near the <111> directions, intermediate for the <110> directions, and 

lowest for the <100> directions (72,220,221). 

The diffraction pattern of the annealed sample during the first cycle (Figure 3-9) 

did not reveal any signs of phase transformation, which is consistent with the result of 

the tensile test (Figure 3-6). However, as shown in Figure 3-9, applying load to the 

annealed austenite resulted in a smaller spot size and a greater number of the grains. 

These observations suggest grain refinement of austenite phase under applied load 

(192,193). When a polycrystalline nitinol component goes through martensitic phase 

transformation  or severe deformation, each austenite grain breaks down into a complex 

microstructure consisting of martensite variants and sub-grains (179,189). The grain 

refinement at the first cycle implies formation of high density of dislocation and probably 

small martensite planes within the austenite grains (192,222).The grain refinement in one 

cycle implies that the phase transformation occurred on a smaller scale, possibly involving 
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small martensite variants within each grain. However, it did not generate high intensity 

martensitic spots in the diffraction pattern, indicating that the volume of the martensite 

variants was too small to be detected by the HEDM detector. The ff-HEDM technique has 

a spatial resolution of 10 µm (177). Therefore, the size of martensite variants are likely 

smaller than 10 µm. 

As illustrated in Figure 3-10, the diffraction pattern of the annealed sample 

showed that under load, the spots shifted to a larger ring radius, implying tensile strain, 

and upon unloading, the spots returned to their initial location. The subsequent cycles 

displayed the same behavior until Cycle 1600, at which the load was increased to 450N. 

Increasing the applied load led to an increase in the ring shift. Under 450N (or 450 MPa) 

applied load, multiple cracks formed at the surface of the material (Figure 3-16 (d)), which 

ultimately led to the failure of the specimen. As shown in Figure 3-10 (i), the Debye-

Scherrer ring did not shift back to its initial location after failure, implying that the grains 

did not recover the deformation that was applied by the 450N load. The 450N load also 

caused a change in the spot shape, resulting in elongated spots in angular direction of the 

ring, showing a higher level of distortion in this cycle (81). 

Figure 3-14 depicts Voronoi tessellation of the annealed sample before cycling, 

including 91 grains that were detected by the MIDAS software within a cube volume of 

0.2mm×0.2mm×0.2mm. The ff-HEDM technique is not sensitive to the grain shapes in a 

polycrystalline material (177), so shape of the grains is not estimated. The technique is 

capable of measuring the grain radius and the grain centroid with spatial resolution of 
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10µm (177). After 1600 cycles, MIDAS only detected 5 grains within this region of the 

specimen due the grain refinement effect that was observed in Figure 3-9 and Figure 3-10. 

3.4.2 Non-Annealed Sample 

Depending on the fabrication process (such as drawing, rolling, and extruding) and 

heat treatment, different crystallographic textures may form in polycrystalline nitinol 

samples (217,223). Typically, the drawing and rolling processes used to create nitinol 

wires, sheets, tubes and bars result in a dominant texture along the drawing direction 

(217,220,224). The diffraction pattern in Figure 3-8 (a) displays a discontinuous and 4-fold 

symmetry in the non-annealed sample before fatigue, indicating a preferentially aligned 

texture in specific directions (225,226), resulting from the sheet rolling process. The 

texture disappeared after the heat treatment, as shown in Figure 3-8 (b), and was 

replaced by a random distribution of grains resulting from recrystallization and grain 

growth processes (227,228). The large spotty pattern of the annealed sample in Figure 

3-8 (b) indicates a relatively large grain size with random orientation in this sample before 

the fatigue test (229). 

According to the extinction rule for the B2 lattice structure with (hkl) planes, a 

plane will appear in the diffraction pattern if the sum of its Miller indices (h+k+l) equals 

2n, where n is an integer (230). As a result, in the diffraction patterns displayed in Figure 

3-8, peaks corresponding to the (110), (200), and (211) planes are observed, while peaks 

for the (100), (111), and (210) planes are absent. 
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The diffraction pattern of the non-annealed sample is shown in Figure 3-11. It can 

be seen in Figure 3-11 (c) that the rings are slightly shifted toward a smaller Debye-

Scherrer ring radius, implying a residual compressive strain in the material after EDM 

(231). Upon loading, this sample displayed the diffraction pattern of the monoclinic 

martensite phase, as shown in Figure 3-11 (d). The smeared appearance of the peaks 

denotes that the material is under deformation (193). The high intensity of the martensite 

peaks in this diffraction pattern suggests a noticeable phase transformation during the 

first cycle. The extent of peak broadening is related to the density, nature, and 

distribution of defects within the material (193,218,232). As exhibited in Figure 3-12, 

Debye-Scherrer rings of a deformed monoclinic lattice exhibit symmetric intensity 

variations and discontinuities due to the presence of residual strain within the crystal 

lattice (189). The reflections are particularly strongly spread in specific directions. The 

monoclinic lattice structure is characterized by a 2-fold symmetry (233). However, the 4- 

and 6-fold symmetries were also observed in the diffraction pattern of the martensite 

phase, as shown in Figure 3-12, resulting from the twinning and detwinning of the 

monoclinic lattice (178,218,234,235). It has been shown that deformation twinning 

occurs in oriented martensite if the applied stress exceeds the yield point of superelastic 

nitinol (236–238). However, there is an intrinsic coupling between stress-induced 

martensitic transformation and deformation twinning in the martensite phase (237). 

Presumably, the deformation twinning forms within the stress-induced martensite bands, 

where the localized stress exceeds the yield stress (218,236). The deformation twinning 

in martensite phase involves dislocation slip (218,236–238) and the transformation 
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induced plasticity proceeds via deformation twinning in martensite in superelastic nitinol 

(237). It has been shown that the deformation twins do not transform back to the parent 

phase and remain in the microstructure after unloading (236,238–240). 

Figure 3-13 shows effect of cycling on diffraction pattern of the non-annealed 

sample. The spotty pattern of Figure 3-13 (a) confirms that the grains of the pre-cycling 

specimen were free of dislocation defects and internal strain (189). At the first load, the 

diffraction reflections exhibit a more diffuse pattern, indicating either plasticity or grain 

refinement (192,193). The formation of low-angle grain boundaries and sub-grains 

impacts the diffraction pattern immediately after the initial cycles. This is due to the 

changes in the crystallographic orientation of the material, leading to a different 

scattering behavior (189,192). The grain refinement is also an indication of 

inhomogeneous martensitic transformation within the grains. Based on the study of 

Paranjape et al (72), it is expected that in the non-annealed sample, the higher number 

of grains and greater number of neighbors lead to a higher degree of heterogeneity, 

resulting in faster grain refinement, compared to the annealed sample. 

The broadening of the diffraction reflections suggests that there may be small 

distortions and rotations occurring within the lattice (179). This occurrence is closely 

associated with the applied strain (179,232). The unloaded state of the 4th cycle (Figure 

3-13 (b)) shows a new low intensity reflection appeared that was not present before 

cycling, corresponding to M(003) reflection of retained martensite phase. After the initial 

load, the austenite rings did not return to their original spotty pattern, suggesting 

permanent grain refinement, the formation of new grain boundaries, and changes in the 
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grain structure after only one loading cycle. When comparing the loaded state of the 1st 

and 4th cycles (Figure 3-13 (e) and (f)), it was observed that the 1st cycle exhibited a more 

intense martensite ring and a higher degree of transformation compared to the 4th cycle. 

At the 4th load, the austenite ring did not entirely disappear, implying an incomplete phase 

transformation. The retained austenite at the loaded state suggests that some austenite 

was unable to transform to martensite, which is due to the dislocation and defect 

formation in the microstructure that promotes slip and inhibits transformation in some 

grains (241). Figure 3-13 (c) and (d) showed that the intensity of the austenite peak at the 

unloaded state decreased as the cycle number increased, suggesting a reduction in the 

amount of austenite in the sample. At the unloaded state of Cycle 400 (Figure 3-13 (e)), 

the faint austenite peaks and pronounced martensite peaks indicated a high amount of 

residual martensite after 400 cycles, implying functional fatigue of the material (217). The 

broadened ring pattern of the martensite after 400 cycles suggests that the 

microstructure became gradually refined down more and more (189). This is consistent 

with the process of fatigue and plastic deformation, which can lead to dislocation 

accumulation and grain refinement in the material over time. 

Due to the overlapping of diffraction spots from a large number of grains, the ff-

HEDM technique cannot characterize the microstructure of non-annealed sample with a 

small grain size (72,177).  

3.4.3 Micro-Computed Tomography 

As shown in Figure 3-15 (c) and (d), after surface treatment of the annealed 

sample, pits of various sizes and shapes were identified on the surface. This suggests the 
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likely presence of multiple compounds on the surface of the specimen with different 

corrosion rates, possibly due to variations in crystalline orientation or localized chemical 

compositions after the heat treatment (242,243). The surface features did not exist at the 

surface of the non-annealed sample, denoting that the heat treatment procedure likely 

changed the chemical composition of the material. Formation of the large Ni3Ti, Ni3Ti2 or 

Ni4Ti3 precipitates (as shown in Figure 3-5) may change the concentration gradient in the 

austenite matrix (244,245). This process may drain Ni at the surrounding matrix of the 

precipitates, resulting in an uneven distribution of Ni throughout the sample (245–247). 

It can also lead to an increase in the temperature of the martensitic transformation (247). 

This factor may also explain the brittle behavior of the annealed sample, shown in Figure 

3-6. 

The tomography images of Figure 3-16 demonstrate the gradual accumulation of 

microstructural damage over time. Following the sudden increase in the applied stress, 

the specimen failed at the stress level of 450MPa, significantly below the failure stress of 

the material under tensile load, shown in Figure 3-6. This observation can be explained 

by the fact that as damage accumulates, the material becomes weaker and less capable 

of withstanding the applied stress, leading to a lower tensile failure stress. Figure 3-16 (d) 

displayed that the cracks mainly initiated at the surface of the specimen, due to the stress 

concentration at the surface defects of the annealed sample (144–146). Except for crack 

“C”, all cracks that formed at the 1600th cycle were initiated at the surface, as exhibited 

in Figure 3-17. Crack “A” showed rapid propagation and joined other developing cracks, 

resulting in the failure of the specimen. Figure 3-18 shows the SEM image of the fracture 
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surface. Observation of the river marks (indicating fast and unstable rupture), and 

absence of beach marks (sign of stable crack growth) is consistent with the sudden failure 

observed after load increment (150,151). The ratchet marks that are shown with white 

arrows implying the intersection of multiple cracks that have initiated in multiple 

locations and propagated through the materials (150). 

3.5 Summary and Conclusion 

Due to the limitation of ff-HEDM technique, a grain growth heat treatment was 

employed, resulting in a grain size increase within the range of 77-186µm. While the 

annealed sample showed a brittle tensile behavior after the heat treatment, the 

diffraction results suggested the likelihood of martensitic transformation occurring at the 

grain size scale, leading to grain refinement during the cycling. No martensite peak was 

detected after loading the annealed sample. However, the shift in the position of the 

diffraction peaks indicate the presence of strain or defects in its crystalline structure. 

The loading of the non-annealed specimen was accompanied by the appearance 

of the martensite reflections, significant peak broadening, and grain refinement, all 

corresponding to the functional fatigue of the material. Grain refinement can indicate 

inhomogeneous phase transformation within the grains and formation of the low angle 

grain boundaries. 

While the inability to perform 3-D measurement on the wires used in the study 

may limit the scope of the findings, it is still possible to draw general conclusions about 

the behavior of superelastic nitinol based on the results obtained. Regardless of the 
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sample geometry, the superelastic properties of nitinol are highly dependent on its 

microstructure, which is influenced by its composition and thermal history. In this study, 

the grain growth heat treatment resulted in the formation of precipitates, which likely 

altered the composition of the material and affected its superelastic temperature range. 

In Chapter 2, the functional fatigue was linked to the cooling rate effect and the 

latent heat of transformation. In Chapter 3, the functional fatigue was correlated to the 

grain refinement. The previous studies have shown that the residual strain (an indication 

of functional fatigue) rises with increasing the strain rate and the testing temperature 

(134,248). Therefore, it can be concluded that the poor heat conduction (lower cooling 

rate) between the sample and the environment may result in higher grain refinement 

during cycling.  

3.6 Future Work 

The next step to answer the research questions is to merge the results of ff-HEDM 

and tomography; and analyze the local strain and phase transformation near the internal 

defects of the specimen. The 3-D Voronoi tessellation image was only generated for the 

annealed sample, which did not exhibit any superelastic behavior in its diffraction 

patterns. However, the grain refinement confirmed that the transformation happened at 

the small scales. To address the research question of this chapter, it is necessary to 

monitor the process of grain refinement occurring in the grains surrounding the 

inclusions. 
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To address the challenges posed by grain refinement during fatigue in superelastic 

nitinol, combining ff-HEDM with other characterization techniques such as TEM or EBSD 

may be a useful approach. While ff-HEDM can struggle to detect grains as they become 

finer and more uniformly distributed, TEM and EBSD offer high-resolution imaging and 

orientation mapping capabilities that can help to track the evolution of the microstructure 

over time. 

The heat treatment performed during this research led to the loss of superelastic 

behavior in the material, as well as the formation of large precipitates that led to the 

brittleness of the material. Therefore, it is recommended that future studies aim to 

address this issue by improving the furnace conditions and optimizing the heat treatment 

parameters. 

3.7 Research Limitations 

The initial objective of the research was to investigate the impact of cyclic loading 

on nitinol wires. However, due to the requirements of the test setup at APS, a specific 

sample geometry was needed, as depicted in Figure 3-4. This imposed the use of nitinol 

sheets instead of wires, as they were better suited for the required sample geometry. 

Preparing the sample for ff-HEDM may be challenging, particularly in the case of 

superelastic nitinol, which can be difficult to machine or polish without introducing 

artifacts or damaging the material. The ff-HEDM technique requires relatively large grain 

sizes, but superelastic behavior weakens as the grain size increases above 200-300nm. 
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As the material is subjected to repeated loading and unloading cycles, the grains 

progressively decrease in size due to deformation-induced transformation. During fatigue 

cycling of the nitinol specimen, this grain refinement can create difficulties in detecting 

grains using ff-HEDM. The technique may struggle to accurately measure the size, strain, 

and orientation of the grains over time as their diffraction spot overlaps. 
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4 INVESTIGATION OF THE MACROSCOPIC MARTENSITE BAND FORMATION AND THE 
LOCALIZED DEFORMATION 

4.1 Introduction 

As previously observed in Chapter 2, the wires with different sizes showed a 

different functional fatigue performance under load. The geometry and microstructure of 

the wire play a key role in this difference (139). Since the microstructural defects and 

martensitic band formation in superelastic nitinol are interrelated, this chapter is 

dedicated to investigating the relationship between the microstructural features, 

geometry (wire size) and macroscopic behavior of the superelastic nitinol wires. 

In this chapter, a 3-D digital image correlation (DIC) system was used to examine 

the formation of martensitic bands and the accumulation of non-homogeneous defects 

at a macroscopic level in all three wires. 

4.1.1 Literature Review 

The DIC system is a non-invasive tool that provides an accurate method for 

measuring full-field deformation and strain of the materials in real-time during load-

unload cycles (115,116). 

Figure 4-1 shows schematic of martensite band formation and annihilation during 

one load-unload cycle. Figure 4-1 (a) illustrates the initial austenitic microstructure of a 

superelastic nitinol material with its inherent inclusions. The presence of small inclusions 

alters the stress distribution within the material and assist the martensitic transformation 

(83) (90) (190). As shown in Figure 4-1 (b), the martensite variants appear at the corner 
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of the inclusions (83) (139) in well-oriented grains (72) (91) (249). As the formation of a 

martensite variant begins in a well-oriented grain, the local stress state of the grain 

changes and triggers transformation in neighboring grains as well (91). Therefore, as 

shown in Figure 4-1 (c), the transformation that initiated in a favorably oriented grain, 

spreads to the less favorably oriented ones (91). This process continues until the 

macroscopic martensite bands form. As seen in Figure 4-1 (d), a great number of 

dislocations form at the austenite-martensite (A/M) interface to compensate for the 

unmatched deformation resulting from the difference in crystal structure and lattice 

mismatch between the two phases (90) (190) (191). Upon unloading, the A/M interface 

moves in the opposite direction as martensite transforms back to austenite. After the 

reverse transformation is completed, the dislocations formed in the martensite will be 

carried over into the austenite lattice (90) (191) (250), which indicates the interplay 

between the martensitic transformation and plastic deformation (90) (91) (191) (250). 

The transformation induced plasticity is in the form of dislocation pile up at the A/M 

interface (250) and results in residual strain accumulation (91) (250). The internal stress 

field induced by the dislocations may pin some of the martensite variants in place (90) 

(91) (191) (250). Therefore, with each load-unload cycle, a small amount of residual strain 

remains in the material, due to the formation of dislocations and the stabilization of 

locked-in martensite variants by these dislocations (91). 
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Figure 4-1- schematic of martensitic band formation in a polycrystalline material during a loading and 
unloading cycle. 

In this chapter, a 3-D DIC system will be utilized to visualize the formation and 

behavior of martensite bands and gain a better understanding of the effect of wire size 

on material's behavior. 

4.1.2 Objective and Goal 

Theoretically, the deformation associated with the martensitic transformation in 

superelastic nitinol is fully recoverable after a complete loading cycle (196). However, it 

has been reported that cycling will lead to superelastic functional degradation and 

formation of residual martensite (239). Upon loading, the martensitic bands form and 

grow following the interface movement (190) (191) (251). The growth and annihilation of 
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the deformation bands are accompanied by the formation of lattice defects to 

accommodate the austenite/martensite lattice misfit (167) (239). The presence of a high 

number of internal voids in the smaller sized wires will affect the crystallographic and 

micro-mechanical state around the voids and inclusions. This may result in localized 

martensitic transformation around the inclusion. Based on the Roark’s equation 

(equation 2-1), stress concentration factor (Kt) around the internal sharp cracks and 

defects of the smaller wires is higher than the larger ones. It has been shown that the 

strain localization in nitinol is a competition between microstructural features and 

geometrical design (139). As shown in Chapter 2, the wire size impacts the accumulation 

and release of the latent heat of transformation, which affects the functional and 

structural fatigue of the wires. Therefore, when assessing the fatigue performance of the 

nitinol components, both microstructural and macroscopic features must be taken into 

consideration. I hypothesize that the microstructural and geometrical features of the 

specimen may affect the volume of martensitic transformation and the residual 

martensite. At macroscopic level, there may be some constraints that limit the M/A 

interface movement. In this chapter, the change in the local deformation and residual 

strain in a macro-scale level were analyzed, to better understand formation of the 

residual martensite. A 3-D DIC system was used to assess the phase transformation after 

a certain cyclic life, which is beneficial to analyze the functional fatigue and the residual 

martensite of the superelastic nitinol wires. 
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4.2 Experimental Procedure 

The experimental procedure of DIC data acquisition was described in detail in 

Section 2.2. Initially, it was decided to create a neck zone on the wires and focus the DIC 

cameras on the neck area. However, the neck zone created a more localized effect on the 

superelastic behavior of the wires. The detail of DIC measurement on the sample with 

zone section is discussed in Appendix 4-A. Therefore, the DIC results of this chapter were 

collected using the as-received wires. 

The DIC results indicated that the small wires were sliding in the wedge grips. 

Therefore, during the DIC data acquisition, the 0.2mm and 0.5mm wires were gripped 

using the clamp section of the bollard grips (Mark10-2.00G1103). For the 1mm wire, a 

pair of wedge grips (Mark10- G1061-2) were used. In this chapter, the wires used for the 

DIC measurement were approximately 25mm in length (distance between the grips), and 

the DIC cameras were focused on a random region of the wire, far from the grips, to avoid 

the localized effect of the grip pressure. Therefore, the strain measured by the DIC system 

in this chapter represents the local strain in the specific region of the wire where it was 

focused, and not the global strain. 

X-ray diffraction (XRD) was used in this study to investigate the localized phase 

transformations in the wires. Initially, an XRD pattern was taken of the as-received wires 

at a random spot. The diffraction data were obtained using a SuperNova diffractometer, 

equipped with an Atlas CCD detector. The sample was positioned parallel to the face of 

the detector with a distance of 75 mm, and an effective angle of 90°. Scans were 

conducted at a scan rate of 1 deg/sec, encompassing both positive and negative 2θ 
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angles. Cu K-alpha radiation with a wavelength of 1.54184 Å was used as the source of X-

ray radiation. 

The samples were fatigued for 1000 cycles under displacement-controlled 

condition. The upper and lower strain for each sample were set at the end-point of the 

wire's upper plateau and below its lower plateau, respectively. After fatigue, XRD was 

used to analyze the areas that showed different macroscopic transformation behavior 

during cycling.  

4.3 Results  

4.3.1 DIC Measurement of the As-Received 1mm Wire 

Figure 4-2 (a) shows the first cycle of a 1mm as-received wire, fatigued under 

displacement-controlled condition with the frequency of 0.1Hz. The upper and lower 

displacements were set at the end-point of the 1mm wire upper plateau and below its 

lower plateau, respectively. The Figure 4-2 (b) displays the detailed progressions of the 

actual strain field distribution along length of the wire at points 0-9. Frame 0 shows the 

initial state of the as received wire. Figure 4-2 (b) indicates that the first martensite band 

of this region nucleated at the point 1. A drop in load was observed as the martensite 

band initiated in this region. The martensite band grew in both directions as the applied 

load increased. However, at the maximum point of the cycle (point 4), an area at the 

bottom of the wire did not reveal the macroscopic transformation and the A/M interface 

stopped there. Six areas of the 1mm wire were selected as exhibited in Figure 4-2 (b). 

Figure 4-2 (c) shows the mean strain versus time of these areas. Point “p” in Figure 4-2 (c) 

indicates where the superelastic plateau started (near 1.4% strain) and point 1 displayed 
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nucleation of the 1st martensite band. As illustrated in Figure 4-2 (d), before point “p” a 

linear mean strain was observed in all areas with a small difference in their values. Figure 

4-2 (e) shows small strain fluctuations in the local strain of all selected areas as the plateau 

starts. In Figure 4-2 (e), it can be seen that there was a sudden decrease at approximately 

4.75 seconds in area “B”, followed by a rise in its strain levels. At the maximum point 

(point 4), areas “A”, “B”, “C” and “D” exhibited roughly 7.5% strain, while area “E” near 

the A/M interface showed slightly lower strain. The strain at area “F” did not exceed 2%. 

Upon unloading, near point 5, martensite transforms back to austenite. At point 

6, another austenite band at the top of the wire grew into the martensite. The austenite 

bands coalesced, and the last trace of macroscopic martensite band disappeared at point 

8. However, as Figure 4-2 (f) shows, after point 8, the local strain slightly fluctuates until 

point e, after which a linear strain is observed. 

Figure 4-3 illustrates a comparison of the local behavior of the selected areas 

shown in Figure 4-2 (b). The “Eng stress” was calculated as the applied load over the initial 

cross section area of the wire (𝜎 =
𝐹

𝐴
). The “Mean strain” was calculated as the average 

of all point within the selected areas. Area “F” did not show a hysteresis plateau, with the 

strain remaining below 2%. However, the other areas displayed a stress plateau with 

approximately 7% of strain.  
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Figure 4-2- (a) The 1st cycle of the 1mm wire (b) progression of the strain distribution along the length of 
wire at the points 0-9 (c) mean strain versus time of the selected areas of the 1st cycle (d) enlargement of 

the linear section and (e) enlargement of the non-linear section (f) enlargement of end of the cycle. 

 

Figure 4-3- The stress-strain curves of the selected areas of cycle 1. 
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Figure 4-4 shows the load-displacement curve and strain distribution of the 2nd 

cycle. The plateau strain (point “p”) started near 1.3%. However, no martensite band 

initiates in this region of the wire during the 2nd cycle. Two martensite bands formed 

outside the focus area and expanded into the region from top and bottom of the wire. At 

the maximum point of the cycle (frame 3), both A/M interfaces stopped near the middle 

of the region, which is close to the location where the 1st band of the first cycle nucleated. 

Upon unloading, the martensite transformed back to austenite and the original state of 

the wire was recovered at the end of the cycle. 

 

Figure 4-4- (a) The 2nd cycle of the 1mm wire (b) progression of the strain distribution along the length of 
wire at the points 0-7 (c) mean strain versus time of the selected areas of the 2nd cycle (d) enlarged 

section of 0.7-1.5% strain. 



104 
 

 

Figure 4-5 displays the load-displacement curve and strain distribution of the 3rd 

cycle. As shown in frame 1, a martensite band nucleated near area “E”. At frame 2, 

another martensite band grew into the region  of interest. In frame 3, there is a region 

between area “B” and “C” where both A/M interfaces stopped. The comparison of the 

maximum points of the 2nd and 3rd cycle exhibits that the untransformed area slightly 

shifted up after the 3rd cycle and the A/M band stopped near area “D”. Figure 4-5 (c) 

displays the mean strain versus time of the selected areas. Figure 4-5 (d) shows 

enlargement of a section of 0.5-2% of strain. 

 

Figure 4-5- (a) The 3rd cycle of the 1mm wire (b) progression of the strain distribution along the length of 
wire at the points 0-6 (c) mean strain versus time of the selected areas of the 3rd cycle (d) enlargement of 

0.5-2% strain. 
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The macroscopic band formation and annihilation of the 4th cycle is similar to the 

3rd one. However, as Figure 4-6 shows, the 5th cycle has a different band structure. Two 

martensite bands nucleate within the region of interest at the 5th loading cycle. Both 

bands stopped as they reached the non-transforming region (the area that did not 

transform in the previous cycles). Upon unloading, both bands disappeared, and the 

austenite phase was recovered. Figure 4-6 (c) depicts the mean strain versus time of the 

selected areas. Figure 4-6 (d) shows enlargement of 0.5-2.5% of strain. 

 

Figure 4-6- (a) The 5th cycle of the 1mm wire (b) progression of the strain distribution along the length of 
wire at the points 0-7 (c) mean strain versus time of the selected areas of the 5th cycle (d) enlargement of 

0.5-2.5% strain. 
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The cycles 6-9 showed a macroscopic band structure similar to the 5th cycle. Figure 

4-7 illustrates the nucleation of two martensite bands near “B” and “E”. Frame 3 indicates 

that a martensite band expanded into the bottom side of the wire and the bands merged 

at area “F”. As displayed in frame 8, an austenite band formed at area “F”, where the two 

martensite bands merged during the loading cycle. As depicted in frame 9, the austenite 

bands merged at area “E”. Figure 4-7 (c) shows the mean strain versus time of the selected 

areas. Figure 4-7 (d) shows enlargement of 0.5-3.5% of strain. 

 

Figure 4-7-(a) The 10th cycle of the 1mm wire (b) progression of the strain distribution along the length of 
wire at the points 0-11 (c) mean strain versus time of the selected areas of the 10th cycle (d) enlargement 

of 0.5-3.5% strain. 
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DIC data acquisition stopped after the 10th cycle. Figure 4-8 (a) shows the last 

frame of cycles 1-10. Figure 4-8 (b) exhibits the evolution of residual strain of the selected 

areas at the end of each cycle. At the end of the 1st cycle, area “E” (where the A/M 

interface stopped) and area “F” (the non-transforming region) had the highest and lowest 

residual strain, respectively. In the 2nd cycle, the non-transforming region was near area 

“C”, and the residual strain of the area “F” started to increase. The highest residual strain 

at the end of the 2nd cycle was near areas “B” and “E”, where the A/M bands stopped. A 

rising trend was seen in all areas as cycle number increased. After initial cycles, the 

accumulation of residual strain in all areas was stabilized. At the end of the 10th cycle, 

area “C” showed the least accumulation of residual strain, while the residual strain in the 

other areas approached 0.9%.  

 

Figure 4-8- (a) The last frames of the cycles 1-10 and 6 selected areas, 1mm wire (b) the residual mean 
strain of each area at the end of the cycles 1-10. 

The DIC image acquisition was started over again at the 30th cycle. Figure 4-9 

shows the progression of the strain distribution in Cycle 30. Frame 1 shows that at Cycle 
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30, 4 martensite bands nucleated at relatively close times. The bands expanded and 

gradually coalesced at point 3 and saturated at the maximum point (point 4). The A/M 

interface stopped near area “C” and the strain at area “C” did not exceed 2%. Upon 

unloading, the austenite band expanded, and the initial state of the wire was recovered. 

Figure 4-9 (c) shows the mean strain versus time of the selected areas. Points “p” and 1 

displays the onset of plateau and the martensite bands nucleation, respectively. Figure 

4-9 (d) illustrates enlargement of 0.5-3% strain. Tracing the mean strain vs time curve of 

area “C” shows that its elastic section gradually dropped below other regions as well. 

 

Figure 4-9- (a) The 30th cycle of the 1mm wire (b) progression of the strain distribution along the length of 
wire at the points 0-7 (c) mean strain versus time of the selected areas of the 30th cycle (d) enlargement of 

0.5-3% strain. 
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The DIC data of the cycles 100, 500 and 1000 showed the same macroscopic band 

structure as the 30th cycle, where 4 martensite bands nucleated upon loading and a region 

in around area “C” remained untransformed. 

Figure 4-10 shows the residual strain of the cycles 30, 100 and 500. Each frame 

displays the residual strain of one cycle. The residual strain map of the 30th and 100th 

cycles revealed a pattern similar to Figure 4-8, where the strain near area “C” was 

significantly less than the other regions. However, the Figure 4-10 (c) shows that the 

residual strain of Cycle 500 did not follow the martensite band formation and annihilation 

pattern anymore. 

 

Figure 4-10- residual strain of the cycles, 1mm wire (%) (a) 30, (b) 100 and (c) 500. 
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4.3.2 DIC Measurement of the As-Received 0.5mm Wire 

Figure 4-11 (a) shows the first cycle of a 0.5mm as-received wire, fatigued under 

displacement-controlled condition with the frequency of 0.1Hz. The upper and lower 

strains were set at the endpoint of the 0.5mm wire upper plateau and below its lower 

plateau, respectively. Figure 4-11 (b) displays the actual strain field distribution along 

length of the wire at the points 0-9. To study the localized residual strain of the wire, 5 

areas of the sample were selected. Figure 4-11 (c) shows the mean strain versus time of 

the areas for the 1st cycle. Points “p” and 1 depict the onset of superelastic plateau and 

the moment that a martensite band grew into the region of interest, respectively. No 

martensite band nucleated at the region of interest during the first loading cycle. A band 

grew into the region from the upper side of the wire. As shown in Figure 4-11 (d), right 

before the band reaching areas “A”, there was a sudden drop in its local strain. The same 

pattern happened when the martensite band reached area “B” at 4 seconds. At the peak 

of the cycle, a small area at the bottom of the region did not show macroscopic phase 

transformation and the A/M interface stopped near area “E”. Upon unloading, the reverse 

transformation occurred, and martensite disappeared after point 7. However, the strain 

curves revealed small fluctuations until point e.  
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Figure 4-11- (a) The 1st cycle of the 0.5mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-8 (c) mean strain versus time of the selected areas (d) enlargement of 0.6-1.2% 

strain (e) enlargement of end of the cycle. 

The 2nd cycle showed the same band structure as the 1st one. Figure 4-12 depicts 

that the 3rd cycle has a different band pattern. A martensite band nucleated at the stress 

point indicated as 1. Upon growth, it coalesced to another band that grew into the region 

of interest. The A/M interface stopped as it reached the area “E.”  Upon unloading, the 

martensite band gradually disappeared. Figure 4-12 (c) and (d) show that within the 

elastic region (before point “p”), the strain in area “E” was significantly lower than the 

other areas. At the peak of the cycle, the strain at area “D” reached 8.7%, while the area 

“E” did not exceed 4%.  
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Figure 4-12- (a) The 3rd cycle of the 0.5mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-7 (c) mean strain versus time of the selected areas (d) enlargement of 0.5-2.5 

strain. 

The 4th cycle revealed a similar band structure to the 3rd one. Figure 4-13 shows 

the progression of the strain distribution along the wire at the 5th cycle. During this cycle, 

the band formation pattern on loading remained unchanged. However, the band 

annihilation pattern at the reverse transformation (unloading) changed. At frame 6, an 

austenite band nucleated within the martensite region at area “A”. Figure 4-13 (c) showed 

that when the two austenite bands reached near area “B”, its local strain suddenly 

increased prior to coalescence of the austenite bands (point 7). Figure 4-13 (d) shows 
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enlargement of 0.5-3.5% strain. As displayed in Figure 4-13 (b) the austenite bands 

coalesced near area “B”.  

 

Figure 4-13- (a) The 5th cycle of the 0.5mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-8 (c) mean strain versus time of the selected areas of the 5th cycle (d) enlargement 

of 0.5-3.5% strain. 

The 6th and 7th cycle displayed the same martensitic band structure. Figure 4-14 

shows that the band structure changed again at the 8th cycle. Frame 2 of Figure 4-14 (b) 

revealed two martensite bands nucleated at the region of interest at point 1 and 2, 

respectively. Figure 4-14 (c) shows the mean strain versus time of the selected areas for 

the 8th cycle. The A/M band stopped near area “E” and its strain remained at about 2%. 

Toward the end of the loading cycle, the strain in this area increased to 4%. Figure 4-14 
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(d) displays enlargement of 1-4% strain. As exhibited in Figure 4-14 (b) the band pattern 

on unloading was similar to the 5th cycle. 

 

Figure 4-14- (a) The 8th cycle of the 0.5mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-8 (c) mean strain versus time of the selected areas (d) enlargement of 1-4% strain. 

The formation and annihilation of the austenite and martensite bands did not 

change in the subsequent cycles. Figure 4-15 (a) and (b) show the last frame of cycles 1-

10 and the evolution of residual strain of the selected areas at the end of each cycle, 

respectively. At the end of the 1st cycle, the untransformed area “E” and the area that the 

A/M interface stopped (area “D”) had the lowest and highest residual strain, respectively. 

As the cycle number increased, all areas showed an increasing trend. Area “E” remained 
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the area with the least strain, while the residual strain at area “A” increased at a faster 

rate. After 7 cycles, the accumulation of residual strain in all areas was stabilized.  

 

Figure 4-15- (a) The last frames of the cycles 1-10 and 5 selected areas, 0.5mm wire (b) the residual mean 
strain of each area at the end of the cycles 1-10. 

Figure 4-16 shows the 30th cycle of the 0.5mm wire along with its DIC results. As 

frame 1 displayed, two martensite bands nucleated upon loading, similar to the 8th cycle. 

However, comparing the frame 2 of Figure 4-14 (b) and frame 1 of Figure 4-16 shows that 

the upper martensite band slightly shifted down. The unloading pattern did not change. 

Figure 4-16 (c) exhibited the change in mean strain versus time of the selected areas. 

Figure 4-16 (d) illustrates enlargement of 1-4% strain. 

The formation and annihilation of the bands remained unchanged at cycles 100 

and 500. Figure 4-17 shows the residual strain of the cycles 30, 100 and 500. The highest 

residual strain was observed near area "A" in the residual strain maps of the 30th and 100th 

cycles. Area “B” and “D” displayed high local residual strain as well. The localized strain 

accumulation at the end of the 100th cycle is more distinct compared to the 30th cycle. 
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Figure 4-17 (c) shows that at the end of the cycle 500, the residual strain did not have a 

band pattern anymore. 

 

Figure 4-16- (a) The 30th cycle of the 0.5mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-7 (c) mean strain versus time of the selected areas of the 30th cycle (d) enlargement 

of 0.5-3% strain. 
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Figure 4-17-residual strain of the cycles, 0.5mm wire (%) (a) 30, (b) 100 and (c) 500, 0.5mm wire. 

4.3.3 DIC Measurement of the As-Received 0.2mm Wire 

Figure 4-18 shows the 1st cycle and the strain distribution of the 0.2mm wire. The 

upper and lower strains were set at the endpoint of the 0.2mm wire upper plateau and 

below its lower plateau, respectively. To examine the localized strain distribution of the 

wire, 4 random areas were selected, as illustrated in Figure 4-18 (b). The DIC map revealed 

that no martensite band nucleated at this region at the 1st cycle. As shown in Figure 4-18 

(c), The plateau starts at point “p”, followed with small strain fluctuations in all selected 

areas. At point 2, a martensite band grew into the region. At 3 seconds, just before the 

A/M interface reached area "A," a drop in its local strain occurred. A similar pattern was 

observed in other areas as the martensite band approached them. At the peak (point 4), 

the area of interest was all in the martensitic state. Upon unloading, an austenite band 

nucleated at area “A” at point 7. Toward the end of cycle, another austenite band grew 

into the region of interest from the bottom side of wire (see frame 10). As the austenite 
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bands approached each other near area "D," an increase in its local strain was observed, 

as depicted in Figure 4-18 (c). This was followed by the coalescence of the austenite bands 

and a decrease in local strain. After the martensite band disappeared, the strain of area 

"D" dropped to point "e". Note that after point e, all areas showed a linear behavior. At 

the end of the cycle (frame 11), the austenite was fully recovered.  

 

Figure 4-18- (a) The 1st cycle of the 0.2mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-11 (c) mean strain vs time of the selected areas (d) enlargement of 1-1.5% strain, 

beginning of loading (e) enlargement of 0.25-1% strain, end of unloading. 



119 
 

 

Figure 4-19 shows the 2nd cycle and the strain distribution of the 0.2mm wire. 

Upon loading a martensite band nucleated at area “A”, the same location that the 

austenite band formed in the previous cycle. The martensite band grew throughout the 

region of interest in two directions. At the maximum point (point 4), the area of interest 

was fully in the martensitic state. Upon unloading, an austenite band nucleated around 

area “A” and grew in both directions. Figure 4-19 (c) displays mean strain versus time of 

the selected areas. Figure 4-19 (d) shows enlargement of 1-2% strain. 

 

Figure 4-19- (a) The 2nd cycle of the 0.2mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-9 (c) mean strain vs time of the selected areas (d) enlargement of 1-1.5% strain. 
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Figure 4-20 shows the 3rd cycle and the strain distribution of the 0.2mm wire. As 

exhibited in Figure 4-20, upon loading a martensite band formed at area “A”, similar to 

the 2nd cycle. After unloading, no austenite band nucleated in the area. Instead, two 

austenite bands grew into the region from upper and bottom sides of the wire. The 

martensite disappeared at area “D”, similar to the 1st cycle. Figure 4-20 (c) shows mean 

strain versus time of the selected areas. Figure 4-20 (d) displays enlargement of 0.25-

1.25% strain. 

 

Figure 4-20- (a) The 3rd cycle of the 0.2mm wire (b) progression of the strain distribution along the length 
of wire at the points 0-10 (c) mean strain vs time of the selected areas (d) enlargement of 0.25-1.75% 

strain. 
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The subsequent cycles showed the same band formation and annihilation as the 

3rd cycle. Figure 4-21 illustrates the last frames of the first 10 cycles of the 0.2mm wire. it 

can be seen from Figure 4-21 (a) that the residual strain mainly accumulated near areas 

“A” and “D”. Figure 4-21 (b) shows small fluctuation in residual strain of the areas in the 

first 5 cycles. Following the 5th cycle, stability was achieved. 

 

Figure 4-21-(a) The last frames of the cycles 1-10 and 4 selected areas (b) the residual mean strain of each 
area at the end of the cycles 1-10. 

The 30th, 100th and 500th cycles showed the same martensite band pattern as Cycle 

4, where the martensite and austenite bands both nucleated at area “A” and the last 

martensite band disappeared near area “D”. However, it was not possible to generate a 

DIC strain map for their last frame and evaluate their residual strain. At the end of the 

30th cycle, the lower stress dropped below zero. Due to the compressive stress, the wire 
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was bent at the end of the cycles, and the reference point of the DIC camera moved out 

of view. So, the software was not able to generate a strain map for the last frame of the 

cycles. Upon next loading, the wire returned to the camera view.  

To avoid compression stresses, a higher fatigue mean strain was considered. The 

DIC maps of the 0.2mm wire revealed that the martensite bands persisted until the end 

of the lower plateau. Therefore, increasing the lower limit of fatigue will result in some 

remaining martensite bands at the end of the cycles. Appendix 4-B shows an example of 

DIC map, where the lower fatigue limit was set slightly above end of the lower plateau. In 

order to investigate the changes of martensite band patterns in the absence of 

compressive stress, the stress-controlled DIC measurements were also performed for the 

0.2mm wire. The results of the stress-controlled test on the 0.2mm wire are shown in 

Appendix 4-C. 

4.3.4 X-Ray Diffraction 

Figure 4-22 shows the XRD pattern of all three wires, before and after 1000 cycles. 

While the 1mm wire exhibited a small amount of martensite in the as-received sample, 

the 0.5mm and 0.2mm wires exhibited significant martensite peaks in their as-received 

state. As shown in Figure 4-22 (a), the 0.5mm wire also displayed some indication of R-

phase in its diffraction pattern. However, the R-phase content was not significant, 

because the tensile behavior of the wires did not exhibit a 2-step plateau ( see the tensile 

behavior of the wires in Figure 2-6 (a) and (b)) and the DSC curve of the 0.5mm wire did 

not show the R-phase peak (Figure 2-4). The diffraction pattern in Figure 4-22 (a) also 
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revealed that the smaller wires exhibited broader peaks. The DIC maps of the 1mm and 

0.5mm wires (sections 4.3.1 and 4.3.2) showed that some areas of these wires did not 

experience a macroscopic phase transformation. The regions that did not undergo 

macroscopic phase transformation are labeled as non-transforming regions. 

Transforming regions refer to the portions of the wire that experienced macroscopic 

phase transformation in each cycle. Unlike the 1mm and 0.5mm wires, the 0.2mm wire 

did not display any non-transforming regions. The XRD patterns were obtained from both 

random transforming and non-transforming regions of the wires. After 1000 cycles, the 

diffraction pattern of the non-transforming region displayed minor martensite peaks, as 

depicted in Figure 4-22 (b). The martensite peaks were more pronounced in the 

transforming region of the 1mm wire after cycling. In the case of the 0.5mm wire (Figure 

4-22 (c)), the trend was reversed. The non-transforming region exhibited significant 

martensite peaks and minor peaks of austenite and R-phase. On the other hand, the 

transforming region displayed a strong peak of austenite and weak peaks of martensite. 

In the 0.2mm wire, the martensite peaks noticeably increased after cycling, while the 

austenite peak decreased, as shown in Figure 4-22 (d). 
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Figure 4-22- XRD patterns of (a) random spots of the as-received samples, (b) the 1mm wire after 1000 
cycles, a random spot on the area that was going through phase transformation and the non-transforming 
region, (c) 0.5mm wire, a random spot of transforming and non-transforming region after 1000 cycles (d) 

0.2mm wire, a random spot of the sample after 1000 cycles. 
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4.4 Discussion  

As shown in Figure 4-22 (a), the XRD analysis of the as-received samples revealed 

that there was an increase in peak broadening as the wire size decreased. It has been 

shown that the presence of internal defects in metals, resulting from processing, can lead 

to peak broadening in XRD analysis (111) (112) (252). Additionally, microstructural 

changes, such as grain refinement and texture development introduced through wire 

drawing, can contribute to the observed peak broadening in the XRD pattern (111) (112) 

(252). 

The mean strain-time configuration of all three wires showed linear behavior 

before point “p” (onset of plateau) which is associated to elastic deformation of austenite 

phase. After point “p” and prior to development of the first martensite bands, small 

fluctuations were observed, implying that the transformation started at the grain size 

level. This is consistent with the observation of Daly et al (139) that the phase 

transformation has started before the macro-bands are seen. Daly et al (139) reported 

that these small fluctuations in the local strain ultimately led to formation of the localized 

macro martensite bands. As shown in Figure 4-2 (e), at 4.6 seconds a sudden rise was 

observed in mean strain of area “C” and “D”, and as their local strain reached around 

1.4%, the first macroscopic martensite band nucleated. Zheng et al (190) proposed that 

the band formation is an indicator of a weak zone, which likely has a higher density of 

microstructural defects. As exhibited in Figure 4-2 (a), formation of a local macroscopic 

martensite band is accompanied by a spontaneous elongation and sudden drop in the 

applied load (251). The other drop in load before point 1 is likely related to nucleation of 
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another martensite band somewhere out of the view. As shown in Figure 4-2 (c), at the 

cycle peak (point 4), strain was not perfectly uniform throughout the wire and small 

fluctuations exist. The stress-strain behavior of the selected areas is depicted in Figure 

4-3. The figure reveals that both stress and strain exhibit local fluctuations and are not 

uniformly consistent. This is consistent with the nonhomogeneous nature of nitinol. Upon 

unloading, the martensite phase initially recovers its elastic strain. Thus, the first portion 

of the strain-time and stress-strain curves exhibit an elastic behavior immediately after 

the peak point. The residual strain of the 1st cycle (frame 1 of Figure 4-8) shows that at 

the end of the cycle, area “E” has the highest residual strain (about 0.3%), which is related 

to the stop in progression of A/M interface. 

At the 2nd cycle (Figure 4-4), before the local strain of this section of the wire 

reached 1.3%, two martensite bands grew into the region. Considering the macroscopic 

band pattern of the 2nd cycle, it can be concluded that for this cycle, 1.3% strain is not 

enough for nucleation of a martensite band. The A/M interfaces stopped before they 

reached area “C” and “D”. Initially, it was assumed that the applied load was not high 

enough to transform all areas of the wire. But the subsequent cycling showed that even 

after the upper plateau dropped (as a result of functional fatigue), and the applied load 

went beyond the plateau stress, some areas still remained untransformed. Area “E” was 

close to the A/M interface and its strain did not exceed 7% at its peak. Frame 2 of Figure 

4-8 shows that the residual strain at area “B” and “E” is growing with a faster rate, which 

is due to the cessation of the A/M interface in these regions. At the peak of the 2nd cycle, 

area “A” experienced the highest amount of superelastic strain. Figure 4-8 (b) showed a 



127 
 

 

high amount of residual strain at the end of the 2nd cycle. From these observations, it can 

be concluded that a higher level of martensite band saturation results in a higher level of 

defect accumulation in the material. 

Figure 4-5 showed that at the beginning of the 3rd cycle, the local strain in area "E" 

remained noticeably higher than other areas. At 25.6 seconds (point 1), the local strain of 

area “E” reached 1.6%, while other areas remained below 1.4%. As a result, a macroscopic 

martensite band formed at area “E”. At this cycle, the A/M interface of the lower band 

reached the area “D”, causing the local strain of “D” to increase. Consequently, the defect 

accumulation rate in area “E” decreased (see Figure 4-8 (b), change in slope of the area 

“E” after the 3rd cycle). At the end of the 3rd cycle, local strain in area “B” and “E” was 

equal. Upon unloading, the austenite band of area “C” expanded and merged with 

another growing austenite band near “E”. Figure 4-8 (b) also shows that the residual strain 

of area “F” is increasing with a higher rate, which may be caused by annihilation of the 

martensite band near this area. The local behavior of the wire below the field of view 

might affect the local strain accumulation of area “F” as well. There is a possibility that 

the martensite band either stopped below area "F" or merged with another band, 

resulting in an increase in the residual strain of this area. 

The 4th cycle showed the same band pattern structure as the 3rd one. Although 

area “B” and “E” had the same amount of residual strain at the end of the previous cycle, 

only one martensite band formed near “E”. Frame 4 of Figure 4-8 displayed that at the 

end of the 5th cycle, the local residual strain of “B” exceeded that of "E", which may 

provide enough activation energy for formation of another martensite band near this 
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area. As depicted in Figure 4-6, during the 5th cycle, the first martensite band formed at 

area “B” once its local strain exceeded 2%. At point 2, the strain at area “E” reached 2% 

and the second martensite band formed. Figure 4-8 shows that after the 5th cycle, residual 

strain of the area “A” reached the residual strain of area “E”.  

 Figure 4-8 depicted that after the 7th cycle, the residual martensite of area “A” 

exceeded the one of “E”. However, the DIC results demonstrated that the band pattern 

of this region remained unchanged until the 9th cycle. Figure 4-7 (c) and (d) showed that 

once the local strain of “B” and “E” reached 2.5%, the macroscopic martensite bands 

nucleated at these areas. Before the local strain of area "A" reached this critical level, the 

band at "B" expanded into area "A". The results revealed that the critical required strain 

for formation of martensite band increased with cycling. This observation suggests that 

an increase in this critical strain level is another indication of functional fatigue.  

Figure 4-9 (c) showed that at point 1, the local strain in 4 regions of the wire (“A”, 

“B”, “D” and near “F”) reached to a critical level, and four bands nucleated. Before the 

saturation of the martensitic transformation in the bands, as depicted in frame 3, the 

band that formed at “A” merged with band of “B”, and band that formed at area “D” 

merged with band of area “F”. As with previous cycles, the A/M bands stopped as they 

reached area “C”. Area “C” still resist the phase transformation, although the load-

displacement curve suggesting that the applied load clearly passed the phase 

transformation region. The behavior is associated with the microscopic characteristics of 

the material. There are four possible explanations for this observation: 
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1- It is likely that a region of material was already in martensitic state before applying 

load. Therefore, the DIC did not detect the high strain associated with the phase 

transformation in this region. 

2- The grain orientation in this zone is not in favor of phase transformation. 

3- The presence of defects may alter the crystal structure of the area and affect its 

transformation behavior. 

4- An intermediate R-phase is present in this region, which does not exhibit a high 

transformation strain like the austenite phase. 

The XRD patterns of the 1mm sample in Figure 4-22 (b) showed that after 1000 

cycles, a small amount of residual martensite was present in the macro-scaled non-

transforming region. This confirms that the phase transformation occurred at the grain 

size scale, although the macroscopic bands did not expand in the region. The region 

undergoing transformation displayed stronger peaks of martensite, which suggests a 

more intense phase transformation in this region. 

Figure 4-10 (a) showed that coalescence of unsaturated martensite bands did not 

result in high amount of residual strain. The 30th cycle left the highest residual strain near 

“A”, “B” and “F”, as displayed in Figure 4-10 (a). Despite the A/M interfaces stopping near 

areas "B" and "D," the results indicated that area "B" had a higher level of defect 

accumulation compared to area "D”. Point 4 of Figure 4-9 (c) showed that area “B” had a 

higher saturation level of martensite band at the peak point, which resulted in a higher 

defect accumulation in this area compared to “D”. The residual strain of "A" and "F" might 

be impacted by the local behavior outside of the field of view. It is unclear where the 
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martensite bands stop or merge beyond this region. It should be noted that the 

measurement accuracy of DIC system is within the milli-strain range. So, the values below 

0.1% may not be accurate. However, Figure 4-10 (a) and (b) represented a good 

approximation of the band formation pattern for the 30th and 100th cycles. The residual 

strain of the Cycle 500 did not follow the martensite pattern formation/annihilation 

anymore. As discussed in Chapter 2, functional fatigue results in a decrease in plateau 

stress, which may cause the material to be subjected to stress/strain higher than its plastic 

deformation limit. Plasticity is always involved with the superelastic behavior of the 

material (64) (240) (250) (253). Repeated cycling can result in the creation of defects that 

weaken the superelastic effect and change the balance between plasticity and 

superelasticity (64) (240) (250) (253). The residual strain pattern of Cycle 500 (Figure 4-10 

(c)) displays that the balance between the superelasticity and plasticity has likely changed, 

with plastic residual strain surpassing the residual strain caused by superelasticity. 

The elastic deformation at the beginning of the first cycle (Figure 4-2) suggested a 

more uniform initial microstructure. However, the initial cycling resulted in the 

development of inhomogeneous regions. In Chapter 3, it was also shown that grain 

refinement is the result of inhomogeneous transformation within the grains. Examination 

of the DIC results of the 1mm wire indicated that where the two martensite bands merged 

or the A/M interface stopped, the accumulation of the defects considerably increased. 

The level of saturation in the martensite bands impacts the accumulation of defects. 

Development of localized defects may provide enough activation energy for nucleation of 

the new bands. At the end of the 1st cycle of the 1mm wire, although 0.3% strain remained 
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at the region “E”, it did not provide enough energy for nucleation of a band at the 2nd 

cycle. At the end of the 2nd cycle, 0.56% strain was accumulated in the area “E” that led 

to nucleation of a martensite band at the 3rd cycle. From these observations, it can be 

concluded that the areas with high volume of defects and residual strain are probably the 

most favorable regions for martensite band nucleation. After the 30th cycle, the band 

pattern of the wire was stabilized, and the wire exhibited the same band structure at the 

subsequent cycles. Evaluation of the local strain at the peak points of the cycles revealed 

that the level of saturation is not uniform across the bands, confirming the heterogeneous 

nature of the martensitic transformation (139) (254).  

The results of the DIC analysis on the 0.5mm wire (section 4.3.2) indicate a similar 

behavior to the 1mm wire. The elastic behavior is uniform across all selected areas prior 

to the phase transformation, as depicted in Figure 4-11. After point “p”, the strain 

fluctuations did not surpass 1% and no martensite band formed within the region of 

interest. Before the strain reaches the critical level for martensite band nucleation, a 

martensite band expanded into the region and stopped below area “D”. Just prior to the 

band reaching area "A", a sudden decrease in its local strain was observed, which is due 

to the complex stress distribution near the A/M interface. The transformation from 

austenite to martensite involves a change in volume (90) (191). So, the interface 

experiences significant levels of longitudinal and lateral deformation (255). The higher 

volume of martensite exerts pressure to the interface, causing the material on the other 

side of the interface to experience a low level of compressive stress. The maximum strain 

achieved in the selected areas at the peak of the 1st cycle was 8.4%. This is a higher strain 
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compared to the 7.5% strain recorded at the 1st cycle of the 1mm wire, which is consistent 

with the calculated global strains of the first cycle depicted in Figure 2-9 (d). The 

martensite band cessation below area “D” led to a higher accumulation of defect in this 

area, as shown in Figure 4-15. However, it did not provide enough activation energy for 

the martensite band nucleation during the 2nd cycle. At the 3rd cycle (Figure 4-12), upon 

loading, the local strain near area “D” reached 2%, resulting in the formation of a 

martensite band in this area. This band merged to another band at area “A”, causing the 

residual strain of area “A” to increase at a higher rate (see slope of the curve “A” in Figure 

4-15 (b)). Cycle 4 displayed the same band pattern. Cycle 5 (Figure 4-13) had the same 

band pattern on loading. However, an austenite band nucleated near area “A” upon 

unloading. As shown in Figure 4-13 (c), at the maximum load of the 5th cycle (point 4), the 

strain near area “A” was slightly lower, indicating the lower saturation level of martensite 

band at this area. Upon unloading, the local strain near area “A” linearly dropped below 

6%. It appears that this decrease in the local strain has created a preferred condition for 

the initiation of an austenite band, followed by a sudden drop in the local strain of the 

area to 2%. The austenite band merged at area “B”. However, it did not show a significant 

effect of the residual strain or defect accumulation rate of area “B” in Figure 4-15 (b). This 

observation confirms that as two bands merge, their initial saturation level determines 

the volume of the accumulated defects. The coalescence of two highly saturated 

martensite bands created a higher level of residual defects, compared to two austenite 

bands or two low strain martensite bands. This finding aligns with previous studies that 

have shown that the intersection of two martensite bands results in a high stress 
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concentration (90) (191) (256). Additionally, the orientation of the two martensite bands 

can impact the volume of accumulated defects. The coalescence of two martensite bands 

with differing orientations can result in a high mismatch between their interfaces, leading 

to a higher density of dislocations. Cycles 6 and 7 exhibited the same band pattern as the 

5th cycle. Figure 4-15 (b) showed that the residual strain of all areas (except for the non-

transforming area “E”) converged towards each other. After the 7th cycle, the residual 

strain of the area “A” surpassed the other ones, which provided enough energy for 

nucleation of another martensite band near area “A” at the next cycle. As shown in Figure 

4-14, when the local strains of areas “A” and “D” reached 3%, a martensite band 

nucleated. Upon unloading, when the local strain of area “A” passed 6%, an austenite 

band formed in this area. Figure 4-15 displayed that by the end of the 10th cycle, the 

residual strain in area “B” reached that of area “D”, which is the result of the coalescence 

of high-strain martensite bands in this area. The DIC data acquisition was stopped at this 

point and started over at the 30th cycle. As depicted in Figure 4-16 (d), the first martensite 

band of the 30th cycle formed at area “D”, similar to the previous cycles. As the local strain 

near area “B” reached the critical level, the second martensite band nucleated as well. 

Prior to nucleation of the martensite band at area “A”, the band of area “B” expanded 

into “A”. Upon unloading, an austenite band formed at area “A”. 

The wire maintained this band structure in subsequent cycles, when two 

martensite bands formed at areas “B” and “D” under loading, followed by band expansion 

and coalescence near area “C”, and an austenite band formed at the area “A” upon 

unloading. Figure 4-17 shows that the highest residual strain at the end of the 30th cycle 
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was located where the A/M interface stopped (near “D”). After that, the coalescence of 

the two martensite bands near “C”, created another high residual strain region. Figure 

4-17 (a) suggests that nucleation of martensite and austenite bands in areas “A” and “B” 

also resulted in some defect accumulation. A small region at the very top of the Figure 

4-17 (a) does not exhibit a significant accumulation of defects, suggesting that the 

martensite band likely stopped before that point and did not expand further above the 

field of view. This effect was more significant at the end of the 100th cycle (Figure 4-17 

(b)). It can be seen from Figure 4-17 (b) that accumulation of defects is more localized 

after the 100th cycle, compared to the 30th one. Although the band pattern of the 500th 

cycle followed the same pattern as the 30th cycle, Figure 4-17 (c) shows that the residual 

strain at Cycle 500 did not follow the band formation/annihilation pattern any longer. The 

residual strain of the 500th cycle displayed a similar behavior to the one of the 1mm wire 

(Figure 4-10 (c)), which proved the growing effect of plasticity in the material 

microstructure. 

The XRD pattern of the transforming and non-transforming regions of the 0.5mm 

wire is displayed in Figure 4-22 (c). The XRD pattern of the non-transforming region did 

not indicate a significant phase transformation. However, it showed a major martensite 

peak in (11̅0) direction, indicating a pre-existing textured martensitic phase in this region 

before the cycling started. Another explanation for this observation may be related to the 

localized presence of R-phase in this specific region. As indicated in Appendix 2-B, the R-

phase plays a role in shape memory effect rather than superelasticity (136). Additionally, 

the strain resulting from the martensitic transformation of R-phase is considerably lower 
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compared to that of austenite (136). It is likely that the localized R-phase in the non-

transforming region transformed to martensite at a low strain and was not recovered 

after unloading. A TEM observation may be helpful to investigate the microstructural 

features of the non-transforming region. The XRD pattern analysis of the as-received 

0.5mm sample and its non-transforming region exhibited a small amount of R-phase, 

whereas the transforming region of the 0.5mm wire did not show any trace of R-phase. 

This finding further supports the localized non-homogenous nature of the nitinol sample. 

Unlike the residual strain in the 1mm (Figure 4-8) and 0.5mm (Figure 4-15) wires, 

the 0.2mm wire did not reveal a drastic ascending  trend at the first 10 cycles (Figure 4-21). 

It is in agreement with the global strain of the 0.2mm wire shown in Figure 2-9 (i). 

As seen in Figure 4-18, all selected areas showed a uniform linear elastic behavior 

before the superelastic transformation started. Similar to the 1mm and 0.5mm wires, 

fluctuation in the local strain started after point “p”. Before the local strain of the selected 

areas exceeded 1.3%, a martensite band expanded to the region. Upon unloading, at 

point 7, the local strain of area “A” dropped below the critical level of 5.3% and an 

austenite band nucleated. The band expanded and merged with another austenite band 

near area “D”. As illustrated in Figure 4-21, area “C” showed a relatively lower amount of 

residual defect at the end of the 1st cycle. The higher residual strain of “A” and “B” is likely 

related to the proximity of these areas to the austenite band nucleation spot, and the 

strain at area “D” is likely related to the austenite bands coalescence near this area. 
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The DIC map of the next cycle (Figure 4-19) showed that the accumulation of 

defects near area “A” provided enough energy for nucleation of a martensite band near 

this area. Upon unloading, the strain level of areas “A” and “B” dropped below 1.3% and 

an austenite band formed between “A” and “B”. Area “D” displayed the highest saturation 

level of martensite band at the peak of the 2nd cycle (Figure 4-19 (c)) which caused an 

ascending trend in the residual strain of this area (frame 2 Figure 4-21 (a)). 

During the 3rd cycle (Figure 4-20), the first martensite band formed at the area 

“A”, and the highest strain at the peak of the cycle was achieved at the area “D”, similar 

to the 2nd cycle. The high residual strain of the area “D” (Figure 4-21 (b)) at the end of the 

3rd cycle is a result of the high strain achieved at this area along with the effect of 

coalescence of the low energy austenite bands near area “D”. The results of 0.5mm and 

1mm wires also confirmed a slight increase in the local residual strain after coalescence 

of two low energy bands. 

Comparing the residual strain of the three wires revealed that the accumulation 

of defects in the 0.2mm wire occurred at a significantly lower pace. The DIC of 0.2mm 

wire was tried five times and none of them showed an A/M interface stop. In all the 

0.2mm wires, once the martensite band nucleated, it rapidly grew until it reached another 

band. Nayan et al (257) presented that the interface friction during the phase 

transformation results in self-heating within the material. Therefore, the A/M interface 

movement is impacted by the release of the latent heat of the transformation. As 

discussed in Chapter 2, the 0.2mm wire showed a better heat effect than the other wires, 

due to a larger surface area to volume ratio. Due to the localized nature of the martensitic 
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transformation, the temperature distribution is non-uniform (191). The formation of 

dislocations at the interface zone is determined by the maximum temperature at the A/M 

interface at the peak of the cycle (134). This may result in high friction energy at A/M 

interface of the 1mm and 0.5mm wires and hinder the martensite band growth in some 

regions. 

The XRD pattern of the 0.2mm wire is shown in Figure 4-22 (d). Since the DIC map 

of the 0.2mm wire did not indicate the presence of a non-transforming region, the XRD 

pattern was collected from a random region of the wire after 1000 cycles. The XRD 

pattern of the fatigued sample revealed a slight decrease in the austenite peak after 1000 

cycles, along with a prominent martensite peak at (11̅0), suggesting the presence of a 

textured growth of martensite in this direction. 

4.5 Conclusion 

The repeated cycling of superelastic nitinol leads to the formation of defects 

throughout the samples. However, the results indicate that the accumulation of these 

defects was not homogeneous. It was shown that formation and coalescence of the bands 

resulted in localized defect accumulation. The amount of defect accumulation depends 

on the energy level of the bands and interaction between the interfaces. Coalescence of 

the highly saturated martensite bands leave a higher number of defects behind, 

compared to the low energy austenite bands. During the initial cycles, all wires 

experienced changes in the macroscopic band pattern, as well as local fluctuations in the 

residual strain. This was followed by stability in the band pattern and a strain 

accumulation rate. 
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Within the initial cycles, accumulation of defects provided the activation energy 

for further band nucleation. The areas that A/M interface stopped had relatively high 

residual strain and; therefore they were more prone to martensite band formation. Once 

the local strain reached a critical level, a martensite band formed. With repeated cycling, 

the critical strain level required for band accumulation increased, while the plateau stress 

decreased. 

As discussed in Chapter 2, the A/M interface in the 0.2mm wire had less self-

heating effect and therefore less friction energy, compared to the 0.5mm and 1mm wires. 

The lower friction energy at the interface is likely the reason for the smooth expansion of 

martensite bands and lower accumulation of damage in the 0.2mm wire. Conversely, the 

high friction energy at the A/M interface of the 0.5mm and 1mm wires hindered the 

growth of martensite bands, resulting in higher damage accumulation. 

4.6 Future Work 

The formation of the first martensite band during the initial load is likely linked to 

the weak zones in the material, which are characterized by a higher density of 

microstructural defects in the initial microstructure. To accurately track the progress of 

the martensitic transformation and identify the location of the first martensite band, the 

3-D HEDM technique is needed. This technique can also be used to predict the conditions 

that drive the formation of the first band. In Chapter 3, it was explained that the annealed 

sample did not show a significant phase transformation under load, and the non-annealed 

sample had too many grains for the HEDM technique. However, the grain refinement 

observed in the annealed sample during the initial cycles indicated that phase 
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transformation was taking place on a smaller scale. By processing the strain data of the 

grains, it may be possible to identify the conditions that promote the nucleation of the 

first macroscopic martensite bands. This information can be used to develop a better 

understanding of the underlying mechanisms that drive the martensitic transformation, 

and to design more effective materials for a range of applications. 

Based on the results obtained from DIC, it was found that in the 1mm and 0.5mm 

wires, certain regions may not undergo phase transformation, even when subjected to 

stress levels exceeding the material's stress plateau. Some reasons were suggested to 

justify these observations. To justify these observations, it is necessary to use 

Transmission Electron Microscopy (TEM) equipped with Selected Area Electron 

Diffraction (SAED) to examine the lattice defects and potential existence of R-phase or 

martensite phase in the material before cycling.  

4.7 Research Limitation 

The study has some limitations due to the localized phase transformation effect 

at the grips, which led the cameras to be focused on a small section in the middle of a 

25mm sample. Therefore, only a limited section of the wires was studied. The phase 

transformation in superelastic nitinol is known to be highly localized. Although each test 

was repeated 4-5 times to ensure the consistency of the results, the sample size is still 

small, and this may not be representative of the entire population. 

Additionally, for the 0.2mm wire, it was observed that the lower plateau was 

dropping into compressive stresses after initial loads. So, evaluating the evolution of the 

bands was not feasible, and only the initial cycles were studied. Increasing the lower 
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cycling limit in the 0.2mm wire resulted in a mixed phase state upon unloading. To follow 

the martensite band annihilation pattern upon unloading, it was necessary to unload the 

sample until the lower band disappeared. 

Appendix 4-A 

Displacement-Controlled DIC Measurement of a 1mm Wire, Electropolished with 

a Neck Zone 

Initially, the plan was to create a neck zone on the wires and focus the DIC camera 

on that specific region to study the formation and annihilation of martensite bands. To 

achieve this goal, an electropolishing process was established to create a necking zone on 

the samples. According to standard test methods for tension testing of metallic material 

(ASTM E8/E8M-16a), “the gauge length for the measurement of elongation of wire less 

than 4mm (0.125 inch) in diameter shall be as prescribed in product specification”. 

However, such information was not provided by the manufacturers. Alarcon et al (200) 

designed hourglass shaped samples, using a nitinol wire 1.78mm in diameter and 

reducing the diameter continuously down to 1.14 mm at the mid-cross-section (around 

%36), as shown at Figure 4-23.  
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Figure 4-23-Geometry of hourglass shaped samples designed by Alarcon et al (200). 

In this experiment, the objective is to achieve a similar shape with about 20-30% 

reduction in diameter and gauge length of 4-5mm. The electropolishing system used for 

wire surface treatment in Chapter 2 was utilized to form a neck on the wires. The actual 

distribution of ions at the electrolyte surface is higher which lead to higher 

electropolishing rate at the electrolyte/atmosphere interface (201) (258). Taking 

advantage of this point, a neck was created at the electrolyte/atmosphere interface. To 

ensure a gradual change in the neck zone, a laboratory jack was used. The applied current 

and the time of the electropolishing process varies depending on the wire length and 

diameter. Table 4-1 shows the electropolishing parameters of the 1mm sample that 

confirmed through experiment. The current was set as the table and the voltage was 

oscillating between 10-20V to maintain the constant electropolishing rate through a given 

time. After electropolishing one side of the wire, the wire was flipped, and the same 

procedure was applied to the other side. After electropolishing, the wires were rinsed 

with water, ultrasonically cleaned in ethanol, and dried. 



142 
 

 

Table 4-1- electropolishing variables used to create a neck zone on the wires 

 

Figure 4-24 displays the neck zone created on the 1mm wire through the 

electropolishing process. The specified area inside the rectangular box shows the neck 

region on the sample. The average diameter of the wire at the neck zone was 

calculated as 0.825±0.017mm.  

 

Figure 4-24-The 1mm wire with neck area. 

The wire shown in Figure 4-24 was subjected to displacement-controlled 

fatigue test with the frequency of 0.1Hz. The upper and lower displacements were set 

at the midpoint of the 1mm wire plateau and below the lower plateau, respectively. 

The first cycle is depicted in Figure 4-25 (a). The Figure 4-25 (b) shows the detailed 

progressions of the actual strain field distribution along length of the wire at the 

points 0-9. The specified area in the frame 0 of Figure 4-25 (b) represents the neck 

zone. Figure 4-25 (a) displays a small plateau and change in the slope of the elastic 

region of the austenite at a point that is indicated by the number 1. Frame 1 of Figure 
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4-25 (b) shows that at this stress level a martensite band formed in the neck area and 

grows within the neck. As the stress reaches to the main plateau (point 3), the 

martensite band grows further than the neck region. As seen in Figure 2-9, the 

maximum global strain achieved at the end of the plateau for a 1mm wire was around 

7.5%. At the maximum strain (point 5) the true mean strain in the neck region is 

measured as 8.5%, which is beyond the plateau strain of the 1mm wire. Upon 

unloading, the martensite elastically deforms, and the strain decreases within the 

martensite band. At point 6, the wire is still in its martensitic state. At point 7, an 

austenite band grows into the martensite at the upper side of the wire. Around point 

8, an austenite band nucleates right below the neck region. As frame 9 shows, the 

reverse transformation is not complete at the end of the cycle. Some residual 

martensite is left at the neck region implying that the lower plateau of the neck region 

is below the lower limit of the fatigue test. 

To evaluate and compare the local inhomogeneous strain distribution along 

the wire during the first cycle, five areas of the wire were selected, presented in Figure 

4-25 (b). Figure 4-25 (c) shows the calculated mean strain of each area. Before the 

transformation started, all 5 areas were deforming homogeneously. At point 1, the 

transformation starts at the neck region and strain localization occurs. The areas “B”, 

“C” and “D” are located within the neck region, showing a higher strain at the 

maximum point. The results indicates that the strain within the neck region is 

inhomogeneous as well, and the upper parts of the neck (areas “B” and “C”) 

experience higher strain than the lower part (Area “D”). At the end of the cycle, the 
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areas within the neck remained in martensitic state, while areas “A” and “E” were 

recovered to their original austenitic state. 

 

Figure 4-25- (a) The 1st cycle of the 1mm electropolished wire with a neck area, strain controlled (b) 
progression of the strain distribution along the length of wire at the points 0-9 (c) ) the mean strain of 

the selected areas (d) enlargement of 0-2% strain. 

The load-displacement curve and actual strain field distribution of the 2nd cycle 

is shown in Figure 4-26. The load-displacement curve of the 2nd cycle also exhibits a 

small plateau at point 1, after this point, the existing martensite band grows. At the 

maximum point (point 3), the true strain at the upper side of the neck reached 8.5%. 

At the end of the 2nd cycle (point 7), the neck still contains a martensite band. The 

region below the neck did not return to its original austenitic state at the end of the 

2nd cycle, as depicted in the last frame of Figure 4-26 (b). 
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Figure 4-26- (a) The 2nd cycle of the 1mm electropolished wire with a neck area (b) progression of the 
strain distribution along the length of wire at the points 0-7. 

The martensitic transformation of superelastic nitinol is inhomogeneous in nature 

(139). The test results showed that the neck decreases the onset of superelastic stress 

and promotes a localized stress concentration. As a result, subsequent tests were 

conducted on samples without the neck area. 

Appendix 4-B 

Displacement-Controlled DIC Measurement of the 0.2mm Wire: The Lower 

Fatigue Limit Was Set Just Above the End of the Lower Plateau 

As shown in section 4.3.3, after just 30 cycles, the lower plateau stress of the 

0.2mm dropped to below zero. To avoid compressive stresses on the wire, it was decided 

to slightly increase the lower fatigue limit. However, as displayed in Figure 4-27, at the 

end of the cycle (point 7), a large amount of residual martensite is left in the wire. The 

DIC result of the 0.2mm wire showed that the martensite band is persistent until the end 



146 
 

 

point of the lower plateau. Therefore, a slight increase in the lower fatigue limit will result 

in a significant amount of residual martensite at the end of the cycle. 

 

Figure 4-27- (a) The 1st cycle of the 0.2mm wire, displacement-controlled (b) progression of the strain 
distribution along the length of wire at the points 0-7. 

Figure 4-28 shows that at the end of the cycle (frame 6), the residual martensite 

band shifts up.  
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Figure 4-28- (a) The 2nd cycle of the 0.2mm wire, displacement-controlled (b) progression of the strain 
distribution along the length of wire at the points 0-6 (c) mean strain versus time of the selected areas of 

the 2nd cycle. 

Figure 4-29 illustrates the 3rd cycle and the strain distribution of the 0.2mm wire. 

As Figure 4-29 (b) shows, the residual martensite band at the end of this cycle fully 

disappeared, or likely shifted up. 

Cycles 4, 5 and 6 depicts a macroscopic martensite band structure similar to the 

4th cycle, where the martensite bands all disappeared in this region of wire upon 

unloading. However, Figure 4-30 shows some residual martensite exist at the end of the 

7th cycle.  
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Figure 4-29- (a) The 3rd cycle of the 0.2mm wire, displacement-controlled (b) progression of the strain 
distribution along the length of wire at the points 0-8. 

 

Figure 4-30- (a) The 7th cycle of the 0.2mm wire, displacement-controlled (b) progression of the strain 
distribution along the length of wire at the points 0-7. 

The residual martensite band remained unchanged at the end of the 8th cycle. As 

shown in Figure 4-31 (b), the residual martensite band was larger at the end of the 9th 

cycle. 
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Figure 4-31- (a) The 9th cycle of the 0.2mm wire, displacement-controlled (b) progression of the strain 
distribution along the length of wire at the points 0-7. 

The test result indicated that the martensite was not completely recovered at the 

end of the cycles in this sample. Residual bands remained in randomly dispersed areas of 

the wire. Some of the bands were out of view, while others were present and captured 

by the cameras. 
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Appendix 4-C 

Stress-Controlled DIC Measurement of the As-Received 0.2mm Wire 

To avoid compressive stresses at the end of the cycles, the 0.2mm wire was also 

examined under stress-controlled condition where the upper and lower fatigue limits 

were set at 500 MPa (slightly above the upper plateau stress of the wire) and 0, 

respectively. Figure 4-32 (a) shows that at the end of the 1st cycle, the martensite band 

fully disappear.  

 

Figure 4-32- (a) The 1st cycle of the 0.2mm wire, stress controlled (b) progression of the strain distribution 
along the length of wire at the points 0-9. 

The 2nd and 3rd cycle displayed the same trend. However, as Figure 4-33 shows, 

some residual martensite is left at the end of the 4th cycle. 

The residual martensite band grew during the subsequent cycles. Figure 4-34  

presents the 10th cycle and its strain distribution. 
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Figure 4-33- (a) The 4th cycle of the 0.2mm wire, stress controlled (b) progression of the strain distribution 
along the length of wire at the points 0-8. 

 

Figure 4-34-(a) The 10th cycle of the 0.2mm wire, stress controlled (b) progression of the strain distribution 
along the length of wire at the points 0-7. 

Figure 4-35 shows the last frame of the cycles 1-10 of the 0.2mm wire cycled under 

stress-controlled condition. 
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Figure 4-35- The last frames of the cycles 1-10. 

Figure 4-36 shows the Cycle 30 along with its DIC measurement exhibiting the 

strain distribution during the Cycle 30. According to the Figure 4-36 (b), the upper side of 

the wire did not undergo phase transformation. Given that the martensitic 

transformation started at the onset of the plateau in Figure 4-36 (a), it is likely that a 

martensite band existed in the upper region that started growing as the stress reached 

the critical plateau level. 

Figure 4-37 shows the 100th cycle and its strain distribution during cycling. The 

load-displacement curve of the 100th cycle indicated a significant decrease in superelastic 

hysteresis loop, implying an intense functional fatigue. Since the start and endpoint of the 

100th cycle lays above 4% strain, it is likely that the wire at this cycle was already in 

martensitic state and the existing martensite band elastically deformed or got saturated 

at the peak point of the cycle. 
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The results showed that the functional fatigue in stress-controlled conditions is 

faster than in displacement-controlled conditions in superelastic nitinol. These 

observations can be explained as follows: The upper plateau of the superelastic nitinol 

decreased due to functional fatigue. It is likely that the upper limit of the fatigue test 

surpassed the yield stress of the material, which resulted in plastic deformation and a 

faster decrease in its functionality. 

 

Figure 4-36- The 30th cycle of the 0.2mm wire, stress controlled (b) progression of the strain distribution 
along the length of wire at the points 0-6. 
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Figure 4-37- (a) The 100th cycle of the 0.2mm wire, stress controlled (b) progression of the strain 
distribution along the length of wire at the points 0-8. 

5 CONCLUSION 

This study investigated the impact of wire size and microstructural features on the 

superelastic behavior of nitinol wires. The microstructural analysis revealed that smaller 

wires had a higher density of internal cracks and defects, leading to greater susceptibility 

to surface defects. In other words, the fatigue crack initiation stage was accelerated in 

the smaller wire, resulting in a shorter life in terms of structural fatigue. However, these 

wires exhibited better functional fatigue, which can be attributed to their cooling rate 

effect. 

The results showed that the superelastic properties of nitinol are highly 

dependent on its microstructure, which is influenced by its composition and thermal 

history. The grain growth heat treatment resulted in the formation of precipitates, which 

likely altered the material's composition and affected its superelastic temperature range. 

The annealed sample did not show an evident superelastic response under load, and no 
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martensite grain spots were detected in its ff-HEDM diffraction pattern. However, grain 

refinement indicates that martensitic transformation is happening at the grain scale level. 

In the context of 3-D techniques, functional fatigue is attributed to the permanent 

grain refinement. However, due to the grain segmentation process, tracking the grain 

strain after initial cycling becomes impractical. This is primarily because the size of these 

grains is reduced to a level below the resolution capacity of the ff-HEDM detector, making 

them impossible to detect. Combining ff-HEDM with other characterization techniques 

such as TEM or EBSD can overcome the challenges presented by the grain refinement. 

TEM and EBSD offer high-resolution imaging and orientation mapping capabilities, which 

assist in monitoring the evolution of the microstructure and grain orientation over time. 

The formation of the first martensite band during the initial load was a factor that 

received less attention. As the applied stress reached the upper plateau stress, local strain 

fluctuations appeared on the strain map of DIC. The DIC maps displayed that the high 

strain macroscopic bands (i.e. the martensite bands) formed after a sudden strain 

increase in a random location, which was attributed to microstructural defects and weak 

zones. Within the initial cycles, the local accumulation of defects provides energy for the 

nucleation of new martensite bands in subsequent cycles. 

The study also highlights the importance of microstructure and thermal history in 

determining the superelastic behavior of nitinol and provides insights into the 

mechanisms of fatigue and defect accumulation in these materials. The accumulation of 

defects during cyclic loading was found to be non-homogeneous, with localized defect 
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accumulation due to the formation and coalescence of bands. The energy level of bands 

and interaction between interfaces affected defect accumulation. Although in this study 

the material is going through a mechanical cycling, the accumulation of the latent heat of 

transformation resulted in thermal stresses. Therefore, the heat conduction between the 

sample and the environment plays a key role in the grain refinement and functional 

fatigue of the wires. Overall, the study emphasizes the importance of microstructural 

features and wire size in determining the superelastic behavior of nitinol wires. 
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