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Abstrakt 

Disertace analyzuje vliv koncentrátorů napětí na průběh martensitické transformace, vznik plastické 

deformace a její vliv na přerozdělení napětí a vznik zbytkového pnutí a reziduálního martenzitu v okolí 

koncentrátorů v prvcích ze slitin s tvarovou pamětí NiTi. Vliv je analyzován v režimech superelastického 

isotermálního cyklování a aktuačního cyklování, t.j. teplotního cyklování pod vnějším napětím. Disertace 

využívá pro vyhodnocení vlivu experimentální přístup spolu s numerickými simulacemi metodou konečných 

prvků na modelových případech tenkých pásků ze slitin NiTi opatřených půlkruhovými vruby. V 

experimentální části je vyhodnocován vliv koncentrátorů pomocí termomechanických experimentů s využitím 

metod obrazové korelace a rentgenové mikrodifrakce pro lokální analýzu deformací a fázových objemových 

podílů v průběhu cyklování v okolí vrubů. Simulace metodou konečných prvků poskytují komplementární 

informace o průběhu napětí, deformací a martensitické transformaci, zejména o vývoji jednotlivých složek 

celkové deformace, tj. elastické a plastické, a vývoji zbytkového pnutí a s ním souvisejícím zbytkovým 

martensitem.Disertace je dále doplněna o numerickou analýzu vlivu konstrukce stentů na lokální cyklický 

průběh martensitické transformace a jeho vliv na únavové vlastnosti. 
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Abstract 

 

This doctoral thesis deals with the analysis of the role of stress risers in NiTi elements on the local cyclic 

evolutions of martensitic transformation, plastic deformations, and mechanical gradients at the stress risers, 

under both iso-thermal cyclic loading in the superelastic regime and thermal cycling under external load in 

actuator regime. The methodology of investigation includes both experimental measurements and finite 

element simulations of notched thin NiTi superelastic/shape-memory ribbons. In the experimental part of the 

work, the DIC method is used to capture the spatial evolutions of strain gradients around the notch, and the X-

ray microdiffraction is used to analyze the local strain fields around the notch and the plasticity induced 

remnant martensite at the notch-tip. Besides, the finite element results help assess the corresponding 

evolutions of stresses and strains, martensitic transformation, and the partitioning of total strains into elastic, 

plastic and residual strains around the notch. In addition, the thesis includes numerical analysis investigating 

the effect of the design of self-expanding NiTi stents on local cyclic evolution of martensitic transformation 

and its relation to fatigue performance. 
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CHAPTER 1. INTRODUCTION  

Shape memory alloys are a specific group of metallic alloys exhibiting outstanding thermomechanical 

behaviors that are not seen in conventional alloys, due to a solid-state diffusionless reversible phase 

transformation between martensite (M) and austenite (A) consisting in the recoverable shear 

distortion of the crystal lattice, known as martensitic transformation. When deformed at high 

temperatures in the austenitic state, these alloys can recover inelastic strains up to ~40 times higher 

than that of steel, which is called pseudoelasticity (PE). When deformed at low temperatures in the 

martensitic state, unloaded and heated above austenite finish temperature without constraint, these 

alloys recover their original shape, which is called shape memory effect (SME). Pseudoelastic SMAs 

are frequently used in applications requiring large reversible deformations as in superelastic dampers 

[1] or superelastic medical implants [2,3], while shape memory elements are used in shape memory 

thermal actuators (SMTA). Among a variety of available SMA alloys, NiTi alloys remain to be a 

preferred choice for SMA engineering applications thanks to their good workability, biocompatibility, 

structural properties, and excellent stability of functional properties. 

SMA elements working in applications involving cyclic and complex loadings are prone to fatigue 

and preliminary fracture. This represents a problem for many promising applications which motivates 

the need to analyze the mechanisms of fatigue and fracture. This is a problem particularly to NiTi 

alloys exhibiting otherwise excellent properties in comparison to other SMAs. When a NiTi element 

undergoes cyclic mechanical loading involving back and forth phase transformations, it withstands 

only some thousands of tensile cycles in the best-case scheme. This fatigue performance contrasts 

with the millions of cycles that one may obtain in the absence of phase transformations (though much 

smaller recoverable strain). The martensitic phase transformation in NiTi is thus, on one hand, a 

source of the reversibility of very large strains, but on the other hand, it seems to be responsible for 

early failure of NiTi structures, although the scientific community lacks a fundamental understanding 

on how the structural damage initiates and proceeds through the material.  

In this regard, the role played by strain localization induced at stress raisers in conjunction with phase 

transformation in the evolution of the local mechanical gradients and initiation of cracks and their 

subsequent propagation remains unclear. Moreover, the effect of the plastic deformation at high-stress 

levels well beyond the transformation stress plateau has also a strong influence. Recently, the origin 

of superelastic fatigue and fracture became focused in the SMA field. However, the role of martensitic 

transformation and plastic deformation in localized deformation around stress risers has not been 

addressed in the fatigue and fracture analysis of SMA components. 

1.1.  Statement of the problem 

Stress raisers can either initially exist in SMA structures (as the micro-defects induced by 

manufacturing processes), or can nucleate under monotonic/cyclic loading conditions. An example is 

the decohesion of the second particles or local cyclic plastic deformations. Besides, from a physical 

point of view, there is a question of why SMAs withstand millions of cycles when they deform 

elastically but only thousands of cycles if the martensitic transformation is incorporated in their cyclic 

deformation under the stress, even though the martensitic transformation is reversible. One of the 

probabilities is the nucleation and propagation of cracks from the root of stress raisers since the local 

evolution of the martensitic transformation and mechanical fields are entirely different at the high-
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stress zones at stress raisers than that being experienced within the elastic bulk. Thus, the successful 

performance of SMA elements in engineering applications needs analysis and understanding of the 

localized-like cyclic/monotonic evolution of martensitic transformation and plastic deformation at the 

location of stress raisers. 

In conventional elastoplastic materials, fatigue cracks nucleate at the surface due to local cyclic plastic 

deformations and grow which is the origin of the fatigue degradation and failure [4,5]. In the case of 

phase transforming NiTi, the micro and macro-mechanisms that lead to fatigue failure are not well 

known yet. The experimental evidence available in the literature suggests that cycled NiTi samples 

that undergo partial or complete stress-induced phase transformation between austenite and 

martensite suffer from premature fatigue and failure after few thousands of cycles, while NiTi 

samples deforming only elastically (in austenite or martensite phase), exhibit long fatigue life in 

millions of cycles.  But there are no “local cyclic plastic deformations” at the surface which could 

explain the difference, both deformation mechanisms (elasticity and martensitic transformation) are 

completely reversible. 

Accordingly, we consider that the roles of martensitic transformations and (in particular) plastic 

deformation remain unclear despite the growing amount of data concerning the fracture and fatigue 

of NiTi reported in the literature in the last decades. This becomes even more unclear and critical 

when the transformation and plasticity effects are considered in conjunction with strain and stress 

localization either induced by material behavior (by the development of the Lüders-like Martensite 

Band Fronts (MBFs)) or geometric stress risers (concentrators).  

It is a peculiarity of polycrystalline NiTi, that  the stress-induced martensitic transformation tends to 

localize in macroscopic deformation band fronts (MBFs)) stretching over a large number of grains, 

which separate the elastically deformed austenite from the microstructure formed by highly strained 

martensite [6,7,16–19,8–15] (Fig.  1-1).  This means that the stress-induced martensitic 

transformation, possibly accompanied by plastic deformation via dislocation slip, occurs in a 

particular grain only when the macroscopic MBF passes over it, while nothing happens in grains out 

of the MBFs. While the grains within the highly deformed Lüders-like band are almost fully 

transformed to the oriented martensite (Md), the grains in the low-strain zone outside the band remain 

in austenite [17]. The volume fraction of martensite within the Luder band depends on the 

microstructure and test temperature [20]. Originally, it was thought that this macroscopic strain 

localization occurs only in tension since homogenous deformation occurs in compression. However, 

this is not the case, since macroscopic localized deformation bands were observed in bending, 

twisting, and other deformation modes. Also, it is known that the number of MBF increases with 

increasing the strain rate (Fig.  1-2) which is due to the latent heat generation/absorption and heat 

exchange with the environment [21].  

This macroscopic strain localization becomes a problem tensile-tensile cyclic deformation because 

large deformation occurs locally even if small deformation is prescribed externally, which turns in a 

low cycle fatigue failure in places where MBFs move. On the contrary, if the cyclic deformation is 

homogeneous (without the band front motion) the material shows a much larger number of cycles till 

failure in low cycles fatigue experiments. This is demonstrated in figure 3.NiTi ribbon cycled in 

tension with a moderate mean strain (e.g. 휀𝑚𝑒𝑎𝑛 = 3.5%) and large nominal strain amplitudes (e.g. 

in Cases I-V, Fig.  1-3a) show about 200 cycles till failure regardless of the applied strain amplitude. 

In this regime, the stress-plateaus exist on the stress-strain curves and the MBFs move to/from 
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particular sample locations. Parts of the sample cyclically swept by the moving fronts are illustrated 

in Fig.  1-3b while others remain loaded only elastically. The grains within the active zones undergo 

repeated A→M phase transformation and local cyclic strain 휀𝑀 ≈ 6%, which turns into a large 

microstructural damage accumulation there, while no damage occurs elsewhere. With decreasing 

external strain amplitude (cases IV-VI), as the area of the active zones decrease  

 
Fig.  1-1 a) Martensite band fronts (a, c) propagating during the tensile test on NiTi ribbon (b) [16]; c) The macroscopic 

response of a dog-bone specimen cut parallel to the RD with corresponding DIC images. The macroscopic response is the 

spatially averaged strain value from each DIC image plotted vs. the MTS stress value [6]. 

 
Fig.  1-2  Martensite band patterns at a fixed nominal strain of 3% under different strain rates [21] 

and the deformation becomes gradually homogeneous, the number of cycles till failure increases. The 

fatigue failure cracks always nucleated within active zones (in cases I-IV), as it is illustrated in Fig.  

1-3b, but not necessarily for the smallest strain amplitudes (V-VI)  where the cyclic deformation 

gradually became homogeneous and the terminal fatigue crack possibly nucleated away from the 

active zones, preferentially in the highly deformed elastic martensite [17]. 
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Besides, in the case of small external amplitudes and various men strains (Fig. 4), there seems to be 

a difference between cases, where MBFs exist in the sample but remain immobile upon cycling (cases 

II and III in Fig. 4) and cases when there is no mobile MBF at all (cases I and IV in Fig. 4)  [17]. But 

the number of cycles till failure (~15000 and ~20000 cycles, respectively) is significantly larger than 

~200 cycles in cases when MBFs move upon cycling (Fig. 3). 

 
Fig.  1-3  (a) nominal cyclic stress-strain response. The dashed lines represent the iso-thermal curve, and the solid black, 

blue, and red lines respectively show the 1st, 100th and final cycle before the rapture. The nominal mean strain is 3.5% and 

the nominal strain amplitude ranges from 1.5% to 0.25%; (b) The associated Lüders-like band evolution. Active zones are 

indicated in the dashed area in cases I-V. Case VI without an active zone. The final fractures specimens are shown where 

the red arrows denote the position of the fatigue crack nucleation [17] 

So far, we have discussed the localized macroscopic deformation of polycrystalline NiTi due to 

inherent material instability and claimed that it leads to a drastic reduction of fatigue life. However, 

the macroscopic strain of cycled superelastic NiTi components becomes localized also due to 
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geometrical reasons (stress risers). Macroscopic strain localization in cyclically deformed NiTi 

components is thus due to both material and geometrical instability at stress risers [6] (see Fig.  1-5).  

 
Fig.  1-4 (a) Indication of applied fatigue boundary conditions: fixed nominal strain amplitude od 0.25% (without active 

zones) with different nominal mean strains; b) the deformation domains and the final fractured specimens in the fatigue 

tests; c) The dependence of the fatigue life on nominal strain [17] 

Besides MBF relates issues, premature failure originating from stress concentrations in NiTi induced 

by geometrical stress raisers (internal micro-notches, surface cracks, inclusions, voids, cavities, etc.) 

was frequently reported in the literature. In particular, brittle inclusions near the surface [22,23] are a 

well-known source of premature fatigue failure of NiTi. Indeed, affiliated to stress concentration 

effect, the martensitic phase transformation takes place preferably locally at the place of geometric 

stress raisers [24,25] and turns into a complex local stress and strain redistribution, which can 

dramatically modify the driving force parameters [26–30] and may play an important role in crack 

nucleation and propagation under fatigue loading conditions. Of course, the best way to improve 

fatigue performance is to eliminate stress risers (eliminate and/or decrease the size of inclusions). 

This is the goal of metallurgists producing NiTi for medical device applications. Alternatively, if we 

cannot get rid of the stress risers, we need to understand the mechanics of deformation under complex 

stress and strain field surrounding them. 
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Fig.  1-5 a) full-field evolution of band localization; b) strain localization in a non-homogeneous stress field at the notch. 

The colormap represents the development of lobes around the notch, which initiates at the notch root and further extends 

towards into two symmetrically oriented bands since the strain increases [6]  

Thus, beyond the necessity of experimental observations and measurements, the accurate 

determination of mechanical fields near notches/cracks, employing realistic stress-strain constitutive 

relations of SMA material, are of fundamental importance for the improvement of fatigue 

performance of NiTi. As the analytical models are often accompanied by mathematical difficulties 

and are much more complicated than the numerical ones, the combined numerical models and 

experimental methods can be used to investigate the cyclic evolution of martensitic transformation 

and plastic deformation phenomena around the cracks and notches, and their impacts on the local 

mechanical gradients.  

Also, the cyclic behavior of SMAs could be stable, or unstable by the accumulation of irreversible 

strains [31,32]. The irreversible strains could be categorized into two types. The first type corresponds 

to the accumulation of irreversible strains during cyclic loading conditions −forward and reverse 

transformation between austenite and martensite− at stresses below the yield stress of the individual 

phases, the so-called transformation induced plasticity (TRIP). The effect of TRIP on macroscopic 

response can be seen as the changes in characteristics of the material, for example, the gradual 

changes in transformation strain, plateau stress, transformation temperatures, and the size and/or 

shape of the thermomechanical transformation hysteresis loop, which often could be induced by 

damage accumulation in the microstructural level, e.g. dislocation bands accumulation, redistribution 

of internal stresses −caused by gradual accumulated local plastic strains−, accumulation of internal 

defects, micro-cracks and voids nucleation, the evolution of remnant martensite, and the incremental 

increase of non-transforming austenite within the shear bands [31–36]. The second type of irreversible 

strain deals with the conventional plasticity induced by activation of slip systems at stresses exceeding 

the yield point of the α-phase1 [37,38]. While there are many experimental shreds of evidence 

showing that in cyclic loading conditions, SMAs exhibit unstable response −e.g. [35,39–41] −, most 

of the models which are used to predict the thermomechanical cyclic response of SMAs assume the 

 
1 α can refer to each martensite and austenite phases. 
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stable material response −e.g. [42–48]−, and just a few models consider the TRIP −e.g. [36,49–53]−, 

and rare models have taken into account the conventional plasticity [54–57]. Therefore, the local 

cyclic phenomena at the stress risers in SMAparts, have never been analyzed by including the 

conventional plasticity.  

The present thesis provides a comprehensive experimental evaluation of the local cyclic evolutions 

of strain fields and the martensite volume fraction around the notches in thin NiTi ribbons both in 

superelastic and shape memory regimes, and their correlated numerical predictions of the local and 

global evolutions of full-field mechanical gradients and volume fraction of martensite, and most 

importantly, their interaction with conventional plasticity at the root of the notches. 

1.1.1.  Initiation and propagation of fatigue cracks  

In general, it is well-known that the fatigue resistance of metals is related to the initiation of fatigue 

cracks at the surface and propagation towards the bulk, particularly under cyclic tension.  

In the absence of any heterogeneity, the surface cracks are initiated as a result of cyclic plastic 

deformation [38, 39]. Even if the nominal stresses are well below the elastic limit, persistent slip 

bands (PSBs) form due to dislocation dipole interaction and give rise to stress and strain concentration 

which results in the nucleation of cracks at the surface. According to the simple Wood’s model (Fig.  

1-6) [58], upon the rising of the external load, slip arises on a favorably oriented slip-plane. Upon 

unloading, slip occurs in the reverse direction on a parallel slip-plane, since slip on the first plane is 

inhibited by strain hardening and/or by oxidation of the newly generated free surface. This first cyclic 

slip can form an extrusion or an intrusion in the specimen’s surface. An intrusion can turn into a crack 

by continuing plastic flow over the subsequent cycles (Fig.  1-6). If the fatigue loading is cyclic 

tension-tension this mechanism can still work since the plastic deformation occurring at the increasing 

load will give rise to residual compressive stresses during load release, due to the strain 

incompatibility between the plastically permanent deformed zone and the surrounding elastic 

ligament which tends to return to its original place during unloading. 

In this way, the intrusion/extrusions upon continuous cyclic loading will intensify and eventually 

create a geometrically surface imperfection (notch effect) and a micro crack will finally initiate from 

the intrusion/extrusion; this simply describes the theory of how a fatigue crack will initiate in 

conventional metal deformed by cyclic plasticity via dislocation slip. If the compression-compression 

fatigue load is applied, the dislocation movement is mainly inwards (barring a few dislocations which 

could go in the other directions). Thus, the potential of intrusion/extrusion to form  ̶ the primary 

phenomenon which governs the fatigue durability ̶  is inhibited or at least significantly delayed; such 

that, a longer fatigue life (higher fatigue strength) in compression cycling is seen.  

 
Fig.  1-6 Wood's model for fatigue crack initiation [58] 
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The cyclically deformed SMAs as NiTi, however, do not deform via dislocation slip but via stress-

induced martensitic transformation. No one has ever seen a persistent slip band in cyclically deformed 

NiTi. This mechanism of homogeneous nucleation of cracks at the surface thus cannot be adopted for 

NiTi.  

The issue also can be explained from another point of view: fatigue failure is induced by crack growth. 

If the stress state is ever in compression the crack is not prone to growth. In general, there is 

remarkably more energy needed to crush out the atoms, than that required to elongate and release 

them out of the bonds. Accordingly, in the present thesis, the focus is put on the cyclic loading 

conditions under the tensile loads, either in superelastic or shape memory regime.  

1.2. Thesis outline 

This Ph.D. dissertation focuses on understanding of the evolutions of the martensitic transformation 

and plastic deformation at the stress risers of superelastic and shape memory NiTi components 

subjected to monotonic and cyclic loading, and their impacts on the cyclic evolutions of the 

mechanical gradients around the stress risers. 

Chapter 2. includes a brief introduction on the martensitic transformation which isfollowed by the 

applications of SMAs. Then, the state of the art on the functional and structural fatigue of SMAs is 

reviewed. At the end, the studies on the issue of the stress risers in SMAs is reviewed. 

Chapter 3 is on the materials and methods. 

In Chapters 4 and 5, the performed research is discussed on the phenomena in the superelastic regime 

in notched thin NiTi ribbons, where the material undergoes iso-thermal mechanical monotonic/cyclic 

loadings. In particular, in chapter 4 the role of stress raiser in conjunction with plasticity on the cyclic 

evolution of martensitic transformation is studied experimentally and numerically. In chapter 5 the 

role of both plasticity and martensitic transformation on the stress concentration factor in SMAs is 

studied numerically.  

In Chapters 6 and 7, the phenomena in shape memory regime are analyzed in notched thin NiTi 

ribbons, where the material undergoes thermal cycling under an external bias force (thermal actuator 

SMAs). In chapter 6, the effects of the thermo-mechanical boundary conditions are studied 

numerically on the local cyclic evolution of martensitic transformation and mechanical gradients. In 

chapter 7, the role of plasticity on the local and global evolutions of the martensitic transformation, 

and mechanical fields are studied numerically and experimentally. 

Finally, in chapter 8, the effects of the design of the self-expanding NiTi stents on their mechanical 

interaction with the artery and their fatigue performance are examined by numerical simulations. 
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CHAPTER 2. STATE OF THE ART 

2.1. Martensitic phase transformation in NiTi alloys 

The description of the peculiar properties of NiTi shape memory alloys can be addressed in the 

crystallography and thermodynamics of SMAs [59–61]. Each phase has a different crystal structure, 

thus, different thermo-mechanical characteristics. Parent austenite (A) is the stable phase at high 

temperatures which is usually a body-centered cubic crystal structure, while the martensite (M) is the 

stable phase at low temperatures and is tetragonal, orthorhombic, or monoclinic.  

The lattice of the high-temperature austenite phase has greater crystallographic symmetry than that 

of the low-temperature martensite phase. The phase transformation from cubic austenite to 

monoclinic martensite is called the forward transformation. Every single formed martensitic crystal 

can have a different orientation, the so-called variant [62]. The number of variants depends on the 

change of symmetry during transformation. The monoclinic martensite phase in Nitinol forms in plate 

groups were four variants with habit plane (551) cluster about six <011> poles, resulting in 24 

possible variants [63]. 

In a stress-free state, SMA materials have four characteristic transformation temperatures identified 

by: 

- Ms and  Mf, start and finish temperatures for the forward transformation (A to M)  

- As and Af, start and finish temperatures for reverse transformation (M to A) 

In the following, the thermodynamics of phase transformation is briefly explained attributed to shape 

memory effect and superelasticity:   

1.1.2.  Shape memory effect 

At a stress-free state, when the material is in the austenite phase at high temperatures, upon cooling 

the austenite transforms to martensite. There is no reason why the entire crystal should transform 

from the austenite to a single variant of martensite. Indeed, it does so in a very special manner, the 

different regions of the crystal transform to different variants of martensite (see path 1-2 in Fig.  2-1a, 

Fig.  2-2a, and Fig.  2-2b) in such a manner that there is no commitment of macroscopic change in 

the shape of the crystal (no macroscopic strain induces upon the path 1-2, see Fig.  2-2a). In other 

words, when austenite transforms to martensite under no stress, multiple martensite variants and twins 

−crystallographically equivalent but with different orientations differing only by habit plane− form 

with enough orientations which interdict net distortion (see path 1-2 in Fig.  2-2b). This 

transformation of the austenite to a microstructure of martensite with no net change in shape is known 

as self-accommodation [60,64].  

Now, when the crystal is exposed to the external load (path 2-4 in Fig.  2-1a and the associated path 

2-3-4 in Fig.  2-2a-b), it can accommodate the deformation by either distortion of the crystal lattice, 

or by a simple rearrangement of the variants to form a new microstructure. The former costs energy; 

thus, the latter is preferred, and dissimilar variants begin to convert to a single variant determined by 

alignment of the habit planes with the direction of loading (the pairs of martensite twins begin  
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Fig.  2-1 Schematic representation of Shape Memory Effect in path 1-2-4-2’-1, and superelasticity in path 1-6-1, within 

the critical stress-temperature space 

 
Fig.  2-2  [64] a) schematic representation of Shape Memory Effect in path 1-2-3-4-2’-1, and superelasticity in path 1-5-6-

7-1, within the critical stress-strain-temperature space; b) shape memory effect, the evolution of variants upon path 1-2-3-

4-2’-1; c)superelasticity, the evolution of variants upon path 1-5-6-7-1 
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detwinning to the stress-preferred twins, see path 2-3-4 in Fig.  2-2b), thus have equivalent energy. 

In consequence, changing microstructure induces a crystal change - and inelastic strains- without 

alternating its energy. Upon unloading (path 4-2’ in Fig.  2-1b), since the deformed martensite and 

the self-accommodated martensite have identical energy, there is no objective that the crystal to again 

convert to multiple variants (see path 4-2’ in Fig.  2-2b); therefore, only a small elastic strain is 

recovered, leaving a large residual strain (see path 4-2’ Fig.  2-2a-b). 

The retained inelastic strains are then recovered by heating (path 2’-1 Fig.  2-1b and Fig.  2-2b) and 

the martensite variants transform back to the single variant austenite phase. Hence, disregarding the 

microstructure and configuration of the crystal at low temperature, it must return to its original shape 

in austenite. Consequently, the shape memory property is affiliated to the energy states and the ability 

of the material to change the microstructure freely and there is a clear link between the macroscopic 

behavior with the crystallography and microstructure.  

1.1.1.  Superelasticity 

If the SMA material is in the austenite phase (parent phase at T>Af), when stress is applied (see path 

1-6 in Fig.  2-1b, and the corresponding path 1-5-6 in Fig.  2-2a & Fig.  2-2c) specific variants of 

martensite will be formed preferentially. When the transformation is finished, the material will be in 

stress-induced martensite consisting of a single variant of detwinned (stress-induced) martensite. 

Upon unloading −since the martensite is not the stable phase in unstressed state at T>Af – a reverse 

phase transformation takes place. The corresponding recovery of high inelastic strains during 

unloading yields an identifying hysteresis (loop 1-5-6-7-1 Fig.  2-2a), known as superelasticity 

(pseudoelasticity). 

2.1. Nonequilibrium Stress-Temperature Phase Diagram of Shape Memory Alloys 

The thermodynamic stability of austenite and martensite phases depends on the external stress and 

temperature. A nonequilibrium phase diagram for shape memory alloys shows regions of the stability 

of austenite and martensite phases in stress-temperature space mutually separated by 4 transformation 

lines (Fig.  2-3a). The slope of transformation lines is given by the Clausius-Clapeyron equation and 

the mutual separation of transformation lines depends on the hysteresis associated with the phase 

transformation. Mf, Ms, As, and Af are the transformation temperatures determined in free-stress 

conditions. Under the applied stresses, the transformation temperatures increase linearly with 

increasing stress; i.e. under the applied external stress 𝜎𝑎, transformation temperatures 

𝑀𝑠
𝑎 , 𝑀𝑓

𝑎 , 𝐴𝑠
𝑎  𝑎𝑛𝑑 𝐴𝑓

𝑎  can be determined [42,65,66]. In Fig.  2-3, A, Md and Mt, represent the austenite, 

detwinned martensite, and twinned martensite, respectively. The red strip in Fig.  2-3a corresponds 

to the transformation from Md to A, either during unloading (b→a) or heating (a’→b’), and the blue 

stripe represents transformation between A to Md, either due to loading (a→b) or cooling (b’→a’). 

Below the Mf temperature in stress-free conditions, the material is in twinned martensite and by an 

iso-thermal applied mechanical loading, the martensite detwinning would proceed (a”→b”). Cooling 

the austenite under low applied mechanical stresses (𝜎 < 𝜎𝑠) results in transformation from A to Mt. 

Strain-temperature and stress-strain curves corresponding to the paths a-b, a’-b’ and a”-b” are shown 

in Fig.  2-3b to Fig.  2-3d. 

It does worth noting that these transformation boundaries shown in Fig.  2-3a, are not necessarily 

linear and are only represented as such for this schematic illustration. A more descriptive presentation 
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of these transformation regions and their optional representations can be found in the literature 

[42,67]. Also, polycrystalline SMA materials often show significantly different transformation 

behavior in compression as opposed to tension. This tension/compression asymmetry is not accounted 

for in this description, but a complete discussion can be found in [68]. Additionally, the R-phase 

transformation paths are not shown in Fig.  2-3a [69–71].  

 
Fig.  2-3 a) Schematic phase diagram of shape memory alloys, b) Mt detwinning to Md in loading path a”-b”, c) Md↔A 

transformation under stress upon loading path a’↔b’,  d) Md↔A transformation upon loading path a↔b 

2.2. Applications of NiTi alloys 

1.1.2.  Superelastic NiTi (SE) 

▪ Self-Expanding Stent 

One of the targets in modern surgery is to use less invasive techniques using small, leak-tight tools 

into the body called trocars. Unique properties of SMAs are utilized in a wide range of medical 

applications. The self-expanding NiTi stents are cylindrical mesh thin-walled devices produced either 

from wires, laser cut tubing, and laser welded or coiled striped etched sheets [64]. The superelastic 

NiTi stents are first crimped and pushed into the catheter when the catheter is in the correct site of the 

defect in the artery, the SE stent is released, and then it expands in opposition to the inner wall of the 

artery due to either a rise in temperature (induced by the recovery of the original configuration by 

heating to the above of its Af, into the body) if shape memory effect is in use or just due to the releasing 

the load if superelasticity property is in use. This resolves the local artery’s occlusion and re-opens 

the vessel to reach its normal flow of blood (see Fig.  2-4a). Then the delivery catheter is removed, 

leaving the stent in the patient’s vessel. The most targeted sites reported are cardiovascular, superficial 

femoral, and popliteal arteries. Just in one case of them, there are over ~8 million US and ~200 million 

global patients suffering from peripheral artery disease, due to recent studies by Fowkes et al. [72] 
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and Rogers et al.[73]. It is shown that implantation of a self-expanding stent gives better outcomes 

than the classic balloon angioplasty [74,75].  

Different sites within the stent’s structure are loaded to different stress levels during the crimping 

(into the catheter) stage of the deployment process and when it is released from the catheter, undergo 

fatigue loading induced by heart pulsation. Thus, in a unique structure, there are a variety of fatigue 

loading amplitudes (see red arrows in Fig.  2-5) conditions at different locations of a deployed stent. 

This will be further discussed in CHAPTER 8.  

Esophageal stents are commonly used for a variety of purposes. The most usual indication of 

esophageal stents is for the treatment of malignant dysphagia, benign esophageal strictures, fistulas, 

and leaks (see Fig.  2-4b). 

 
Fig.  2-4 a) cardiovascular application of NiTi self-expanding stents; b) Esophageal stents 

 
Fig.  2-5 stress-strain response of the material depending on the position and the local response 

▪ Bypass heart surgery 

nitinol ‘open heart stabilizers’ are used in open-heart bypass surgeries to prevent regional heart 

movements upon operating (Fig.  2-6). 

 
Fig.  2-6  nitinol open heart stabilizers 
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▪ orthopedic implants 

since nitinol has similar stress-strain properties to the bone, it is a perfect alloy to produce bone 

fixation devices and other trauma implants. SMAs have beneficial characteristics concerning the 

conventional bone fixation plates since they can apply a constant force that turns into a faster bone 

fracture healing [76]. One example is the widely used SE memory staples which is an effective 

alternative for fixation to screw or classic plate fixation. Delivered at ambient temperatures, the 

Nitinol staples structure induces balanced pushing forces. They are pre-loaded with a particular pincer 

(Fig.  2-8); the legs are then inserted into the guided pilot holes (Fig.  2-7). Since the force is released, 

the memory of the alloy exerts an immediate and continuous compressive force on the legs. The 

compression maintains throughout treatment [77]. 

 

Fig.  2-7  Nitinol superelastic orthopedic staples [77] 

 
Fig.  2-8 Particular pincer  to preload the Nitinol superelastic orthopedic staples upon implementation [77] 

▪ Seismic applications 

 Several active, passive, and hybrid energy absorption and vibration isolation devices have been 

developed utilizing NiTi SMAs. The passive control method utilizes the pseudoelastic behavior of 

NiTi. Outstanding characteristics of superelastic SMAs such as high damping capacity, ability to 

recover large strains without any residual deformation even after strong ground excitations, resistance 

to fatigue when undergoing small strain amplitudes upon earthquake, besides their corrosion and 

durability make them an effective candidate in designing the damping devices and base isolators as 

passive control systems and seismic isolation. The results from the global reports show the 

effectiveness of their application to control and enhance the response of structures when prone to the 

quake [78–80].  
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2.2.1. Shape Memory NiTi 

▪ orthopedic implants 

 There are a variety of orthopedic implants utilizing the shape memory effect of the nitinol [64,81]. 

An example is the compression shape memory staples, also used for internal bone fixation.  Their 

action is very similar to the SE memory staples explained above. The difference is that when inserting 

into the tissue the material is in martensite state. Then, a predefined electric current is passed through 

the fixator heating it to the above Af to recover its designed closed shape and fix the fractured site in 

compression [82] (Fig.  2-9).  

 
Fig.  2-9 the compression shape memory staple, a) open shape in the martensitic state, b) closed configuration in austenite 

(by passing an electric current) after inserting into the targeted tissue joint [82] 

▪ Thermal actuators 

Shape memory alloys are widely used as thermal actuators, in several fields such as robotics [83], 

biomimetics [84,85], heat engines [86–88], and sun-tracking system for solar panel system [89,90]. 

Actuators based on SMA show a higher power-to-weight ratio compared to other actuating 

technologies [91] (Fig.  2-10. Moreover, their operation is achieved with no need for the frictional 

and vibrating parts, making the SMA actuators to be designed in a compact volume/size and 

significantly more silent. An additional advantage of the SMA making them a valid alternative for to 

the conventional actuators is that they can work in a liquid environment with no loss of their 

functionality and mechanical properties. 

The SMA elements used in the thermal actuator can be in different configurations based on the 

application’s requirements [92]: 

• Straight wire/ribbon in tensile mode → large linear motion/high force 

• Torsion bar/tube → large rotation, small torque 

• Cantilever strip → large displacement, the small force 

• Belleville-type discs → small linear motion, high force 

• Helical spring → large linear motions/rotation, small force/torque 

For the realization of cyclic movements in an SMTA mechanism, external forces should be applied 

to the SMA element either by a constant force from a dead load or variable forces supplied by bias 

elastic springs [69,93–99]. The shape memory element is pre-loaded either in martensite or austenite 

states (based on the design requirements), then is exposed to the heating -cooling cycles, thus frequent 
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phase transformation between austenite and detwinned martensite (Fig.  2-11b), during its function. 

The forward and reverse phase transformations between the two phases induce a thermal hysteresis 

(Fig.  2-11a). Among a variety of available SMA alloys, NiTi alloys remain to be a preferred choice 

for SMA applications [92,100] thanks to their good workability, structural properties, and excellent 

stability of functional properties [101,102]. Despite their excellent properties in comparison to other 

SMAs, however, the poor fatigue behavior of NiTi alloys compared to conventional materials hinders 

their wider use [103]. 

 
Fig.  2-10 Diagram showing the power/weight ratio versus the weight of different actuation technologies. Low-weight 

SMAs show better performances concerning traditional actuators [91]. 

 
Fig.  2-11 Schematic of the: a) strain-temperature response, and b) stress-strain loading path of an SMA actuator element; 

preload is applied in austenite phase (or martensite), then the material undergoes heating-cooling thermal cycles under 

constant stress 

2.3.  Fatigue of NiTi alloys 

Fatigue in SMAs can be classified as [104]: functional fatigue and structural fatigue. Functional 

fatigue addresses the degradation of the functional properties of the material over the repeated either 

mechanical or thermomechanical cycles. Examples are shrinking the transformation hysteresis loop, 

accumulation of unrecovered strains, and shift of the transformation temperatures. Structural fatigue 

is associated with the fatigue crack initiation and propagation which results in the rapture of the 

specimen over the cyclic loadings. Both issues have been attractive in the field mimicking the safety 

and functionality of the engineering design of SMA systems. The majority of the studies in the 

literature on the fatigue of SMAs have used the stress-controlled tests and stress-life representation 
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of fatigue, however, there are a variety of studies in which the strain-controlled test method is used. 

Superelastic SMAs have been used either in the systems where the SMA element is supposed to 

undergo force −such as reinforcing bars in concrete bridges and endodontic files− and where they are 

expected to undergo cyclic deformation controlled by a strain range −such as arterial self-expanding 

stents−. The following sections will briefly review the state of the art on the structural and functional 

fatigue of nitinol, respectively.  

1.1.3.  Structural Fatigue 

Generally, the cyclic martensitic transformation can occur either by pure ‘mechanical cyclic loading’, 

i.e. applied stress/strain in a constant temperature in superelastic regime (path a-b in Fig.  2-3a); or 

‘thermomechanical cyclic loading’, by heating/cooling under applied mechanical load in shape 

memory regime (path b’-a’ in Fig.  2-3a).  

▪ Bending & rotation-bending 

At the early stage of applications of SMAs, and more specifically nitinol, they were mainly being 

used in the form of wires. Thus, the first studies on the fatigue of SMAs were focused on bending 

and/or rotation-bending of nitinol wires [105–110]. Additionally, the development of applications of 

SMAs in orthodontic archwires has pioneered the motivation of the rotary bending tests [111].  

 

Fig.  2-12 In The test branch used by Figueredo et al. [109] in rotary bending fatigue tests, one side of the wire (E) is 

rotated with a motor (A). The opposite end of the specimen could rotate freely inside a hole drilled in a steel cylinder 

mounted in a small ball bearing (C) 

Figueiredo et al. [109] analyzed the low-cycle fatigue of superelastic NiTi SMA wires, by the strain-

controlled rotating-bending tests with the applied strain amplitudes from 0.6% to 12% (Fig.  2-12). 

They found a ‘‘Z-shaped’’ 휀𝑎 − 𝑁𝑓 curve, which demonstrated an increased fatigue life with the 
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increase in the applied strain amplitude within a specific range. In other words, it shows that in a 

range of 1-10% strain amplitude, the bigger the applied strain the longer the lifetime (Fig.  2-13). 

Tobushi et al. [105] studied the low-cycle rotating-bending fatigue of the NiTi SMA wires in air, 

water, and silicon. They observed that the type of temperature controlling media has a minor effect, 

while the test temperature significantly influences the fatigue life in tests performed in water in the 

low cycle fatigue regime (Fig.  2-14).  

Sawaguchi et al. [8] performed the rotating-bending fatigue experiments on nitinol wires (Fig.  2-15a). 

They showed that the effective parameter in the fatigue life is the maximum tensile and compressive 

strain amplitudes 휀𝑎 in the surface of nitinol wires (Fig.  2-15b-e). Accordingly, they showed that the 

low-cycle fatigue rapture occurs at strain amplitudes beyond 1% while reducing the amplitude below 

1% significantly increases the number of cycles to failure. Further, their results showed that at strain 

amplitudes less than 0.75% the fatigue induced rapture does not happen up to 106 cycles.  

 
Fig.  2-13 Z-shaped Strain-N curve obtained upon rotary bending fatigue of NiTi wires, redrawn from [109] 

 
Fig.  2-14 Strain amplitude vs. fatigue life: (a) in water and silicone oil; (b) at various test temperatures in water [105] 

Wagner et al. [107], investigated the effect of wire diameter and rotational speed (frequency) on 

fatigue rupture behavior in their bending rotation fatigue experiments and outlined that the 

dependence of fatigue life on wire diameter and rotational speed is no longer observed when the 

bending rotation fatigue experiments are conducted in a silicon oil bath at a constant temperature or 

low rotational speeds in air. The reason could be the fact that the main roles of the loading frequency 

and the wire’s diameter are the heat generation effect and the ability to exchange the generated heat 

to the environment, respectively. Nevertheless, when there is an infinite temperature control media 

which supplies the iso-thermal conditions during the test, these effects would miss their importance. 

It is more sensible when referring to the work done by Sawaguchi et al. [8], where they found out that 

the wire’s diameter and the loading frequency have significant effects on the number of cycles to 
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failure, especially in the low-cycle fatigue regime in air. This is due to a temperature increase in the 

wires that occurs as a consequence of the movement of martensite/austenite interfaces during the 

stress-induced formation of martensite. 

 
Fig.  2-15 a) bending rotation fatigue test rig used by Sawaguchi et al. [8]: 1-SMA wire subjected to fatigue loading by 

bending-rotation, 2-loading rotation grip connected to the motor, 3-bearing, and 4 and 5-measurement and display of 

fatigue cycles, b) Schematic drawing of a wire (diameter d) bent into a semicircular shape (radius of curvature R) and an 

x-y coordinate system attached to the central cross-section, c) cross-section of the wire, d) strain distribution across the 

wire, e) stress distribution across the wire. Redrawn from [8] 

▪ pure shear and uniaxial tests  

Even though Duerig et al. [112] in 1999 showed that the data acquired from the rotation-bending 

experiments can be equivalently utilized to predict the fatigue life under other types of loading 

conditions, however, the researchers have extended the experimental investigations into pure shear 

and uniaxial tests on the solid-bar, wires and tubes with large cross-sections as required (to prevent 

the buckling) [23,27,41,113–117].  

 
Fig.  2-16 Stress amplitude vs. fatigue life [115] 
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Melton and Mercier’s [27] conducted force-controlled tests in a fully reversed condition (R= -1). 

They observed that fatigue behavior has a strong dependence on the metallurgical phases of the 

material. Superelastic nitinol exhibited higher fatigue resistance compared to the mixed-mode and 

martensitic nitinol. Further, in the superelastic regime, fatigue life increases by increasing the test 

temperature. 

Moumni et al. [41,115] examined the effects of stress amplitude and mean stress on the fatigue life 

(Fig.  2-16) and indicated that compressive mean stress has a beneficial effect on the fatigue behavior 

of the alloy because it tends to close the probable micro-cracks or other types of microstructural 

defects, while tensile mean stress turns in an opposite effect. 

Tyc et al. [118], performed tensile fatigue tests on nitinol superelastic thin wires and studied the effect 

of cold work/heat treatment on fatigue performance. The strain-controlled tests were done beyond the 

end of the superelastic plateau at a constant temperature. They found that heat treatment plays a 

significant role in the fatigue life of the nitinol wires since different heat treatments make difference 

in the magnitude of the material’s maximum transformation strain; i.e. the larger the transformation 

strain the lower the fatigue life. Minor enhancement of fatigue behavior was also observed using a 

proper degree of cold work and heat treatment and the degree of impurities in works by Rahim et al. 

[119], Pelton et al. [120], Schaffer and Plumley [121], and Schaffer [122].  

 
Fig.  2-17 Comparison of the superelastic response of the tested wires subjected to different types of annealing a) 1st cycle 

after annealing, b) the last (slow) cycle before failure, c) dependence of the number of cycles to failure on transformation 

strain, redrawn from [118] 

In SMAs the strain-controlled fatigue tests are more deterministic since in a very narrow stress range 

the material undergoes large strain hysteresis and the stress-controlled experiments cannot capture 

the precise role of the martensitic transformation (such that the cyclically evolved volume fraction of 

martensite) in the fatigue performance, even though volume fraction of the stress-induced martensite 

was found to be a key parameter affecting the fatigue behavior of the superelastic Nitinol. It is known 

that for the conventional metallic alloys a positive tensile mean stress/strain can dramatically tend to 

drop in fatigue life, while it was reported that tensile mean strain does not necessarily decrease the 

fatigue life of nitinol alloys and for a range of tensile mean strains, the fatigue life of the nitinol alloys 

increases by increasing tensile mean strain [123][124]. Morgan et al.  [124]  reported longer fatigue 

life for nitinol specimens with a 6% mean strain compared to those with 4% and 2% mean strain, 

undergoing the same strain amplitudes. This behavior is not typical for conventional metallic alloys 

(Fig.  2-18).  
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Mahtabi et al. [125] studied the effect of mean strain on the fatigue behavior of round dog-bone 

superelastic NiTi specimens at room temperature under uniaxial loading conditions. Their results 

showed that the mean strain has a significant effect on the fatigue of nitinol. Especially, the data from 

fully reversed loading indicates the significant decrease in fatigue life when the strain amplitude 

exceeds 1% where the transformation strains evolve, and the partial stress-induced martensitic 

transformation participates in the material’s deformation mechanism. Similar results can be found in 

[126,127]. Their results also indicated a linear relationship between the strain amplitude and the 

fatigue life for in all Rε  values (Fig.  2-19).  

 
Fig.  2-18 Idealized diagrams of the stress/strain hysteresis profiles of the samples cycled at an alternating strain of a) 

1.5% and b) the samples cycled at 0.5% mean strain; c) Cycles to failure of NiTi samples (38ºC) [124] 

In section 1.1. the work done by Zheng et al. [17] was presented, where they fundamentally address 

the role of the mean strain and strain amplitude on the mobile band fronts (MBFs), which in turn 

reveal their effects on the low-cycle fatigue of NiTi.  

 
Fig.  2-19 Strain-life fatigue data for several 𝑅𝜀 values [125] 

▪ Micro-tubes 

In the case of nitinol stents, the design based on predictions obtained from the large specimens (wires, 

plates, tubes, and solid cylindrical elements) is tricky. In fact, since the size of the micro-tubes used 

in stent production (wall thickness around a few hundreds of microns) is physically less than an 

apparent macro-crack, the familiar crack propagation does not take place in fatigue failure of nitinol 

stents and the fatigue is phenomenologically different from those large components. Consequently, 

to avoid a non-conservative fatigue life prediction of stents it is necessary to directly perform fatigue 

tests on stents, or if not possible on micro-tubes used in their production, as it was done by Song et 
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al. [108,128–130], Wang et al. [131] and Matsui et al. [108]. Song et al. [128] studied the uniaxial 

fatigue failure features of superelastic NiTi SMA micro-tubes by doing a set of stress-controlled 

tensile/compressive fatigue experiments at 37°C. They concluded that the degree of martensite 

transformation that occurred during the cyclic deformation greatly influences the uniaxial fatigue 

failure of super-elastic NiTi SMA micro-tubes, and the fatigue life with more complete martensite 

transformation is shorter than that with incomplete one. Matsui et al. [108], performed tensile and 

rotation-bending experiments on superelastic nitinol thin wires and nitinol thin tubes. They observed 

the steep slope in the low cycle region of the strain-life fatigue curves of both nitinol tube and wires 

and a strain limit for infinite life between 0.6% and 0.8%. As well, they observed that in the tube, 

fatigue cracking initiates on the rougher inner surface, resulting in a shorter fatigue life than in the 

case of the wire.  

1.1.4.  Functional fatigue: Unrecovered Strains 

In theory, the stress-strain-temperature responses of NiTi elements shall be fully reversible for 

millions of cycles if loaded within the material’s specific limits, since they are evolved by the 

reversible deformation processes induced by martensitic phase transformation. These limits, for 

instance, for superelastic NiTi wires are rough: stresses below 1GPa strains less than 7% and 

temperature<100°C − depend on alloy’s composition and the specimen’s (preparation) history [61]−. 

In reality, however, upon cyclic loading lattice defects are introduced, microstructure evolves 

irreversibility and unrecovered strains are induced; which results in the gradual degradation of the 

functional properties over repeated cycles and the number of cycles till failure reduces to only a few 

thousand [40,132]. In general, the functional fatigue in the superelastic loading regime may refer to 

shrinkage of the mechanical hysteresis (reduction of the dissipated energy per cycle), change of the 

critical transformation plateau stresses, and accumulation of irreversible strains. 

The incremental plastic deformation, occurring upon mechanical or thermomechanical cycling in 

NiTi wires which is conventionally known as unrecovered strain −transformation induced plasticity 

TRIP-, can be due to [33,132]: i) the residual martensite remaining at low temperature due to the 

stress hysteresis (strains can be fully recovered by overheating above Af), ii) plastic deformation in 

austenite and/or martensite phase accompanying the martensitic transformation at ambient 

temperatures (strains cannot be recovered by further overheating far above Af), iii) residual martensite 

locked within the deformed microstructure at ambient temperatures (strains can be partially recovered 

by further overheating far above Af but not completely since they partially reappear upon cooling 

[133]), and iv) conventional plasticity via dislocation slip in austenite at high temperatures (strains 

cannot be recovered by overheating). A variety of studies have investigated the degradation of the 

functional properties and evolution of unrecoverable strains in superelastic NiTi elements under 

cyclic deformation [27,41,140,141,115,133–139]. 

Delville et al. [40] observed a larger amount of unrecovered strain for the wire with a bigger grain 

size (attributed to the operation of several slip systems in austenite) concerning that of wire with 

smaller grain size. Atli et al. [142] studied the influence of the crystallographic compatibility between 

martensite and austenite during the transformation process, on the residual strain and strain evolution 

in nitinol alloy during thermal cycling (under constant stress) at different pre-stress levels. They 

showed that the amount of residual strain evolved upon the initial few numbers of thermal cycles 

depends on the resistance to defect propagation of the SMAs; the parameter which can be controlled 
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primarily by grain size and the initial dislocation density. There are experimental pieces of evidence 

in the literature suggesting that dislocation defects are created along with twin interfaces in the stress-

induced martensite [142,143]. Heller et al. [34] found out that the unrecovered strains evolve upon 

both forward and reverse phase transformation and it increases exponentially with increasing stress 

and temperature, at which the forward and reverses martensitic transformations proceed. The induced 

unrecovered strain during reverse phase transformation was found to be comparable or even larger 

than that in the forward transformation stage in most of their superelastic and actuator tests on medical 

graded NiTi wires (the medical-grade NiTi wires are characterized by small unrecovered strains 

accumulating in thousands of cycles till failure).  

 
Fig.  2-20 a) experimental stress-strain response of a NiTi wire to repeated tension, b) residual strain evolution with the 

number of tension cycles, c) dissipated energy per cycle versus the number of loading cycles, d) experimental results for 

dissipated energy per cycle as a function of the number of cycles to failure [41] 

It is known that the unrecovered strains will reach a saturated value after a few tens of cycles under 

uniaxial and biaxial loading conditions (i.e. saturates) [41,115,130,144]. It means that the unrecovered 

strains evolved upon per single transformation cycle gradually reduces until it vanishes, and the 

materials approach to its stable cyclic behavior. The importance of the irreversible strains become 

more revealed when it was found out that it has a linear relation to the structural fatigue of NiTi 

material. Moumni et al. [41,115] showed that the stress-strain response of the material stabilizes after 

the first few tens of cycles and presented an energy-based low-cycle fatigue criterion correlating the 

plastic-like shakedown; they exhibited that the stabilized residual strain, thus the dissipated energy of 

the stabilized cycle, is a relevant parameter for estimating the number of cycles to failure of such 

materials (Fig.  2-20), which was also reported by Kang et al. [145] (Fig.  2-21c). 
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Kang et al. [145] performed the stress-controlled tension-compression fatigue tests on superelastic 

NiTi SMA bars to study the instability of the cyclic behavior upon fatigue test (Fig.  2-21a) and its 

effect on the fatigue life. They observed that the number of cycles has almost linear dependent on the 

stable dissipated energy per cycle. It is showed that the stabilized dissipated energy per-cycle, thus 

the stabilized ratcheting strain greatly depends on loading conditions; i.e. the peak stress, strain/stress 

amplitude, and mean strain/stress [129,145], and it directly is linked to the fatigue life (Fig.  2-21b-c) 

 
Fig.  2-21 a) Whole-life transformation ratcheting of super-elastic NiTi alloy in cyclic tension-compression tests with 

constant mean stress of 25 MPa and different stress amplitudes: curves of ratcheting strain εr vs. number of cycles N; b) 

Functional fatigue of super-elastic NiTi alloy in the cyclic tension-compression tests with constant mean stress of 25 MPa 

and different stress amplitudes: curves of dissipated energy Wd vs. number of cycles; c) Relationship of stable dissipated 

energy and fatigue life for the super-elastic NiTi alloy obtained in stress-controlled cyclic tests [145] 

 
Fig.  2-22 a) constant axial stress vs. fatigue life; b) plastic strain vs. fatigue life for the case of complete thermally 

induced transformation under constant stress [146] 

The direct relation between the accumulated irreversible strains at the stabilized cycle and the number 

of cycles to fatigue also has been reported in thermal cycling tests under constant external stress (i.e. 

under thermomechanical loading conditions) by Lagoudas et al. [146] (Fig.  2-22b). Lagoudas et al. 

[146] also observed that the heat treatment and the applied pre-stress have significant roles in the 

accumulated plastic strains −thus, on the fatigue life− of thermomechanical cycled NiTi wires [146] 

(Fig.  2-22a). 
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▪ Resolving the Unrecovered Strains in SMAs by Controlling the Microstructure 

Most of the commercially available nitinol alloys display permanent irreversible changes in their 

functional properties hampering them in applications that need high transformation temperatures and 

high strength, as they generally engage in martensitic transformation below 100°C; and have low 

strength against dislocation plasticity, which results in their functional fatigue phenomenon [147] as 

outlined in the previous section. However, there have been reported a variety of methods to address 

eliminating or minimizing the problem, associated with the specimen’s preparation methods and the 

materials composition.  

As an example, Ni-rich compositions of binary NiTi SMAs can form metastable, nanosized Ni4Ti3 

precipitates that significantly influence transformation temperatures, matrix strength, shape memory 

characteristics, and mechanical properties [148–154]. All these effects are controlled by the size, 

volume fraction, and the interparticle spacing of the precipitates, which are a function of aging time 

and temperature. Evirgen et al. [155] investigated the role of the microstructure of Ni-rich 

Ni50.3Ti34.7Zr15 as a function of aging heat treatment −that result in a nanometer to submicron size 

precipitates− on shape memory behavior in load-biased thermal cyclic tests. Specifically, they 

selected the NTZ550/24h and NTZ600/100h samples, to compare the effect of significant changes in 

microstructures on the thermo-mechanical response of the alloy. In the NTZ550/24h sample, the 

precipitates were smaller than 90 nm and were absorbed by the martensite plates in which perfect 

shape recovery, (i.e., no unrecovered strains upon heating to austenite) was observed even at 300 MPa 

applied pre-stress, due to the increased matrix strength and because of the increased resistance to 

plastic deformation thanks to precipitation hardening (Fig.  2-23). The amount of unrecovered strains, 

εirr, is a function of the resistance to plastic deformation. During martensitic transformation, the local 

internal stresses arising can be much higher than the applied stress. Therefore, the material can locally 

undergo plastic deformation even if the applied stress levels are less than the yield strength of the 

material. So, when nano-size Ni4Ti3 precipitates form in the binary NiTi matrix, the yield strength of 

the transforming phases will increase, and excellent shape recovery is obtained [156] (Fig.  2-24). As 

is seen in Fig.  2-23b2, the NTZ600/100h sample containing large precipitates (>100 nm) −that limits 

the growth of martensite variants− exhibits small unrecovered strains under 200 MPa and fails at 

stresses above 250 MPa. This behavior was explained to be due to the presence of large precipitates 

that significantly alter the martensite morphology. It means that the large particles strongly interfere 

with the growth of martensite variants, as well as reorientation or detwinning of martensite, and 

precipitation hardening is less prominent compared to aged samples with relatively smaller 

precipitates.  

Otsuka et al. [157] proposed several methods to improve the shape memory response of the NiTi-

based HTSMAs (High-Temperature shape memory alloys) through increasing the strength of the 

transforming phases by i) quaternary alloying, ii) work hardening (cold working), iii) thermal cycling 

and iv) precipitation hardening. Coughlin et al. [158] showed that the precipitation heat treated alloy 

reaches 1278 MPa yield strength at temperatures as high as 250°C while showing very good 

superelasticity. The excellent superelasticity and excellent shape recovery as well as the improved 

dimensional stability as compared to any Ti-rich NiTi-based alloy as a result of the formation of 

nanosized precipitates. They remarked that when the Ni-rich Ni50.3Ti29.7Hf20 is aged at 550 °C for 3 h, 

precipitates smaller than 30 nm in size, are present (Fig.  2-24b) [159] and the material shows very 
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good dimensional stability and a very small amount of plastic strain after 100 cycles under 200 MPa 

applied stress (Fig.  2-24c) [156]. 

 
Fig.  2-23 Bright-field transmission electron microscopy images of Ni50.3Ti34.7Zr15 (at%): a) sample aged at 550 °C for 

24h, b) sample aged at 600 °C for100h. precipitates are marked with arrows in image b, redrawn from [155] 

 
Fig.  2-24 a) Thermo-mechanical cycling response of a Ti-rich Ni49.9Ti50.1 SMA under 150 MPa demonstrating large 

dimensional stability. b) Ni-rich Ni50.3Ti29.7Hf20 aged at 550 °C for 3 h showing nano precipitates smaller than 30 nm 

in size [159] and c) the corresponding thermo-mechanical response under 200 MPa applied stress for 100 cycles [156] 
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2.4. Stress raisers in phase transforming NiTi 

1.1.5.  Monotonic Loading 

The most characteristic feature in the fracture of SMAs is the formation of a local transformation zone 

at the tip of the crack/notch. Upon the monotonic isothermal loading of an SMA material, in the 

superelastic (or martensitic) state, the elastic deformation occurs until the martensitic transformation 

(or reorientation of twinned martensite) induced by stress begins. Then, more applied load turns into 

elastic deformation of the detwinned martensite, which could be followed by plastic deformation of 

martensite [160–164] −or incorporation of B2=>B19‘=>B2T  (i.e. stress-induced martensitic 

transformation into twinned austenite coupled with dislocation slip) at higher temperatures [132]− 

and final fracture [12,164,165] (Fig.  2-25). 

 
Fig.  2-25 Typical stress-strain response of shape-memory NiTi alloy under tension  a) in the martensitic state [162]; b) in 

the superelastic state [12] 

The stress level is always higher at the tip of stress raisers than that in the bulk, due to the stress 

concentration effect. Thus, the abovementioned phenomena take place preferably locally at the 

location of these geometric defects  [24,25], which can result in heterogeneous progress of martensitic 

phase transformation in the specimen and complex local stress redistribution, and may change the 

driving force parameters [26–30].  

The evolution of stress-induced martensitic transformation at the crack-tip in shape memory alloys 

was reported by Lu et al. [166], Vasko et al. [167], and Loughran et al. [168] in single-crystalline Cu-

based SMAs using in-situ TEM and SEM, and by Robertson et al. [169] and Gollerthan et al.[170] in 

superelastic polycrystalline NiTi by in situ x-ray micro-diffraction observations. Then shape and size 

of the stress-induced transformation zone were assessed in the literature and several investigation 

techniques have been applied to analyze near crack-tip transformations, such as synchrotron X-Ray 

micro-Diffraction (XRD) [171,172], Infrared thermography (IR) [117,173,174], and instrumented 

nanoindentation [10,175]. In addition, displacement fields near the crack-tip regions have been 

analyzed using DIC [10,26,117,176,177] and Finite Element Method [24,28,165,178–181].   

Daymond et al. [171] performed in situ synchrotron X-ray diffraction measurements to create two-

dimensional maps of strain fields and texture around the tip of the crack at the root of the notch in CT 

martensitic NiTi specimens under plane strain conditions, averaged over the thickness, and observed 

strong texture ahead of the crack-tip in the as-fatigued specimen and concluded that it is 
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corresponding to detwinning of twinned martensite, as it was eliminated upon heating above the 

austenite finish temperature (Af). Then they observed that upon subsequent application of static 

tensile stress, the highly textured zone reappears and grows around the crack-tip as the applied stress 

is increased. At the highest applied stress intensity, large tensile strains were measured ahead of the 

crack-tip and considerable elastic anisotropy was observed. The texture in this zone was not 

remarkably changed after mechanical unloading, unlike the substantial triaxial compressive residual 

strains developed within this zone after each unloading step, because of incompatibility between the 

detwinned zone surrounded by an elastic ligament which tends to return to its original configuration 

after unloading [5] (Fig.  2-26). Gollerthan et al. [174]  used in-situ x-ray microdiffraction, SEM, and 

thermography and observed the formation of the stress-induced martensite and its reverse 

transformation to austenite at the crack-tip upon static loading and unloading of NiTi CT specimen 

in-plane strain, below the critical stress intensity (stationary crack). Their results showed two zones 

corresponding to the local stress-induced transformation from B2 to B19‘ form ahead of the crack-

tip, one close to the crack-tip (tensile stress state) and the other at the end of the crack’s cross-section 

(compressive stress state) which was in line with their previous synchrotron results [170] and later on 

in a numerical study by Hatefi Ardakani et al. [182] (Fig.  2-27). 

 
Fig.  2-26 Evolution of texture maps showing (010) normalized peak intensity parallel to the y-direction (perpendicular to 

crack growth) for various KI (MPa m1/2); a) 0, (b) 20, (c) 25, (d) 30, (e) 35, (f) 0 (unload)., redrawn from Daymond et al.  

[171] 

Since the transformation at the stress raisers turns in local stress redistributions the accurate 

determination of mechanical fields near notches/cracks, employing realistic stress-strain relations of 

SMA material, are of fundamental importance. As the analytical models are often accompanied by 

mathematical difficulties and are much more complicated than the numerical ones, mostly numerical 

models and experimental methods were used to investigate the evolution of martensitic 

transformation around the cracks and notches, which are comprehensively reviewed in the following 

sections. 
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Fig.  2-27 a) Thermographic images of a pseudoelastic NiTi SMA CT specimen obtained during in situ dynamic loading 

sequence below the critical load for crack extension (stationary crack). Two zones with significant local heat evolution are 

marked with black arrows. Redrawn from Gollerthan et al. [174]; b) Formation of local stress-induced transformation 

from B2 to B19 at the end of CT specimen, ahead of the crack-tip, redrawn by Gollerthan et al. [170] 

▪ Effect of martensitic transformation and plasticity on fracture behavior 

Superelastic regime 

To do fracture mechanics study in engineering design and structural analysis, fracture toughness is 

required to serve as a material property that can be transferred from the assessments to a structural 

application. Principally, the fracture behavior of metallic alloys correlates to the micro-mechanism of 

fracture and is usually outlined as being ductile or brittle. Brittle fracture performance results in the 

development of rapid and unstable crack extension since the energy stored in the test machine at the 

onset of crack extension is higher than the energy required for the crack to further grow. The specimen 

fails unstably, and quantification of the fracture resistance beyond initiation is not possible. In fact, 

the brittle fracture behavior can correspond to cleavage fracture or micro-ductile void growth fracture 

and can be induced by effects such as flawed material processing or segregation of deleterious 

impurities at grain boundaries. In brittle fracture, macroscopically a well-defined point of crack 

initiation is related to an abrupt drop in load. This single value characterizes the fracture failure and 

gives the value of the fracture toughness [5,183,184]. The definition of toughness as a fracture 

parameter value is linked to the concept of stress intensity factor and energy release rate. By 

definition, the stress intensity factor (SIF) is the magnitude of the crack-tip stress field for a particular 

mode in a homogeneous linear elastic material, usually symbolized by KI (in mode I). According to 

this approach stress state at the tip of a crack is proportional to the stress intensity factor [185]. Under 

tensile loading, unstable crack growth occurs when stress intensity KI attains the single critical value 

(KIC) and this causes failure of the components. Indeed, KIC is a measure of the ability of a material 

to resist the growth of a pre-existing crack or flaw and is used extensively to design fracture safe 

structures. The energy approach [186], on the other hand,  states that the crack extension occurs when 

the energy available for crack growth is sufficient to overcome the resistance of the material, i.e. crack 

propagation will occur if the energy released upon crack growth is sufficient to provide all the energy 

that is required for crack growth [185]. The energy release rate (or crack extension force) GI is the 

crack driving force in Mode-I condition. KIC and GIC are called the fracture toughness of the material 

(i.e., material resistance to fracture) [187].  

Ductile fracture is a mode of material failure in which voids -either already existing within the 

material or nucleated during deformation- grow until they link together, or coalesce, to form a 

continuous fracture path that tends to absorb more energy. For ductile fracture, the plastic deformation 
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dominates at the crack-tip and the material resistance against fracture increases as the crack grows, 

and thus tougher materials exhibit slow and stable crack growth and the toughness is often described 

in a resistance R-curve format using the J-integral or CTOD (𝛿) [183,188]. J-integral is a nonlinear 

useful measure of fracture toughness, proposed in 1968 by Rice [189], to characterize the intensity of 

elastic-plastic crack-tip fields, and symbolizes the elastic-plastic fracture mechanics. The CTOD, 

proposed in 1963 by Wells [190],  can be identically utilized as K or J in engineering fracture 

mechanics, while the CTOA parameter is being recently used in stable crack extension for thin-walled 

materials. The whole R-curve may be utilized to evaluate the ductile fracture; however, a single-point 

value of toughness is still used in methods that require fracture toughness in structural integrity 

assessment. This typical single-point value in ductile materials is defined near the onset of crack 

tearing characterized by a change in the slop of the R-curve [183].  

In SMAs, heterogeneous proceeding of martensitic phase transformation, reorientation of martensite 

variants, the potential for plastic deformation upper transformation plateau stress or transformation 

induced plasticity, and intrinsic thermomechanical coupling [23,25,34,132,191] turn into a complex 

stress/strain redistribution around an existing stress raiser that can significantly change the fracture 

parameters and result in stable crack growth under a mechanical/thermomechanical loading condition 

[26,28,182]. Accordingly, SMAs −similar to ductile metals− show stable crack growth behavior, the 

so-called transformation toughening. It means that in quasi-static loading samples do not rapture 

suddenly after a specific load is reached; instead, stable crack growth is seen by rising resistance to 

crack advance [192]. This phenomenon is known to be due to the energy dissipated by the stress-

induced martensite left behind the advancing crack-tip which must be granted by the external loading 

to keep the crack advance [178,192–195]. However, still, ASTM standards are being widely used in 

experimental assessments of fracture toughness of polycrystalline SMAs polycrystalline, the method 

which is designated based on the premise of Linear Elastic Fracture Mechanics (LEFM) and requires 

the assumption of the small scale nonlinearly deformed zone at the crack/notch-tip regardless of the 

mechanism. This assumption should then apply to the size of the martensitic transformation zone at 

the crack-tip which is an underestimation of the transformed zone [191]. The representation of crack 

extension in polycrystalline SMAs in the rising R-curve is very rare in the literature [192,194,196–

198]. Furthermore, the use of LEFM equations −in ASTM methods− to evaluate the stress intensity 

factor cannot capture the realistic local response in specimens where the martensitic transformation 

is involved [170,199]. 

Gollerthan et al. [170] used SEM and X-ray Synchron diffraction methods and showed that the 

formation of detwinned martensite at the tip of advancing crack, decreases the resistance to crack 

extension  (KIC) (Fig.  2-28) in plane-strain. However, they used the conventional criteria of the 

promise of LEFM, i.e. to check if the size of the non-linear deformation zone at the crack-tip is smaller 

than a fraction of all the characteristic dimensions of the crack configuration (based on 

(1 3𝜋⁄ )(𝐾𝐼𝐶 𝜎𝑦)⁄ 2
), which is not satisfied in phase transformation zone. But, they remarked that the 

LEFM cannot capture the realistic response of the martensitic and pseudoelastic specimens (as it was 

also outlined by Sgambitterra et al. [199]) since in both cases they observed deviations from linearity 

in P(∆) curves before the onset of macroscopic crack growth (Fig.  2-29a &b) -which rather increases 

by increasing the initial a/w ratio-. They did not observe crack-tip blunting and proposed the growth 

of favorably oriented martensitic variants (in martensitic NiTi specimens) and the formation of stress-

induced martensite (in pseudoelastic NiTi specimens) to account for these deviations from linearity; 

while the very tiny deviations from linearity in austenite specimen (where the martensitic 
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transformation is suppressed) (Fig.  2-29c) was assumed to be related to the crack-tip blunting induced 

by dislocation plasticity [200,201]. Further, due to the immediate reverse martensitic transformation 

behind the advancing crack-tip was assumed the reason why martensite could not be detected on 

fracture surfaces. By an X-ray line profile analysis on the same samples, as studied in [170,174]. 

Ungar et al. [202] observed the remnant martensite at the fracture surface in the region of the static 

loading and stable crack growth, stabilized by large dislocation densities in two phases, while they 

concluded that at the unstable crack growth/fracture (when the load decreases while the crack 

propagation rate increases) the martensitic transformation is suppressed under plane strain;  

 
Fig.  2-28 Comparison of 𝐾𝑚𝑎𝑥

∗  for martensitic, pseudoelastic and austenitic NiTi SMAs, redrawn from Gollerthan et al. 

[170] 

Attempts also have been recently done to evaluate the stress intensity factor and material’s toughness 

by fitting the full-field displacement data obtained from Digital Image Correlation (DIC) to the 

traditional William‘s expansion series [10,117,199,203–205] For instance, Maletta et al. [117] tried 

this method, for a cracked thin NiTi plate subjected to fatigue loading, and calculated the mode I 

stress intensity factor, and observed a marked nonlinear hysteretic in the evolution of the crack-tip 

stress intensity factor .vs. the remote stress intensity factor (Fig.  2-30) which was affiliated to the 

phase transformation phenomenon [206]. Haghgouyan et al. [203] conducted fitted the displacement 

fields obtained from DIC, at the critical load point −where the crack extension immediately precedes− 

to the asymptotic near-tip opening displacement field using a least-squares minimization from Oral 

et al [29]. They showed that the Kmax (at the moment of failure) at room temperature is much higher 

than that measured at martensitic transformation suppressing temperature (T> Md), suggesting 

transformation toughening effect in plane-stress.  

Sgambitterra et al. [199] performed a least-squares regression on the DIC measured displacement 

fields at the crack-tip of thin pseudoelastic sheets undergoing cyclic tensile loading at different 

temperatures to understand the effect of the temperature on the stress-induced transformation 

mechanisms at the crack-tip. By considering  the  severe non-linear behavior of NiTi alloys (which 

deviates the stress intensity values from that obtained by the theory of LEFM), and found out that the 

crack-tip SIF decreases by increasing the temperature, till the higher temperatures at which the 

martensitic transformation is vanished (T>Md) and above these temperatures, the SIF tends to 

stabilize (Fig.  2-31). 
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Fig.  2-29  Stress intensity (K* ) vs. displacement curves of the (a) martensitic NiTi SMA at 295 K, (b) pseudoelastic NiTi 

SMA at 295 K, and (c) austenitic NiTi SMA at 423 K (T> Md) with varying a/W ratios. K* displacement curves are 

derived from the equation given in the text for K*, Redrawn from Gollerthan et al. [170] 

Haghgouyan et al. [198] derived 𝐽𝑅-curve for NiTi CT samples using the concepts of Elastic Plastic 

Fracture Mechanics (EPFM), and the J-integral as the fracture criterion for which the specimen’s 

dimensions are less strict to the critical stress intensity factor in compare to LEFM. They developed 

the ASTM E1820 (for ductile materials) to take into account the elastic moduli mismatch between 

austenite, self-accommodated martensite, and oriented martensite in SMAs. The extrapolated stress 

intensity factors from the fracture toughness (i.e. the critical J-values for crack growth) by 𝐾𝐽𝐼𝐶
=
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(𝐸′𝐽𝐼𝐶)1/2 (where 𝐸′ is the elastic moduli of the stable phase at the test temperature), was found out 

to be about three times larger than the ones reported in literature (~30 MPa.m1/2  for pseudoelastic 

NiTi at room temperature [169,170,207,208]) (see Fig.  2-32). Besides, they outlined that the fracture 

toughness of martensitic and transforming superelastic material are approximately the same (see Fig.  

2-32) and remarked that it is probably since in both materials states the crack advances into a region 

of oriented martensite. 

 
Fig.  2-30 Mode I stress intensity factor KI as a function of the applied remote stress intensity factor K0 [117] 

 

Fig.  2-31 Evolution of the Stress Intensity Factor (SIF), recorded at the maximum applied load (P=300 N), as a function 

of the operating temperature, Sambitterra et al. [199] 

The theoretical assessment of fracture parameters of SMAs has also attracted significant attention in 

recent years. Haghgouyan et al. [209] used the virtual crack closure technique -VCCT- in finite 

element analyses and experimentally measured fracture toughness to examine the stable crack growth 

in CT superelastic samples in mode I, in terms of the load-displacement curve, mechanical gradients, 

and the stress-induced martensite zone formed at the crack-tip vicinity. They explained the 

numerically derived load-displacement curve in three distinct stages (Fig.  2-33a): i) the linear 
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response correlated to a small-scale phase transformation at the crack-tip vicinity, ii) deviation from 

linearity, due to the large-scale transformation around the crack which is followed by iii) a gradual 

force relaxation without any abrupt drop representing the stable crack extension. Their curves showed 

a reasonable agreement to that measured by DIC, while the LEFM was seen to fail to predict the 

related response (Fig.  2-33b).  

 
Fig.  2-32 The difference in the apparent elastic properties of the far-field material has an impact on the JIC -values but not 

on the extrapolated 𝐾𝐽𝐼𝐶
 value. KQ obtained from LEFM (if we assume it is valid) for comparison purposes. The KQ values 

are similar to the ones reported in the literature [170,192,197,210–212] It is observed that at each testing temperature, the 

KJIC values are much higher than the corresponding KQ values reported based on LEFM; redrawn from [198] 

 
Fig.  2-33 a) Load-displacement curve under mode-I isothermal loading of the compact tension SMA model; b) 

comparison of the experimentally measured load-displacement curve compared to obtained in FEA and LEFM [209] 

Baxevanis et al. [181] simulated quasi-static stable crack growth in SMAs under plane strain, using 

VCCT and finite element method, to measure the transformation toughening and its correspondence 

to the ratio between the far-field energy release rate and the crack-tip energy release rate. To interdict 

the reverse phase transformation at the crack wake and its effects they picked an analysis temperature 

laying between Ms and As. Their results revealed that the transformed material left behind the tip of 

the advancing crack induces crack closure stresses, thus increases the toughness. Baxevanis et al. 
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[213] studied the steady-state crack growth in superelastic SMAs under plane strain conditions by 

finite element simulations and found out that the training has a significant effect on the fracture 

toughness by shrinking the superelasticity stress-strain hysteresis. Their results further revealed that 

the toughness increase enhances monotonically as the transformation strain (휀𝑡𝑟) increases.  

Shape memory regime 

The fracture analysis of SMA components which include stress raisers becomes even more 

complicated when corresponds to SMA elements subjected to thermo-mechanical loading conditions. 

Hence, successful implementation of SMA elements within the thermal actuator mechanisms requires 

the assessment of their fracture properties and studying the martensitic transformation interaction 

with crack/notch-tip stress state under various cyclic thermo-mechanical loadings, i.e. actuation 

loading conditions. So far, no experimental effort has yet been reported on the measurements of the 

fracture toughness of SMAs under actuation loading conditions. Indeed, there are few theoretical 

examinations of the evolution of mechanical gradients and fracture toughness of SMAs under 

thermomechanical loading conditions. Baxevanis et al. [28] numerically investigated the effect of 

stress redistribution caused by large scale phase transformation, on the mechanical gradients around 

the static crack, the energy release rate, and the crack growth driving force in in an infinite actuator 

center-cracked plate in plane strain. Their results revealed that that the energy release rate would 

reach the material’s critical value upon cooling under a constant external load and crack growth 

initiates (also see [193] [214]). 

 

Fig.  2-34 Normalized energy release rate, GI/G∞, versus normalized temperature, 
𝐶𝑀(𝑇 − 𝑀𝑆)

𝜎∞
⁄ , and martensite 

volume fraction during cooling [215] 
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Jap et al. [215] numerically analyzed the crack growth behavior in SMA in thermal cycling under a 

constant load in mode-I in plane strain using the virtual crack closure technique (VCCT). In their 

simulations it was assumed that the crack propagates at a critical energy release rate. They applied a 

pre-stress in the austenite phase which was enough high such that the critical crack-tip energy release 

rate is approached in cooling stage and turns into crack growth initiation. It was found out that the 

transformation induced stress redistribution upon cooling meaningfully increases the crack-tip energy 

release rate. During cooling GI/G∞ first increases till it reaches to a peak, and then decreases before 

reaching a constant value at T=Mf , when the whole specimen has fully transformed into detwinned 

martensite (Fig.  2-34). The energy release rate increase during cooling was affiliated to a ‘global’ 

phase transformation proceeding within a fan ahead of the crack-tip where the transformation strains 

have an anti-shielding effect. The subsequent energy release rate relaxation after the peak is reached 

was affiliated to phase transformation in regions behind the crack-tip. 

Jap et al. [215] also showed that the stable crack growth occurs because of the transformation induced 

stress redistribution left at the crack wake, which protects the crack [28]. Such that, further cooling is 

required to maintain the stress high enough at the crack-tip, till the crack propagates to a distance 

much larger than its preliminary length, where the required temperature increment for the crack 

advance decreases and the crack reaches a steady-state growth at a constant temperature. Jap et al. 

[216]  analyzed the effect of transformation induced plasticity (TRIP) during thermal cyclic  actuation 

in plane strain by virtual crack closure technique (VCCT). It was found out that TRIP strains develop 

upon either forward or reverse phase transformation and accumulate during repeated cycles. Such 

that, the accumulation of TRIP strains increases the energy release rate and could result in 

approaching the crack-tip energy release rate to the material’s critical magnitude just after a few 

thermal cycles.  

1.1.6.  Fatigue Crack Growth 

In most of their applications, SMAs are implemented in dynamic mechanisms that are designed to 

undergo cyclic loads and are prone to fatigue failure. Even though the literature suffers from the lack 

of understanding of the fatigue crack properties of SMAs under actuation loading conditions, there 

are a variety of studies were addressed the fatigue crack growth in the superelastic regime. However, 

in general, still, our understanding remains poor since our comprehension of the fatigue crack growth 

in SMAs is mainly based on the test methods (for instance ASTM) designed for classic 

untransforming materials.  

the following important conclusions are drawn on the effects of martensitic transformation on fatigue 

crack growth: 

- the crack growth rate in the martensite state is lower than that in superelastic and austenite 

[217]. 

- under the fatigue of thin NiTi CT samples, the residual strains and retained martensite (after 

unloading stages) evolve. In fact, the martensite is stabilized by plastic [169]. The martensite 

is stabilized by plastic strains, where the dislocation tangles pin the martensite variants to 

transform reversely to austenite.  

- since the martensite was not seen on the fracture surface of an as fatigued specimen, it is 

concluded that the martensitic transformation could be prohibited upon the catastrophic 

fatigue crack growth [26,169]. 

-  Interestingly, this trend was observed in monotonic fracture by Ungar et al. [202], where 

they observed the residual martensite at the stable crack growth regime of the fracture surface 
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−pinned by dislocation density−, while the martensite was not seen in catastrophic fracture 

surface, attributed to the reverse transformation at the crack wake upon the stable static crack 

growth. 

The crack growth rate in SMAs is a function of several factors. These factors may include but not 

limited to: elastic moduli mismatch between austenite and martensite [26], grains’ orientation 

(texture) [169] and grain average size [218], loading frequency, load parameters (∆𝑘, 𝑘𝑚𝑎𝑥, 𝑅 =

𝜎𝑚𝑖𝑛 𝜎𝑚𝑎𝑥⁄ .  

▪ The effects of loading range and frequency 

In SMAs, there is a region at the crack-tip which frequently experiences back and forth phase 

transformation, and a far-field ligament permanently untransformed austenite (due to low-stress levels 

in distance from the crack-tip). There is also another possibility when: either both minimum and 

maximum applied stress intensities are high enough to cause martensite to form at the crack-tip, or 

when the martensite is stabilized at the crack-tip by plastic deformation; then, in addition to those two 

mentioned regions, there is always a permanent martensite inclusion at the very vicinity of the crack-

tip. Attributed to the formation of the transformation zones around the crack-tip, the severe local 

stress and strain redistribution occur in these alloys which analyzes their fatigue crack growth 

behavior more complex. On the other side, the formation of these regions is dependent on several 

factors, including the load frequency, load level, and stress triaxiality (i.e. plane-stress .vs. plane-

strain) [219–221].  The stress triaxiality effect arises from the fact that under plane strain conditions the high 

hydrostatic stresses developed in front of a crack tip could suppress the stress-induced martensite to form, as 

was proposed by Wang et al. [219] by numerical analysis. However, there is a serious lack of experimental 

proves to this theory. In contrast, the only experimental x-ray Synchron diffraction observations made by 

Gollerthan et al. [170] on the CT NiTi specimens in plane-strain was claimed to reveal clear evidence of the 

formation of stress-induced martensite at the crack-tip. Nevertheless, one should note that there are potentially 

two sources of uncertainty in their experimental observations, 

- first is using the linear elastic criteria outlined in ASTM to check the plane-strain dominant, 

i.e. to examine if the size of the non-linear deformation zone close to the crack tip is smaller 

than a fraction of all the characteristic dimensions of the crack configuration (based on 

(1 3𝜋⁄ )(𝐾𝐼𝐶 𝜎𝑦)⁄ 2
). In ASTM the non-linearly deformed zone refers to the small-scale 

plastically deformed area at the crack-tip and 𝜎𝑦 refers to the yield stress. In SMAs, however, 

the small-scale extend of phase transformation is an absolute underestimation. Further, 

Gollerthan et al. [170] still used the materials yield stress in the abovementioned equation, 

while in SMAs the preliminary yield occurs due to martensitic phase transformation and the 

critical stress of transformation stress plateau (𝜎𝑠
𝐴→𝑀) should be considered as the yield 

stress.  

- second, synchrotron x-ray micro-diffraction mapping represents volume-averaged values 

through the specimen thickness, i.e., between plane stress conditions at the specimen surfaces 

and plane strain conditions in the center [170], and cannot guaranty the formation of stress-

induced martensite at the center [222–224]. 

Usually, in metallic alloys and compounds, the lower the loading frequency results in higher fatigue 

crack growth rate, due to the more active time of the corrosion [192]. In SMAs, however, the effects 

of loading frequency remain inconclusive and there are contradictions between the remarks in the 

literature. The loading frequency persuades a strong thermomechanical coupling in SMAs that affects 

the fatigue behavior [52,225,226] which in turn should affect fatigue crack propagation. In fact, the 

changes in load frequency change the stable response of the SMA materials [226–228] −which is 
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reported to be achieved after a limited number of cycles [125,134]−, affects the formation of Lüders-

band in NiTi [16,221,229–231], and further changes the size of the fully and partially transformed 

material ahead of the crack-tip [232] (see Fig.  2-35and Fig.  2-36).  

 
Fig.  2-35 Comparison of experimental temperature measurements (top, a1-a3) and FE simulations (bottom, b1-b3), c) 

Evolution of the maximum temperature, Tmax at the crack tip at different loading frequencies, d) Extent of regions of 

martensite and austenite along the x-axis versus loading frequency, redrawn from [232] 

 
Fig.  2-36  Normal strain field around the crack tip obtained from DIC at the maximum load at (a1) 1 Hz, (a2) 5 Hz at the 

300th cycle; b) 𝒹𝑎 𝒹𝑁⁄  vs ΔK at different loading frequencies, c) Crack length vs N at different loading frequencies. 

Redrawn from [220] 

Apart from the frequency effects, it was revealed that the fatigue crack growth rate is a function of 

both ∆𝑘 an 𝑘𝑚𝑎𝑥 parameters at a constant load ratio (R) [220,233] (see Fig.  2-37 and Fig.  2-38), and 

stress triaxiality (i.e. plane strain vs. plane stress). For superelastic NiTi in the near-threshold regime, 

it is shown that the ΔKth decreases with an increasing load ratio. For instance, Stankiewicz et al. [146] 

reported a ΔKth reduction from 2.5 MPa√m at R = 0.1 to 1.4 MPa√m at R = 0.7. They attributed this 

reduction, in the threshold stress intensity factor, to lower crack closure at a higher load ratio. 
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Fig.  2-37   Constant ∆𝑘 experiments show effect of cyclic frequency on crack-growth rates in superelastic austenitic 

Nitinol at 37°C in environments of: a) air with R= 0.1, b) HBSS with R= 0.5, using 0.4mm thick CT specimens laser-cut 

from flattened thin-walled Nitinol tubing [233] 

 
Fig.  2-38  The effect of the a) load ratio and ∆𝑘, b) the effect of 𝑘𝑚𝑎𝑥 , in 37°C air at a frequency of 50 Hz. using 

superelastic austenitic Nitinol 0.4mm thick CT specimens laser-cut from flattened thin-walled Nitinol tubing [233] 
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CHAPTER 3. Materials and Methods 

3.1. Introduction 

Superelastic and shape memory NiTi notched thin ribbons are subjected to iso-thermal tensile cyclic 

loading-unloading and thermal cycling under stress, respectively. The DIC method is used to capture 

the evolution of the strain fields. The structural changes in NiTi around the notch were analyzed using 

synchrotron X-ray micro-diffraction. The finite element (FE) method is used to thoroughly analyze 

the evolution of the mechanical gradients, the deformation mechanism, and the martensite volume 

fraction around the notch. In FE numerical simulations, a recently developed three-dimensional 

phenomenological macroscopic model for shape memory alloys proposed by Choudhry and Yoon 

[57] is used, which is implemented in MSC Marc finite element commercial package.  This model 

enables us to combine the SMA constitutive behavior (martensitic transformation) with the plasticity 

of both the austenite and martensite phases. However, the yield stress of the austenite phase is set to 

infinity. Suppression of the austenite yielding is in agreement with experimental proof [34] showing 

that the MT plateau stress is below the yield stress of austenite at room temperature range. In other 

words, the term plasticity in the present thesis refers to the martensite yielding at high stress levels 

beyond the martensitic yield stress [37,162,234], which differs from the plasticity coupled by forward 

and reverse phase transformation (TRIP) [33,34,235], as it was discussed in section 1.1. 

In the following, the experimental procedure is explained, and the constitutive material model used 

in FE simulations is briefly introduced. Indeed, the geometrical aspects of FE models and the applied 

loading conditions for each case-study are discussed in the corresponding chapter in the thesis.  

3.2. Experiments 

The experiments on the present Ph.D. thesis (DIC measurements and X-ray microdiffraction 

observations) are used to verify the predictions made by numerical simulations, which were 

performed by students’ co-supervisor, Dr. Ludek Heller in the institute of physics of Czech academy 

of sciences in Prague. The experimental results and their correspondence to numerical predictions 

were analyzed by the author of the present thesis. 

3.2.1.  Superelastic NiTi Notched Thin Ribbon 

Straight annealed superelastic NiTi ribbon 0.098 mm thick and 1.178 mm wide were purchased from 

Memory-Metalle Gmbh. A semicircular notch of radius 0.15 mm was electro-discharge machined at 

one side of 50 mm long NiTi ribbon samples.  

Basic room-temperature superelastic deformation behavior of NiTi ribbon was evaluated on notch-

free samples using a tensile test until rupture and complete superelastic cycling until fatigue failure 

while monitoring the evolution of residual strain. Localized cyclic strain evolution around the notch 

was analyzed by digital image correlation (DIC) during the superelastic cycling of the notched 

specimen. DIC method employed fine airbrush for random patterning the surface, 5 Mpx Stingray 

camera, and Ncorr – Open source 2D digital image correlation software. 

Further, structural changes in NiTi around the notch were analyzed using synchrotron X-ray micro-

diffraction performed during superelastic cycling until fatigue failure. Approximately 5 µm small 

monochromatic beam at 65 keV (0.18964 A) was used to scan the area around the notch while Frelon 
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100x100 mm camera (2048x2048 px with 50 µm/px) was used to detect diffracted x-rays.  Python-

based Fabio and PyFai libraries were used to full and azimuthal integration of 2D diffractograms. 

Integrated spectra were then post-process using GSAS II software, particularly using its scripting 

capability, to evaluate residual martensite phase fractions and elastic strains in austenite in the 

unloaded sample after a selected number of superelastic cycles. Residual martensite phase fractions 

were evaluated by Rietveld fit of fully integrated 2D diffractograms. Elastic strains in austenite were 

evaluated from azimuthally integrated 2D diffractograms as follows. In total 19 1D diffractograms 

were extracted from individual 2D diffractograms by azimuthal integrations over the range ±5° from 

azimuthal angles ranging from 0 to 180° with 10° increments. Individual 1D diffractograms were then 

Rietveld fitted by using a scripting tool of GSAS II software considering fixed lattice parameters 

while allowing for small lattice parameter changes by switching on the HStrain fitting parameter. 

Thus, azimuthal variations in lattice parameters were obtained and recalculated to strain variations by 

considering a referential stress-free lattice parameter. Azimuthal strain variations were then fitted by 

the theoretical periodical function of the azimuthal angle as expected for plane strain state, which 

resulted in estimates of plane strain tensor components in the laboratory coordinate system.         

3.2.2. Shape Memory NiTi Notched Thin Ribbon 

The experiments were done on a thin NiTi ribbon. The SMA ribbon was cut into double-edge-notched 

test specimens using Electrical Discharge Machining (EDM)  [236]. The geometry of the test 

specimens is illustrated in Fig.  6-1a. Deformations on the surface of the NiTi thin ribbon including 

two-sided semi-circular notches (see Fig.  6-1a) were measured during cyclic thermal actuation under 

constant tensile force corresponding to 200 MPa of nominal tensile stress in the notch-free cross-

section that was applied while the ribbon was kept above Af temperature through passed electrical 

current. The thermal actuation was then realized through periodical 10 seconds long electrical pulses 

followed by 14s of cooling that supervises cyclic thermally induced reverse and forward 

transformations as exhibited in Fig. 4. 2D strain fields were evaluated by Digital Image Correlation 

(DIC) method where Basler acA2000 camera was used to record images of the speckle pattern 

deposited onto the ribbon surface by airbrush. The recorded images were post-processed by the DIC 

method implemented in RT Mercury software2 resulting in spatially resolved 2D strain tensors 

identified for individual images. Besides, virtual extensometers were used to identify longitudinal and 

transverse strains within and outside the notch zone to characterize the deformation behavior in those 

zones. 

Note that even though the model used in present simulations does not account for the localized nature 

of martensitic transformation in thin ribbons as reported in experiments [237,238] or implemented in 

models [239], the simulation naturally predicts an inhomogeneous course of martensitic 

transformation that is governed by inhomogeneous distribution of stresses around the notch.  

 

 

 

 
 

2
 http://www.sobriety.cz/t_optical_systems_en.htm#software  

http://www.sobriety.cz/t_optical_systems_en.htm#software
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3.3. Numerical Analysis  

3.3.1. Three Dimensional Macroscopic SMA Material Model 

To consider the potential conventional plastic deformation at high-stress levels beyond the martensitic 

transformation plateau at the tip of the notch of the thin NiTi ribbon, a thermo-mechanical SMA 

model [57] is used which is already implemented in MSC Marc Finite Element program. This model 

discretizes the total incremental strain into: 

el ph pl th     =  +  +  +   Eq.  3-1 

In which “El”, “Th”, “Ph” and “Pl” represent Elastic, Thermal, Phase transformation, and Plastic, 

respectively. The elastic strain (
el ) is taken to be related to the elastic modulus, L, and Cauchy 

stress: 

∆휀𝑒𝑙 = 𝐋−𝟏: 𝛔 Eq.  3-2 

The thermal strain is not used in this study and 
ph  is the phase transformation strain which is 

composed of trip strain and twin strain as follows: 

ph Trip Twin   =  +   Eq.  3-3 

In which for Trip  it is assumed to be the phase transformation strain, while ∆𝜖𝑇𝑤𝑖𝑛 is supposed to 

be related to the reorientation of randomly oriented thermally induced martensite.  

3
( )

2

Trip M T M T A ph

eq eq v

eq

f g f I f


    



 =  +  +   

Eq.  3-4 

In present simulations, the former is taken into account as the simulations are performed in the 

superelastic regime under iso-thermal loading conditions. Such that, reorientation of thermally 

induced martensite does not play role in present calculations. In Eq.  3-4, the non-negative parameter 

∆𝑓𝑀 is the increment at which the martensite is formed, the negative ∆𝑓𝑀 parameter represents the 

increment of formation austenite upon reverse phase transformation (M→A), and 𝜎𝑒𝑞 is equivalent 

Von Mises stress. 𝜖𝑒𝑞
𝑇  and 𝜖𝑣

𝑇 are the deviatoric and volumetric parts of transformation strain, 

respectively. The function 0 ( ) 1eqg    is a measure of the extent to which the martensitic 

transformation strains are aligned with the deviatoric stress. In Eq.  3-4 the two first terms explain the 

evolution of transformation strains due to the formation of stress-induced martensite and the last term 

expresses the recovery of accumulated phase transformation strains. 

0

( ) 1 exp , 0

n

eq
geqg a a






  
= −   

   

 
Eq.  3-5 

Which tends to contribute in the goodness of fit to the experimental stress-strain response (Fig. A.1), 

taking advantage of fitting parameters (ga-gf) when is written as follows:   

0 0 0

( ) 1 exp
b d fg g g

eq eq eq
g g geq a c eg g g g

  


  

      
= − + +      

       

 
Eq.  3-6 
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Fig.  3-1 G-function under 100% Martensite 

The plastic strain increment of the two-phase aggregate, as well as for every single phase in this model 

is assumed to be controlled by J2 flow theory: 

(3 2)pl

eq

 

 = 

 
Eq.  3-7 

In Eq.  3-7, ∆𝜆 is the equivalent plastic strain and it is assumed that for each phase, the increment of 

equivalent plastic strain is related to the applied stress as: 

0

m

eq

Y


 




 



 
 =   

 

 
Eq.  3-8 

Where 
Y

  is the flow stress for the α-th phase. Here, α represents the martensite and austenite phases. 

The hardening rule in this model comes then into account when the current value of flow stress of the 

α-th phase (
Y

 ) is calculated depending on the current increment of the plastic strain of the same 

phase as: 

Y h    =   Eq.  3-9 

In Eq.  3-9, ℎ𝛼 is the hardening coefficient. With the assumption that ( , )Y Y eqT  =  and 

( , )eqf f T = then the final form of Eq.  3-9 can be simplified as: 

1 1( . ) ( . ) ( )Y Y
Y Y eq Y T q eq

Y Y eq

T H T H
T

 
    

  
  

 =  +  =  +    

 
Eq.  3-10 

Which 𝐻𝑇 and 𝐻𝑞 may be written using the chain rule, thus: 

1 . .
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Eq.  3-11 
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 Eq.  3-12 
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More details on this model can be found in Ref [57]. 

It should be noted that even though when the material enters the plastic threshold of detwinned 

martensite, unrecovered strain after load release is a summation of the plastic strain of detwinned 

martensite and the part attributed to residual transformation strain (residual martensite volume 

fraction)[161]; however, in the present model (as was described in the previous section) the latter is 

not considered and the unrecovered strain in the unloaded state is affiliated to the plastic deformation 

of detwinned martensite. For a better illustration of this point, a simple tensile simulation on a smooth 

ribbon (with same material parameters as Table 3-1) is conducted and its resultant stress-strain 

response and the corresponding evolution of martensite volume fraction is plotted in Fig.  3-2 using 

the present model [57]. As it is seen, the residual unrecovered strain after unloading (Fig.  3-2a) is 

just due to permanent plastic deformation of martensite, and the contribution of remnant martensite 

is not involved as there is not any volume fraction of (retained) martensite in the unloaded state (Fig.  

3-2b). 

 
Fig.  3-2 Iso-thermal tensile-unloading behavior of superelastic NiTi, predicted by the present model; a) stress-strain 

response, b) corresponding time-martensite volume fraction response 

Table 3-1 list of abbreviations 

Mf ≥0 increment at which martensite is formed 
eq  

effective stress defined with Von-Mises yield 

function as: 3
:

2
eq  =  

T

eq  Deviatoric part of the transformation in 

uniaxial tension    I identity tensor 

T

v  volumetric part of the transformation 

strain   

Equivalent plastic strain inc: 

2 :
3

pl pl   =    

h
 Hardening coefficient   

3.3.2. The Experimentally derived material parameters  

The material parameters required as inputs for the present model consist of elastic modulus of the 

martensite and austenite (EM, EA), forward/reverse transformation start and finish temperatures at zero 

stress (MS, Mf /AS, Af ), transformation strain 휀𝑡𝑟, deviatoric transformation strain (휀𝑑𝑒𝑣
𝑡𝑟 ), temperature 

dependencies of transformation stresses for the forward and reverse transformation (CM , CA), and the 
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yield stress of austenite and martensite phases (𝜎𝑦
𝐴, 𝜎𝑦

𝑀), and the yield stress of martensite,  which 

were assessed by experiments. 

▪ Superelastic Material 

To obtain the material parameters, a set of iso-thermal tensile tests are performed on the defectless 

superelastic NiTi ribbons in austenite state at the temperature range from -20°C to 40°C. The extracted 

parameters are presented in table Table 3-2. Fig.  3-3 illustrates the correspondence between the finite 

element results (using the fitted parameters) of one tensile loading cycle to those obtained from 

experiments. 

Table 3-2 Material’s parameters for the superelastic NiTi ribbons 

Parameter EA (GPa) EM (GPa) CA (MPa/°C) 𝝈𝒚
𝑴 (MPa) 

Value 70 52 8.66 1800 

Parameter Ms (°C) Mf (°C) CM (MPa/°C) 𝝈𝒚
𝑨 (MPa) 

Value -74 -88.8 6.66 ∞ 

Parameter As (°C) Af (°C) 𝜗 𝜺𝒕𝒓(dev) 

Value -30.9 -15 0.33 5.5% 

 
Fig.  3-3 the representation of the agreement between experimental 1D response and those obtained using Choudhry’s 

model by fitting parameters 

▪ Shape Memory Material 

To obtain the material parameters, thermal cycling tests were performed under different levels of 

external stress. To this aim, the material is pre-loaded in austenite state (at a temperature above the 

Af), and the cooling-heating thermal cycles are applied while keeping the stress constant, ranging 

from 100MPa to 300Mpa. Besides, a monotonic tensile test is performed on the material in martensite 

state at a temperature below the Mf, to obtain the reorientation stress, as well as the yield point of 

detwinned martensite.  
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Table 3-3 Material parameters for the shape memory NiTi ribbons 

Parameter EA (GPa) EM (GPa) 𝝑 As (°C) CA (MPa/°C) 𝝈𝒚
𝑴(MPa) 

Value 70 52 0.33 51 8.6 1270 

Parameter Ms (°C) Mf (°C) 휀𝑑𝑒𝑣
𝑡𝑟  Af (°C) CM (MPa/°C) 𝝈𝒚

𝑨(MPa) 

Value 31.5 19 0.055 62.5 8.6 ∞ 

The extracted parameters are presented in Table 3-3. Fig.  3-4 illustrates the correspondence between 

the finite element results to those obtained from experiments. 

 
Fig.  3-4 Verification of the material properties obtained from experiments on a virgin defectless ribbon. The black curves 

represent the experimental results and the blue curves show the FE results 
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CHAPTER 4. Superelastic notched NiTi ribbon: the effects of 

martensitic transformation and plasticity on the cyclic evolutions of 

mechanical gradients 

4.1. Introduction 

In this chapter, the effect of martensitic transformation (MT) and plastic deformation on the local 

superelastic cyclic response of NiTi in the vicinity of a semicircular notch in a thin NiTi ribbon are 

analyzed, both experimentally and numerically. In experiments, digital image correlations and X-ray 

microdiffraction are used to analyze the cyclic evolution of local strains and presence of remnant 

martensite at the root of the notch (see explanations in 3.2.1). The finite element simulations are 

performed to thoroughly analyze the corresponding global and local evolutions of stress-strain-

volume fraction (ξ)-temperature responses. While in experiments the tension-unloading cycles are 

conducted till fracture, due to the computational costs only 9 cycles are analyzed in numerical 

simulations. 

4.2. Numerical Simulations Method 

The role of MT on the cyclic evolutions of the local and global mechanical fields is analyzed in a 

superelastic thin notched NiTi ribbon. Then, the effects of the plasticity occurring at the notch-tip 

zone, where the maximum stresses are expected, on the reversibility of MT and the local redistribution 

of stresses and strains are investigated. The simulations are based on the experimental protocol and 

findings.  

Three-dimensional force-controlled FEM simulations of iso-thermal cyclic tension-unloading were 

carried out (as it was done in the experimental part) on a thin shape memory 1.067 mm wide and 0.1 

mm thick NiTi ribbon including single-edge semi-circular notch (Fig.  4-1a) with the reference notch 

radius as equal to R0=0.177 mm, in which the maximum applied tensile force induces 745 MPa of 

macroscopic axial stress, which turns in completion of the martensitic transformation within the 

whole structure in loading stage. To study the role of the notch’s radii, elastic module mismatch 

−between austenite and martensite−, and the maximum phase transformation strain (휀𝑡𝑟) on the notch-

tip stress/strain fields, additional parametric 2D analyses of the first loading stage are done, applying 

the maximum macroscopic axial stress of 1300 MPa.  Six different notch radii ranging from R0=0.177 

to R=34R0=6.018 mm were examined while considering an equal penetration of 0.144mm at the edge 

of the ribbon (thus, keeping the notch-cross section constant) as depicted in Fig.  4-1a-b. Also, four 

transformation strain values were tested as 휀𝑡𝑟= 0%, 1%, 3% and 5.5% for the reference notch radius 

R0. Fig.  4-2 represents a chart of the survey to investigate the effects of the geometric and material 

parameters. In numerical simulations, a three-dimensional SMA constitutive thermomechanical 

model proposed by Choudhry and Yoon [57] and implemented in MSC Marc finite element package 

is used. Since this model allows us to combine SMA behavior with the plasticity of both the phases, 

we studied both cases of an ideal-SMA (neglecting the plasticity) and the case in which the plasticity 

occurs in detwinned martensite beyond the transformation stress-plateau (plastic-SMA). Further, the 

response of an additional reference material, elastic-plastic austenite, is compared to the responses of 

the ideal-SMA and plastic-SMA materials. 
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Plastic-SMA, ideal-SMA, and elastic-plastic austenite material behaviors are achieved in simulations 

by: 

- plastic-SMA:  the yield stress of the martensite and austenite are set to 1800 MPa and infinite, 

respectively (Fig.  4-1e). 

- ideal-SMA: the plasticity was not activated in material options (Fig.  4-1e) 

- elastic-plastic austenite (no phase transformation is incorporated): all transformation 

temperatures (MS, Mf /AS, Af ) are set to very low values and the yield stress of the austenite 

and martensite are set to 1800 MPa and infinite, respectively; such that, the austenite would 

plastically deform at high-stress levels without undergoing phase transformation upon 

loading (Fig.  4-1e) 

 
Fig.  4-1 a) the reference FEM model configuration, b) half of the notched ribbon modeled with different notch radii, due 

to symmetry, c) meshed model, d) mesh refinement at the notch-tip area, e) Schematic representation of the stress-strain 

responses of the studied material case studies 

All simulations in this study are carried out at 23°C similar to the room temperature in experiments. 

Taking advantage of symmetry, half of the specimens are considered in simulations (Fig.  4-1b). The 

3D models are discretized using element 1363 which is a full integration three-dimensional, six-node 

first order isoparametric arbitrarily distorted pentahedral element (Fig.  4-1c). The 2D models meshed 
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with element 2014 which is a three-node, isoparametric, triangular element written for plane stress 

applications. The mesh was refined in the zone of expected high-stress gradients i.e. at the zone of 

notch-tip and its surroundings as illustrated in Fig.  4-1d. Full Newton-Raphson iterative procedure 

is used in FE solutions under a large strain analysis method.  

 
Fig.  4-2 Diagram of the performed simulations on the plastic-SMA case and their comparison with the reference elastic-

plastic austenite case-study 

4.3. Results and Discussion 𝝈 

4.3.1. Ideal_SMA, First Loading Stage: comparison between FE and experimental DIC results  

The local stress gradient around the notch-tip evolves along with martensitic transformation spreading 

into the surrounding bulk. Correspondingly, the evolution of the stress at the notch-tip during 

incremental application of macroscopic load can be divided into four distinct stages that will be 

described hereinafter in stress-strain and stress-time spaces (Fig.  4-3a to Fig.  4-3d), where the 

important loading path turning points are denoted (points 0 to 6). The evolution of the axial 

component of strain in turning points 0 to 6, obtained from the DIC measurements is exhibited through 

the colormaps in Fig.  4-3. The associated FE colormaps of the total axial strain and volume fraction 

of martensite are indicated through Fig.  4-3f and Fig.  4-3g, respectively. In particular, martensite 

volume fraction (VFM, ξ) distributions shown in Fig.  4-3g0 to Fig.  4-3g6, were converted into 

simplified colormaps in Fig.  4-3h0 to  Fig.  4-3h6, splitting the total transforming sample volume 

into three fractions according to the degree of martensite straining, i.e., detwinning. Here, the degree 

of martensite detwinning is supposed to be contrarily proportional to the austenite volume fraction, 
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restraining the martensite from full detwinning. The three fractions are consecutively: i) near-

complete austenite (ξ≤0.2), where the martensite is thought to be extremely constrained by the 

austenite; ii) partially detwinned martensite (0.2<ξ<0.9), where the austenite is still substantially 

restraining the martensite from full detwinning; iii) nearly complete martensite (ξ≥0.9), where it is 

almost free to fully detwin [214].  

The evolution of the stress at the notch-tip is non-monotonous during the iso-thermal loading, which 

is due to the spatially heterogeneous course of martensitic transformation starting at higher stress 

zones around the notch-tip and its extending towards the bulk upon further loading. Fig.  4-3d 

represents the interaction between the stress evolution at the notch-tip and bulk, upon incremental 

macroscopic (displacement controlled) loading in four stages:  

• Stage 1: local martensitic transformation nucleation, path 0_1 

Due to the stress concentration effect of the notch, the martensitic transformation nucleates at the 

notch-tip while the bulk is still in elastic austenite (path 0_1 in Fig.  4-3d, also see path 0_1 in Fig.  

4-3a to Fig.  4-3c). In path 0_1 the notch-tip and its very close distance are following the stress-strain 

response of SMAs characterized by stress plateau. The martensitic transformation at the notch-tip 

finishes at point 1 where the bulk remains in elastic austenite. The volume fractions of martensite at 

points 0-1 are illustrated via the colormaps in Fig.  4-3g0-g1 and Fig.  4-3h0-h1. 

• Stage 2: martensitic transformation spreading towards the bulk, path 1-2-3 

Since the notch-tip and its very vicinity have completed the martensitic transformation (point 1 in 

Fig.  4-3c-d and Fig.  4-3e1-f1-g1-h1), it can be regarded as a martensitic elastic inclusion in an 

austenite matrix that is being transformed within a shear-band propagating from the notch-tip, upon 

the continuation of macroscopic loading. The shear-band extends from the notch-tip along a diagonal 

direction, so-called MT-band hereafter (see path 1-2-3 in colormaps shown in Fig.  4-3e to Fig.  4-3h). 

The transformation strain induced in MT-band has to be accommodated by elastic deformation of 

martensite within the adjacent zone of fully transformed notch-tip; which indeed, turns in a sharp 

stress amplification at the notch-tip while the MT-band is propagating throughout the whole cross-

section (path 1-2-3 in Fig.  4-3c and Fig.  4-3d).  

It is important to note that, this sharp stress increase of detwinned martensite at the notch-tip in this 

stage, is because the transformation strain is a finite value in SMAs, which indeed allows the elastic 

response of detwinned martensite to arise after the forward transformation (A→M) is completed at 

the notch-tip. 

• Stage 3: martensitic transformation at the bulk, path 3-4-5-6 

Since the MT-band is extended through the whole specimen’s cross-section at point 3 (see Fig.  4-3g3 

and Fig.  4-3h3) the macroscopic stress plateau appears. Then, proceeding of the martensitic 

transformation at the bulk in relatively constant stress (path 3-4-5-6, the black curve in Fig.  4-3d) 

prohibits the stress at the notch-tip to further sharp increase (path 3-4-5-6, the red curve in Fig.  4-3d). 

Simultaneously with the martensitic transformation completion at the bulk, the fully detwinned 

martensite inclusion propagates towards the MT-band direction and spans over the entire cross-

section (path 3-4-5-6 in Fig.  4-3g and Fig.  4-3h).  
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• Stage 4: the elastic response of detwinned martensite both at notch-tip and bulk 

At point 6 which the martensitic transformation at the macroscopic scale (bulk) is completed and the 

fully detwinned martensite is extended to the whole cross-section along the MT-band, higher external 

load results in elastic response of detwinned martensite at both local and global scales.   

 
Fig.  4-3 Comparison between the DIC results and the simulation of the ideal-SMA; (a & b) bulk stress-strain responses 

from experiment and FEM; (c) notch-tip stress-strain response from FEM, d) interaction between the bulk and notch-tip 

stress upon the incremental application of the macroscopic load; (e1-e6) DIC results: evolution of the local axial strain 

regarding the points 1-6 denoted in Fig.  4-3a; (f1-f6) FEM results: evolution of the local axial strain regarding the points 

1-6 denoted in Fig.  4-3a to Fig.  4-3d; (g1-g6 & h1-h6) FEM results: evolution of the volume fraction of martensite 

(forward transformation) regarding the points 1-6 denoted in Fig.  4-3a to Fig.  4-3d 

Since in simulations regarding the ideal-SMA case study discussed in this section, the plasticity is not 

involved in the decomposition of total strain, thus, the phenomena in loading which were explained 

above, are fully reversible upon unloading. In reality, however, the stress at the root of the notch 

cannot reach such high values (~4.5 GPa) in martensite; since the plastic strains evolve once the stress 

at the notch-tip reaches the martensitic yield point. The next section, analyses the more realistic local 

responses, i.e. in the presence of plastic deformations.  
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4.3.2. Plastic_SMA, First Loading Stage: comparison between FE and experimental DIC results 

To understand how excluding the plasticity in the analysis of the local martensitic transformation and 

deformation mechanisms would introduce significant inaccuracies, the above-explained reference 

ideal-SMA case-study is compared to the simulation results, in which the plasticity is considered in 

simulations (plastic-SMA), as it is represented in Fig.  4-4. Fig.  4-4a-d summarizes the interactions 

between the notch-tip and bulk responses through the stress-strain-volume fraction (𝜉)-temperature  

diagrams of a single global loading-unloading cycle, where the important turning points are depicted 

as points 0-11.  

Fig.  4-4e and Fig.  4-4f represent the colormaps of total axial strain obtained from DIC and FE, 

respectively, at turning points 0 to 6 in loading, and Fig.  4-4g illustrates their corresponding 

martensite volume fraction distributions which were converted into simplified colormaps in Fig.  4-4f 

splitting the total transforming sample volume into three fractions according to the degree of 

martensite straining, i.e., detwinning. Here the degree of martensite detwinning is assumed to be 

inversely proportional to the austenite volume fraction, restraining the martensite from full 

detwinning. The three fractions are consecutively i) near-complete austenite (ξ≤0.2), where the 

martensite is thought to be highly constrained by the austenite; ii) partially detwinned martensite 

(0.2<ξ). The colormaps concerning the volume fraction of martensite (and their simplified colormaps) 

are also represented for unloading (turning points 7 to 11 in Fig.  4-4g and Fig.  4-4h, respectively).  

▪ Loading 

• Stage 1: local martensitic transformation nucleation, path 0_1 

The phenomena upon path 0-1 are similar to that explained in stage 1 of the elastic-SMA case study 

discussed in 4.3.1. 

• Stage 2: martensitic transformation spreading towards the bulk, path 1-2-3 

Since the notch-tip and its very vicinity have completed the martensitic transformation (point 1 in 

Fig.  4-4c-d and Fig.  4-4e1-f1-g1-h1), it can be regarded as a martensitic elastic inclusion in an 

austenite matrix that is being transformed within a shear-band propagating from the notch-tip, upon 

the continuation of macroscopic loading. The shear-band extends from the notch-tip along with the 

MT-band (see path 1-2-3 in colormaps of Fig.  4-4e to Fig.  4-4h). The transformation strain induced 

in MT-band has to be accommodated by deformation of martensite within the adjacent zone of fully 

transformed notch-tip, in two distinct stages: 

✓ Stage2_a: path 1-2 

Upon path 1-2 the transformation strain induced within the MT-band is being accommodated by 

elastic deformations of fully detwinned martensite inclusion at the notch-tip. Thus, the stress at the 

notch-tip sharply increases (path 1-2 in Fig.  4-4). 

✓ Stage 2_b: path 2-3 

Upon path 2-3 the martensitic transformation is still being expanded over the whole cross-section 

along the MT-band. However, since at point 2 the notch-tip stress reached the martensitic yield point, 

the transformation strains evolving along the MT-band in path 2-3 would be accommodated by plastic 

deformation of plastically deformed fully detwinned martensite inclusion at the notch-tip. The 
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plastically deformed zone at the notch-tip is shown in Fig.  4-4h3 in yellow color. Plastic deformation 

of martensite at the notch-tip evolving in this sub-stage turns into reduced effective stress and higher 

values of total axial strain at the notch-tip, with respect to the ideal-SMA (path 2-3 in Fig.  4-4c-d and 

Fig.  4-4f-h). 

 

Fig.  4-4 Comparison between the DIC results and the simulation of the plastic-SMA, (a & b) bulk stress-strain responses 

from experiment and FEM; (c) notch-tip stress-strain response from FEM; (d) interaction between the bulk and notch-tip 

stress upon incremental macroscopic loading-unloading in a single cycle; (e1-e6) DIC results: evolution of the local axial 

strain regarding the points 1-6 denoted in Fig.  4-4a; (f1-f6) FEM results: evolution of the local axial strain regarding the 

points 1-6 denoted in Fig.  4-4a to Fig.  4-4d; (g1-g6 & h1-h6) FEM results: evolution of the volume fraction of martensite 

(forward transformation) regarding the points 1-6 denoted in fig. 4a to 4d; (g7-g11 & h7-h11) FEM results: evolution of 

the volume fraction of martensite (reverse transformation upon macroscopic unloading) regarding the points 7-11 denoted 

in Fig.  4-4b to Fig.  4-4d; (g11’) local compressive axial stress at the end of macroscopic unloading (point 11); (h11’) 

plastic zone at the end of unloading (point 11) 
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• Stage 3: Superimposition of two effects: plasticity at the notch-tip and martensitic transformation at 

bulk, path 3-4-5-6 

Since the MT-band is spanned through the whole cross-section, the stress plateau appears in the 

macroscopic stress-strain response. Proceeding of the martensitic transformation in bulk at relatively 

constant stress, by itself, prohibits the sharp stress increase at the notch-tip. This effect, is 

superimposed with the yield of martensite at the notch-tip, which results in a stress relaxation at the 

notch-tip (see path 3-4-5-6 in Fig.  4-4d). 

• Stage 4: the elastic response of the bulk beyond the transformation stress plateau 

Loading the bulk above the stress plateau results in elastic deformation of detwinned martensite which 

results in stress at the notch-tip to increase till it re-reaches the yield stress; after which, further loading 

in elastic detwinned martensite at the macroscopic level (bulk), turns into further plastic strains at the 

notch-tip in constant stress. 

▪ UNLOADING 

Since irreversible strains remain at the notch-tip and its very close vicinity, during loading, upon 

unloading −where the reverse M→A phase transformation proceeds at the whole structure− the elastic 

ligament tends to return to its original configuration which induces compressive stresses on the 

permanently deformed notch-tip area. Whenever the value of the compressive stresses exceeds the 

forward plateau stress in compression5, it would turn into a secondary (compression-induced) forward 

phase transformation at the notch-tip in the unloading stage. Consequently, the phenomena upon 

unloading can be explained as follows: 

• Stage U1: elastic unloading at the bulk, path 6-7 

At the end of loading in point 6, the whole structure is in detwinned martensite. Macroscopic 

unloading upon path 6-7 causes the elastic response in the bulk level, i.e. elastic stress relaxation to 

the onset of the reverse plateau stress (see the black curve in Fig.  4-4d) which turns in a sharp stress-

release at the notch-tip due to stress concentration concept (see blue curve in Fig.  4-4d). 

• Stage U2: reverse phase transformation at the bulk, path 7-8-9 

The reverse martensitic transformation initiates and proceeds at the bulk (path 7-8-9, dashed-black 

curve in Fig.  4-4d) −accompanied by macroscopic stress plateau (path 7-8-9, black curves in Fig.  

4-4d)−, which extends towards the notch-tip along with the MT-band upon further unloading (see 

colormaps in Fig.  4-4g7-g8-g9 and their simplified colormaps in Fig.  4-4h7-h8). The reverse 

martensitic transformation in MT-band results in the recovery of transformation strains along with 

the MT-band. Recovery of transformation strains in MT-band turns in further elastic unloading of 

detwinned martensite at the notch-tip (see path 7-8, the blue curves in Fig.  4-4c,d). The reverse stress 

plateau is reached at the notch-tip at point 8, thus, the material at both the notch-tip and at the bulk 

completes the M→A transformation at point 9 (see colormaps in Fig.  4-4g9,h9). Interestingly, at 

point 9 the levels of stresses reached at the notch-tip induce the completion of reverse martensitic 

 
5 Note: due to the model limitations, the tension-compresion asymmetry is not considered in present simulations; thus, the 

forward/reverse plateau stresses in compression are equal to those under tension. 
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transformation at the notch-tip; however, the transformation strains are not yet wholly recovered at 

the MT-band at point 9 (see the colormaps in Fig.  4-4g9,h9). It means that at point 9 the austenite 

inclusion at the notch-tip is surrounded by a partially detwinned MT-band, where the rest of the 

transformation strains will recover upon further unloading in path 9-10-11 in the next stage.  

• Stage U3: wholly recovery of transformation strains at MT-band, inducing compressive stresses at 

the plastically deformed notch-tip area, path 9-10-11 

Upon path 9-10-11, further external unloading releases the rest of the transformation strains from the 

MT-band (see Fig.  4-4g9-g11 and Fig.  4-4h9-h11), i.e. completion of reverse transformation at the 

entire structure. Since the entire structure completes the reverse transformation during unloading, the 

elastically transformed ligament tends to return to its original configuration which induced 

compressive stresses at the permanently plastically deformed zone at the notch-tip (and its very close 

vicinity). The compressive stress at the notch-tip exceeds the forward transformation stress plateau, 

which turns into the (compression-induced) forward A→M transformation at the notch-tip (path 10-

11, dashed blue curve in Fig.  4-4d, also see colormaps of Fig.  4-4g11,h11).  Fig.  4-4g11’ represents 

the compressive stresses at the notch-tip area at the end of unloading, and Fig.  4-4h11’ illustrates the 

plastic zone at the notch-tip. As it is seen the size of the plastic zone is not change upon unloading, 

since the induced compressive stresses at the notch-tip during the unloading have not reached the 

martensitic yield stress (compare Fig.  4-4h11’ and Fig.  4-4h6). 

In essence, the plastic deformation of detwinned martensite results in a double-stage phase 

transformation at the notch-tip during unloading. Such that, at the end of the unloading stage, a very 

local remnant martensite inclusion is seen at the notch-tip (Fig.  4-4h11). Further, after the first cycle, 

upon per loading/unloading stage, the notch-tip and its very close vicinity undergo a double-stage 

phase transformation (𝑀𝑑 → 𝐴 → 𝑀𝑑  in loading, and vice versa upon unloading). This is further 

discussed in section 4.3.3. 

▪ Effects of notch radii  

A single macroscopic loading to 1300 MPa is applied to study the effect of the notch radii  on notch-

tip stress while considering plasticity (plastic-SMA). Several notch radii are examined, ranging from 

R0 to 34R0 while considering an equal penetration of 0.144mm at the edge of the ribbon (to keep the 

notch-cross section constant) as depicted in Fig.  4-1a and Fig.  4-1b. Results reveal that for the sharper 

notches (R0 & 2R0) the phenomena explained in the previous section, regarding the loading stages of 

plastic-SMA case-study, hold (Fig.  4-5). By increasing the notch radius (R> 2R0), the stress 

concentration effect of the notch reduces and: 

✓ due to a lower stress gradient between the bulk and the notch-tip, transformation at the notch-

tip completes at higher external loads, i.e. at the early stages of martensitic transformation in 

bulk (see point 1 in curves for 8r0-36R0
 in Fig.  4-5).  

✓ before the notch-tip stress reaches the yield point, proceeding of martensitic transformation 

at bulk relaxes the notch-tip stress from the sharp increase before it reaches to yield stress. 

Once the bulk martensitic transformation is completed (point 6 in Fig.  4-5), the elastic 

response of detwinned martensite at the bulk results in the notch-tip stress to re-increase 

sharply till it reaches the martensitic yield stress and plastic deformations at the notch-tip 

evolve. 
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In conclusion, at higher stress concentration effects (smaller notch radii), the notch-tip plasticity 

occurs earlier than the martensitic transformation at the bulk (see point 1 for the curves of R0 and 2R0 

in Fig.  4-5); thus, the transformation strains induced within the MT-band is partly accommodated by 

plastic deformations of the plastically-deformed-martensite at the notch-tip (refer to stage 2_b of the 

plastic-SMA in section 4.3.2). Therefore, the sharper the notch, the higher plastic strains develop at 

the notch-tip, as it is also represented in stress-strain diagrams in Fig.  4-6. 

 
Fig.  4-5 FEM results: interaction between the evolution of the axial component off stress at the notch-tip and the bulk 

upon incremental macroscopic loading for several examined notch radii  

 
Fig.  4-6 Elastic-plastic austenite (no phase transforming) vs plastic-SMA for different notch radii ranging from R0 to 

34R0: comparison between the evolutions of the axial component of strain at the notch-tip upon equal macroscopic 

loading 

▪ Effect of transformation strain (𝜺𝒕𝒓) and elastic modulus mismatch 

Fig.  4-7 displays a comparison of the notch-tip stress-strain response for:  

- case 𝒒𝑰: Elastic-plastic-austenite (no phase transformation), E= EA=70 GPa 

- case  𝒒𝑰𝑰, plastic-SMA, EM=EA=70 GPa,휀𝑡𝑟=0%,  

- case  𝒒𝑰𝑰𝑰, plastic-SMA, EA=70 GPa , EM=52 GPa; 휀𝑡𝑟=0% 

- case  𝒒𝑰𝑽, plastic-SMA, EA=70 GPa , EM=52 GPa, 휀𝑡𝑟 ranging from 0% to 5.5% 
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As it is expected the stress-strain response of the 𝒒𝑰 and 𝒒𝑰𝑰  are identical, which is showed in Fig.  

4-7a (compare the red and the thick-blue curves). To find out the effects of the elastic moduli 

mismatch, the response of the 𝒒𝑰𝑰 is compared to 𝒒𝑰𝑰𝑰. Since the EM is lower than EA, the elastic 

moduli mismatch results in higher induced total strains at both notch-tip and at the bulk (compare 

yellow and the thick-blue curves in Fig.  4-7a). The effect of the transformation strain can be achieved 

by comparing 𝒒𝑰𝑰𝑰 and 𝒒𝑰𝑽, where it is seen that the total strain and plastic strain gradually increase 

by increasing the 휀𝑡𝑟 (compare the yellow, thick-gray, thin-dashed-red and thin-blue curves in Fig.  

4-7a) in an almost linear manner (see Fig.  4-7b). 

 
Fig.  4-7 FEM results, the effect of elastic modulus mismatch and the transformation strain on the notch-tip strain, a) 

comparison between elastic-plastic-austenite and plastic-SMA with different transformation strain values, b) the curve 

indicates the relation between the transformation strain and the notch-tip strains 

4.3.3. Cyclic Response 

▪ Experimental evaluation of the tensile behavior of the material 

Monotonic and cyclic tensile tests until rupture are  performed at room temperature on both smooth 

and notched samples. The cyclic response of the smooth NiTi ribbon in Fig.  4-8a shows 

superelasticity with small accumulated unrecovered strains which gradually increase over the cycles 

till it saturates to ~0.6% after a few hundreds of cycles (see Fig.  4-8b). Note that this accumulation 

of unrecovered strain in cyclic loading conditions, while the stresses are below the yield points of 

both phases, represents the transformation induced plasticity (TRIP) [33–36], which is not considered 

in analyses in the present thesis. The monotonic rapture was observed at ~11.7% of axial strain (Fig.  

4-8a) which is well-known to occur by strain localization in necks [240]. Relatively similar behavior 

is seen in the notched ribbon (Fig.  4-8c-d). 

▪ Local cyclic responses  

The temperature-stress phase diagram of SMAs as explained in CHAPTER 1, is commonly used to 

predict the variation of the martensite volume fraction (ξ) (see Fig.  4-9b). In Fig.  4-9b, 𝑀𝑠 and 𝑀𝑓 

are the initial and final temperatures of the forward A→M martensitic transformation, and 𝐴𝑠 and 𝐴𝑓   

are the initial and final temperatures of reverse M→A transformation. 𝜎𝑓
𝐶𝑟+ and 𝜎𝑠

𝐶𝑟+  express the 

critical transformation stresses under tension when T < 𝑀𝑠, while 𝜎𝑓
𝐶𝑟−  and 𝜎𝑠

𝐶𝑟− represent the critical 

transformation stresses in compression. 𝐶𝑀
+ and 𝐶𝐴

+ are the slopes, respectively, of the transformation 

bands within the phase diagram, for the forward and reverse martensitic transformations under 

tension, and 𝐶𝐴 
−and 𝐶𝑀

− are the corresponding slopes under compression [241]. In reality, the tensile 
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parameter and the corresponding compressive parameters are most likely different [242]. However, 

Marc model (used in the numerical part of the present study) does not consider the tension-

compression asymmetry. It means that in the simulation results presented hereinafter, for instance, 

𝐶𝑀,𝐴
+ = 𝐶𝑀,𝐴

− .  

 
Fig.  4-8  experimental test results on the virgin sample (a, b) and the notched sample (c, d): a) cyclic tensile test till 

failure and the monotonic tensile test till rapture of the virgin sample, b) accumulation of the transformation induced 

plasticity on virgin sample c) cyclic macroscopic response of the notched ribbon, d) accumulation of residual strains at the 

notch-tip upon repeated tensile-unloading cycles 

 
Fig.  4-9 Uniaxial tensile-compressive load applied at the notch-tip upon with peak stresses of σ + p under tension and σ − 

p under compression [241] 

The stress-strain response of the superelastic material under the tension-compression was presented 

by Wang et al. [241], as it is represented in Fig.  4-10, which indeed mimics the local stress-strain 

response at the notch-tip in our notched specimens. As discussed in section 4.3.2 (Fig.  4-4), due to 
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the plastic deformation evolved at the notch-tip in the first loading, upon the subsequent unloading 

compressive stresses are induced at the notch-tip. Thus, the subsequent macroscopic tensile-

unloading cycles turn into the tension-compression stress-strain response at the notch-tip as it is 

depicted in Fig.  4-11d, path C-O-T (also see the associated schematic representation of the 

interaction between the time-deformation response between the bulk and the notch-tip in Fig.  4-9a). 

 
Fig.  4-10 The stress-strain behavior of a superelastic SMA material under cyclic loading conditions which begins with 

compression, considering tension-compression asymmetry [241] 

 
Fig.  4-11 FEM results at the unloading stages evaluated upon 8 cycles: a1-a8) the evolution of the local compressive 

stresses, b1-b8) evolution of the accumulated eq. plastic strain in martensite, c1-c8) accumulation of the residual 

(compression induced) martensite, d) cyclic evolution of axial component of stress at the notch-tip 

From the second cycle, the notch-tip experiences twice (double-stage) phase transformation: M→A 

reverse transformation from C to O, and the forward A→M phase transition from O to T; which 

reversely occur when the external load is released again (Fig.  4-11d). Fig.  4-11a1-a8, Fig.  4-11b1-

b8, and Fig.  4-11c1-c8, respectively, represent the evolutions of plastic strains, compressive stresses, 

and the remnant (compression-induced) martensite around the notch-tip at the end of unloading 

stages, over the simulated 8 macroscopic loading-unloading cycles. The macroscopic loading-

unloading cycles arise the accumulation of plastic strains at the notch-tip as it is schematically shown 
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in Fig.  4-12 and through the colormaps in Fig.  4-11 a1-a8. The accumulation of plastic strains (and 

enlargement of the zone of the plastically deformed zone over the cycles) results in the gradual 

increase of the values of compressive stresses and the zone under compression around the notch (see 

colormaps in Fig.  4-11 b1-b8); thus, accumulation of remnant martensite (see colormaps in Fig.  4-11 

c1-c8) at the end of external unloading steps. The direction of the propagation of the plastic zone and 

residual martensite complies with the direction of the MT-band. 

 

Fig.  4-12 schematic representation of the induced compressive loads (shown by arrows) from the elastic ligament on the 

border of the permanently deformed plastic zone at the notch-tip. Since the plastic area enlarges upon cyclic loading the 

notch-tip could be partially more and more shielded from the induced compressive stresses −by the added intermediate 

plastic ligament shown in pink color− by increasing the number of cycles. 

In essence, the plasticity taking place at the notch-tip at high stresses beyond the plateau stress-

induced by the stress concentration effect of the notch- turns into some changes in the cyclic responses 

of the material at the notch-tip: 

- shifts the mean stress from 𝜎𝑚𝑎𝑥 2⁄  to ~zero (if the tension-compression symmetry is 

assumed)  

- results in  𝑅 = (𝜎𝑚𝑖𝑛 𝜎𝑚𝑎𝑥⁄ ) to change from zero to ~ -1.  

- results in the evolution of compressive stresses at the unloading course 

- turns in the evolution and accumulation of plastic (unrecovered) strains 

- leads to a double-stage phase transformation −forward and reverse martensitic 

transformation− upon per single loading-unloading stage 

- Turns in remnant (compression-induced) martensite volume fraction at the notch-tip the end 

of external unloading steps. This is well confirmed by the X-ray microdiffraction results, 

discussed in the following.  

As it is seen in Fig.  4-11d, after the 2nd cycle, the yield stress at the notch-tip may not reach at 

maximum load, while the induced compressive stress could exceed the yield point in unloading; thus, 

the maximum notch-tip strain at maximum load remains relatively constant (Fig.  4-13a,b), while the 

residual strains at the notch-tip gradually −slightly− increase over the repeated cycles till it relatively 

saturates after a few cycles (Fig.  4-14a,b). This saturation of unrecovered strains could be since the 

accumulated plastic strains −thus, increasing the size of the permanently deformed zone− after a few 

cycles would partially shield the notch-tip from being further affected by compressive stresses which 

are induced by an elastic ligament (see Fig.  4-12), thus, prohibits the additional plastic strains at the 

notch-tip. 
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The evolution of the total strain along the notch-tip cross-section at maximum load is represented in 

Fig.  4-15a,b, where represents a good agreement between the experimental and numerical results. At 

maximum load, the strain is maximum at the notch-tip and it sharply decreases at the distal point from 

the notch-tip till it reaches the nominal strain at the center of the notch-tip cross-section as it is seen 

in Fig.  4-15a,b.  

 
Fig.  4-13 Evolution of axial strain at maximum macroscopic load, a) FEM, b) DIC 

 

Fig.  4-14 evolution of accumulated residual axial component of strain at the notch-tip after macroscopic unloading during 

cyclic loading, a) FEM, b) DIC 

 
Fig.  4-15 Evolution of axial component of strain ahead of the notch-tip at maximum macroscopic load upon cyclic 

loading, a) FEM, b) DIC 

The numerically calculated distribution of the stress ahead of the notch-tip is represented in Fig.  4-16 

at both maximum stress and unloading state. At the maximum load, the stress distribution shows the 

conventional stress distribution in elastic-plastic materials: the stress is restricted to the yield stress to 
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some extend (plastic zone), it increases due to removal of the plastic deformation constraints and it 

gradually decreases ahead of the rest of the notch-tip ligament −which is in elastic state−, till it reaches 

to the nominal stress at ~0.3mm distance from the notch-tip  (Fig.  4-16a). In the unloading stages, 

by distancing from the notch-tip the compressive stresses remain to some extent from the notch-tip; 

it turns to a tensile stress state and again it collapses to zero at ~0.44mm distance from the tip, which 

is indeed the nominal stress in the unloaded state (Fig.  4-16b). 

 
Fig.  4-16 FEM results of the evolution of the distribution of the axial component of stress ahead of the notch-tip upon 

cyclic loading: a) at maximum macroscopic load, b) at macroscopic unloading 

 

Fig.  4-17 XRD results, the evolution of the remnant martensite at the end of unloading stages upon 65 cycles; (a-h) macro 

scans; (a’-h’) micro scans 

▪ XRD Results comparison to FEM results (plastic-SMA) 

The XRD results confirm the development of the remnant martensite volume fraction zone at the 

notch-tip at the end of unloading stages, the size of which increases over the cycles (Fig.  4-17) as it 
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was prematurely predicted by the numerical investigations. The distribution of the remnant martensite 

ahead of the notch-tip is represented in Fig.  4-18a and Fig.  4-18b, obtained from the numerical 

results and X-ray microdiffraction experiments, respectively. 

 

Fig.  4-18 distribution of the residual (compression-induced) martensite ahead of the notch-tip after macroscopic 

unloading during cyclic loading, a) FEM, b) XRD 

4.3.1. Fractography 

Figure Fig.  4-19 represents the SEM images of the fatigue fracture surface. Crack initiation is obvious 

at multiple sites along the notch-tip within the thickness, in Fig.  4-19i; followed by fatigue striations. 

At the end of the fatigue crack propagation zone, a slight combination of fatigue striations and ductile 

voids are seen. Then, the transition area between the fatigue part of the fracture on the right, and the 

final fracture on the left is seen. Relatively denser fatigue striations between the crack initiation and 

transition areas are seen (Fig.  4-19a,b,d). The area of a cyclic crack growth accounts for about 8% to 

9% of the overall fatigue fracture surface at given test conditions. High magnification images of the 

final rapture area in Fig.  4-19-j to Fig.  4-19-k show that the final rupture zone comprises 

predominantly dense ductile dimples with a mean size of 2-3 µm; and void nucleation, growth, and 

coalescence dominating the failure which is in agreement with the results of Gall et al.[243] Wang et 

al. [244] and Tyc et al. [118]. 
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Fig.  4-19 SEM images of the superelastic specimen. Fatigue fracture under mechanical cyclic loading: a to i) the overall 

appearance of the crack initiation and fatigue crack propagation zones with local high magnifications; j, k, l) Final rapture 

surface 
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4.4. Conclusions 

The effects of conventional plasticity (yield of martensite at high stress levels beyond the stress 

plateau stress) at the notch-tip was investigated on the local responses in a thin superelastic ribbon 

undergoing repeated loading-unloading cycles in mode I. First, the local behavior was compared with 

a reference case study in which the plasticity was excluded in FE simulations and the comparison 

revealed that excluding the plasticity from the analyses, results in a notable mismatch between the 

numerical results and the experimental observations; thus, it turns in significant inaccuracies in the 

prediction of the material’s response to cyclic loading conditions at stress risers. The results revealed 

that due to the stress concentration effect of the notch, the martensitic transformation upon loading, 

first nucleates at the highest stress zones around the notch and extends towards the bulk along with 

the direction of maximum shear (so-called MT-band) by further loading. The transformation strains 

that evolve along with the MT-band are accommodated by elastic deformation of previously fully 

transformed material at the nitch-tip, triggering a sharp stress increase at the notch-tip (thus, increase 

of stress concentration factor). The sharp stress increase at the notch-tip turns in the yield of 

martensite, which hinders the effective stress from the further increase. The elastically transformed 

bulk ligament induces compressive stresses on the permanently deformed material at the notch-tip, 

upon reverse martensitic transformation in unloading. The plastic strains accumulate at the notch-tip 

in loading stages over the cycles, result in the magnitude of compressive stresses and the size under 

compression to increase; thus, increase the volume fraction of remnant (compression-induced 

martensite) at the end of cycles. Another effect of plasticity is the fact that from the second cycle the 

notch-tip experiences both forward and reverse phase transformation upon per macroscopic loading 

and unloading stages. 

Further, it was found out that the material parameters (maximum transformation strain, elastic moduli 

mismatch between A and M phases), as well as the geometric parameters (notch acuity), have 

significant effects on the above-discussed local phenomena.   
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CHAPTER 5. Superelastic notched NiTi ribbon: the effects of 

martensitic transformation and plasticity on the stress 

concentration factor  

5.1. Introduction 

The severe nonlinear behavior induced by the martensitic transformation and the subsequent plastic 

deformation of martensite results in a complex local redistribution of mechanical gradients at stress 

risers in superelastic shape memory alloy (SMA) elements. However, the simple linear elastic fracture 

mechanics (LEFM) equations are being widely used in the evaluation of the fracture response of 

superelastic parts which has caused non-conclusive remarks on the effects of martensitic 

transformation on their fracture parameters, e.g. stress intensity factor (SIF) and material toughness. 

Moreover, the linear elasticity method is frequently used in the literature to evaluate the stress 

intensity range (∆𝐾), when the empirical relation between fatigue crack growth rate and ∆𝐾 

(𝑑𝑎 𝑑𝑁 −⁄ ∆𝐾), is being evaluated. Further, the plastic deformation of detwinned martensite at high 

stresses well beyond the transformation stress plateau, which is expected at the root of stress risers, 

is poorly taken into account in the fracture mechanics of shape memory alloys.  

This chapter presents a numerical analysis on the role of both forward martensitic transformation and 

plastic deformation, as well as the notch sharpness, on the local evolutions of stress at the notch-tip, 

thus, the changes in notch stress concentration factor (𝐾𝑡𝑛) upon the gradual application of the 

macroscopic tensile load on a thin notched superelastic NiTi ribbon. The results reveal that the 

heterogeneous evolution of forward martensitic transformation upon monotonic loading results in 

irregular changes in notch stress concentration factor; i.e. the stress concentration factor evolves in 5 

distinct stages upon completion of macroscopic phase transformation stress plateau. Accordingly, the 

results represent the inefficacy of the LEFM method in the evolution of the stress concentration factor 

(thus, the SIF) and toughness under monotonic loading, such that the stress intensity range (∆𝐾) under 

fatigue loading in superelastic SMA components since under fatigue conditions both the maximum 

and minimum stress intensity levels are modified to different levels due to the transformation effects 

and notch-tip plasticity. 

The work corresponding to this chapter has been published as: 

Pejman Shayanfard, Petr Šittner, Luděk Heller, Pavel Šandera, Finite element analysis on the effect 

of martensitic transformation and plastic deformation on the stress concentration factor in a thin 

notched superelastic NiTi ribbon, Functional Materials Letters, 2020, Vol 13(05), pp. 2051028, Doi: 

https://doi.org/10.1142/S1793604720510285  

and is attached to the end of the thesis.   

The paper presents a purely numerical analysis that was, however, inspired by questions raised by 

related experimental research work, discussed in CHAPTER 4. The part, which is the original work 

of the author of this dissertation, presents in the cited paper is the analysis primary idea, the processing 

of all finite element simulations and post-processing of the results, comparison and interpretation of 

the results and writing the manuscript which was revised thoroughly after comprehensive 

consultations with coauthors.   
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CHAPTER 6. NiTi Actuators with Stress Risers: Role of 

Plasticity 

 In this chapter, the evolution of local martensitic transformation (MT), plastic deformation, and 

mechanical gradients are analyzed both experimentally and numerically, in a thin actuator notched 

NiTi ribbon. While in FE analyses the plastic deformation is taken into account, the results are 

compared to a reference case-study where the plasticity is excluded from the simulations. 

6.1. Numerical Simulation Method 

Three-dimensional finite element simulations of thermally induced A↔M phase transformation were 

carried out on a thin shape memory NiTi ribbon including two-sided semi-circular notches (Fig.  

6-1a), to study the role of both MT and plastic deformation of detwinned martensite on the evolution 

of the local mechanical fields upon thermal cycling under a constant applied macroscopic 200 MPa 

tensile nominal stress. Since the material model used in this study (model proposed by Choudhry and 

Yoon [57], introduced in CHAPTER 3) allows us to combine SMA behavior −martensitic 

transformation− with the plasticity of both phases, the case in which the plasticity occurs in detwinned 

martensite beyond the transformation stress plateau (plastic-SMA, see shape memory material 

parameters in section 3.3.2) is examined and the results are compared to a reference case-study where 

the plasticity is neglected (ideal-SMA): 

- ideal-SMA (iSMA): the plasticity was not activated in material options  

- plastic-SMA (pSMA):  the yield stress of the martensite and austenite were set to 1270 MPa 

and infinite, respectively. 

 
Fig.  6-1 (a) Geometry of simulated double-notched ribbon (b) that was reduced using symmetry (c) and discretized using 

finite element mesh (d) refined around the notch (e) Schematic of the applied thermomechanical loading path, presented in 

the stress-temperature phase diagram of SMAs 

Taking advantage of symmetry, half of the specimen was considered in simulations (Fig.  6-1b). The 

width and thickness of the ribbon and the notches’ radius are 1mm, 0.1mm, and 0.15mm, respectively. 

The model was discretized using element 7 which is an eight-node, isoparametric, arbitrary 

hexahedral6 (Fig.  6-1c). The mesh was highly refined in the zone of expected high-stress gradients 

i.e. around the notch-tip as illustrated in Fig.  6-1d. The loading sequence consisted of two steps 

similar to the procedure followed in experiments: i) applying 200MPa tensile stress in austenite state 

 
6
 MSC Marc 2017, Documentation, Vol B: Element Library 



 

75 
 

at 160°C (path a-b in Fig.  6-1e); ii) homogeneous cooling-heating cycles with a constant rate between 

160°C-10°C (path a-b-a in Fig.  6-1e).  

6.2. Results and Discussion 

6.2.1. The evolution of the inhomogeneous martensitic transformation (MT) upon cooling-heating  

The spatial evolution of forward MT upon cooling is heterogeneous. Due to Clausius-Clapeyron 

relation, during cooling martensite first evolve at the regions with higher stress levels (see the 

schematic representation of Clausius-Clapeyron relation in stress-temperature diagram shown in Fig.  

6-1d). Accordingly, the evolution of the stress at the notch-tip is non-monotonous during the forward 

MT upon cooling under the constant applied tensile force.  

The results reveal that upon the cooling, the stress at the notch-tip and its very close vicinity evolves 

oppositely to that in distal material points from the notch-tip. During cooling, the stress at the notch-

tip and its vicinity increases, while the material points beyond this zone experience stress relaxation. 

Particularly, within a ~0.036mm distance from the notch-tip – about 25% of the notch radius− (so-

called stress rising zone, see Fig.  6-2a) the stress increases, as it is seen from the related stress-

temperature evolutions in Fig.  6-2b. Beyond this zone, however, the material experiences  

 
Fig.  6-2 (a) Representation of the SRiZ and SReZ (at the notch-tip cross-section) where the stress rises and relaxes upon 

cooling, respectively; (b) stress-temperature response of the entire material points at SRiZ and SReZ; (c) magnified stress-

response of SReZ; d) two-dimensional plot of the distribution of the axial stress along with the notch-tip ligament at the 

preloaded state (red curve) and the end of cooling (blue curve), clearly showing the SRiZ where the stress increases upon 

cooling, and the SReZ where the stress relaxes during cooling  
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stress relaxation during cooling as it is seen in Fig.  6-2c, which is the so-called stress relaxing zone 

(SReZ). The delimitation of SRiZ and SReZ, can be simply achieved by plotting the stress distribution 

at the notch-tip ligament in the preloaded state and the end of cooling (Fig.  6-2d). Moreover, it is 

possible to delimit SRiZ and SReZ using the temperature evolution of transverse stress along the 

notch-tip ligament, as is illustrated by the three-dimensional colormap in Fig.  6-3b. In Fig.  6-3b,  

 

Fig.  6-3 Three-dimensional colormaps representing the temperature evolutions of stress fields and the martensitic 

transformation upon cooling, along the notch-tip ligament: (a, a’) axial stress; (b) transverse stress; (c) volume fraction of 

martensite; 

the vertical cuts through the colormap represent the spatial evolution of the stress along the ligament 

while the horizontal cuts represent the temperature evolution of the stress for individual material 

points along the notch ligament. The transverse stress clearly shows local maxima at temperatures 

below the ~65°C. These maxima are due to the Poisson effect caused by MT-induced large strains in 

SRiZ. Hence, local maxima in transverse stress split the ligament into SRiZ and SReZ. Fig.  6-3a and 

Fig.  6-3a’ represents the three-dimensional colormap of the temperature evolution of axial stress 

along the notch-tip ligament, while the colorbar scales the stress value between 0-1500 MPa and 100-

400 MPa, respectively. Fig.  6-3a clearly shows the stresses within the SRiZ increase upon cooling, 

reaching their minima at ~65°C. In contrast, Fig.  6-3a’ illustrates that the stresses within the SReZ 

decrease upon cooling, reaching their maxima at ~65°C. Fig.  6-3c shows the three-dimensional 

temperature evolution of martensite volume fraction upon cooling, at the notch-tip ligament, which 

shows the material near the notch-tip (SRiZ) undergoes A→M phase transformation superior to the 
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SReZ, due to the stress concentration effect of the notch. Fig.  6-3d and Fig.  6-3e represent, 

respectively, the corresponding three-dimensional colormaps of the temperature evolutions of the 

total axial and transverse strain components, which reveal significantly higher strain changes during 

cooling takes place within the SRiZ in comparison to the SReZ. 

To understand such distinct stress state evolutions in SRiZ and SReZ, Fig.  6-4 summarizes the stress-

strain-phase fraction-temperature evolutions during cooling under constant 200MPa applied external 

stress. Distinct stress-strain states that exist in SRiZ and SReZ are analyzed hereinafter in terms of 

axial stresses and strains at the notch-tip denoted as Point 1 and a distal Point 2 along the notch-tip 

ligament, respectively, as indicated in Fig.  6-5c. Note that at both points the stress-strain state is 

nearly uniaxial, which facilitates the analysis. 

As discussed above, the temperature-stress and temperature-strain responses at the notch-tip upon 

uniform cooling-heating is non-monotonous (see black curves in Fig.  6-4a,b). Considering the 

unrecoverable plastic strains evolved during cooling at the notch-tip, the whole cooling-heating cycle 

can be explained as below: 

▪ The first cooling step: accompanied by the local evolution of plastic strains  

The evolutions of stress and strain at the notch-tip can be split into four consecutive stages upon 

cooling, marked with important turning points (P0-P5) of stress-strain-ξ (martensite volume fraction) 

-temperature paths depicted in Fig.  6-4a,b,c,d. Fig.  6-5a and Fig.  6-5b represent the colormaps of 

the total axial strain at turning pints P0-P5 obtained from DIC measurements and FE simulations, 

respectively. The stress-strain-temperature paths at the notch-tip stems from heterogeneous MT 

around the notch as evidenced by distributions of martensite volume fraction (ξ) at important turning 

point P0-P5 shown in Fig.  6-5c, which were converted into simplified colormaps in Fig.  6-5d splitting 

the total transforming sample volume into three fractions according to the degree of martensite 

straining, i.e., detwinning (the same as it was discussed also in 4.3). The degree of martensite 

detwinning is supposed to be contrarily proportional to the austenite volume fraction, restraining the 

martensite from full detwinning. The three fractions are consecutive: i) near-complete austenite 

(ξ≤0.2), where the martensite is believed to be highly constrained by the austenite; ii) partially 

detwinned martensite (0.2<ξ<0.9), where the austenite is still markedly restraining the martensite 

from full detwinning; iii) nearly fully detwinned martensite (ξ≥0.9), where it is almost free to fully 

detwin. 

• stage 1: Martensite nucleation and completion at the notch-tip, path P0-P1-P2:  

In path P0-P2, the A→M martensitic transformation nucleates at notch-tip where the stresses are 

higher. The temperature dependence of the transformation stress which decreases upon cooling 

according to Clausius- Clapeyron equation, results in a stress relaxation during the A→M phase 

transformation in path P0-P2 (see path P0-P2 in Fig.  6-4a,b,c and the colormaps showing turning points 

P0-P2 in Fig.  6-5c,d). The notch-tip follows the superelastic-like stress-strain response shown in Fig.  

6-4b (path P0-P2), where the stress relaxation path lies between points P0-P1. The stress plateau 

between points P1-P2 in Fig.  6-4b correlates to the fast completion of MT at the notch-tip which takes 

place in a small temperature increment (see path P1-P2 in Fig.  6-4a,c); where the stress remains 

constant. This stress relaxation at the notch-tip proceeds into the entire SRiZ, which is compensated 

by stress increase at SReZ (path P0-P2 in Fig.  6-4aa,bb) because the applied external load is constant 
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and the equilibrium must hold at the notch-tip cross-section. Nevertheless, this stress increase in SReZ 

is comparably small not promoting the MT within SReZ, as its size is much larger than that of SRiZ. 

The total strain at point P2 is the summation of the transformation strain and an elastic strain of the 

austenite phase induced upon pre-loading (see Fig.  6-4d): 

(휀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃2) = 휀𝐴
𝑒𝑙 + 휀𝐴→𝑀

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 

 
Fig.  6-4 FE results of the comparison between the ideal-SMA case [214] and the present studied case of plastic-SMA 

material, the evolution of the stress-strain-temperature responses at the notch-tip upon the first cooling stage: a) stress-

temperature evolution and the representation of the transformation lines Ms, Mf, As and Af; b) stress-strain response; c) 

evolution of volume fraction of martensite; d) simultaneous representation of the evolution of the total strain and the 

equivalent plastic strain in martensite by the black and orange curves, respectively.  
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• stage 2: MT propagation into the bulk to the onset of the notch-tip plasticity, path P2-P3 

 
Fig.  6-5 (a) DIC results, colormaps of the spatial distribution of total axial strain through the turning points P0-P5; (b) FE 

results, colormaps of the spatial distribution of total axial strain through the turning points P0-P5; (c) FE results, colormaps 

of the martensite volume fraction at the important turning points P0 to P5, denoted in Fig.  6-4; (d) the simplified 

representation of martensite volume fraction at the important turning points P0 to P5 (denoted in Fig.  6-4), splitting the 

total transforming sample volume into austenite (VFM<0.2), partially detwinned martensite (0.2≤VFM≤0.9) and fully 

detwinned martensite (VFM>0.9) 

Once the notch-tip and its very close vicinity have fully transformed into the detwinned martensite, 

it can be regarded as an elastic martensite inclusion, surrounded by austenite ligament (see point P2 

in Fig.  6-4a,c and its corresponding colormaps in Fig.  6-5c,d) which is being transformed to 

martensite upon further cooling. Further cooling turns into the MT propagation into the bulk towards 

the direction of maximum shear (so-called MT-band) (see the colormaps at turning point P3 in Fig.  

6-5c,d). The transformation strains being evolved within the MT-band must be accommodated by 

elastic deformation of the adjacent fully transformed zone at the notch-tip which results in sharp stress 

increase at the notch-tip (path P2-P3 in Fig.  6-4a,b) and stress relaxation at SReZ (see path P2-P3 in 

Fig.  6-4aa,bb).  Thus: 
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(휀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃3) = (휀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃2) + (휀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑒𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 

Where (휀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑒𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 denotes the extra elastic strain of detwinned martensite at the notch-tip 

induced to accommodate the transformation strains within the MT-band (Fig.  6-4d). 

• stage 3: continuation of MT propagation into the bulk accompanied by plastic deformation at the 

notch-tip, path P3-P4 

Upon propagation of MT towards the bulk along the MT-band, to some cooling extent (to point P3), 

the induced transformation strains within the MT-band would be accommodated by elastic 

deformation of the martensite at the notch-tip as discussed in stage 2. However, once the stress at the 

notch-tip exceeds the martensitic yield stress 𝜎𝑀
𝑦

, the rest of the transformation strains evolving along 

with the MT-band are rather accommodated by plastic strains of the yielded detwinned martensite 

inclusion at the notch-tip (see path P3-P4, the yellow curve in Fig.  6-4d), which turns into the 

saturation of stress to the yield stress (see the strain hardening in path P3-P4 in Fig.  6-4b). Thus:   

(휀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃4) = (휀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃3) + (휀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑝𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 

Where, (휀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑝𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 is the transformation strains evolved within the MT-band which is 

accommodated by plastic deformation of plastically deformed detwinned martensite at the notch-tip 

(see Fig.  6-4e). The stress at SReZ (material point 2) further relaxes in this stage (see Fig.  6-4aa-

bb).  

• stage 4: MT completion, path P4-P5 

The last stage starts at the maximum stress at the notch-tip at turning point P4 (Fig.  6-4a) that 

coincides with the near completion of the MT within the notch-tip ligament (see corresponding 

colormaps of P4 in Fig.  6-5c,d). A zone of residual austenite remains in the notch-tip ligament at the 

border between SRiZ and SReZ (see colormap of turning point P4 in Fig.  6-5c,d), where the stress-

bearing capacity is limited by the transformation stress, which must be compensated by higher 

stresses at adjacent fully martensitic parts of the ligament. By further cooling, the MT completes at 

this zone thus increasing its loading capacity and allowing for stress relaxation of the notch-tip as 

shown by path P4-P5 in Fig.  6-4a and Fig.  6-4b; turning in rising of the stress at SReZ (Fig.  6-4aa,bb). 

▪  The first heating stage, plastic-SMA 

When the minimum temperature (𝑇𝑚𝑖𝑛 < 𝑀𝑓) is reached in the cooling step at point P5 (see Fig.  6-4), 

the whole structure is fully detwinned to martensite, and plastic strains already exist at the notch-tip 

and its very close vicinity. By heating, the elastic ligament tends to undergo reverse M→A phase 

transformation and return to its original configuration in a pre-loaded state, which applies 

compression on the plastically deformed notch-tip zone.  

Note that during heating, the reverse MT is superior at the lower stress zones based on the Clausius-

Clapeyron equation. Thus, the reverse MT evolves from the bulk and shrinks towards the highest 

stress area at the notch-tip along with the MT-band. Recovery of transformation strains within the 

MT-band results in notch-tip to release the elastic deformations induced upon cooling −namely stage 

2− in path P6-P7 (Fig.  6-4d); which indeed turns into a sharp stress relaxation at the notch-tip (Fig.  

6-4a,b). In path P7-P8, the reverse MT proceeds at the notch-tip (Fig.  6-4a,c) where the material 
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follows the thermodynamics of SMAs characterized by reverse plateau stress (Fig.  6-4b). The reverse 

MT in path P7-P8 results in transformation strain (휀𝑡𝑟) to be recovered at the notch-tip (Fig.  6-4d). By 

further heating to initial temperature within the path P8-P9 the elastic strain of austenite is recovered 

and in path P9-P10 the stress state at the notch-tip turns to compressive (Fig.  6-4a,b). At the end of 

heating at point P10 the plastic strain 휀𝑝𝑙 remains unrecovered at the notch-tip as it is seen in Fig.  

6-4d. Under the present loading conditions, the level of compressive stresses at first heating is not 

enough to promote (secondary ) A→M phase transformation at the notch-tip under compressive 

stresses; however, by the accumulation of unrecovered strains over the subsequent cycles, the 

compressive stresses may rise gradually and turn into A→M transformation under the compression 

as it will be discussed in section6.2.2. 

Briefly, the results comparing plastic-SMA material and the case study in which the plasticity is 

excluded from the analysis (ideal-SMA, see Fig.  6-6a-d), reveal that the effective stress in plastic-

SMA at the notch-tip at the end of cooling is lower, while the total induced strain is higher than that 

in ideal-SMA. Besides, the plastic deformation at the notch-tip results in compression stress in heating 

which may arise the secondary phase transformation, i.e. compression-induced A→M, whenever its 

absolute value exceeds the forward stress plateau.  

 

Fig.  6-6 a comparison between the real state behavior of the material at the notch-tip in the plastic-SMA case 

study, and the predicted behavior when the plasticity is excluded in simulations (ideal-SMA) 

6.2.2. Cyclic Response 

Fig.  6-7a,b represents the cyclic evolutions of the axial stress and total axial strain at the notch-tip, 

respectively, obtained from numerical simulations. The plastic strains gradually accumulate in 

cooling stages at the notch-tip over the thermal cycles (Fig.  6-7a) which turns into higher compressive 
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stresses at the end of heating stages (Fig.  6-7b). Indeed, the plastic deformation of detwinned 

martensite at high-stress levels and its effects remain very local; thus, the predicted strain-temperature 

response at the bulk remains fully reversible during the cyclic A↔M phase transformation (see the 

yellow curve in Fig.  6-7a). The cumulative unrecovered strains at the notch-tip tend to saturate over 

the cycles (Fig.  6-7a), resulting in a saturation of consequent compressive stresses (Fig.  6-7b). Fig.  

6-8a,b show the evolutions of the total axial strain along with the notch-tip ligament at the end of 

cooling stages (blue curves) and heating stages (red curves), derived from DIC experiments and 

numerical analyses, respectively. The results reveal that the unrecovered strains promote through the 

whole notch-tip ligament.  

The experimentally and numerically derived spatial evolutions of the total axial strain at the end of 

cooling and heating stages over the 8 cycles are represented via the colormaps in Fig.  6-9a1-a8 and 

Fig.  6-9b1-b8, respectively.  Fig.  6-9 reveals that the unrecovered strains nucleate from the notch-

tip and further extend into the bulk through the MT-band [214]. 

 
Fig.  6-7 plastic-SMA material response under 200 MPa constant far-field (external) stress: (a) strain-temperature responses at the bulk 

and the notch-tip upon thermal cycles; (b) stress-temperature response at the bulk and the notch-tip upon thermal cycles  

 
Fig.  6-8 DIC results of the distribution of total axial strain ahead of the notch-tip, red curves correspond to the residual 

strains at the end of heating stages and the blue curves correspond to the total axial strain at the end of cooling stages 
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Fig.  6-9 numerical predictions:  (a1-a8) the spatial evolution of total axial strain at the end of cooling stages over the 8 

thermal cycles obtained from DIC measurements (at the top) and by FE analyses (at the bottom); (b1-b8) the spatial 

evolution of total axial strain at the preloaded stage and the end of subsequent heating stages over the 8 thermal cycles 

obtained from DIC measurements (at the top) and by FE analyses (at the bottom) 
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Fig.  6-10a,c show the numerically derived distribution of axial and transverse stresses ahead of the 

notch-tip at the end of cooling, respectively, which remain unchanged upon the subsequent cooling 

stages since the maximum notch-tip axial stress at cooling reaches the yield stress of martensite. Fig.  

6-10b depicts the stress distribution at the notch-tip ligament in the preloaded state (black curve) and 

its changes over the following heating stages. As it is seen the compressive stresses gradually increase 

at the notch-tip and its very close vicinity. The stress state at the notch-tip turns to a tensile stress state 

immediately within the SRiZ; the maximum tensile stress is reached at the border of the SRiZ and 

SReZ, then it reduces sharply in SReZ till it saturates to the nominal stress value at the middle of the 

notch-tip ligament (Fig.  6-10b). The maxima of the axial stress coincide with the maxima of 

transverse stress, consistently at the end of both cooling and heating stages (see Fig.  6-10c and Fig.  

6-10d, respectively). As explained before, these maxima are due to the Poisson effect caused by MT-

induced large strains in SRiZ. Hence, local maxima in transverse stress split the ligament into SRiZ 

and SReZ.  

 

Fig.  6-10 The FE results: a) distribution of the axial stress within the notch-tip ligament at the end of cooling; (b) the 

evolution of the distribution of the axial stress within the notch-tip ligament at the end of heating stages over the 8 cycles; 

(c) distribution of the transverse stress within the notch-tip ligament at the end of the cooling 

Fig. 6-11b1-b8, Fig. 6-11a1-a8, and Fig. 6-11c1-c8, respectively, represent the evolutions of plastic 

deformations at the end of cooling stages, compressive stresses at the end of heating, and the remnant 

(compression-induced) martensite around the notch-tip at the end of heating stages, over the 8 thermal 

cycles obtained from numerical predictions. The accumulation of plastic strains at the notch-tip during 

cooling (where the maximum stress is reached at the notch-tip) results in the gradual increase of the 

compressive stresses (as also discussed above, in Fig.  6-10b) and the zone under compression around 
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the notch (see colormaps in Fig. 6-11a1-a8); thus, accumulation of remnant (compression-induced) 

martensite volume fractions (see colormaps in Fig. 6-11c1-c8) at the end of heating stages. As it is 

seen in Fig. 6-11c1-c8, the compression-induced remnant martensite evolve from the third cycle 

(where it extends to 0.004 mm from the notch-tip) and gradually accumulate till it extends to 0.125mm 

distance from the notch-tip at the end of the 8th heating stage. Further, the direction of the propagation 

of the plastic zone and residual martensite complies with the direction of the MT-band (maximum 

shear stress) (Fig. 6-11).  

Conclusions 

The role of plasticity was experimentally and numerically evaluated in the cyclic evolution of 

martensitic transformation (MT) and mechanical fields around the notch in a thin shape memory NiTi 

ribbon including two-sided semi-circular notches. The resulting numerical results satisfactorily 

describe the notch-induced localization of the martensite transformation and the plasticity which 

affects its reversibility upon thermal cycles under a constant force loading constraint. The results 

reveal that:  i) the stress at the notch-tip reaches its maximum in the martensite phase during the 

forward MT upon cooling; which means that the stress concentration is amplified by the forward MT, 

ii) the stress concentration amplification is due to stress-riser induced inhomogeneous MT and 

accompanying transformation strain, iii) the plastic deformation of martensite turns in reduction of 

the effective maximum stress during cooling; thus, it decreases the stress concentration amplification 

triggered by forward MT, iv) the plastic strains evolve in cooling at the notch-tip area results in 

compressive stresses in heating stage, where the elastically transformed bulk ligament tends to return 

to its original configuration by the reverse MT (M→A) by heating, v) he compression induced on the 

notch-tip area during heating may turn to a secondary phase transformation at the notch-tip, whenever 

the value of which exceeds the transformation stress plateau; thus, a double phase transition occurs 

at the subsequent cooling and heating stages at the notch-tip, vi) the plastic strains gradually 

accumulate over the repeated cooling cycles, resulting in higher compressive stresses in heating 

stages; thus, accumulation of remnant (compression-induced) martensite at the end of heating stages. 
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Fig. 6-11 Numericalpredictions: (a1-a8) the evolution of compressive stresses at the notch-tip vicinity, induced by accumulation of 

plastic strains upon cooling stages as depicted in (b1-b8); (c1-c8) the accumulation of compression-induced (remnant) martensite volume 

fraction over the 8 heating stages.  
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CHAPTER 7. NiTi Actuators with Stress Risers: Role of Bias 

Load and Actuation Temperature 

7.1. Introduction 

NiTi thin elements (wires, ribbons) are widely used in shape memory actuators undergoing repeated 

thermal cycles under an external force. The NiTi actuators work either under a constant force (CF 

loading constraint) from a dead weight or they operate against a variable force (VF loading constraint) 

from an elastic bias spring. The commercially available shape memory alloy wires/ribbons have initial 

microscopic defects; such as voids, inclusions, and cavities that may potentially act as stress risers 

(stress concentrators). Joints of the SMA element with other parts in the actuator mechanism would 

play the role of stress risers, as well. Even in hypothetically perfect medical grade NiTi elements, 

voids that form at second particles in the very beginnings of cyclic loading can act as stress risers, 

where the fatigue cracks initiate. Despite their significant effects on actuation performance, the stress 

risers and their interaction with martensitic transformation and redistribution of mechanical gradients 

upon thermomechanical cyclic loading have not been studied thoroughly yet. 

This issue is studied in the present chapter through finite element analyses of the effects of actuation 

load type (CF and VF), the stiffness of the bias spring −in the case of VF−, and the maximum 

temperature (reached upon heating) on the local evolution of martensitic phase transformation and 

stress/strain fields around the notch during the cyclic thermomechanical loading of a thin NiTi shape 

memory notched thin ribbon. In all simulations, the ribbon is preloaded in austenite and subjected to 

the following cooling-heating cycle. To analyze the effect of the bias spring’s stiffness, two different 

spring‘s stiffnesses are examined in the VF case: 𝐾𝑠𝑝𝑟𝑖𝑛𝑔 =100N/mm and 𝐾𝑠𝑝𝑟𝑖𝑛𝑔 =20N/mm. The 

level of preload is similar in all simulations (inducing 185MPa nominal stress), and the minimum 

temperature reached upon cooling is low enough to ensure that the whole structure turns to detwinned 

martensite. To investigate the effects of the overheating, the cycling under VF loading (k=20 N/mm) 

is performed in two heating methods:  

• by heating only to the onset of completion of reverse transformation (M→A) in bulk (𝐴𝑓
𝑏𝑢𝑙𝑘), 

while leaving the notch area in the martensite state 

• by overheating to the completion of reverse transformation (M→A) in the entire ribbon, 

including the notch area 

The results show that: 

i. forward martensitic transformation upon cooling has a strong amplification effect on the 

notch stress concentration factor. 

ii. the evolution of the forward martensitic transformation during cooling results in a sharp stress 

peak at the notch-tip, the magnitude of which depends on the stiffness of the bias spring; and 

by heating the notch-tip stress relaxes due to the reverse phase transformation of the 

surrounding bulk 

iii. overheating during the actuation is unfavorable and harmful to the notch-tip since the 

complete reverse phase transformation at the notch-tip has a stress rising effect, while 

incomplete reverse phase transformation at the notch-tip has a stress relaxing effect. 
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The work corresponding to this chapter has been published as: 

Pejman Shayanfard, Luděk Heller, Pavel Šandera, Petr Šittner, Numerical Analysis of NiTi 

Actuators with Stress Risers: the Role of Bias Load and Actuation Temperature, Engineering 

Fracture Mechanics, Volume 244, 1 March 2021, 107551, Doi: 

https://doi.org/10.1016/j.engfracmech.2021.107551  

and is attached to the end of the thesis.   

The paper presents a purely numerical analysis that was, however, inspired by questions raised by 

related experimental research work, discussed in CHAPTER 6. The part, which is the original work 

of the author of this dissertation, presents in the cited paper is the analysis primary idea, the processing 

of all finite element simulations and post-processing of the results, comparison and interpretation of 

the results and writing the manuscript which was revised thoroughly after comprehensive 

consultations with coauthors.   
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CHAPTER 8. NiTi self-expanding stents: A Finite Element 

Analysis 

8.1. Introduction 

As the population ages, the superficial femoral and popliteal arteries are the prevalent locations for 

peripheral arterial disease (Fig.  8-1). A typical symptom in such cases is claudication when a single 

arterial level is involved. Critical limb ischemia (CLI) is more usual when the femoral disease is part 

of a multilevel obstructive process. Such cases often require percutaneous transluminal angioplasty 

followed by stenting to restore vessel patency and blood flow[245]. However, endovascular 

revascularization of the femoropopliteal (FP) artery has been limited by high rates of restenosis and 

stent fracture. The unique physical forces that are applied to the FP artery during cyclic leg movement 

have been blamed to be the source of problems. 

 

Fig.  8-1 occlusion of (a) superficial femoral, and (c) popliteal artery, (b) restored by the deployment of self-expanding 

Nitinol stents 

Because of extended deformability allowing for minimally invasive deployment and their functional 

properties, the superelastic Nitinol stents seem to be superior for deployment in regions of torsion and 

flexion such as the popliteal and superficial femoral artery, in contrast to the undesirable results 

reported with balloon-expandable stainless steel stents [246,247]. Nevertheless, the clinical 

investigations have revealed a significant rate of stent fractures, while stent manufacturers and the 

FDA are attempting to predict which design types of nitinol stents will fracture in what settings.  

The stent fracture phenomena could occur due to several reasons including −but not limited to− design 

and structural properties of the stent and their mechanical response to the deployment loads and the 

cyclic loads applied due to the operating conditions into the vessel −induced by heart pulsation−. 

Such that, the stent design could have determining effects on the local stresses and strains under 

different loading conditions. Stent fracture could lead to several injuries such as re-occlusion and 

Pseudoaneurysm phenomena. The stent fracture could happen in several modes: 
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- mode I, which involves only a single strut 

 

Fig.  8-2 Single strut fracture of an overlapping Nitinol stent, mode I stent fracture  [248] 

- mode II, which involves multiple struts that can occur at different sites 
 

 
Fig.  8-3 Follow-up X-ray showed multiple fractures of stent struts (mode II stent fracture) [249] 

- mode III: Involves multiple strut fractures resulting in a complete transverse fracture without 

displacement 

- mode IV: results in a complete transverse linear fracture with stent displacement 

- mode V: Spiral fracture: Complete transverse stent fracture with abundant movement and 

displacement of fractured fragments of more than 1 mm 

According to the trial and clinical studies, Intracoil and S.M.A.R.T Niti self-expanding stents have 

been reported to show long-term durability and safety, when treated in the superficial 

femoral/popliteal arteries. A considerable numerical study has been done to evaluate the mechanical 

behavior of self-expanding Nitinol stents in the literature, however, limited attention has been paid to 

the Intracoil stent and its interaction with the artery to analyze why they almost show no evidence of 

fracture.  

In this chapter, the deployment procedure and the mechanical stent-artery interaction are analyzed 

numerically for both Intracoil and S.M.A.R.T stents (Fig.  8-6). 
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Fig.  8-4 a) Follow-up X-ray showed transverse linear fracture and displacement (mode IV stent fracture) [249]; b) Self-

expanding nitinol stent nine months after implantation showing a severe stent fracture in the distal and a moderate stent 

fracture in the proximal part of the stent [250] 

 
Fig.  8-5 A case of mode 5 stent fracture (red arrow, left) corresponding to pseudoaneurysm (red arrow, right) of the SF 

artery [251] 

 
Fig.  8-6 a) S.M.A.R.T NiTi stent; b) Intracoil NiTi stent 

8.2. Materials and Methods  

The finite element software ANSYS15 APDL is used, in which the material option for superelasticity 

is based on the SMA model developed by Auricchio et al. [252]. Material parameters of medical 

graded Nitinol SE508 (Table 8-1, Fig.  8-7)) are chosen [253]. The vessel and plaque are regarded as 
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hyperelastic materials and modeled using six-parameter Mooney–Rivlin hyperelastic constitutive 

equations, for which the material parameters are derived in Ref. [253] (Table 8-1). The models are 

meshed with eight-node Solid185 break elements. Flexible–flexible surface-to-nodes contact is 

defined between the stent’s outer surface and the inner surface of the plaque, by high order target 

elements. The Augmented Lagrange contact algorithm is set with automatic pinball calculation and 

using the full Newton-Raphson method.    

 
Fig.  8-7 Schematic of the stress-strain response of Superelastic material 

Table 8-1 Material parameters of the stent and the tissue used in ANSYS  

Stent’s material properties (MPa) Artery and Plaque material properties 

𝜎𝑠
𝐴→𝑀 𝜎𝑓

𝐴→𝑀 𝜎𝑠
𝑀→𝐴 𝜎𝑓

𝑀→𝐴 휀∗ 𝛼 𝐶1 𝐶2 𝐶3 𝐶4 𝐶5 𝐶6 

346 365 83 57 0.063 0.09 -0.452 0.51 0.101 1.256 0.0 0.301 

 

Table 8-2 The 3D ANSYS model dimensions 

 

8.2.1. Models and Geometry 

For the Intracoil stent design, it was found [254] that the difference between the minimum stent’s coil 

diameter and the inner diameter of the targeted artery has not to be larger than 1mm (see Fig.  8-8b), 

to avoid the danger of collapse or leaning coils. The Intracoil is available in diameters as large as 8 

mm and lengths as long as 60 mm. S.M.A.R.T Nitinol stents are composed of a series of V-shaped 

struts in circumferential rows that are connected by bridges. Fewer bridges between zigzags make the 

stent design more open and flexible. The peak-to-peak connection is the original and most common 

form of bridge connection, though alternatives are not uncommon. Peak-to-valley, valley-to-valley, 

and mid-strut connections require some circumferential material to be sacrificed from the struts, 

forcing a compromise in strength or profile. With peak-to-peak connections, however, no 

circumferential material is sacrificed. In the design of NiTi stents, it is usually imperative to maximize 

the strength of the design, which explains the nearly exclusive use of pick-to-pick connection strategy 

in self-expanding stents in the survey, such that in the present study (see Fig.  8-9a and Fig.  8-9b). 
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Due to symmetry concerns, only half of the S.M.A.R.T stent is modeled (see Fig.  8-9a). A summary 

of models’ dimensions/sizes is presented in Table 8-2, for both modeled stents. 

 
Fig.  8-8 Intracoil NiTi self-expanding stent: a) full model with artery and the plaque, b) the inner coil diameter is 1 mm 

larger than the inner diameter of the artery in the plaque-induced-closed site, c) the artery is expanded by internal pressure, 

e) the stent is moved towards the deployment site, f) the internal pressure is released and the stent-plaque contact applies 

 
Fig.  8-9 S.M.A.R.T stent, a) the half-model of the stent with the artery and the plaque, b) the outer diameter of the 

original stent is equal to the outer diameter of the artery, c) the stent is crimped, d) the stent is moved towards the 

deployment site and the radial constraint is released and the stent-plaque contact applies  
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8.2.2. Boundary conditions  

S.M.A.R.T stent: 

i) A uniform spatial radial displacement boundary condition on the outer surface was used to crimp 

the stent (see Fig.  8-9c) 

ii) the stent is moved towards the target lesion by an axial displacement applied to the artery (see Fig.  

8-9d) 

iii) the crimped stent is allowed to gradually expand till contact is established between the stent and 

the plaque.  

Intracoil stent: 

In general, due to forward (A→M) phase transformation taking place during the crimping stage of 

the deployment procedure, this stage has to be involved in finite element analysis. However, for the 

Intracoil model, in this study, it was seen that the maximum induced stresses are lower than 𝜎𝑓
(𝐴→𝑀), 

i.e. the whole structure returns to the elastic austenite state after the deployment; thus, there would 

not be any numerical miscalculation in the simulations if we neglect the complicated, time-consuming 

crimping stage of the Intracoil model. Accordingly, the artery is expanded by applying pressure (0.15 

MPa) on the inner surface of the plaque, such that, it expands to a larger diameter than that of the 

outer coil diameter of the stent (see Fig.  8-8c). Then, the stent is moved towards the targeted site (see 

Fig.  8-8e) and the pressure is gradually released from the inner surface of the artery allowing the 

contact interaction with the stent (see Fig.  8-8f). 

8.3. Results and discussion  

In general, since the stress state within the stent parts is not homogeneous upon loading-unloading-

pulsation, several loading path scenarios can be reached at different sites of a self-expanding stent. 

Examples are shown in Fig.  8-10 denoted by modes I to V: 

• mode I: the material remains in elastic austenite at the maximum load, i.e. in the crimping 

stage. Thus, upon extending and subsequent pulsation fatigue load the material would be 

cyclically loaded in elastic austenite. 

• mode II: The material partially transforms into martensite in the crimping stage (A→M+A), 

it partially reversely transforms to austenite (A+M→M+A) and undergoes partial martensitic 

transformation under the pulsation fatigue load. It means that upon fatigue loading there are 

mobile band fronts (MBFs) in the zone. 

• Mode III: similar to mode II, however, the material is cyclically loaded without martensitic 

transformation, i.e. no mobile band fronts (MBFs) upon fatigue loading.  

• Mode IV: the material is partially transformed in the crimping stage (A→A+M), but the 

stress levels do not reach the reverse plateau stresses. Such that, under the pulsation load the 

material is elastically loaded without undergoing martensitic transformation, i.e. no MBFs 

• Mode V: the maximum stress in the crimping stage is high enough to complete forward phase 

transformation (A→M), upon self-expanding stage the stresses either reach or not to the 
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reverse plateau stresses, and the subsequent pulsation fatigue load leads to an elastic cyclic 

deformation without martensitic transformation involved (no MBFs) 

 

Fig.  8-10 The potentially load-paths applied at different sites of the S.M.A.R.T stent upon the crimping-extension-

pulsation procedure. The crimping load are shown in solid arrows, the unloading paths are shown by dashed arrows and 

the pulsation cyclic load are shown in purple loops 

 

Fig.  8-11  a) Force-displacement curve for a high-purity diamond specimen; b) Principal strain field in the gage from 

DIC; c) the martensite and austenite regions corresponding to points  1 and 2, redrawn from [255] 

The motion of martensite band fronts (MBFs) is a key mechanism for the accumulation of damage 

upon the fatigue loading of NiTi. It means that a larger motion of martensite band fronts results in a 

larger accumulation of defects, which turns into a shorter low-cycle fatigue life. In this regard, as it 

was discussed in section 1.1 under the uniaxial tensile fatigue loading, when the MBFs are involved 

in the cyclic deformation (mode II in Fig.  8-10) the larger the strain amplitude leads to shorter fatigue 

life. Further, it is known that among the modes in which the MBFs are not incorporated into the 

deformation mechanism mode I (Fig.  8-10) is the safest fatigue mode, while the unloading martensite 

(mode V in Fig.  8-10) is more prone to fatigue with respect to the loading martensite (mode IV in 

Fig.  8-10) [17]. Relatively similar remarks were outlined by Paranjape et al. [255]. Paranjape et al. 

[255] analyzed the correlation between the transformation volume amplitude and the fatigue life 

under both uniaxial (thin superelastic NiTi dog bone samples) and bending (thin NiTi diamond 

samples) fatigue loading conditions, where they defined the phase transformation volume as the 
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product of the transformed area −between the max load (point 1 Fig.  8-11a) and min load (point 1 

Fig.  8-11b)− and the specimen thickness.  

 
Fig.  8-12  Single strut fracture of a Nitinol stent [248] 

Fig.  8-13 represents the finite element results for the S.M.A.R.T stent. Fig.  8-13a and Fig.  8-13b 

respectively indicate the first principle stress and Von Mises stress induced on the inner wall of the 

artery in stenosis place. In Fig.  8-13c the distribution of the Von Mises stress in the stent is seen after 

the crimping stage. The gray color in Fig.  8-13c represent exceeding the stress from the plateau stress, 

i.e. the completion of the A→M phase transformation. The partially transformed A→M zones are 

illustrated in Fig.  8-13d. The fatigue response can be mimicked by comparing the stress state in the 

unloaded (expansion of the stent into the vessel) state shown in Fig.  8-13e and after the crimping 

stage. As it is seen in Fig.  8-13c and Fig.  8-13d upon the crimping stage and subsequent unloading 

−due to self-expansion inside the artery− (Fig.  8-13e) all fatigue load modes I to V (discussed above) 

exist within the stent. The most critical parts are illustrated Fig.  8-13d and Fig.  8-13f where the 

material may undergo either mode II to IV of cyclic loading modes where the material is prone to 

fatigue failure. These results agree with the clinical observations of the fatigue fracture of stents with 

a similar design (Fig.  8-12) [248]. The maximum Von Mises equivalent stress for the Intracoil (Fig.  

8-14) stent lies at the elastic regime since the material returned to the full austenite phase (Fig.  8-14) 

in the whole structure. This decreases the danger of preliminary fatigue failure of the implanted 

Intracoil stent.   

The results predicted patency restoration to the stenosed artery, and the lumen diameter was increased 

from 6 mm to 6.54 mm (~52.13%) and from 6 mm to 6.94 mm (~95.5%) for S.M.A.R.T and 

INTRACOI, respectively. The resultant Von Mises stress on the artery inner wall was ~0.22 MPa and 

~0.42 MPa for S.M.A.R.T (Fig.  8-13b) and Intracoi (Fig.  8-14c), respectively. Consequently, even 

though the Intracoil stent has an equal thickness to the S.M.A.R.T and a smaller outer diameter, it 

shows superior patency restoration. On the other hand, the small pitch considered in the Intracoil 

design prevents a high level of tissue prolapse in contrast to the S.M.A.R.T stent. On the contrary, the 

higher level of the resultant Von Misses on the artery inner wall, besides a little higher tissue prolapse, 

makes the Intracoil less potential to move from the deployed site.  
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Fig.  8-13 Finite element results for the SMART stent f; a,b) the first principle and Von Mises stress on the stenotic tissue, 

respectively; c) Von Mises stress distribution in the crimped state, gray zones represent the stresses beyond the plateau 

stress (i.e. completion of the forward A→M transformation); d) the zones at which the stress is in plateau stress range (i.e. 

partially transformed regions); e) magnified of the gray zones shown in Fig. 8-13c; f) the Von Mises stress distribution 

after the stent is extended inside the artery 
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Fig.  8-14 Finite element results for the Intracoil NiTi self-expanding stent: a) Von Mises stress distribution on the stent 

after completion of the deployment; b) Von Mises stress distribution after removing the elements near the applied BCs 

site; c) first principle stress distribution on the artery and plaque tissue,  

8.4. Conclusions 

Delivery of the Intracoil and s.m.a.r.t self-expanding superelastic Nitinol stents and their release 

inside a stenotic site of the artery was numerically analyzed. Intracoil was successful in ~95.5% 

restoring patency to the stenosed artery, s.m.a.r.t resolved only ~52.13% of the artery closure. It was 

observed that the maximum stress for the Intracoil stent remains in the elastic regime, which decreases 

the danger of preliminary fatigue failure of the implanted Intracoil stent. However, in the case of the 

s.m.a.r.t stent, some regions of the structure remain in a partially transformed state, where the 

mechanical fatigue failure is expected under the blood pulsation induced fatigue load. 
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