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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 which 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 to 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 

or superelastic medical implants, 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 fundamental understanding 

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

One of the possibilities is the nucleation and propagation of cracks from the stress risers since the 

evolution of the transformation and local mechanical gradients are completely different at the high-

stress zones at stress risers than that being experienced within the bulk. The commercially available 

shape memory alloy elements (wires/ribbons) include initial microscopic defects (surface cracks, 

voids, inclusions, cavities, notches, etc.) that may potentially act as stress risers (stress concentrators). 

Even in presumably perfect medical grade NiTi wires, voids forming at inclusions in the early stage 

of cyclic loading could play the role of stress risers, at which fatigue cracks nucleate [1][2]. Joints of 

the SMA element with other components could also act as a stress riser (stress concentrator) [3][4].  

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

transformation on the redistribution of local mechanical gradients and initiation of cracks and their 

subsequent propagation remains unclear. Moreover, the effect of the plastic deformation of detwinned 

martensite at high stress levels −well beyond the transformation stress plateau− around the stress 

risers has also a significant influence on the recoverability of martensitic transformation, thus, on the 

cyclic local evolution of mechanical fields. The present Ph.D. thesis focuses on the experimental and 

numerical analysis of the evolution of local phenomena at stress risers under cyclic macroscopic 

loading conditions, in both superelastic and shape memory regimes of NiTi thin ribbons.  
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CHAPTER 2. Materials and Methods 

The stress concentration effect of the stress risers results in the non-homogeneous spatial distribution 

of stresses within an SMA structure, with higher stresses around the stress risers. The martensitic 

transformation takes place preferentially at higher stress zones due to the well-known Clausius-

Clapeyron relation, which indeed, turns to a heterogeneous course of martensitic transformation in an 

SMA element containing stress risers when they are subjected to either iso-thermal cyclic mechanical 

loading (superelastic regime) or thermal cycling under an external load (shape memory regime). To 

analyze the role of stress risers in the heterogeneous evolution of martensitic transformation, local 

redistribution of mechanical gradients and potential plastic deformation of detwinned martensite 

−when the stress at stress risers exceed the yield point of detwinned martensite−, in this thesis notched 

thin NiTi ribbons are subjected to cyclic loadings in both superelastic and shape memory regimes. 

The digital image correlation (DIC) method is used to experimentally measure the strain fields while 

the finite element simulations are used to evaluate the corresponding evolutions of volume fraction 

of martensite, strains, stresses, and plastic deformations. Further, X-ray microdiffraction is used to 

analyze the cyclic evolution of local strains and to analyze if the remnant martensite evolves at the 

notch-root (in superelastic case). DIC measurements and X-ray microdiffraction observations 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. 

To consider both martensitic transformation and the plastic deformation at high-stress levels beyond 

the martensitic transformation plateau at the tip of the notches in thin NiTi ribbons, a thermo-

mechanical SMA constitutive model proposed by Choudhry and Yoon  [5] is used which is already 

implemented in MSC Marc Finite Element program. The experimentally derived material parameters 

required as inputs for the finite element simulations 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 𝜀𝑡𝑟, deviatoric transformation strain (𝜀𝑑𝑒𝑣
𝑡𝑟 ), temperature dependencies 

of transformation stresses for the forward and reverse transformation (CM , CA), and the yield stress 

of austenite and martensite phases 𝜎𝑦
𝐴, 𝜎𝑦

𝑀 . The material parameters for the superelastic and shape 

memory NiTi ribbons are presented in Table 2-1 and Table 2-2.  

Table 2-1 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 1.00E+20 

Parameter 
As 

(°C) 

Af 

(°C) 
ϑ 𝛆𝐭𝐫(dev) 

Value -30.9 -15 0.33 5.5% 

 

The superelastic notched ribbons in this study are subjected to macroscopic tensile loading-unloading, 

where the maximum applied stress lies beyond the transformation stress plateau. The shape memory 

notched ribbons are pre-loaded in the austenite phase, then repeated cooling heating thermal cycles 

are applied.  
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Table 2-2 Material parameters for the shape memory NiTi ribbons 

Parameter 
EA 

(GPa) 

EM 

(GPa) 

CA 

(MPa/°C) 

𝛔𝐲
𝐌 

(MPa) 

Value 70 52 8.6 1270 

Parameter 
Ms 

(°C) 

Mf 

(°C) 

CM 

(MPa/°C) 

𝛔𝐲
𝐀 

(MPa) 

Value 31.5 19 8.6 1.00E+20 

Parameter 
As 

(°C) 

Af 

(°C) 
ϑ 𝛆𝐭𝐫(dev) 

Value 51 52.5 0.33 5.5% 

 

CHAPTER 3. Superelastic Notched Ribbon 

3.1. The effects of martensitic transformation and plastic deformation in cyclic response 

The effect of martensitic phase transformation and plastic deformation on the local superelastic cyclic 

response of NiTi in the vicinity of the notch in a thin NiTi ribbon which includes a single-edge 

semicircular notch (Fig.  3-1a), are analyzed both experimentally and numerically, under iso-thermal 

tensile loading-unloading cycles. In experiments, digital image correlations and X-ray 

microdiffraction are used to analyze the cyclic evolution of local strains and martensite volume 

fractions, respectively. Besides, the finite element (FE) simulations reveal how the martensitic 

transformation, mechanical gradients, and plastic strains evolve around the notch. In FE simulations, 

additional analyses are done to test the role of the material and geometric parameters; i.e. the notch 

radii, the maximum transformation strain, and elastic moduli mismatch between austenite and 

martensite (Fig.  3-1b).  A schematic material’s stress-strain response under tension is depicted in Fig.  

3-1c.  

 

Fig.  3-1 a) the model configuration with the reference notch radius, b) due to symmetry half of the notched ribbons are 

modeled. Different notch radii are simulated while the notches have equal penetration in the edge of the ribbon, to keep 

the nominal stress constant, c) The material response under tension  

3.1.1. First cycle: comparison between FE and experimental DIC results 

As outlined above, the stress concentration effect of the notch, turn in the non-monotonous spatial 

distribution of stress, with higher stress levels around the notch. Thus, upon loading the martensitic 

transformation proceeds in a heterogeneous manner, where the martensite volume fractions nucleate 
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at the notch-tip and further extends towards the bulk along with the direction of maximum shear (the 

so-called MT-band hereinafter).  

Fig.  3-2 summarizes the incremental evolution of stresses at the notch-tip and the bulk during a single 

loading-unloading cycle, and their corresponding evolutions of martensitic transformation, plastic 

deformation, and strains at the important turning points, denoted as points 0 to 11.  

Fig.  3-2e and Fig.  3-2f represent the colormaps of total axial strain obtained from DIC and FE, 

respectively, at turning points 0 to 6 in loading, and Fig.  3-2g illustrates their corresponding 

martensite volume fraction distributions which were converted into simplified colormaps in Fig.  3-2f 

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 concerted colormaps) 

are also represented for unloading (turning points 7 to 11).  

▪ Loading 

• 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.  3-2d, also see path 0_1 in Fig.  

3-2a to Fig.  3-2c). 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.  3-2g0-g1 and Fig.  3-2h0-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.  3-2c-d and Fig.  3-2e1-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.  3-2e to Fig.  3-2h). 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 strains that evolve within the MT-band are being accommodated 

by elastic deformations of the adjacent fully detwinned martensite at the notch-tip. Thus, the stress at 

the notch-tip sharply increases (path 1-2 in Fig.  3-2c,d). 
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Fig.  3-2 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.  3-2a; (f1-f6) FEM results: evolution of the local axial strain regarding the 

points 1-6 denoted in Fig.  3-2a to Fig.  3-2d; (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.  3-2b to Fig.  3-2d; (g11’) local compressive axial stress at the end of macroscopic unloading (point 11); (h11’) 

plastic zone at the end of unloading (point 11) 

✓ Stage 2_b: path 2-3 

Upon path 2-3, the martensitic transformation is still being expanded along with the MT-band. 

However, since at point 2 the notch-tip stress is reached the martensitic yield point, the transformation 

strains evolving within the MT-band in path 2-3 would be, rather, accommodated by plastic 
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deformation of fully detwinned martensite at the notch-tip. The plastically deformed zone at the 

notch-tip is shown in Fig.  3-2h3 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, in comparison to the case in which the plasticity is not considered in FE analyses. 

• 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.  3-2d). 

• Stage 4: the elastic response of the bulk beyond the transformation stress plateau 

External loading to the above of macroscopic stress plateau results in elastic deformation of 

detwinned martensite at the bulk, which turns in stress at the notch-tip to re-increase till it again 

reaches the yield stress; after which, further loading results in additional plastic strains at the notch-

tip in relatively constant stress. 

▪ UNLOADING 

While the plastic deformation incorporates in the deformation mechanism at the notch-tip due to the 

high stresses, the reversibility of the martensitic phase transformation in the elastically deformed 

ligament is deserved.  However, irreversible strains remain at the notch-tip and its very close vicinity. 

Such that, 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, 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.  3-2d) which turns in a sharp stress-

release at the notch-tip due to stress concentration concept (see blue curve in Fig.  3-2d). 

• 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.  3-2d) −accompanied by macroscopic stress plateau (path 7-8-9, black curves in Fig.  

3-2d)−, which extends towards the notch-tip along with the MT-band upon further unloading (see 

colormaps in Fig.  3-2g7-g8-g9 and their simplified colormaps in Fig.  3-2h7-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.  3-2c,d). The reverse stress 
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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.  3-2g9,h9). Interestingly, at 

point 9 the levels of stresses reached at the notch-tip induce the completion of reverse martensitic 

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.  3-2g9,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.  3-2g9-g11 and Fig.  3-2h9-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.  3-2d, also see colormaps of Fig.  3-2g11,h11).  Fig.  3-2g11’ represents 

the compressive stresses at the notch-tip area at the end of unloading, and Fig.  3-2h11’ 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.  3-2h11’ and Fig.  3-2h6). 

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.  3-2h11).  

3.1.2. Effects of notch radii  

A single macroscopic monotonic loading to 1300 MPa is applied to study the effect of the notch radii  

on notch-tip stress. Results reveal that for the sharper notches (R0 & 2R0) the phenomena explained 

in the previous section, regarding the loading stages, hold (Fig.  3-3). By increasing the notch radius 

(R> 2R0), the stress concentration effect of the notch reduces and: 

 
Fig.  3-3 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  
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✓ 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 8R0-34R0
 in Fig.  3-3).  

✓ before the notch-tip stress reaches the yield point, proceeding of martensitic transformation at 

bulk prohibits the sharp stress increase at the notch-tip before it reaches to yield stress. Once the 

bulk martensitic transformation is completed (point 6 in Fig.  3-3), the elastic deformation of 

detwinned martensite at the bulk results in the notch-tip stress re-increase sharply till it reaches 

the martensitic yield stress, where the plastic strains evolve at the notch-tip. At larger notch sizes, 

the yielding is postponed to higher external loads, thus the lower plastic strains evolve by 

increasing the notch radius ( Fig.  3-4a to Fig.  3-4f). 

3.1.3. Effect of transformation strain (𝜺𝒕𝒓) and elastic modulus mismatch 

Fig.  3-5 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, SMA, EM=EA=70 GPa,𝜀𝑡𝑟=0%,  

- case  𝒒𝑰𝑰𝑰, SMA, EA=70 GPa , EM=52 GPa; 𝜀𝑡𝑟=0% 

- case  𝒒𝑰𝑽, SMA, EA=70 GPa , EM=52 GPa, 𝜀𝑡𝑟 ranging from 0% to 5.5% 

 
Fig.  3-4 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 

As it is expected the stress-strain response of the 𝒒𝑰 and 𝒒𝑰𝑰  are identical, which is showed in Fig.  

3-5a (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.  3-5a). 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 𝜀𝑡𝑟 (compare the yellow, thick-gray, thin-dashed-red and thin-blue curves in Fig.  

3-5a) in an almost linear manner (see Fig.  3-5b). 
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Fig.  3-5 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 

3.1.4. 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.  3-6a 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.  3-6b). The monotonic rapture was 

observed at ~11.7% of axial strain (Fig.  3-6a) which is well-known to occur by strain localization in 

necks [6]. Relatively similar behavior is seen in the notched ribbon (Fig.  3-6c-d). 

 
Fig.  3-6  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 
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▪ Local Behavior 

The temperature-stress phase diagram of SMAs is commonly used to predict the variation of the 

martensite volume fraction (ξ) under various thermomechanical loading paths (see Fig.  3-7b). In Fig.  

3-7b, 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 [7]. In reality, the tensile parameters and the corresponding compressive parameters are 

most likely different [8]. However, Marc model (used in the numerical simulations 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.  3-7 Uniaxial tensile-compressive load applied at the notch-tip upon with peak stresses of σ + p under tension and σ − 

p under compression [7] 

 
Fig.  3-8 The stress-strain behavior of a superelastic SMA material under cyclic loading conditions which begins with 

compression, considering tension-compression asymmetry [7] 

The stress-strain response of the superelastic material under the tension-compression was presented 

by Wang et al. [7], as it is represented in Fig.  3-8, which indeed mimics the local (notch-tip) stress-
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strain response at the notch-tip in our notched specimens. As discussed in section 3.1.1 (Fig.  3-2), 

due to the plastic deformation evolved at the notch-tip in the first loading, upon the subsequent 

unloading compressive stresses are induced at the notch-tip. The subsequent macroscopic tensile-

unloading cycles turn into the tension-compression response at the notch-tip as it is depicted in Fig.  

3-9d, path C-O-T (also see the schematic representation of the interaction between the stress-time 

response between the bulk and the notch-tip in Fig.  3-7a). 

 
Fig.  3-9 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 

 

Fig.  3-10 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. 

From the second cycle, upon loading the notch-tip experiences twice 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 (Fig.  3-9d). Fig.  3-9 a1-a8, Fig.  3-9b1-b8, and 

Fig.  3-9c1-c8, respectively, represent the evolutions of plastic strain in martensite, compressive 

stresses, and the remnant (compression-induced) martensite around the notch-tip at the end of 

unloading stages, over the 8 loading-unloading cycles, obtained from FE predictions. The external 

loading-unloading cycles arise the accumulation of plastic strains at the notch-tip as it is schematically 
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shown in Fig.  3-10 and through the colormaps in Fig.  3-9 a1-a8. The accumulation of plastic strains 

(thus, enlargement of the plastically deformed zone) results in the gradual increase of the compressive 

stresses and the zone under compression around the notch (see colormaps in Fig.  3-9 b1-b8); thus, 

accumulation of remnant martensite (see colormaps in Fig.  3-9 c1-c8) at the end of unloading stages. 

The direction of the propagation of the plastic zone and residual martensite corresponds to the 

direction of the MT-band (maximum shear stress). 

 
Fig.  3-11 XRD microdiffraction results, the evolution of the remnant martensite at the end of unloading stages upon 65 

cycles; (a-h) macro scans; (a’-h’) micro scans 

The XRD results confirm the development of the remnant martensite volume fractions at the notch-

tip at the end of unloading stages, the size of which increases over the cycles (Fig.  3-11) as it was 

prematurely predicted by the numerical investigations. 

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 
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As it is seen in Fig.  3-9d, after the 2nd cycle, the yield stress at the notch-tip is not reached at 

maximum load, while the induced compressive stress is exceeded the yield point in unloading; thus, 

the maximum notch-tip strain at maximum load remains relatively constant (Fig.  3-12a,b), while the 

residual strains at the notch-tip gradually increase over the repeated cycles till it relatively saturates 

after a few cycles (Fig.  3-13a,b). This could be since the accumulated plastically deformed zone after 

a few cycles would partially shield the notch-tip from being further affected by compressive stresses, 

thus, prohibits the additional plastic strains (see Fig.  3-10).  

 
Fig.  3-12 Evolution of axial strain at maximum macroscopic load, a) FEM, b) DIC 

 
Fig.  3-13 evolution of accumulated residual axial component of strain at the notch-tip after macroscopic unloading during 

cyclic loading, a) FEM, b) DIC 

3.2. monotonic loading: the effects of martensitic transformation and plasticity on the stress 

concentration factor 

In this part, the effects of martensitic transformation and plastic deformation on the stress 

concentration factor are analyzed on a thin NiTi superelastic ribbon under the iso-thermal monotonic 

tensile loading (Fig.  3-14), at temperatures beyond the Af. The results from the pure numerical 

analyses reveal that, unlike the conventional metallic materials where the stress concentration factor 

is a geometry-dependent parameter, in SMAs the martensitic transformation and further the plastic 

deformation of detwinned martensite, which preferentially take place at the root of stress risers, result 

in severe changes in stress concentration factor during monotonic tensile loading.  

Unlike the dimensions of the modeled samples are slightly different from that used in the analysis in 

section3.1, however, the gradual interactions between the evolutions of notch-tip and bulk stresses 

are phenomenologically similar to that discussed in the loading step in section 3.1.1, as it is shown in 

Fig.  3-15a where the important turning points are denoted (points 1 to 9). Accordingly, Fig.  3-15b 

indicates the evolution of the normalized stress concentration factor, i.e. (𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)⁄  ratio, and 

the volume fraction of martensite (ξ) at the notch-tip and bulk during loading. Turning points 0 to 9 
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in Fig.  3-15b correspond to the critical points in Fig.  3-15a. In Fig.  3-15b, the x-axis is a non-

dimensional presentation of the external applied stress (𝜎∞ 𝜎𝑠
𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙⁄ ) [9], where 𝜎∞ is the external 

applied macroscopic stress and 𝜎𝑠
𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 is the critical stress to start the forward martensitic 

transformation A→M. The left y-axis prsents the (𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)⁄  ratio in which 𝐾𝑡𝑛
𝑆𝑀𝐴 is the stress 

concentration factor for the present superelastic material, calculated from the FE results:  

 

Fig.  3-14 the FE model of the thin NiTi superelastic ribbon with an edge semi-circular notch, used in simulations to 

predict the role of martensitic transformation and plasticity on stress concentration factor in tensile monotonic loading in 

superelastic regime 

 

Fig.  3-15  a) stress-time responses of the bulk and notch-tip, b) evolution of stress concentration factor ratio 

[(𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)]⁄ , and volume fraction of martensite (ξ) at the notch-tip and bulk 

𝐾𝑡𝑛
𝑆𝑀𝐴 = (𝜎𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝)𝑆𝑀𝐴 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙⁄  

and 𝐾𝑡𝑛
𝐿𝐸𝐹𝑀 is the liner elasticity reference stress concentration factor and could be obtained either 

from well-known LEFM analytical equations [10], or from the FE analysis’ results as:  

𝐾𝑡𝑛
𝐿𝐸𝐹𝑀 = (𝜎𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙⁄ )𝑝𝑎𝑡ℎ 0−1 
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As it is seen in Fig.  3-15b  𝐾𝑡𝑛
𝐿𝐸𝐹𝑀 is valid for the present SMA material only within path 0-1 where 

the whole structure is in the elastic austenite regime (Fig.  3-15a); thus, the (𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)⁄ = 1 

(path 0-1 in Fig.  3-15). 𝐾𝑡𝑛
𝐿𝐸𝐹𝑀 is used further on (from points 1 to 9) as a reference value to evaluate 

the changes in (𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)⁄  ratio upon the complete loading course, to present the LFEM 

ineffectiveness for the present material. The stress-time response in Fig.  3-15a provides a clear 

understanding of the interaction between the stress evolution at the notch-tip and bulk, during the 

incremental application of the macroscopic load. The evolution of notch stress concentration factor 

upon gradual application of macroscopic load can be divided into 5 stages, represented by zones 1 to 

5 in Fig.  3-15b (z1-z5) as: 

• z1: Linear elastic validity zone, where the whole structure is in austenite, thus, 

(Ktn
SMA) (Ktn

LEFM)⁄ = 1. 

• z2: transformation nucleation and completion at high-stress zone at the notch-tip (Fig.  3-15a), 

where (Ktn
SMA) (Ktn

LEFM)⁄  decreases (Fig.  3-15b). 

• z3: evolution of martensitic transformation along with the MT-band which is accommodated by 

overloading of the fully detwinned martensite at the notch-tip, where (𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)⁄  

increases. 

• z4: plasticity of the notch-tip at high-stress levels beyond the plateau which is superimposed with 

the notch-tip stress relaxation due to the phase transformation at the bulk, which leads 

(𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)⁄  to decrease.  

• z5: the elastic deformation response of fully detwinned martensite at the bulk which re-amplifies 

the notch-tip stress to the yield point, where the (𝐾𝑡𝑛
𝑆𝑀𝐴) (𝐾𝑡𝑛

𝐿𝐸𝐹𝑀)⁄  the ratio shows a trivial 

increase followed by a subsequent decrease when the notch-tip stress re-approaches the yield 

point. 

CHAPTER 4. Shape Memory Regime 

4.1. Effects of martensitic transformation and plastic deformation 

In this section, the evolution of local martensitic transformation, plastic deformation, and mechanical 

gradients are analyzed both experimentally and numerically, in a thin notched NiTi shape memory 

ribbon. The configurations of the studied shape memory NiTi thin notched ribbon is depicted in Fig.  

4-1a. In FE simulation only half of the ribbon is analyzed due to the symmetry (Fig.  4-1b). A constant 

200MPa macroscopic stress is applied at a high temperature beyond the Af in the austenite phase, and 

the thermal cooling-heating cycles are conducted (see Fig.  4-1c).  

The FE results revealed that upon the first cooling step after preloading, 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 (which 

is the so-called stress rising zone hereinafter, see Fig.  4-2a) the stress increases, as it is seen from the 

related stress-temperature evolutions in Fig.  4-2b. Beyond this zone, however, the material 

experiences stress relaxation during cooling as is seen in Fig.  4-2c (the so-called stress relaxing zone 

hereinafter, SReZ). The length of SRiZ is ~25% of the notch radius. 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.  4-2d).  
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Fig.  4-1 (a) Geometry of simulated double-notched ribbon (b) that was reduced using symmetry (c) Schematic of the 

applied thermomechanical loading path, presented in the stress-temperature phase diagram of SMAs 

 
Fig.  4-2 (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  

To understand such distinct stress state evolutions in SRiZ and SReZ, Fig.  4-3 summarizes the stress-

strain-phase fraction-temperature evolutions during cooling under constant 200MPa applied external 

stress. In Fig.  4-3, distinct stress-strain states that exist in SRiZ and SReZ are analyzed hereinafter in 

terms of axial stresses and strains at the notch-tip (thus, SRiZ) denoted as Point I and a distal Point 
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II along the SReZ, respectively (see points I and II in Fig.  4-2a). Note that at both points the stress-

strain state is nearly uniaxial, which facilitates the analysis by taking into account the axial component 

of stress.  

4.1.1. The first cooling step: accompanied by the local evolution of plastic strains at the notch-tip 

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) in stress-strain-ξ (martensite volume fraction) 

-temperature paths curves depicted in Fig.  4-3a,b,c,d. Fig.  4-4a and Fig.  4-4b 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 martensitic transformation around the notch as evidenced by distributions of 

martensite volume fraction (ξ) at important turning point P0-P5 shown in Fig.  4-4c, which were 

converted into simplified colormaps in Fig.  4-4d 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, 

restraining the martensite from full detwinning. The three fractions are consecutive: 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. 

• 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 the Clausius-Clapeyron equation results in a stress relaxation during the A→M phase 

transformation in path P0-P2 (see the notch-tip responses upon path P0-P2 in Fig.  4-3a,b,c and the 

colormaps showing turning points P0-P2 in Fig.  4-4c,d). The notch-tip follows the superelastic-like 

stress-strain response shown in Fig.  4-3b (path P0-P2), where the stress relaxation occurs in path P0-

P1. The stress plateau between points P1-P2 in Fig.  4-3b correlates to the fast completion of martensitic 

transformation at the notch-tip which takes place in a small temperature increment (see path P1-P2 in 

Fig.  4-3a,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.  4-3aa,bb) 

because the applied external load is constant and the equilibrium must hold at the notch-tip cross-

section. Nevertheless, this stress increase in SReZ is comparably small not promoting the martensitic 

transformation within SReZ, as its size is much larger than that of SRiZ. 

The total notch-tip 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.  4-3d): 

(𝜀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃2) = 𝜀𝐴
𝑒𝑙 + 𝜀𝐴→𝑀

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 

• stage 2: martensitic transformation propagation into the bulk to the onset of the notch-tip plasticity, 

path P2-P3 

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 
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in Fig.  4-3a,c and its corresponding colormaps in Fig.  4-4c,d) which is being transformed to 

martensite upon further cooling. Further cooling turns into the martensitic transformation propagation 

into the bulk towards the direction of maximum shear (MT-band) (see the colormaps at turning point 

P3 in Fig.  4-4c,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.  4-3a,b), thus, stress relaxation at 

SReZ (see path P2-P3 in Fig.  4-3aa,bb).  So: 

 
Fig.  4-3 FE results of the comparison between the ideal-SMA case [11] 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.  

(𝜀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃3) = (𝜀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃2) + (𝜀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑒𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
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Where (𝜀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑒𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 denotes the additional elastic strain of detwinned martensite at the notch-

tip evolved to accommodate the transformation strains within the MT-band (Fig.  4-3d). 

s  
Fig.  4-4 (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.  4-3; (d) the simplified 

representation of martensite volume fraction at the important turning points P0 to P5 (denoted in Fig.  4-3), 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) 

• stage 3: continuation of martensitic transformation propagation into the bulk accompanied by plastic 

deformation at the notch-tip, path P3-P4 

Upon propagation of martensitic transformation towards the bulk along with 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 it was 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 at the notch-tip (see path P3-P4, the yellow curve in Fig.  4-3d), 

which prohibits the notch-tip stress from a further increase (see the strain hardening in path P3-P4 in 

Fig.  4-3b). Thus:   
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(𝜀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃4) = (𝜀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃3) + (𝜀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑝𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 

Where, (𝜀𝐴→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.  4-3e). The stress at SReZ (material point 2) further relaxes in this stage (see Fig.  4-3aa-

bb).  

• stage 3: continuation of martensitic transformation propagation into the bulk accompanied by plastic 

deformation at the notch-tip, path P3-P4 

Upon propagation of martensitic transformation towards the bulk along with 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 it was 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 at the notch-tip (see path P3-P4, the yellow curve in Fig.  4-3d), 

which prohibits the notch-tip stress from a further increase (see the strain hardening in path P3-P4 in 

Fig.  4-3b). Thus:   

(𝜀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃4) = (𝜀𝑡𝑜𝑡)𝑝𝑜𝑖𝑛𝑡 (𝑃3) + (𝜀𝐴→𝑀
𝑀𝑇−𝑏𝑎𝑛𝑑)𝑝𝑙

𝑛𝑜𝑡𝑐ℎ−𝑡𝑖𝑝
 

Where, (𝜀𝐴→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.  4-3e). The stress at SReZ (material point 2) further relaxes in this stage (see Fig.  4-3aa-

bb).  

• stage 4: martensitic transformation completion, path P4-P5 

The last stage starts at the maximum stress at the notch-tip at turning point P4 (Fig.  4-3a) that 

coincides with the near completion of the martensitic transformation within the notch-tip ligament 

(see corresponding colormaps of P4 in Fig.  4-4c,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.  4-4c,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 

martensitic transformation 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.  4-3a and Fig.  4-3b; turning in 

rising of the stress at SReZ (Fig.  4-3aa,bb). 

4.1.2.  The first heating stage, plastic-SMA 

When the minimum temperature (𝑇𝑚𝑖𝑛 < 𝑀𝑓) is reached in the cooling step at point P5 (see Fig.  4-3), 

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 phase 

transformation (M→A) and return to its original configuration in the pre-loaded state, which applies 

compression on the plastically deformed notch-tip zone.  

Note that during heating, the reverse martensitic transformation is superior at the lower stress zones 

based on the Clausius-Clapeyron equation. Thus, the reverse martensitic transformation evolves from 
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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 

upon path P6-P7 (Fig.  4-3d); which indeed turns into a sharp stress relaxation at the notch-tip (Fig.  

4-3a,b). In path P7-P8, the reverse martensitic transformation proceeds at the notch-tip (Fig.  4-3a,c) 

where the material follows the thermodynamics of SMAs characterized by reverse plateau stress (Fig.  

4-3b). The reverse martensitic transformation in path P7-P8 results in transformation strain (𝜀𝑡𝑟) to be 

recovered at the notch-tip (Fig.  4-3d). 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 a 

compressive state (Fig.  4-3a,b). At the end of heating at point P10 the plastic strain 𝜀𝑝𝑙 remains 

unrecovered at the notch-tip as it is seen in Fig.  4-3d. Under the present loading conditions, the level 

of compressive stresses at first heating is not enough to promote the secondary (compression-induced) 

A→M phase transformation at the notch-tip; 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 in heating, as it will be discussed in section 4.1.1. 

4.1.1. Cyclic Response 

Fig.  4-5a,b represents the cyclic evolutions of the axial stress and total axial strain at the notch-tip,  

 
Fig.  4-5 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.  4-6 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.  4-7 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 Variable force (VF) .vs. constant force (CF)  

respectively, obtained from numerical simulations. The plastic strains gradually accumulate in 

cooling stages at the notch-tip over the thermal cycles (Fig.  4-5a) which results in higher compressive 

stresses at the end of heating stages (Fig.  4-5b). 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.  4-5a). The cumulative unrecovered strains at the notch-tip tend to saturate over the cycles 

(Fig.  4-5a), resulting in a saturation of consequent compressive stresses (Fig.  4-5b).Fig.  4-6a,b 
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shows 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. The results reveal that the unrecovered strains promote through the whole notch-tip 

ligament, with higher concentration at SRiZ.  

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.  4-7a1-a8 and 

Fig.  4-7b1-b8, respectively.  Fig.  4-7 reveals that the unrecovered strains nucleate from the notch-

tip and further extend into the bulk through the MT-band over the repeated thermal cycles [11]. 

4.2. The effects of actuation boundary conditions  

In this section, numerical analyses are presented on the impact of cycling under VF and CF loading 

constraints, and overheating on the local cyclic responses, i.e. cyclic evolutions of the phase fractions 

and the mechanical fields at the notch-tip in a thin notched NiTi shape memory ribbon including an 

edge semi-circular notch; width of which is 1mm, and the notch radius is equal to 0.05mm (see Fig.  

4-8b). The macroscopic stress (defined by the ratio of the external force to the unnotched cross-section 

area) induced by external pre-load is equal to 185 MPa in all simulations in this section (see Fig.  4-8). 

To simulate the variable force (VF) loading constraint, a fixed axial displacement is applied to point 

z (up to its new position at point zz) (see Fig.  4-8c), till the stress reaches the desired pre-stress level, 

and following cooling-heating thermal cycles are applied. Once the material is cooled down, the 

forward A→M transformation results in elongation of the ribbon and reduces the elongation of the 

bias spring; thus, the macroscopic stress reduces upon cooling. The reverse phenomena during heating 

(where the M→A transformation occurs) results in recovery of its original configuration at the pre-

loaded state in austenite; thus, the bias springs re-elongate, and the macroscopic stress increases. Two 

different spring‘s stiffnesses are examined in the VF loading constraint: 𝐾𝑠𝑝𝑟𝑖𝑛𝑔 =20N/mm and 

𝐾𝑠𝑝𝑟𝑖𝑛𝑔 =100N/mm. The CF loading constraint method is simulated by applying a constant stress, 

followed by the subsequent cooling-heating cycles (see Fig.  4-8b). 

 

Fig.  4-8 (a) the loading path, (b) constant force loading constraint method, (c) variable force loading constraint method 

To analyze the effects of the overheating, the cycling under VF loading constraint (k=20 N/mm) is 

tested in two heating approaches:  

• by heating just to the onset of the completion of M→A transformation in bulk (𝐴𝑓
𝑏𝑢𝑙𝑘) 

• by overheating to the temperature well beyond the 𝐴𝑓
𝑏𝑢𝑙𝑘.  
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4.2.1. Effects of bias load  

Themo-mechanical responses of notched ribbon over the complete transformation temperature range 

(complete A↔M phase transformation during the cooling-heating) are compared in terms of the 

evolutions of the axial stress-strain-temperature in the notch-tip and bulk. Note that, hereinafter, the 

axial stress and strain are referred shortly stress and strain. 

Fig.  4-9a3 and Fig.  4-9b3 represent the evolution of volume fraction of martensite versus temperature 

(ξ-T response) at the bulk and notch-tip, respectively. As it is shown in Fig.  4-9b3, the forward and 

reverse martensitic transformation at the notch-tip takes place at a relatively equal temperature for CF 

and VF loading constraint case studies, which is also illustrated in stress-temperature space in Fig.  

4-9b1. Since the stresses at the beginning of A→M (in cooling) and at the end of M→A (in heating) 

are equal at the bulk in CF and VF loading constraints (due to the identically applied pre-load), thus, 

the Ms and Af do not vary from case to case. Nevertheless, the drop of macroscopic stress in the VF 

loading constraint results in lower Mf and As temperatures concerning that in CF loading constraint; 

and the higher the Kspring, the lower the macroscopic Mf and As (see Fig.  4-9a1 and Fig.  4-9a3).  

The stress level in the bulk is governed by the applied boundary condition, while the bulk strain is 

resulted by the SMA material model. Hence, in CF the bulk stress remains unchanged over cycling 

and the strain increases/decreases due to forward/reverse martensitic transformation (see black curves 

in Fig.  4-9a1,a2).  In VF, however, the stress and strain changes are coupled via the elongation of bias 

spring: it decreases the stress when the spring contrasts by ribbon’s elongation during the forward 

martensitic transformation during cooling and inversely increases the stress when the spring re-

elongates in response to the shrinking of the ribbon during reverse martensitic transformation upon 

heating. The stiffness of the spring governs the stress and strain variations, such that, the higher 

stiffness the higher stress changes and the lower strain changes at the bulk, as it is displayed by blue 

and red curves in Fig.  4-9a1,a2. At the notch-tip, in CF the stress increases upon the forward 

martensitic transformation during cooling (see Fig.  4-9b1) as a result of the heterogeneous promotion 

of martensitic transformation. Contrarily, the stress decreases non-monotonously by the reverse 

martensitic transformation in heating stage. Interestingly, a similar behavior of the evolution of the 

stress at the notch-tip is observed for the VF, regardless of the stiffness of the bias spring (see Fig.  

4-9b1).  

In essence, in both CF and VF cases, the stress at the notch-tip reaches to the maxima upon the forward 

martensitic transformation during cooling. The overall stress minima is reached at the notch tip in CF 

and in VF with sufficiently low spring stiffness, otherwise, the global minimum stress is achieved in 

the bulk material. In VF, the stress and strain evolutions at bulk and the notch-tip are governed by 

spring stiffness upon thermal actuation cycling; the higher the spring stiffness, the higher stress 

relaxation in the bulk upon forward martensitic transformation in cooling stage, and an opposite 

relation applies for strain in the bulk since the stress relaxation turns into lower elastic strains and 

martensite detwinning. Thereupon, the level of the changes in notch-tip stress and strain decreases by 

increasing bias spring stiffness, as the maximum notch-tip stresses are driven by strains in the 

surrounding bulk. 
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Fig.  4-9 Comparison between the VF and CF loading constraint methods examined under overheating conditions. (a1, b1) 

the evolution of stress at the bulk and notch-tip, respectively, is shown in stress-temperature space. The CM and CA are 

the slops forward (A→M) and reverse (M→A) transformation bands shown in green; (a2, b2) strain-temperature 

responses of the bulk and notch-tip, respectively; (a3,b3) ξ-T responses of the bulk and notch-tip, respectively 
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4.1. The Effects of Maximum Actuation Temperature 

Heterogeneous stress gradients caused by stress rising effect of the notch, together with the stress 

dependent transformation temperatures result in an in homogeneous Af within the sample. Setting a 

proper maximum temperature upon thermo-mechanical actuation could reduce stress variation at the 

notch-tip, while keeping the work capacity (actuation capacity) of an SMA element which has a stress 

riser. Fig.  4-10 indicates such implication by presenting the evolutions of stress-strain-volume 

fraction (ξ)-temperature for the notch-tip (Fig.  4-10a,b,c) and bulk (Fig.  4-10d,e,f) upon a single 

actuation cycle by: 

 
Fig.  4-10 comparison between the overheating and controlled-heating methods: notch-tip responses in VF loading 

constraint (in which Kspring=20 N/mm). (a,d) stress-temperature diagrams at the notch-tip and bulk, respectively; (b, e) 

strain-temperature diagrams at the notch-tip and bulk, respectively; (c, f) ξ-T diagrams at the notch-tip and bulk, 

respectively 
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CHAPTER 5. The effect of NiTi stents’ design in their cyclic 

mechanical responses 

The superelastic Nitinol stents are used in deployment in zones of torsion and flexion such as the 

superficial femoral artery (SFA). The US Food and Drug Administration has approved Intracoil and 

S.M.A.R.T nitinol stents for placement into the SFA, and seem to show the most brilliant long-term 

durability and safety among all other approved stent designs. The present chapter deals with FE 

analysis of the deployment and stent-artery interaction of both Intracoil and s.m.a.r.t stents, using 

ANSYS software and its implemented SMA model proposed by Auricchio and Sacco [14]. The 

numerical stress analyses provide guidelines for the future corresponding experimental investigations 

of fatigue life. 

Table 5-1 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 𝜀∗ 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 

 

 
Fig.  5-1 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 

Table 5-2 The 3D ANSYS model dimensions 
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The material parameters for the stents and the artery are presented in Table 5-1. The stents models’ 

specifications and dimensions are presented in Table 5-2. S.M.A.R.T nitinol stent was delivered and 

released inside a stenotic point of the artery, and the Intracoil was successful to interact with the artery 

by expanding the vessel to a diameter greater than that of the stent, while sufficient internal pressure 

was applied to the vessel (0.15 MPa). Intracoil showed ~95.5% restoring patency to the stenosed 

artery, S.M.A.R.T was successful to remove only ~52.13% of the stenosis, which is not acceptable (a 

post-deployment angioplasty would have to be performed).  

 
Fig.  5-2 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) the Von Mises stress distribution after the stent is extended inside the artery  

Maximum Von Mises stress for the Intracoil stent remains lower than the forward martensitic 

transformation stress plateau, through the whole implementation and stent-release procedure (Fig.  

5-1), which significantly decreases the danger of preliminary fatigue failure of the implanted Intracoil 

stent. In the case of the S.M.A.R.T stent, however, some parts of the structure remain in a partially 
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transformed state (Fig.  5-2), which makes it prone to mechanical fatigue failure when the stent is 

subjected to the blood pulsation mechanical fatigue.  

5.1. 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, when the stent is subjected to the blood pulsation. 

CHAPTER 6. Conclusions 

The numerical and experimental analyses were performed on the local phenomena around the notches 

upon forward and reverse martensitic transformation in thin NiTi superelastic and shape memory 

ribbons, to mimic the role of stress risers in the cyclic response of SMAs and to investigate how they 

interact with global martensitic transformation and how this interaction results in severe local 

redistribution of stresses and strains at stress risers. The transformation induced plasticity (TRIP) was 

not considered in the present thesis, due to limitations in the SMA constitutive model used in this 

study and since there are a variety of analyses in this regard in the literature, instead, the plastic 

deformation of detwinned martensite which preferably occurs at high stress levels beyond the 

transformation stress plateau at stress risers was examined. 

In iso-thermal mechanical loading in the superelastic regime, it was found out that 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 is non-monotonous: the martensitic transformation first nucleates at 

high stress zone around the notch where the transformation strains evolve at the notch-tip (due to 

Clausius–Clapeyron relation). After the notch-tip has fully transformed to detwinned (stress-induced) 

martensite, by further loading martensitic transformation extends towards the bulk along with the 

direction of maximum shear (MT-band). The transformation strains evolved within the MT-band are 

accommodated by elastic deformation of previously fully detwinned martensite inclusion at the notch-

tip, thus, turns in a sharp stress-increase at the notch-tip. This effect is because the transformation 

strain is a finite value and the notch-tip deformation turns to the elastic response after it completes 

the martensitic transformation. This sharp stress increase at the notch-tip beyond the transformation 

stress plateau results in the yield point of detwinned martensite to be reached. Then, the rest of the 

transformation strains being evolved along with the MT-band will be accommodated by plastic strains 

of detwinned martensite at the notch-tip, which hinders further stress increase at the notch-tip and 

leads to higher total values of notch-tip strain. Upon unloading, the compressive stresses are induced 

on plastically deformed material at the notch-tip which can result in dual-stage phase transformation: 

reverse transformation from M to A till the notch-tip stress reaches zero, and A to M phase 

transformation under compressive stresses by further macroscopic unloading. Such that, plasticity 

results in notch-tip to experience a forward-reverse M↔A transformation upon per single subsequent 

loading and unloading stages, although the bulk material just undergoes M→A and A→M during 

loading and unloading stages, respectively. Moreover, such a complex interaction between the stress 

concentration effects of the notch, martensitic transformation, and plasticity results in severe frequent 

changes in the ratio of macroscopic stress to stress at the notch-tip, thus, changes in stress 

concentration factor. 



34 
 

In actuation loading conditions, results satisfactorily describe the notch-induced localization of the 

martensite transformation and the plasticity which affects its reversibility upon thermal cycles under 

constant/variable force loading constraints. The results reveal that:  

• the stress at the notch-tip reaches its maximum in the martensite phase during the forward 

martensitic transformation upon cooling; which means that the stress concentration is amplified 

by the forward martensitic transformation. 

• the stress concentration amplification is due to stress-riser induced inhomogeneous martensitic 

transformation and accompanying transformation strain. 

• 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 martensitic 

transformation. 

• 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 martensitic transformation (M→A) by heating. 

• the 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 dual-stage phase transition occurs in the subsequent cooling and heating stages at 

the notch-tip. 

• 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. 

• variable force cycling (against bias elastic spring) results in lower work capacity of the SMA 

element as compared to the constant force cycling (against dead load) since the actuator strain 

∆𝜀𝐴↔𝑀 reduces and that this reduction becomes more significant with increasing stiffness of the 

elastic spring. 

• constant force cycling gives rise to the higher stresses and strains at the notch-tip compared to the 

variable force cycling. 

• the maximum stresses at the notch-tip are reached in the martensite phase during the forward MT 

upon cooling. 

• controlled heating during reverse MT leaves the notch-tip area in stress relaxed state due to locally 

incomplete MT. 

• controlled-heating reduces the strain amplitude at the notch-tip. 

• overheating leads to higher stresses complete reverse MT at the notch-tip area compared to 

controlled heating. 
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