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A R T I C L E  I N F O   

Keywords: 
NiTi 
Shape memory alloy 
Thermal actuator 
Thermomechanical cycling 
Stress riser 
Notched ribbon 
Martensitic transformation 
Variable force 
Constant force 
Overheating 

A B S T R A C T   

NiTi wires and thin ribbons are used in shape memory actuators as active elements undergoing 
repeated thermal cycles. The NiTi actuators operate either under constant force (CF loading 
constraint) or they act against a variable force (VF loading constraint) from an elastic bias spring. 
Any stress riser represents a danger for potential actuator failure upon cycling. Although NiTi 
actuators always include stress risers either inherently in their design or as material flaws, their 
effect on actuation performance has, however, not been studied thoroughly yet. This issue is 
addressed in the present paper through numerical analysis of the effects of actuation load type (CF 
or VF loading constraint), maximum temperature, and stiffness of the bias springs (in VF loading 
constraint) on the local evolution of martensitic transformation (MT) and mechanical fields 
around the notch upon the cyclic thermomechanical loading of a thin NiTi shape memory notched 
ribbon. The analyses clearly show a strong amplification effect of the transformation strain on the 
stress concentration factor. The results reveal that the evolution of the forward MT upon cooling 
causes a sharp stress peak around the notch-tip the magnitude of which depends on the bias 
spring stiffness while upon heating, the stress at the notch-tip area relaxes due to the reverse MT 
of the surrounding bulk. Moreover, the simulations indicate that any overheating during the 
actuation is harmful to the notch-tip as the complete reverse MT at the notch-tip has stress rising 
effect while incomplete MT at the notch-tip has stress relaxing effect.   

1. Introduction 

NiTi shape memory alloys exhibit functional stress–strain-temperature behaviors due to martensitic phase transformation between 
B2 cubic austenite and B19′ monoclinic martensite phase. The functional behaviors cover mainly superelasticity (cyclic recovery of 
large thermo-elastic transformation strain on unloading), shape memory effect (recovery of large thermo-elastic transformation strain 
strains upon heating), and shape memory actuation (cyclic recovery of large thermo-elastic transformation strain under bias load). The 
shape memory actuation property is utilized in thermal actuators in different configurations based on the application requirements 
[1,2]:  

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

To realize the cyclic movements, different modes of actuation have been used such as force control, displacement control, and 
compliance control as harnesses with SMA actuator mechanisms. In force control mode, either a CF loading constraint from a 
deadweight is used (which is quite rare in applications) or elastic bias springs act against the SMA element upon the heating–cooling 
cycles (VF force constraint) [3–10]. Finally, two or more SMA actuating elements may be used in antagonistic connection forming 
multistable structures [11]. SMA elements can be conveniently activated by supplying the heat via electrical heating and air con-
vection cooling [12–14]. When actuating NiTi element via an electric current, very fast heating can be easily achieved but there is a 
high risk of accidental overheating [14–17]. It has been recognized even isolated accidental overheating under applied external stress 
may significantly reduce the fatigue life of the NiTi element [14,17–21]. NiTi SMA wires overheated to temperatures above the 
austenite finish temperature (Af) experienced a fatigue failure after 5,000 cycles compared to 18,000 cycles when the wires heated near 
the onset of Af, under 300 MPa constant stress [22]. Besides, fatigue lives of NiTi-based SMA wires were found to be significantly higher 
under the controlled partial temperature range, where the phase transformation during thermomechanical loading proceeded as M↔ 
(M + A) instead of M ↔ A [22–24]. 

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 [25–27]. Rahim et al. [43] experimentally compared the fatigue responses of the pseudoelastic nano grain size 
thin wires subjected to low cycle fatigue and high cycle fatigue. They examined three alloys: with an ultrahigh purity and the alloys 
with carbides and oxides. They found out that the fatigue lives are governed by crack initiation; particularly, in the high cycle fatigue 
regime, the number of cycles upon which the crack propagates to final fracture can be ignored. They observed that the surface quality 
has a significant role in fatigue resistance of their NiTi wires, and the fatigue cracks preferentially initiate at surface defects even if the 
level of material impurities are very low. In the absence of the surface cracks, however, particle/void assemblies that originate during 
thermomechanical processing represent the relevant crack initiation sites. Furthermore, joints of the SMA element with other com-
ponents could act as a stress riser (stress concentrator), as well [3,4,28]. Hence the material response at the stress risers becomes very 
important since this is where the fatigue damage starts. The progress of the phase fractions and plastic deformation in the material 
surrounding the stress risers under various cyclic thermo-mechanical loadings is thus of key interest. While there are a few numerical 
studies of the fatigue and fracture of actuator SMAs containing stress risers [29–31] there are very few experimental data [32,33] in the 
literature. It was suggested that in case of thermal cycling of shape memory elements under CF loading constraint, the fatigue failure 
takes place by the formation of an unstable crack during cooling [30,33], since the energy release rate may reach its critical value 
during cooling [30]. On the other hand, recent experimental studies of the authors team [34–37], show that severe plastic deformation 
tends to accompany the reverse transformation upon heating under large stress, which explains why the accidental overheating re-
duces the fatigue lifetime of NiTi actuators. 

The thermal cycling of notched/cracked thermal NiTi actuators under variable stress (VS loading constraint) and potential damage 
from the overheating remain to be investigated. In this work, we present a numerical analysis of the impact of cycling under VF and CF 
loading constraints, and overheating on the cyclic evolution of the phase fractions and the mechanical fields at the notch-tip in a thin 
notched NiTi shape memory ribbon, using the finite element method. 

2. Numerical simulation method 

Three-dimensional finite element analyses are performed on the cyclic thermomechanical actuation of a thin NiTi shape memory 
ribbon including an edge semi-circular notch, to analyze the role of the applied variable force supplied by bias springs (VF loading 
constraint, see Fig. 1b1), and the overheating on the local evolution of MT and the mechanical fields at the notch-tip. A three- 
dimensional SMA constitutive thermomechanical model proposed by Choudhry and Yoon [38] and implemented in MSC Marc 
finite element package is used to simulate the thermomechanical response of the NiTi material due to martensitic transformation. 

In the simulation of the actuator test, the bulk material is first preloaded in the austenite state, i.e. at 150◦ C, which is well above the 
Af temperature (see path 1–2 in Fig. 1d), and then subjected to a uniform cooling-heating cycle. The level of the force applied in the 
preloading stage is low enough to avoid stress-induced MT even in the high-stress zones at the notch-tip; thus, the entire ribbon re-
mains in the austenite phase at the end of the preloading stage. Furthermore, in all simulations, the cooling reaches below the Mf 
temperature (10 ◦C) to ensure the completion of the forward A → M transformation. The VF loading constraint is modeled by using 
spring elements. To this aim, all the top-nodes of the ribbon are constrained to a single external node (node 1, see Fig. 1b2) by multiple 
nodal ties (all degrees of freedom method); and a single spring element is used in the connection between the node 1 and node 2 (see 
Fig. 1b1-b2). Node 2 in Fig. 1b2 corresponds to the original position of the free end of the bias spring (i.e. point z in Fig. 1b1) in a stress- 
free state. A fixed axial displacement is applied to node 2, till the stress reaches the desired pre-stress level, and node 2 is kept fixed 
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upon the following cooling-heating step. 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 increases1. Two different spring‘s stiffnesses are examined in 
the VF loading constraint: Kspring = 20 N/mm and Kspring = 100 N/mm. 

Furthermore, to understand how the type of the applied external load (CF .vs. VF loading constraint) affects the cyclic evolution of 

Fig. 1. (a1, a2) the FE model configurations of CF loading constraint, constant stress is applied to the tope face; (b1, b2) the FE model configurations 
of VF loading constraint: the nodal ties (all degrees of freedom) shown in red at the top. A spring-link-element used between nodes 1 & 2. ‘z’ 
represents the stress-free original position of spring. ‘zz’ denotes the final position of the spring in pre-loading, which is kept fixed during the 
following cooling-heating cycle; (c1) meshed model; (c2) mesh refinement around the notch; (d) the macroscopic loading path in CF loading 
constraint, represented in the schematic stress–temperature non-equilibrium phase diagram of SMAs. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

1 For experimental examples of such loading refer to [9,6], which is a common loading approach in many of application of SMA as thermal 
actuators as explained through the introduction. 
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the mechanical and phase fraction gradients at the notch-tip, the results of the VF loading constraint are compared to a reference case 
study, in which the CF loading constraint is applied (see Fig. 1a1-a2). In the case of CF loading constraint, constant stress is applied to 
the top face of the ribbon (Fig. 1a2). 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 the present work. 

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 inducing the completion of M → A transformation in bulk (Abulk
f ) only, while leaving the notch zone in the martensite 

state;  
• by overheating to the completion of M → A transformation in the entire sample, including the notch zone. 

The experimentally derived SMA material parameters used in simulations are listed in Table 1. The parameters were validated by 
comparing the simulation and experimental results of the thermomechanical tests under various levels of constant stresses (see Fig. 2a- 
e), as well as a monotonic tensile loading in the pure martensite phase (Fig. 2f). SMA material parameters (required model inputs, 
Table 1) used in the simulations consist of elastic moduli of the martensite and austenite (EM, EA), forward/reverse transformation start 
and finish temperatures at zero stress (MS, Mf /AS, Af), transformation strain (εtr), temperature dependences of transformation stresses 
for the forward and reverse transformations (CM, CA). Due to the symmetry, only half of the notched ribbons are modeled (Fig. 1a2,b2). 
The model dimension and specifications are illustrated in Fig. 1a2,b2. The model is meshed using element 7 which is eight-node, 
isoparametric, arbitrary hexahedral2 (Fig. 1c1). The mesh is refined in the zone of expected high-stress levels, i.e. at the notch-tip 
and its surrounding as illustrated in Fig. 1c2. 

3. Results and discussion 

3.1. The evolution of the inhomogeneous forward MT upon cooling 

After the material has been elastically pre-loaded in austenite, the distribution of stress is inhomogeneous within the material due 
to the stress riser (concentration) effect of the notch. Accordingly, and due to the stress-dependence of the transformation temperatures 
in SMAs expressed by Clausius-Clapeyron relation (see schematic stress–temperature diagram in Fig. 1d), the course of the forward MT 
is heterogeneous upon cooling. Even though the model used in this work does not account for the localized nature of MT in thin ribbons 
as reported in experiments [39,40] or implemented in models [41], the simulation naturally predicts an inhomogeneous course of MT 
that is governed by inhomogeneous distribution of stresses around the notch. 

The results reveal that during the cooling step, the stress evolutions at the notch-tip and its very close vicinity contrasts to distal 
material points from the notch-tip. The stress at the notch-tip and its vicinity increases upon cooling while the material points beyond 
this zone experience stress relaxation during cooling. Specifically, within a range of 0.0125 mm, i.e., 25% of notch radius from to the 
notch-tip (Fig. 3a) denoted as stress rising zone (SRiZ) hereinafter, the axial stress indeed increases during cooling as evidenced by 
related stress–temperature evolutions in Fig. 3b. Beyond this range, however, the material undergoes a stress relaxation during 
cooling. In this stress relaxing zone depicted in Fig. 3a and denoted as the stress relaxing zone (SReZ) the stress decreases upon cooling 
as indicated by related stress–temperature curves in Fig. 3c. 

To understand such distinct stress state evolutions, Fig. 4 summarizes the stress–strain-phase fraction-temperature evolutions 
during cooling under CF loading constraint. 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 I and a distal Point II along the notch-tip ligament, respectively, as indicated 
in Fig. 3a,b. Note that at both points the stress–strain state is nearly uniaxial, which facilitates the analysis. 

The temperature evolutions of notch-tip stress and strain upon continuous cooling are non-monotonous (see black curves in Fig. 4a, 
b). The evolutions can be split into three consecutive stages involving important turning points (P0-P5) of stress–strain-temperature 
paths depicted in Fig. 4a,b. 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) shown in Fig. 4e, which were converted into colormaps in Fig. 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 < 0.9), where the austenite is still considerably 
restraining the martensite from full detwinning; iii) and nearly complete martensite (ξ ≥ 0.9), where it is nearly free to fully detwin. 

The stress–strain-temperature evolutions at the notch-tip are driven by notch-tip transformation accompanied by stress relaxation 
at the notch-tip (the first stage), MT expansion into notch-tip surroundings accompanied by notch-tip elastic over-stressing (the second 
stage), and MT-driven stress relaxation of the surroundings, (the third stage). The three stages are detailed based on Fig. 4, as: 

Stage 1- Martensite nucleation at the notch-tip, path P0-P1-P2: 
Upon path P0-P2, the martensite starts to nucleate at the notch-tip due to the stress concentration effect. The nucleation and 

progress of MT are accompanied by a stress relaxation (see path P0-P2 in Fig. 4a and Fig. 4b and the colormaps showing turning points 

2 MSC Marc documentation, Volume B: Element Library 
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P1-P2 in Fig. 4e,f), stemming from the temperature dependence of the transformation stress which decreases upon cooling according to 
Clausius- Clapeyron equation. In fact, the stress within the forming martensite at the notch-tip follows thermodynamics of MT; it 
follows the level of temperature-dependent stress-plateau until the notch-tip has fully transformed into martensite (see path P0-P2 in 
Fig. 4a), thus allowing for a full detwinning. Indeed, the notch-tip follows the superelastic-like stress–strain response shown in Fig. 4b 
(path P0-P2), where the stress relaxation path lies between points P0-P1. The stress plateau between points P1-P2 in 

Fig. 4b corresponds to the fast completion of MT at the notch-tip taking place within a small temperature increment (see path P1-P2 
in Fig. 4a); therefore, the stress remains nearly constant. This stress relaxation at the notch-tip progress into the whole SRiZ which must 
be compensated by a stress increase in SReZ (path P0-P2 in Fig. 4c and Fig. 4d) as the applied external load remains constant and the 
static equilibrium must hold. However, this stress increase in SReZ is relatively small not promoting the MT within SReZ, as its size is 
much larger than that of SRiZ. 

Stage 2- MT propagation into bulk, path P2-P4 
Upon further cooling, MT proceeds into the notch-tip surroundings. At this stage, the fully transformed notch-tip can be considered 

as a martensitic inclusion embedded in austenite surroundings being transformed into strained, detwinned, martensite bulk. In the 
surroundings, the MT expands mostly towards the bulk along a diagonal direction, which is the so-called MT-band hereinafter (see 
turning point P3 in Fig. 4a and its corresponding colormaps in Fig. 4e and Fig. 4f). The accompanied induced transformation strains 
within the surroundings must be accommodated by elastic deformations of the adjacent martensitic inclusion at the notch-tip, which 
turns into sharp stress increase at the notch-tip shown by path P2-P4 in the notch-tip‘s stress–strain curve in Fig. 4b and its 

Table 1 
Material’s parameters (model inputs).  

Parameter EA (GPa) EM (GPa) ϑ  As (◦C) CA (MPa/◦C) 

Value 85 30 0.33 51 8.6 
Parameter Ms (◦C) Mf (◦C) εtr

dev  Af (◦C) CM (MPa/◦C) 
Value 31.5 19 0.055 62.5 8.6  

Fig. 2. Verification of the material properties obtained from experiments on a virgin defectless ribbon. The black curves represent the experimental 
results and the blue curve show the FE results. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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corresponding stress–temperature response depicted by path P2-P4 in Fig. 4a; indicating the key role of the transformation strain in 
amplifying the stress concentration around the notch. In contrast, the MT proceeding also in Point II of SReZ relaxes the stresses (see 
path P2-P4 in Fig. 4c and Fig. 4d) according to the thermodynamics of MT, i.e., the temperature dependence of the transformation stress 
that decreases upon cooling. 

Stage 3- Completion of MT, path P4-P5 
The last stage starts at the occurrence of the stress peak at the notch-tip at turning point P4 (Fig. 4a, b) that coincides with nearly 

completion of the MT within the notch-tip ligament (see corresponding colormaps in Fig. 4e, f). A zone of residual austenite remains in 
the notch-tip ligament at the border between SRiZ and SReZ, i.e., between Points I and II, 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. Upon 
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. 4a and Fig. 4b; thus, increasing of the stress at SReZ (Fig. 4c,d). 

In essence, upon cooling the stress–strain-temperature evolution at the notch-tip (a material point I depicted in Fig. 4e) is con-
trasting to the stress state temperature evolution in the bulk (material point II depicted in Fig. 4e). Forward MT triggers sharp stress 
increase at the notch-tip and SRiZ in contrast to stress relaxation in SReZ. Thus, the stress concentration factor increases during the 
forward MT in the cooling stage due to the heterogeneous evolution of transformation strains accompanying nucleation of MT at the 
notch-tip and MT propagation towards the bulk within the MT-band. 

3.2. Variable force (VF) vs. Constant force (CF) 

In this section simulated responses of notched ribbon to thermal cycling over the complete transformation temperature window 
(complete A ↔ M phase transformation upon the cooling-heating cycle) are compared in terms of the axial stress–strain-temperature 
evolutions in the notch-tip and bulk. Axial stress and strain are termed shortly stress and strain hereinafter. 

In the bulk, the stress–strain is governed by the constitutive SMA constitutive response to applied boundary conditions and tem-
perature changes. Therefore, in the case of CF loading constraint, the stress remains constant over cycling while the strain increases and 
decreases due to forward and reverse MT, respectively (see black curves in Fig. 5a1,a2). In the case of VF loading constraint, the stress 
and strain are coupled via bias spring that lowers the stress when the spring is allowed to contract by ribbon’s elongation during the 
forward MT upon cooling and increases the stress when the spring must elongate in response to the ribbon’s return to the original shape 
during reverse MT upon heating. Consequently, the VF loading constraint results in lower work capacity of the SMA element as 
compared to the CF. The stiffness of the spring determines the level of the stress and strain variations so that the higher stiffness the 
higher stress changes and the lower strain changes at the bulk, as indicated by blue and red curves in Fig. 5a1,a2. 

Fig. 3. (a) Representation of the SRiZ and SReZ (at the notch-tip cross-section) where the stress rises and relaxes upon cooling, respectively. Points I 
and II (also shown in Fig. 4e) represent the SRiZ and SReZ, respectively; (b) stress–temperature response of the entire material points at SRiZ and 
SReZ; (c) magnified stress-response of SReZ. 

P. Shayanfard et al.                                                                                                                                                                                                   



Engineering Fracture Mechanics 244 (2021) 107551

7

The notch tip stress–strain response is governed by temperature changes and SMA constitutive response to constraints applied by 
the surroundings. In the case of CF loading constraint, the stress at the notch-tip increases non-monotonously during the forward MT 
upon cooling (see Fig. 5b1) due to the heterogeneous course of MT as discussed in the previous section. Conversely, the stress decreases 
non-monotonously during the reverse MT upon heating. Interestingly, the same type of stress–strain evolutions at the notch-tip is 

Fig. 4. (a) stress–temperature response at the notch-tip − which is denoted as the point I in Fig. 4e − upon cooling; (b) stress–strain response at the 
notch-tip upon cooling; (c) stress–temperature response at the bulk − which is denoted as point II in Fig. 4e − upon cooling; (d) stress–strain 
response at the bulk upon cooling; (e) colormaps of the martensite volume fraction at the important turning points P1 to P5; (f) the simplified 
representation of martensite volume fraction at the important turning points P1 to P5, 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). 
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observed for the VF loading constraint, regardless of the stiffness of the bias spring (see Fig. 5b1). 
To sum up, the global stress maxima during the forward MT upon cooling is located at the notch-tip under both CF and VF loading 

constraints. Besides, the global stress minima during reverse MT upon heating is located at the notch-tip under CF loading constraint 
while under VF loading constraint it applies only for sufficiently low spring stiffness, otherwise, the global stress minimum is located in 
the bulk. In general, the spring stiffness determines the magnitude of stress and strain changes in the bulk and at the notch-tip during an 
actuation cycle. Higher stiffness allows for higher stress relaxation in the bulk during the forward MT upon cooling. Accordingly, the 
magnitude of stress relaxation in the bulk increases with increasing stiffness while an inverse relation applies for strain variations in the 
bulk as the stress relaxation leads to lower martensite detwinning, i.e., lower transformation strain. As the strain in the surrounding 
bulk constraints the notch tip and determines its stress–strain state (see Section 3.1), the magnitude of stress and strain variations at the 
notch-tip decreases with increasing bias spring stiffness. 

3.3. The effects of maximum actuation temperature 

A combined effect of the heterogeneous stress fields due to the stress riser and stress dependence of transformation temperatures 
causes inhomogeneous austenite finish temperatures within the notched sample. The practical implication is that a proper setting of 
maximum actuation temperature may decrease stress variation at the notch-tip during the actuation while preserving the actuation 
capacity of an actuator with stress risers. Fig. 6 illustrates this implication by showing the evolutions of stress–strain-volume fraction- 
temperature for the notch-tip (Fig. 6a,b,c) and bulk (Fig. 6 d,e,f) during an actuation cycle with a so-called controlled heating (red 

Fig. 5. 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, shown in stress–temperature space. The CM and CA are the slops of forward (A → M) and reverse (M → A) 
transformation bands which are plotted in green; (a2, b2) strain-temperature responses of the bulk and notch-tip, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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curves in Fig. 6), i.e., up to austenite finish temperature of the bulk, and with so-called overheating, i.e., up to the austenite finish 
temperature of the notch-tip (blue curves in Fig. 6). From the practical point of view, temperature-induced bulk variations of stress and 
strain, which matters for actuation purposes, remain unchanged for both types of heating as shown in Fig. 6d,e,f. At the notch-tip, 
however, the controlled heating prevents the notch-tip from complete transformation (Fig. 6c) and related stress-increase at high 
temperature (Fig. 6a), and reduces the strain amplitude (Fig. 6b). Consequently, the notch-tip is prevented from irreversible defor-
mation processes that are particularly stress–temperature sensitive in NiTi [35,42]. 

4. Conclusions 

The effects of the applied bias load and maximum actuation temperature on the thermomechanical cycling were numerically 
examined on a NiTi shape memory thin ribbon including a single-edge semi-circular notch. It was found that: i) the maximum stresses 
at the notch-tip are reached 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) 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 ΔεA ↔ M reduces and that this reduction 
becomes more significant with increasing stiffness of the elastic spring, iv) constant force cycling gives rise to the higher stresses and 
strains at the notch-tip compared to the variable force cycling, v) controlled heating during reverse MT leaves the notch-tip area in 
stress relaxed state due to locally incomplete MT, vi) controlled-heating reduces the strain amplitude at the notch-tip, vii) overheating 
leads to higher stresses complete reverse MT at the notch-tip area compared to controlled heating. 
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The severe nonlinear behavior caused by the martensitic transformation (MT) and subsequent plastic deformation (PD) of det-
winned martensite leads to a complex local stress redistribution at the location of stress risers of superelastic shape memory alloy
(SMA) components. Nevertheless, in the literature, the simple linear elastic fracture mechanics (LEFM) equations are widely used
in the evaluation of the fracture response of superelastic components which has resulted in obvious conflicts between the
conclusions regarding the effect of MT on the fracture parameters, i.e. stress intensity factor (SIF) and material toughness.
Furthermore, the linear elasticity method is frequently used in the literature to calculate the stress intensity range (ΔK) when the
fatigue crack growth rate dependence on ΔK (da=dN � ΔK) is being evaluated. Moreover, the PD followed by MT is poorly
considered in the fracture mechanics of SMAs. This paper presents a numerical investigation on the role of both MT and PD, as
well as the notch acuity, on the evolution of notch-tip stresses and strains and stress concentration factor (Ktn) upon the incremental
application of the macroscopic tensile load on a thin NiTi notched superelastic ribbon, to mimic the effects of MT and PD on the
SIF of superelastic parts. It is revealed that MT results in drastic deviations of the notch-tip stress, as well as the stress concentration
factor (Ktn), from that obtained in LEFM. Due to the heterogeneous evolution of MT, the trend of the deviations is not regular and
unique upon monotonic external loading. Accordingly, the results represent the ineffectiveness of the LEFM method in the
evolution of the stress concentration factor (hence, the SIF) and toughness in monotonic loading, as well as the stress intensity
range (ΔK) under fatigue loading in SMA components.

Keywords: Stress concentration factor (Ktn); shape memory alloy; superelastic; martensitic transformation; plastic deformation;
stress intensity factor (SIF); finite element; NiTi; notched ribbon.

1. Introduction

SMAs undergo a reversible diffusionless solid-state mar-
tensitic phase transformation. This transformation gives rise
to two outstanding functional behaviors of these alloys— the
shape memory effect (SME) and superelasticity (SE). SME
stands for full recovery of inelastic strains due to loading in
the martensitic state upon heating above the austenite finish
temperature. SE refers to the ability of full recovery of large
inelastic strains, induced by loading in the austenite phase,
upon unloading. Since the superelastically deformed material
is fully transformed into martensite, additional loading be-
yond the end of the upper plateau results in elastic defor-
mation of the detwinned martensite followed by the plastic
deformation (PD) of the detwinned martensite1–3 and frac-
ture.4,5 This is the simplified state of the art view of NiTi

deformation. The situation becomes complex in NiTi ele-
ments with stress risers. Since the stress at the tip of a stress
riser is higher than the bulk stress, the phenomena explained
above preferably takes place locally at the stress risers. We
have shown6 that accumulation of the plastic strains at the
notch-tip occurs upon cyclic loading of superelastic NiTi
within the transformation range. Thus, the fracture could
nucleate locally from the root of an existing stress riser, such
as surface microcracks, voids, inclusions, cavities; or, even in
a hypothetical smooth specimen, voids which are formed
from the cleavage of large second particles at the very early
stage of loading in operational conditions.

The evolution of the microstructure at the crack-tip due
to the stress-induced martensitic transformation (MT) in
cyclically loaded superelastic polycrystalline NiTi, was in-
vestigated by in situ X-ray micro-diffraction under both
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plane-stress and plane-strain conditions.7–9 Furthermore, the
shape and size of the transformation zone have been assessed in
the literature by several techniques, including synchrotron
X-ray micro-diffraction (XRD),10,11 infrared thermography
(IR)12,13 and instrumented nanoindentation.14,15 In addition,
displacement fields near the crack-tip and the effective stress
intensity factor (SIF) have been analyzed by DIC15–17 and the
finite element method.4,7,18,19 Compared to conventional
elastic-plastic materials, the martensitic phase transformation
at existing stress risers in SMA components results in a com-
plex and unusual local stress redistribution,6,20–24 which leads
to drastic changes in fracture parameters such as stress con-
centration factor (Ktn), SIF and the material’s toughness, either
in plane-stress or in plane-strain9,16,23,25–28 conditions. Why
that occurs is a subject of current research in the SMA field.

Following ASTM standards, which requires the assump-
tion of the small-scale nonlinearly deformed zone at the root
of crack/notch regardless of the deformation mechanism, the
LEFM seems to be a reasonable approximation. However, it
leads to severe underestimation of the transformed zone in
the case of SMAs.29 A likely reason is that the simple LEFM
equations cannot capture the realistic response of the com-
ponents in which the MT takes place.9,15,27,30–32

There is large variety of constitutivemodels of SMAs in the
literature predicting their thermo-mechanical behavior.33 To
the best of the authors’ knowledge, the PD beyond the end of
the stress plateau is very rarely considered in these models,
particularly regarding the three-dimensional constitutive
macromechanical models. Therefore, the numerical studies of
fracture response of the present material in the literature have
been done, so far, by excluding the possibility of plastic
yielding at the tip of cracks/notches.20,34–37 Few studies on the
fracture mechanics of SMAs have considered the plasticity of
martensite at high stress levels21,38 but they did not focus on
the effect of MTand PD on the stress concentration factor, SIF
and toughness and their deviation from the linear elasticity.

In this study, finite element analysis is used, and mono-
tonic tensile external load is applied incrementally to the
notched superelastic NiTi ribbons under plane-stress condi-
tions. The effects of both MT and PD, as well as the notch
acuity, on the stress concentration factor (Ktn) are studied,
thus, mimicking the ineffectiveness of the LEFM method, in
the evaluation of the SIF, toughness and Δk-dependent crack-
growth rate in superelastic components.

2. Materials and Methods

2.1. Finite element analysis

To analyze the role of the MT, PD and notch acuity on the
local stress–strain response at the place of geometric stress
risers and the stress concentration factor (Ktn) in superelastic
SMA components, a set of two-dimensional parametric FEM

simulations were performed on the single-edge notched 1mm
wide and 0.05mm thick superelastic NiTi ribbons, under
plane-stress conditions. A three-dimensional SMA constitu-
tive thermomechanical model proposed by Choudhry and
Yoon39,40 and implemented in the MSC Marc finite element
package was used. This model enables us to combine the
SMA constitutive behavior (MT) with the plasticity of both
the austenite and martensite phases. The yield stress of the
martensite and austenite was set to 1800 MPa and infinity,
respectively. The plasticity in austenite, which has been
reported in the literature41–43 to cause ratcheting upon cyclic
loading, was not activated in our simulations since the ma-
terial deformed plastically in martensite at lower stresses
(Fig. 2(a)).

A monotonic macroscopic external tensile load to
1300MPa was applied to ensure that the entire structure
completed the MT. The simulations were performed under
the displacement-control method to be able to investigate the
interaction between the evolution of the local and global
stresses and the stress concentration factor (Ktn) during in-
cremental application of external load. To study the notch’s
acuity effect, two notch configurations of semicircular and
U-shaped notches were examined while considering an equal
penetration of 0.05 at the edge of the ribbon (thus, keeping
the notch’s cross-section and nominal stress constant), as
depicted in Fig. 1(a).

Taking advantage of symmetry, only half of the specimens
were simulated (Fig. 1(b)). The 2D models have meshed with
element 201a which is a three-node, linear, isoparametric,

Fig. 1. (a) Models’ geometry and dimensions, (b) meshed model: the model
with U-shaped notch and (c) meshed model: the model with a semicircular
notch.

aMSC Marc 2018, Documentation, Vol B: Element Library.
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triangular element written for plane stress applications. The
mesh was refined in the notch-tip and its surroundings where
the high-stress gradients are expected, as indicated in
Figs. 1(b) and 1(c). The numbers of elements/nodes were
4024/2114 and 7512/3893 for the semicircular and U-shape
notched specimens, respectively. The external displacement-
controlled load was applied upon 10,000 fixed time steps
while allowing for a maximum 50 recycling and 50 automatic
time steps’ cut-backs if the convergence criteria are not sat-
isfied upon fixed pre-defined constant time steps. A full
Newton–Raphson iterative procedure was used in FE solu-
tions under the large strain analysis method with updated
Lagrange, and Hookean elasticity allowed the switch to total
Lagrange if needed during the incremental solution, and
additive decomposition was chosen for the plasticity proce-
dure.b All simulations in this work were done at 20○C.

SMA material parameters (required model inputs,
Table 1) used in the simulations consist of elastic moduli of
the martensite and austenite (EM , EA), forward/reverse

transformation start and finish temperatures at zero stress
(MS;Mf =AS;Af ), transformation strain (" tr), temperature

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

austenite and martensite phases (�A
y , �

M
y ). Note that the yield

stress of austenite was set to a large value in order to suppress
it and accelerate the simulations. The suppression of the
austenite yielding is in agreement with our experimental
proofs44 showing that the MT plateau stress is below the
yield stress of austenite at room temperature range. The
material parameters were identified from experiments that
were assessed in a former study.6 Note that the critical
stresses to begin and finish the stress-induced phase trans-

formation from austenite to martensite (� critical
s and � critical

f ,

respectively) upon an iso-thermal loading path (see path 0-9
in Fig. 2(b) are internally derived by the SMA model
(Choudhry and Yoon39) from the input variables T0 and CM ,
and the transformation temperatures at zero stress (i.e.Ms and
Mf ), due to the temperature-dependence of the phase trans-

formation stresses according to the Clausius–Clapeyron
equation,45,46 which is schematically displayed in Fig. 2(b).

The assessed � critical
s and � critical

f for the present material are

644.8 and 740.88 MPa, respectively. Note that the material’s
anisotropy is not considered in this study.

3. Results and Discussion

3.1. Stress concentration factor (Ktn): MT and
PD effects

Due to the stress concentration effect of the notch, a local
stress gradient evolves near the notch-tip. The MT thus first
nucleates at high stress zones, i.e. at the notch-tip and its
vicinity, and further extends into the surrounding bulk. Cor-
respondingly, the inhomogeneous evolution of MT and the
resultant notch-tip stress, as well as the nonlinear variations
of stress concentration factor (Ktn) during the incremental
application of macroscopic load, can be studied in five stages
that will be discussed hereunder in stress–time and stress–
strain spaces (Figs. 3(a) and 3(c)). The important points are
denoted on the curves in Figs. 3(a)–3(c) (points 0 to 9). The
associated colormaps of the evolution of MT from points 2
to 7 are indicated through Figs. 4(a) to 4(f).

bMSC Marc 2018, Documentation, Vol A: Theory and user infor-
mation.

Table 1. Material’s parameters (model inputs).

Parameter EA (GPa) EM (GPa) CA (MPa/○C) �M
y (MPa)

value 70 52 8.66 1800

Parameter Ms (○C) Mf (○C) CM (MPa/○C) �A
y (MPa)

value �74 �88.8 6.66 1.00Eþ20

Parameter As (○C) Af (○C) # " tr (dev)
value �30.9 �15 0.33 5.5%

(a)

(b)

Fig. 2. (a) Schematic of the studied material’s behavior, � critical
s and � critical

s

are the critical stresses at which forward phase transformation A ! M starts
and finishes, respectively. (b) Schematic representation of stress–temperature
phase diagram of shape memory alloys with the loading path (0-9) applied on
notched ribbons (see Ref. 46).

Finite element analysis on the effect of MT and PD
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Figure 3(b) indicates the evolution of the normalized

stress concentration factor, i.e. (K SMA
tn )=(K LEFM

tn ) ratio, as well
as the volume fraction of martensite (�) at the bulk and the
notch-tip upon loading. Points 0 to 9 in Fig. 3(b) are asso-
ciated with the critical points indicated in Figs. 3(a) and 3(c).
In Fig. 3(b), the x-axis is a non-dimensional representation of

the macroscopic applied stress as �1=� critical
s ,38 where �1 is

the external applied macroscopic stress and � critical
s is the

critical stress to start the forward martensitic phase transfor-
mation A ! M (see Figs. 1(a) and 1(b)). The left-side y-axis

shows the (K SMA
tn )=(K LEFM

tn ) ratio in which K SMA
tn is the stress

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

K SMA
tn ¼ (�

notch-tip
)SMA=�nominal;

and K LEFM
tn is the reference stress concentration factor which

is a constant for each of the studied notch geometries and
could be obtained either from well-known LEFM analytical
equations,47 or from the FE analysis’ results as:

K LEFM
tn ¼ (�

notch-tip
=�

nominal
)path0-1:

K LEFM
tn is valid for the present SMA material only within path

0-1 (see Fig. 3(a)), where the whole structure is in the elastic

austenite regime (where the (K SMA
tn )=(K LEFM

tn ) ¼ 1). However,
it is used further on (from points 1 to 9) as a reference value

to evaluate the changes in (K SMA
tn )=(K LEFM

tn ) ratio upon the
complete loading course, in order to present the LEFM in-
effectiveness for the present material. The stress–time re-
sponse in Fig. 3(a) provides a clear understanding of the
interaction between the stress evolution at the notch-tip and
bulk, during the gradual application of the macroscopic load.

3.1.1. Stage 1 (path 0-1): Elastic response, the
LEFM validity zone

At the beginning of the application of external load, the de-
formation process takes place in the elastic austenite regime

at both notch-tip and the bulk below the � critical
s (see path 0-1

in Figs. 3(a) and 3(c)), such that the LEFM holds to calculate

the stress concentration factor where (K SMA
tn )=(K LEFM

tn ) ¼ 1
(see path 0-1 in Fig. 3(b)).

3.1.2. Stage 2 (path 1-2-3): Local MT nucleation

Due to the stress riser effect, the stress at the notch-tip

reaches the critical phase transformation stress (� critical
s ) while

the bulk is still in elastic austenite at stresses below � critical
s .

The MT thus nucleates and finishes at the notch-tip (path 1-2-
3, Fig. 3(a), also see Figs. 4(a) and 4(b). In fact, throughout
the path 1-2-3, the notch-tip and its very close vicinity are
following the stress–strain response of SMAs upon the

Fig. 4. Colormaps of the evolution of MT during incremental loading. a) to
f) refer to points 2 to 7 in Fig. 3.

Fig. 3. Semi-circular notched specimen: (a) stress–time responses of the
bulk and notch-tip, (b) evolution of stress concentration factor ratio
[(K SMA

tn )=(K LEFM
tn )], and volume fraction of martensite (�) at the notch-tip and

bulk and (c) stress–strain responses of the bulk and the notch-tip.
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forward phase transformation (A ! M) which is character-
ized by the stress plateau, and results in the formation of a
local partially transformed martensite zone at the notch-tip
(see point 2 in Figs. 3(a) and 3(c), and its corresponding
colormap of Fig. 4(a)).

This partially detwinned martensite zone subsequently
turns into a fully detwinned martensite zone — when the

notch-tip stress increases up to � critical
f — (see point 3 in

Fig. 3(a) and 3(c), which is surrounded by an area of partially
detwinned martensite (see colormap in Fig. 4(b)). The MT
proceeds at the notch-tip at relatively constant stress, while
the rest of the bulk is being deformed in the elastic austenite
phase. This results in a significant decrease in the stress

concentration factor (Ktn). Therefore, (K SMA
tn )=(K LEFM

tn )
reduces at this stage (see path 1-3, Fig. 3(b)).

3.1.3. Stage 3 (path 3-4): Spreading MT towards
the bulk

As the stress at the notch-tip exceeds � critical
f , the notch-tip

and its very vicinity have completed the MT (point 3 in
Figs. 3(a) and 3(c) and its corresponding colormap of
Fig. 4(b)) and can be considered as an elastic martensite
inclusion in an austenite matrix. The surrounding austenite is
then being transformed within a shear-band which propagates
from the notch-tip during the continuation of the macroscopic
loading. The shear-band propagates from the notch-tip along
a diagonal direction, the so-called MT-band, hereafter. The
colormaps in Figs. 4(b) and 4(c) represent the evolution of
MT from the notch-tip towards the bulk within the MT-band
upon this stage. The transformation strain induced within the
MT-band has to be accommodated by elastic deformation of
martensite within the neighboring fully transformed notch-tip
area, which results in sharp stress increase at the notch-tip
(see path 3-4 in Figs. 3(a) and 3(c)). This leads to a signifi-
cant increase in stress concentration factor, and thus the

(K SMA
tn )=(K LEFM

tn ) ratio, within the path 3-4 (see path 3-4,
Fig. 3(b)).

3.1.4. Stage 4 (path 4-7): Superimposition of two
effects, notch-tip plasticity and MT at bulk

At point 4, the notch-tip stress reaches the martensitic yield
point which prohibits the notch-tip stress from any further
increase; thus, the notch-tip stress remains constant and equal
to the yield stress within the path 4-5. Indeed, after point 4,
the rest of the transformation strain induced within the MT
band is accommodated by plastic strains of the adjacent zone
of plastically deformed fully detwinned martensite at the
notch-tip. After the MT-band extends to the whole speci-
men’s cross-section (Fig. 4(d)) the macroscopic stress plateau

appears on the bulk’s stress–strain curve (see point 5 in
Fig. 3(a)). MT proceeding in the bulk at relatively constant
stress results in stress relaxation at the notch-tip6 until the
bulk transformation is completed. This forces the notch-tip
stress to decrease (path 5-6-7, Fig. 3(a)). Consequently, the
superimposition of the notch-tip plasticity and the progres-
sing phase transformation causes the stress concentration

factor (the (K SMA
tn )=(K LEFM

tn ) ratio) to decrease in this stage
(path 4-7, Fig. 3(b)). Along with the completion of MT in the
bulk in stage 4, the fully detwinned martensite inclusion
propagates within the MT-band and spans over the entire
structure (see Figs. 4(d)–4(f)).

3.1.5. Stage 5 (path 7-8-9): Elastic deformation
of detwinned martensite in bulk beyond the
plateau

After the completion of the MT in the bulk (point 7,
Fig. 3(a)), further external loading results in macroscopic
elastic response of fully detwinned martensite beyond the MT

plateau (�bulk > � critical
f ), which causes the notch-tip stress to

increase linearly. Nevertheless, the notch-tip stress increases
until its re-approach to the martensitic yield point (path 7-8 in
Figs. 3(a) and 3(c)) and remains constant further on (path 8-9,
Figs. 3(a) and 3(c)). These changes can alter the trend

of changes in stress concentration factor (thus the (K SMA
tn )=

(K LEFM
tn ) ratio) and slightly compensate the induced sharp

(K SMA
tn )=(K LEFM

tn ) ratio decrease in the previous stage; how-

ever, the (K SMA
tn )=(K LEFM

tn ) ratio generally keeps decreasing
in this stage.

3.2. Notch acuity effect

To investigate the role of the acuity of the existing stress riser
on the stress concentration factor (Ktn) in a transforming-
plastic superelastic material, the results obtained from the
case of a semi-circular notch in Sec. 3.1 are compared to the
results of a U-shaped notch with an equal penetration on the
edge of the ribbon. The comparison shows that for both
semicircular and the U-shaped notches, the five stages (z1 to
z5 in Fig. 5) described in Sec. 3.1 apply:

. z1: Linear elastic response within the entire part; LEFM
validity zone.

. z2: Transformation nucleation and completion at high-
stress zone at the notch-tip (Figs. 5(a) and 5(b)), where

(K SMA
tn )=(K LEFM

tn ) decreases (Fig. 5(c)).

. z3: Proceeding of MT along with the MT-band which is
accommodated by overloading of the fully detwinned
martensite at the notch-tip (Figs. 5(a) and 5(b)), where

(K SMA
tn )=(K LEFM

tn ) increases (Fig. 5(c)).

Finite element analysis on the effect of MT and PD
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. 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 (K SMA
tn )=(K LEFM

tn ) 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 (K SMA
tn )=(K LEFM

tn ) ratio
shows a trivial increase followed by a subsequent
decrease when the notch-tip stress re-approaches to the
yield point.

However, these sequences (i.e. the onset of each z2 to z5)
start earlier (which means at lower macroscopic applied stress

levels, i.e. at lower �1=� critical
s values) in the U-shaped notch

with regard to the semi-circular notch, due to an increase in
notch acuity which results in a higher stress concentration
effect.

3.3. Potential inaccuracies when using LEFM in
evaluation of da=dN = f (¢k)

The fatigue damage tolerance and fatigue crack growth rate
of superelastic structures have recently attracted wide atten-
tion in the literature. However, the general understanding
remains weak since our comprehension of fatigue crack
growth is still based on approaches developed for conven-
tional untransforming metallic alloys, while the transforma-
tion turns in local stress redistributions which can modify the
driving force parameters.24,48 Conventionally, the SIF and the
crack-tip displacements are used to characterize fatigue crack
growth. Accordingly, the da=dN ¼ f (Δk) terminology has
been often used in the literature to denote the intrinsic re-
sistance in shape memory alloys, using the ASTM standard
methods and the well-known equations derived in linear
elasticity to assess the Δk,48–54 where Δk refers to the ap-
plied stress intensity range which is equal to the Kmax � Kmin,
where Kmax and Kmin are the applied maximum and minimum
stress intensities. Nevertheless, this brings two sources of
imprecision when evaluating the maximum and minimum
SIFs. The first is the assumption of small-scale phase trans-
formation which is not valid in SMAs as discussed in Sec. 1.
The second, the linear Δk equations in ASTM methodologies
(for instance, ASTM E647 and ASTM E561 which are used
in the studies by McKelvey and Ritchie,49 Stankiewicz
et al.52 and Lepage et al.54) are solely (external) force and
geometry dependent and do not take into account the local
stress redistribution induced by heterogeneous phase trans-
formation and plasticity, nor the reverse phase transformation
(when the load is reversed) which proceeds at a lower stress
plateau. Therefore, these make the results of the da=dN ¼
f (Δk) terminology and the predictions of the fatigue damage
tolerance of superelastic cracked/notched components ques-
tionable. In other words, each of Kmax and Kmin may refer to
macroscopic stress in one of the zones z1 to z5 (see Fig. 5).

The nature of the changes in the maximum and minimum
SIFs (Kmax and Kmin) in such alloys can be mimicked by
analyzing the evolution of the notch-tip stress and stress
concentration factor (Ktn), and their deviation from that
obtained in linear elasticity upon loading, as illustrated in the
previous sections.

Taking advantage of our findings in Secs. 3.1 and 3.2, and
in order to exhibit the high inaccuracy of the linear elasticityc

in the evaluation of the stress intensity range in the case of
superelastic components, the error percentage of the pre-
dicted axial stress ahead of the notch-tip is plotted within
zones 1 to 4 (points az1 to dz4, respectively) for the
U-shaped notch, in Fig. 6. It is obvious that the error in

cMaterial option used in linear elasticity simulation: isotropic elastic
material, E ¼ EA and # ¼ 0:33.

Fig. 5. Superelastic NiTi ribbon, comparison between the semicircular
notch and U-shaped notch: (a) stress–time responses of the bulk and notch-
tip, (b) evolution of stress concentration factor ratio [(K SMA

tn )=(K LEFM
tn )] and

(c) stress–strain responses of the bulk and the notch-tip.
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predicted stress gradient ahead of the notch-tip (especially at
the notch-tip vicinity) even reaches up to 140%, where there
is still no plasticity evolved. It is worth noting that this error
distribution is quite irregular in zones 1 to 4. This makes the
numerical methods helpful if accompanied by the experi-
mental methods of the da=dN ¼ f (Δk) terminologies in the
case of transforming superelastic specimens.

4. Summary

The effect of the martensitic phase transformation (MT) and
subsequent PD of detwinned martensite at high-stress levels
beyond the plateau stress, on the local stress and strain re-
distribution and stress concentration factor (Ktn), were nu-
merically analyzed during tensile loading applied to a thin
notched superelastic NiTi ribbon under plane-stress condi-
tions.

It is claimed that the stress concentration effect of the
notch in conjunction with the combined MT and PD in
martensite leads to a severe local stress redistribution upon
incremental application of the external load. The results in-
dicated the stress concentration factor evolves in five distinct
stages upon the evolution of the normalized stress

(�1=� critical
s ), thus mimicking the ineffectiveness of conven-

tional LEFM equations when the effect of MT and PD on SIF
and the material’s toughness is being evaluated under
monotonic loading. This becomes even more critical when

the fatigue crack growth rate dependence on stress intensity
range (da=dN � ΔK) is being evaluated in notched/cracked
superelastic structures since under fatigue conditions both the
maximum stress intensity and minimum stress intensity
levels are modified to different levels due to the transfor-
mation effects and notch-tip plasticity.

Acknowledgment

The work presented in this paper was carried out with the
support from the following research grants: GAČR 18-
03834S, 16-20264S, European Spallation Source — partici-
pation of the Czech Republic — OP (CZ.02.1.01/0.0/0.0/
16 013/0001794) and university research project no. FSI-S-
20-6266 of the Brno University of Technology.

References
1. C. Yu, G. Kang and Q. Kan, Int. J. Plast. 54, 132 (2014).
2. S. Miyazaki, K. Otsuka and Y. Suzuki, Scr. Metall. 15, 287

(1981).
3. G. Kang et al., Mech. Mater. 41, 139 (2009).
4. X. Wang et al., Mater. Sci. Eng. A. 485, 14 (2008).
5. J. S. Olsen et al., Smart Mater. Struct. 20, 02504 (2011).
6. P. Shayanfard et al., Effect of martensitic transformation on

local stresses and strains at a notch of cyclically loaded
superelastic NiTi ribbon, ICF14 Conf. (Rhodos, Greece, 2017),
pp. 338–339.

7. X. M. Wang et al., Mater. Sci. Eng. A. 394, 393 (2005).
8. S. W. Robertson et al., Acta Mater. 55, 6198 (2007).
9. S. Gollerthan et al., Acta Mater. 57, 1015 (2009).
10. M. R. Daymond et al., Acta Mater. 55, 3929 (2007).
11. M. L. Young et al., Acta Mater. 61, 5800 (2013).
12. S. Gollerthan et al., Acta Mater. 57, 5892 (2009).
13. C. Maletta et al., Mater. Sci. Eng. A. 616, 281 (2014).
14. E. Sgambitterra, C. Maletta and F. Furgiuele, Scr. Mater. 101,

64 (2015).
15. E. Sgambitterra, C. Maletta and F. Furgiuele, Shape Mem.

Superelastic. 1, 275 (2015).
16. S. Daly et al., Acta Mater. 55, 6322 (2007).
17. E. Sgambitterra, S. Lesci and C. Maletta, Procedia Eng. 109,

457 (2015).
18. N. Shafaghi et al., Mater. Today Proc. 2, S763 (2015).
19. T. Baxevanis, A. F. Parrinello and D. C. Lagoudas, Int. J. Plast.

50, 158 (2013).
20. C. Maletta, Int. J. Fract. 177, 39 (2012).
21. X. M. Wang, Z. Z. Lu and Z. F. Yue, Int. J. Solids Struct. 46,

557 (2009).
22. T. Baxevanis, Y. Chemisky and D. C. Lagoudas, Smart Mater.

Struct. 21, 094012 (2012).
23. C. Maletta, E. Sgambitterra and F. Niccoli, Sci. Rep. 6, 11

(2016).
24. Y. Wu et al., Shape Mem. Superelastic. 1, 18 (2015).
25. G. Z. Wang, Int. J. Fract. 146, 93 (2007).
26. B. Haghgouyan et al., Smart Mater. Struct. 25, 075010 (2016).
27. E. Sgambitterra, L. Bruno and C. Maletta, Frat. Ed Integrita

Strutt. 30, 167 (2014).

Fig. 6. U-shape notched ribbon: (a) the time-stress response (as depicted in
Fig. 5(a)); (b) the error induced when the axial component of stress (ahead of
the tip) is calculated based on linear elasticity assumption.

Finite element analysis on the effect of MT and PD

2051028-7



28. T. Baxevanis, C. M. Landis and D. C. Lagoudas, J. Appl. Mech.
81, 041005 (2014).

29. T. Baxevanis and D. C. Lagoudas, Int. J. Fract. 191, 191
(2015).

30. S. W. Robertson and R. O. Ritchie, Biomaterials 28(4), 700
(2007).

31. S. Prashantha et al., Am. J. Mater. Sci. 5(3C), 30 (2015).
32. Y. You et al., Mater. Sci. Eng. A 685, 50 (2017).
33. C. Cisse, W. Zaki and T. Ben, Int. J. Plast. 76, 244 (2016).
34. C. Maletta and F. Furgiuele, Acta Mater. 58(1), 92 (2010).
35. C. Maletta and F. Furgiuele, Int. J. Solids Struct. 48(1), 1658

(2011).
36. C. Maletta and M. L. Young, J. Mater. Eng. Perform. 20, 597

(2011).
37. C. Maletta, E. Sgambitterra and F. Furgiuele, Fatigue Fract.

Eng. Mater. Struct. 36(9), 903 (2013).
38. T. Baxevanis and D. Lagoudas, Int. J. Fract. 175, 151 (2012).
39. S. Choudhry and J. W. Yoon, AIP Conf. Proc. 712(1), 1589

(2004).
40. P. Shayanfard et al., Procedia Struct. Integ. 23, 620 (2019).
41. G. Kang, Acta Mech. Solida Sin. 26(3), 221 (2013).

42. G. Kang et al., Mech. Mater. 41(2), 139 (2009).
43. P. Sedm�ak et al., Acta Mater. 94, 257 (2015).
44. L. Heller et al., Int. J. Plast. 111, 53 (2018).
45. K. Otsuka and X. Ren, Prog. Mater. Sci. 50(5), 511 (2005).
46. A. Bekker and L. C. Brinson, J. Mech. Phys. Solids 45(6), 949

(1997).
47. W. D. Pilkey, Peterson’s Stress Concentration, 2nd edn. (John

Wiley & Sons, 2008).
48. K. N. Melton and O. Mercier, Acta Metall. 27(1), 137 (1979).
49. A. L. McKelvey and R. O. Ritchie, Mater. Res. Soc. Symp.

Proc. 550, 281 (1998).
50. A. L. Mckelvey and R. O. Ritchie, J. Biomed. Mater. Res. 47,

301 (1999).
51. S. W. Robertson et al., Acta Mater. 55(18), 6198 (2007).
52. J. M. Stankiewicz, S. W. Robertson and R. O. Ritchie,

J. Biomed. Mater. Res. Part A 81A(3), 685 (2006).
53. S. W. Robertson and R. O. Ritchie, J. Biomed. Mater. Res. Part

B Appl. Biomater. 848(1), 26 (2008).
54. W. S. Lepage, T. M. Pollock and J. A. Shaw, J. Mater. Res.

33(2), 91 (2018).

P. Shayanfard et al.

2051028-8



See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/312033555

EFFECT OF MARTENSITIC TRANSFORMATION ON LOCAL STRESSES AND

STRAINS AT A NOTCH OF CYCLICALLY LOADED SUPERELASTIC NITI RIBBON

Conference Paper · June 2017

CITATIONS

2
READS

186

9 authors, including:

Some of the authors of this publication are also working on these related projects:

pavel sandera View project

Surface strategy for biomedical implants View project

Pejman Shayanfard

Institute of Physics ASCR

15 PUBLICATIONS   9 CITATIONS   

SEE PROFILE

Ludek Heller

Institute of Physics ASCR

83 PUBLICATIONS   868 CITATIONS   

SEE PROFILE

Darina Dostalova

Institute of Physics ASCR

13 PUBLICATIONS   15 CITATIONS   

SEE PROFILE

Jana Hornikova

Brno University of Technology

53 PUBLICATIONS   172 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Pejman Shayanfard on 28 June 2017.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/312033555_EFFECT_OF_MARTENSITIC_TRANSFORMATION_ON_LOCAL_STRESSES_AND_STRAINS_AT_A_NOTCH_OF_CYCLICALLY_LOADED_SUPERELASTIC_NITI_RIBBON?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/312033555_EFFECT_OF_MARTENSITIC_TRANSFORMATION_ON_LOCAL_STRESSES_AND_STRAINS_AT_A_NOTCH_OF_CYCLICALLY_LOADED_SUPERELASTIC_NITI_RIBBON?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/pavel-sandera?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Surface-strategy-for-biomedical-implants?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pejman_Shayanfard2?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pejman_Shayanfard2?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Institute_of_Physics_ASCR?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pejman_Shayanfard2?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ludek_Heller?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ludek_Heller?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Institute_of_Physics_ASCR?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ludek_Heller?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Darina_Dostalova?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Darina_Dostalova?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Institute_of_Physics_ASCR?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Darina_Dostalova?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jana_Hornikova?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jana_Hornikova?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Brno-University-of-Technology?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jana_Hornikova?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Pejman_Shayanfard2?enrichId=rgreq-134d88da3344e0679cad3cc0c671ac1e-XXX&enrichSource=Y292ZXJQYWdlOzMxMjAzMzU1NTtBUzo1MTAxNDQ5MzExMzk1ODRAMTQ5ODYzOTQzNzk1OA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


 

*Corresponding author, heller@fzu.cz  

EFFECT OF MARTENSITIC TRANSFORMATION ON LOCAL STRESSES AND STRAINS AT 

A NOTCH OF CYCLICALLY LOADED SUPERELASTIC NITI RIBBON 
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Abstract: Reversible and volume preserving martensitic transformation /MT/ proceeding in shape memory alloys 

such as NiTi differs from that in steels. Especially in superelastic NiTi largely used in medical devices, the 

effect of MT on the material response at stress risers and the role of MT in crack nucleation and propagation 

remain unclear and widely unexplored. Therefore, we studied the effect of MT on the stress and strain fields 

around a notch of a superelastic NiTi ribbon thus mimicking in a simplified manner mechanics at stress 

risers of geometrically complex medical devices such as stents or at crack tips of fatigue damaged NiTi 

elements. We used digital image correlation /DIC/ to track strains around a notch of a NiTi during 

superelastic cycling. As for the stress evaluation, we used finite element analysis (FEA) coupled with an 

in-house developed SMA material model implemented using a user subroutine.  

1. Introduction  

Superelastic NiTi alloys are used in medical devices for their unique ability to recover large strain up to 

8%. Large reversible strains are due to reversible martensitic transformation /MT/ with negligible volume 

changes. Unfortunately, superelasticity of NiTi can be fully exploited only for few thousands cycles since 

fatigue performance drops down whenever regime of cyclic MT is entered when strains larger than 1% are 

reached. Nevertheless, it remains unclear whether the poor fatigue performance is intrinsic to cyclic MT or 

whether the stresses at which MT proceeds in medical graded NiTi lie beyond the structural fatigue limits. 

Furthermore, the role of MT in fatigue crack nucleation and propagation has not been yet fully understood. 

It has been evidenced that MT is triggered by stress concentration in CT samples, however, the way the 

MT acts at stress concentrator under cyclic loadings has not been fully explored. In order to mimic the 

mechanical conditions at the stress risers in geometrically complex medical devices such as stents or at 

crack tips of fatigue damaged NiTi elements, we carried out an analysis of stresses and strains arising from 

cyclic superelastic loadings of a notched NiTi ribbon.    

2. Sample and Methods  

To analyze stresses and strains arising at a notch of a superelastically cycled NiTi element, we used 0.1 mm 

thin and 1 mm wide superelastic NiTi ribbon provided by Memory-Metalle GmbH that was notched using 

electrical discharge machining. The diameter of the notch was of 0.1 mm as shown in Fig. 1a. We analyzed 

the mechanical response of the sample both experimentally and numerically and employed digital image 

analysis /DIC/ to track strain fields during superelastic cycling. DIC cannot probe stresses, therefore, we 

simulated stresses and strains in the notched ribbon during one superelastic cycle using finite element 

analysis and in-house developed SMA model implemented into MSC Marc software. 

3. Results 

Macroscopic tensile cyclic response of the notched ribbon shows no substantial difference from the 

superelastic responses of NiTi wires and ribbons (see Fig. 1, e1). There is the characteristic forward stress 

plateau at which the MT proceeds followed by elastic response of the stress induced martensite. Upon 

unloading, reverse transformation takes place at the lower stress plateau. Upon cyclic loading, non-

recovered strains accumulate, which are known as a functional fatigue (see Fig. 1, e1). DIC measurement 

reveals how MT and related functional fatigue proceed in the sample as MT can be attributed to areas of 

strains beyond ~1% that cannot be accommodated elastically. Large strains start appearing at the notch 
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where stress concentration triggers the MT (loading stage 1 in Fig. 1, e1,2). MT propagates in two 

macroscopic martensite bands towards the bulk (loading stage 2 in Fig. 1, e1,2). Once the bands extend 

through the whole cross-section, the stress plateau appears on the macroscopic response (loading stage 3 in 

Fig. 1, e1,2). This way nucleation and propagation of the MT in notched ribbon was confirmed by modelling 

as seen in Fig. 1, m2. Interestingly, local strains of the zone around the notch substantially differ from the 

rest of the sample. At the notch, peak and non-recovered strains reach up to 16% and 4%, respectively, 

compared to 7% and 1% for the bulk of the sample (see Fig. 1, e3). Such large straining of the material 

around the notch was confirmed by modelling predicting stresses as large as 3 GPa (see Fig. 1, m3). Such 

large stresses are overestimations since plastic deformation was not considered in the model. Note that the 

largest increase in stresses at the notch is related to the loading stage 2 (see Fig. 1, m1,2,3) in which MT 

propagates from the notch towards the bulk.    

 

Fig. 1 Results of experimental (e1-3) and numerical (m1-3) analysis of stress-strain state around a notch of 

a superelastic ribbon (a) subjected to cyclic loadings. 

4. Conclusions 

In summary, we analyzed the effect of stress induced martensitic transformation on the stresses at the notch 

of a cyclically loaded NiTi ribbon. The MT was triggered locally at the notch, where it acts as a stress 

reliever as MT proceeds at a constant stress. Second, MT further propagates into the bulk in localized 

martensite bands which in turn leads to high deformations in the vicinity of the notch. Third, MT acts again 

as a stress reliever at the notch in later stages of the test when the martensite band propagates at a constant 

plateau stress. 
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Abstract. In spite of the fact that the US Food and Drug Administration (FDA) has approved 

Intracoil and s.m.a.r.t Nitinol stents for superficial femoral artery (SFA), some alternative designs 

of Nitinol stents are being implanted today, representing the off-label use of the devices. Among the 

currently stents used for the SFA, s.m.a.r.t and Intracoil stents show the most desirable long-term 

results but it is not understood why. In the present work, delivery of the s.m.a.r.t and Intracoil 

Nitinol stents and their release inside a stenotic point of the artery was simulated by FE 

implemented SMA model using a creative manual controlled method. The influence of the stent 

design on the stent–vessel interactions and stress state within the stent material after completion of 

the deployment was revealed. It was found that the Intracoil stent shall be more successful in 

eliminating the stenosis and less prone to fatigue failure, even though it had less thickness and less 

mean coil diameter.   

Introduction 

    The SFA is a prevalent location for the peripheral arterial disease often requiring percutaneous 

transluminal angioplasty followed by stenting to restore vessel patency and blood flow [1]. 

Endovascular revascularization of the femoropopliteal 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. Because of their extended 

deformability allowing for minimally invasive deployment, Nitinol stents are placed into the 

superficial femoral (SFA) and popliteal arteries. Clinical investigators are determining the 

significance of stent fractures, while stent manufacturers and the FDA are attempting to predict 

which design types of nitinol stents will fracture in what setting. 

    The superelastic Nitinol stents seem to be suited 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 and first-generation self-expanding stents [2-4]. Despite the fact that the 

US Food and Drug Administration has approved Intracoil and s.m.a.r.t Nitinol stents for placement 

into the SFA, alternative designs of Nitinol stents are being implanted today, representing an “off-

label” use of the medical devices (such as Luminex and SelfX, which affords improved plaque 

coverage) [2, 5, 9]. According to the trial and clinical studies, among all above-mentioned stent 

designs, Intracoil and s.m.a.r.t seem to show the most brilliant long term durability and safety.  

    In spite of the fact that an extensive work has been done to evaluate the structural behavior of 

self-expanding Nitinol stents in the literature, limited attention of FE modelers has been paid in the 

open literature to the Intracoil superelastic self-expanding stents interacting with the stenotic artery 

tissue.  The present work deals with FE analysis of the deployment and stent-artery interaction of 

both Intracoil and s.m.a.r.t stents. One of the key issues in medical implant research is the 

prediction of the device lifetime or, in engineering terms, fatigue life. Accordingly, the present FEA 

results provide quantitative measures of stress that could be used to make a straightforward 

guideline for the future corresponding experimental investigations of the fatigue life.  
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Materials and Methods 

    The finite element software used was ANSYS15 APDL, in which the material option for 

superelasticity is based on the SMA model developed by Auricchio et al. [6]. Material parameters 

of Nitinol SE508 (Table 1, Fig. 1)) were chosen [7, 8]. The vessel and plaque were regarded as 

hyperelastic materials and both were modeled using six-parameter Mooney–Rivlin hyperelastic 

constitutive equations, which were derived from test data reported in Ref. [7].  

Table 1 Material parameters of the stent and tissue 

Stent material Artery and Plaque tissue 

    ε* α       
346 MPa 365 MPa 83 MPa 57 MPa 0.063 0.09 -0.452 0.51 0.101 1.256 0 0.301 

 
Fig. 1 Schematic of the Superelastic behavior of Nitinol  

Table 2 Finite Element model geometry dimensions 

Intracoil 

model 

Model length 22.40 mm 

S.M.A.R.T   

model 

Strut height  3.19 mm 

Stent wire diameter 0.15 mm Strut repeating 12 per ring 

Stent mean diameter 6.85 mm Strut thickness 0.22 mm 

Stent pitch 1.8 mm Strut width  0.1 mm 

Artery 

Inner diameter 7 mm 

No. of Bridges at per 

connection  

4 in 360 degrees 

Model Length 13.14 mm 

Wall thickness 0.5 mm 

Artery 

Inner diameter 7 mm 

Stenosis- Stenosis length 26.53%- 24.62 mm 
Wall thickness 0.5 mm 

Stenosis- Stenosis length 26.53%-13.15mm 

Model Geometry. For Intracoil stent design, it was found [9] that the minimum coil diameter in 

implanted state a stent has to be at max 1 mm smaller than the nominal stent diameter without 

danger of collapse or leaning coils. The Intracoil is available in diameters as large as 8 mm and 

lengths as long as 60 mm (Fig. 3a). The s.m.a.r.t Nitinol stents are composed of a series of V-

shaped struts in circumferential rows which are connected by bridges (Fig. 2a). A summary of the 

models’ dimensions is presented in Table 2.  

 

 

 

 
 

Fig. 2 a) The s.m.a.r.t stent finite element model, b) top view of the s.m.a.r.t, visual representation of the stent’s outer 

diameter respect to the artery, c) Von Mises stress distribution on the artery and plaque tissue, d) Von Mises stress 

distribution in crimped state, gray zones show completion of direct A→M transformation, e) Von Mises stress 

distribution after completion of the deployment procedure 

a) 

b) 

c) d) e) 
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Fig. 3 a) top view of the Intracoil, visual representation of the stent’s outer diameter respect to the artery, b) Isometric 

view of the finite element model, c) successful completion of deployment and restoring the patency to the artery, d) Von 

Mises stress distribution on the stent after completion of the deployment, e) Von Mises stress distribution on the artery 

and plaque tissue 

Boundary Conditions. Uniform radial displacement boundary condition on the outer surface nodes 

was used to crimp (Fig. 2d) the s.m.a.r.t stent presented in Fig. 2a and Fig. 2b. After the stent 

reached the target lesion by applied axial displacement to the artery (both tip) nodes, the crimped 

stent is allowed to gradually expand till the contact is recognized. Establishment of the contact, 

confirms enough constraint in the radial direction and allows for free self-expansion without rigid 

body radial motion. Due to the model symmetry, only half of the stent and artery are modeled.  

    In the Intracoil simulation (Figures 3a and 3b), due to nonsymmetrical model, whole 360 degrees 

of the stent and artery are modeled.  First, the vessel was expanded to a diameter greater than that of 

the expanded stent by applying a sufficient internal pressure to the vessel (0.15 MPa). As it is 

represented in Fig. 3c, after the stent reached the target lesion by applied axial displacement to the 

artery (both tip) nodes, the pressure on the inner lumen of the artery was gradually reduced to a zero 

value, allowing the interaction between the stent and the artery (in this study blood pressure is not 

considered).  

Results and Discussion 

    The finite-element model 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 Intracoil, 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. 2c) and Intracoil (Fig. 3e), respectively. Even 

though the Intracoil stent has a same cross section as the s.m.a.r.t and smaller outer diameter 

(Figures 2b and 3a), it shows better patency restoration. On the other hand, the small pitch 

considered in the Intracoil design prevents a high level of the 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 prolapses, make the Intracoil less potential to move from deployed site.  

Conclusion 

    Delivery of the s.m.a.r.t and Intracoil Nitinol stents and their release inside a stenotic point of the 

artery was simulated by FE implemented SMA model. The s.m.a.r.t Nitinol stent was delivered and 

released inside a stenotic point of the artery using a creative manual controlled method. As well, the 

Intracoil was successful to interact with the artery by expanding the vessel to a diameter greater 

than that of the stent, while a sufficient internal pressure was applied to the vessel (0.15 MPa). 

Whereas 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). As concerns, the stresses with the simulated stents, the maximum 

Von Mises equivalent stress for the Intracoil (Fig. 3d) stent lies at the elastic regime, since the 

material returned to the full austenite phase (Fig. 1) in the whole structure. This 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 partially transformed state (Fig. 2e), which 

makes it prone to mechanical fatigue failure when the stent is subjected to the blood pulsation 

mechanical fatigue. 

a) b) c) d) e) 
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Abstract 

In this work, we used numerical simulations to investigate the effect of thermally induced forward martensitic transformation (MT) 
under constant load on the stress redistribution around stress risers. Finite element simulations of stress redistribution around two-
sided notches in a thin NiTi ribbon subjected to constant tensile force and homogeneous cooling from austenite to martensite were 
performed. Changes in stress gradients around the notches were analyzed with regard to heterogeneity of thermomechanically 
driven MT. A parametric study was performed in order to understand the effect of transformation strains, Young’s modulus of 
martensite and notch radius on the magnitude of notch-tip stresses after the completion of MT. We found that forward MT critically 
amplifies the initial elastic stress gradients around the notch.  The increase in magnitude of notch-tip stress is closely related to 
elastic deformation in martensite needed to accommodate the transformation strain in the surrounding notch unaffected zone. This 
approximation holds for notch radii being small compared to the ribbon width. For large radii MT is more homogeneous, the notch-
tip is more shielded from transforming surroundings and, hence, the notch-tip stress approach the nominal stress. 
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1. Introduction 
 

Shape memory alloys (SMAs) are a class of metallic alloys which exhibit outstanding characteristics affiliated to a 
diffusionless volume-preserving solid-state phase transformation between austenite (the stable phase at higher 
temperatures) and martensite (the stable phase at lower temperatures). Thanks to their good workability, structural 
properties and excellent stability of functional properties (Stoeckel (1990) and Bhaumik et al. (2014)), NiTi alloys 
remain to be a preferred choice for SMA applications. Thermally driven actuation is one of the most successful 
applications of NiTi, where they are used as simple linear or rotary positioners or actuators in camera stabilizers, 
mems-based pumps, micro grippers etc. Although their excellent properties in comparison to other SMAs, poor fatigue 
behavior compared to conventional materials hinders their wider use. Fatigue behavior is often reported to be 
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compromised by brittle inclusions near the surface of NiTi components (Hornbogen and Eggeler (2004), Robertson 
at al. (2012)). Besides the effect of interactions between inclusions and NiTi matrix, stress concentrations in NiTi 
induced by geometrical irregularities at the interface with inclusions may also lead to a premature failure. Therefore, 
we address in this work the problem of stress redistribution around geometrical stress risers in NiTi thermally 
transforming under external load, which is a typical loading path of NiTi-based actuators, where an external bias 
loading is used to return the component into its martensitic cold shape (Huang (2002)).  

In this work, numerical simulations are used to investigate changes in stress and strain gradients around a semi-
circular notch stemming from forward martensitic transformation (MT) induced by cooling in a thin NiTi ribbon, 
including two-sided notches and being subjected to a constant tensile force. After describing geometry and material 
model used in finite element simulations (FEM), spatially heterogeneous MT proceeding around the notch is described 
and explained as a consequence of thermomechanics of MT and initial elastic stress gradients around the notch. Then, 
a parametric study is detailed, where the effects of the transformation strain, martensite Young’s modulus and notch 
radius on the stress redistribution and notch-tip stress are elucidated. In this work, we study the case of an ideal SMA 
without considering irreversible deformation processes such as plasticity. In fact, the present results will serve as a 
reference for the continuation of this work, where the plasticity will be considered. 
 

2. FEM model of notched ribbon 
 

The quasi-static 3D FEM simulations of thermally induced forward MT under a constant applied tensile force 
corresponding to a nominal stress of 230 MPa were carried out on a thin superelastic NiTi ribbon including two-sided 
circular notches (Fig. 1a). A 3D SMA constitutive thermomechanical model proposed by Choudhry and Yoon (2004) 
and implemented in MSC Marc finite element package was used to simulate the MT in NiTi. Although this model 
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compromised by brittle inclusions near the surface of NiTi components (Hornbogen and Eggeler (2004), Robertson 
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corresponding to a nominal stress of 230 MPa were carried out on a thin superelastic NiTi ribbon including two-sided 
circular notches (Fig. 1a). A 3D SMA constitutive thermomechanical model proposed by Choudhry and Yoon (2004) 
and implemented in MSC Marc finite element package was used to simulate the MT in NiTi. Although this model 
allows to combine SMA behaviour with plasticity of both the phases, we studied the case of an ideal SMA intentionally 
as discussed in the introduction and, therefore, the plasticity was excluded by setting high yield stresses. Taking 
advantage of symmetry, a quarter of the specimen was considered in simulations (Fig. 1b). The width and thickness 
of the ribbon are 1mm and 0.1mm respectively. Four different notch radii were examined ranging from 0.12 to 3.84 
mm while considering an equal penetration of 0.12mm at both edges of the ribbon as depicted in Fig. 1a and 1b. The 
model was discretized using element 136 2  which is a full integration three dimensional, six-node first-order 
isoparametric arbitrarily distorted pentahedral element (Fig. 1c). The mesh was refined in the zone of expected high 
stress gradients i.e. at the zone of notch tip and its surrounding as illustrated in Fig. 1d. The loading sequence consisted 
of two steps 1) applying tensile force at temperature of 200 °C, 2) homogeneous cooling with a constant rate down to 
20 °C under the applied tensile force. SMA material parameters used in all simulations are listed in Table 1. 
  

 
Fig. 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 macroscopic and the notch-tip thermomechanical loading path within the material’s phase diagram  

The material parameters consist of elastic moduli of the martensite and austenite (EM, EA), forward/reverse 
transformation start and finish temperatures at zero stress (MS,Mf /AS,Af ), deviatoric transformation strain (𝜀𝜀𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 ), and 
temperature dependencies of transformation stresses for the forward and reverse transformation (CM ,CA). The material 
parameters were identified from experiments performed in parallel to this simulation work. 
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Table 1. Material parameters considered in FEM simulations of double-notched ribbon.  
Parameter EA (GPa)  EM (Gpa) 𝜗𝜗 As (°C) CA (Mpa/°C) 

Value 70  52 0.33 72 8.6 
Parameter Ms (°C)  Mf (°C) 𝜀𝜀𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡  Af (°C) CM (Mpa/°C) 

Value 39  23 0.055 88 6.4 

3. Results and discussion 

3.1. Thermally induced forward martensitic transformation in notched ribbon subjected to constant tensile load 

The evolution of the stress at the notch-tip is non-monotonous during the forward martensitic transformation (MT) 
upon cooling under the constant applied tensile force. This is due to spatially heterogeneous course of MT starting at 
notch-tip and its spreading into the bulk upon continuous cooling. Although the model does not account for the 
localized nature of MT in thin ribbons as observed in experiments (Duvalet al. (2011)), the localization is partially 
simulated due to heterogeneous stress field around the notch. The local stress-state at the notch-tip evolves along with 
MT spreading into surrounding bulk. Accordingly, the evolution of the stress at the notch-tip (point 1 in Fig. 2c1) can 
be divided into three stages that will be described hereinafter in stress-strain-temperature space (Figs 2f-g), where 
important loading path turning points are denoted. Stress-strain-temperature evolutions at the notch-tip will be 
contrasted with corresponding evolutions in the bulk (Figs 2h-i) represented by material point 2 denoted in Fig. 2c1. 
In fact, the two material points undergo nearly uniaxial stress state and, therefore, longitudinal stress and strain are 
used in graphs as they fully define the stress-strain state. Material points 1, 2, lying within the notch ligament depicted 
in Fig. 1b, represent, respectively, typical stress states experienced by notch affected zone (NAZ, see Fig. 2d1) in the 
vicinity of the notch-tip and by distant zone ahead of the notch tip denoted as notch unaffected zone (NUZ, see Fig. 
2d1). The important turning points of stress-strain-temperature paths depicted in Fig. 2f-i are characterized by 
particular martensite volume fraction (VFM) distributions shown in Fig. 2a2-e2, which were converted into simplified 
VFM colormaps (Fig. 2a1-e1) splitting the total transforming sample volume into austenite (VFM≤0.3), partially 
detwinned martensite (0.3<VFM<0.95) and fully detwinned martensite (VFM≥0.95). The simplified VFM colormaps 
help interpret the notch-tip stress evolution in terms of the spatial heterogeneity of MT. 

 
Fig. 2 (a1)-(d1) Evolution of volume fraction of martensite during forward MT (at selected loading points a-e depicted in graphs f to i) shown 

respectively in simplified representation in colormaps, and (a2)-(e2) in colormaps. (f) stress-temperature response of the notch-tip (point 1 in c1), 
(g) stress-strain response of the notch-tip (point 1 in c1), (h) stress-temperature response of the bulk (point 2 in c1), (i) stress-strain response of 

the bulk (point 2 in c1) 

  Stage 1- Martensite nucleation at the notch-tip, aa-a-b: 
Due to the stress concentration, the martensite starts to nucleate at the notch-tip (Fig. 2a1, 2a2). The nucleation of 
martensite proceeds upon cooling being accompanied with a stress relaxation (path aa-a in Fig. 2f, 2g) stemming from 
the temperature dependence of the transformation stress which decreases upon cooling according to Clausius-
Clapeyron equation (transformation line Ms in Fig. 2f). In fact, the stress within the forming martensite at the notch-
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tip follows thermodynamics of MT; it follows the level of temperature dependent stress-plateau until the notch-tip has 
fully transformed into martensite thus allowing for a full detwinning. Indeed, the notch-tip follows the superelastic-
like stress-strain response shown in Fig 2g (path aa-b), where the stress relaxation path lies between points aa-a. The 
stress plateau between points a-b in Fig 2g corresponds to fast completion of MT at the notch-tip taking place within 
a small temperature increment (see path a-b in Fig. 2f), therefore, the stress remains nearly constant. This stress 
relaxation at the notch-tip proceeds within the whole NAZ which must be compensated by a stress increase in NUZ 
(path aa-b in Figs. 2h and 2i) as the applied load remains constant and the static equilibrium must hold. However, this 
stress increase in NUZ is relatively small not promoting the MT within NUZ, as its size is much larger than that of 
NAZ.  

 Stage 2- MT propagation into bulk: 
Once the notch-tip has transformed, it can be regarded as a martensitic elastic inclusion in austenite matrix that is 
being transformed within a shear-band propagating from the notch-tip upon further cooling. The shear-band 
propagates from the notch-tip along a diagonal direction, so-called MT band hereafter (see Fig. 2c1, 2c2). The 
transformation strain induced in the diagonal shear-band has to be accommodated by elastic deformation of martensite 
within the adjacent zone of fully transformed notch-tip. This linear elastic deformation path is depicted by path b-c-d 
in the local stress-strain curve of the notch-tip in Fig. 2g (and it corresponding b-c-d path in Fig. 2f). Prior to MT 
completion a local stress maximum is reached at the notch-tip (point d in Fig. 2f, 2g). Simultaneously the NUZ ahead 
of the notch-tip undergoes the MT. Consequently, the stress in this zone is driven by thermodynamics of MT; it follows 
the level of temperature dependent stress-plateau decreasing upon continuous cooling. As a results the stress in this 
zone decreases (path b-c-d in Fig. 2h, 2i). 

 Stage 3- Completion of MT: 
Upon MT completion the shear band of MT spans over the whole cross-section (Fig. 2e1, 2e2) when loading point e 
is reached (Fig. 2f and 2g), thus the stress in the ligament ahead of the notch-tip is not limited by proceeding MT. The 
stresses within the sample are redistributed according to elasticity of martensite, resulting in an increase in stresses 
within NUZ (path d-e in Fig. 2h, 2i), which is compensated by a slight stress relaxation at the NAZ (path d-e in Fig. 
2f and 2g) in order to keep static equilibrium with constant applied tensile force. 

 
Fig. 3 Comparison between the case studies with the reference notch-radius and the case studies in which notch-radius is increased to 2r, 8r and 

32r; (a1) to (a4) evolutions of transverse stress 
 

The stress state temperature evolution at the notch-tip (material point 1 depicted in Fig. 2c1) is contrasting to the stress 
state temperature evolution in the bulk (material point 2 depicted in Fig. 2c1). Forward MT results in a sharp stress 
increase at the notch-tip and NAZ in contrast to stress relaxation in NUZ. To delimit NAZ and NUZ the temperature 
evolution of transverse stress along the notch ligament can be used. This evolution for the initial notch radius 
(R=0.12mm) is shown by colormap in Fig. 3a1. The vertical cuts through the colormap represent spatial evolution of 
the stress along the ligament while 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 
75 °C. These maxima are due to Poisson effect caused by MT-induced large strains in NAZ. Hence local maxima in 
transverse stress split the ligament into NAZ and NUZ. 
 
3.2. Parametric study of stress gradients induced by martensitic transformation in notched ribbon 
It follows from the previous section that the notch-tip stress depends on Young’s modulus and transformation strain 
(MT contribution) as well as on notch radius, determining the level and spatial extent of stress concentrations. 
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Therefore a sensitivity analysis was performed in order to understand the influence of these material and geometrical 
parameters on the stress at the notch-tip. 
 

3.2.1. The Effect of martensite Young’s modulus and transformation strain 
As explained previously the overloading of the notch-tip is due to transformation strain induced by MT proceeding 
under stress within NUZ, which has to be accommodated by elastic deformation of martensite induced prematurely 
within NAZ. This overloading is therefore to some extent proportional to martensite Young’s modulus and 
transformation strain. The effect of Young’s modulus is illustrated in Fig. 4 showing longitudinal-stress-temperature 
evolution experienced by notch-tip when considering martensite Young’s modulus identical to that of austenite i.e 
70 GPa (red dashed curves in Fig. 4) and experimentally measured martensite Young’s modulus of 52 GPa (solid 
black curves in Fig. 4). Clearly, the higher the martensite Young’s modulus the higher elastic stresses in NAZ induced 
by MT proceeding in NUZ. 
Similarly, the higher the transformation strain the higher the elastic stresses induced in NAZ by the MT proceeding in 
NUZ as shown in Fig. 4. Yellow line in Fig. 4 represents the ultimate case where transformation strain is not considered 
at all, showing the key role of the transformation strain in amplifying the stress concentration around the notch. In 
fact, no change in stress concentration is induced by MT when transformation strain is null. In contrary, the higher the 
transformation strain the higher the stress concentration induced by MT as seen from the comparison of solid-black 
and solid-blue longitudinal-stress-temperature and longitudinal-stress-longitudinal-strain paths in Fig. 4a and 4b 
related to transformations strains of 6 % and 3 %, respectively. 
 

 
 
 
 
 
 
 
 
 

Fig. 4 Stress-temperaturature (a) and 
stress-strain (b) evolutions at the notch tip 

compared for various transformation 
strains (TS) and identical (EM=EA=70 
GPa) vs. different Young’s moduli of 
austenite (EA=70 GPa) and martensite 
(EM=52 GPa) as described in legends. 

 

3.2.2. The effect of notch radius 
In general, the geometry of the notch drives the extent and gradient of stress concentration in its vicinity and, therefore, 
the notch radius is one of the key parameters determining the maximum stress at the notch tip as well as the extent of 
NAZ. The particular case discussed in the previous section is an example of relatively small radius compared to the 
width of ribbon (𝑟𝑟 𝑤𝑤 = 0.12⁄ .To study the effect of this ratio three additional notch radii were considered, spanning 
this ratio from 0.12 up to 3.84 while preserving the ligament cross-section (Fig. 1b) i.e. the notch penetration, thus 
preserving the nominal stress applied by the constant tensile force. As shown in Fig. 5a and 5b, the critical ratio 
between notch-tip stress and nominal stress (𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛ℎ−𝑛𝑛𝑡𝑡𝑡𝑡 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛⁄ ) at the end of cooling drops exponentially when 
increasing 𝑟𝑟 𝑤𝑤⁄  ratio and naturally tends to one for a limiting case of notch-free ribbon. The exponential tendencies 
are related to enlargement of NAZ with increasing 𝑟𝑟 𝑤𝑤⁄  ratio. The changes in size of NAZ and NUZ can be evaluated 
by tracking the location of the maximum of transverse stress ahead of the notch-tip. As discussed previously, this 
maximum is due to Poisson effect induced by longitudinal strains at NAZ that are larger in comparison to strains at 
NUZ. Fig. 3b1 to 3b4 show colormaps of transverse stresses for considered 𝑟𝑟 𝑤𝑤⁄  ratios. The vertical cuts represent 
spatial variations of the stress along the ligament from the notch-tip towards the center (at which the coordinate is 
equal to 0), while horizontal cuts represent temperature evolutions of the stress at different material points along the 
ligament. The maxima of transverse stress are reached after the MT is completed i.e. at low temperatures as the Poisson 
effect is amplified by the transformation strain. These maxima split the ligament into NAZ in vicinity of the notch and 
NUZ closer to center (coordinate equal to 0 as displayed in Fig. 3). Clearly, with increasing 𝑟𝑟 𝑤𝑤⁄  ratio NAZ is 
enlarging at expense of NUZ.  
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Fig. 5 Stress-temperature evolutions at the notch-tip for different notch radii (a) and stress concentration dependence on the notch radius (b). 

However, with enlarging NAZ the notch-tip maximal stresses induced by forward MT decreases as shown in Fig. 5a 
plotting longitudinal-stress-temperature evolutions at the notch-tip for individual 𝑟𝑟 𝑤𝑤⁄   ratios. As elastic stress 
concentration decreases with increasing 𝑟𝑟 𝑤𝑤⁄ ratio the stress relaxation due to martensite nucleation is also less 
pronounced with increasing 𝑟𝑟 𝑤𝑤⁄  ratio (paths aa-a in Fig. 5a). The size of NAZ prematurely transforming due to stress 
concentration is substantially larger with increasing 𝑟𝑟 𝑤𝑤⁄  (see Fig. 3a1 to 3a4) which consequently lower the spatial 
stress gradients. The larger the NAZ the more the notch-tip is shielded from surrounding NUZ and, consequently, the 
less elastic deformation at the notch-tip is needed to accommodate the displacements from surrounding transforming 
matrix within NUZ. Therefore, the notch-tip stress exponentially decreases with increasing 𝑟𝑟 𝑤𝑤⁄  ratio. 
 

4. Conclusion 

In this work we analyzed the stress concentration in thin NiTi ribbon around two-sided circular notches during 
thermally induced MT proceeding under a constant tensile force applied on the ribbon. We found that the stress 
concentration is amplified by MT, which is due to heterogeneous course of MT starting at the notch and spreading 
further. During its spreading the prematurely transformed notch-tip can be considered as martensitic inclusion which 
has to elastically accommodate the transformation strain in the surrounding transforming austenitic bulk. Therefore 
the notch-tip stress in martensite scales with the transformation strain and Young’s modulus of martensite. The notch 
radius affects the heterogeneity of MT so that for increasing radius MT becomes more homogeneous and, 
consequently notch-tip stress is less affected by the transformation strain induced in the surrounding austenite bulk. 
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Therefore a sensitivity analysis was performed in order to understand the influence of these material and geometrical 
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Fig. 4 Stress-temperaturature (a) and 
stress-strain (b) evolutions at the notch tip 

compared for various transformation 
strains (TS) and identical (EM=EA=70 
GPa) vs. different Young’s moduli of 
austenite (EA=70 GPa) and martensite 
(EM=52 GPa) as described in legends. 

 

3.2.2. The effect of notch radius 
In general, the geometry of the notch drives the extent and gradient of stress concentration in its vicinity and, therefore, 
the notch radius is one of the key parameters determining the maximum stress at the notch tip as well as the extent of 
NAZ. The particular case discussed in the previous section is an example of relatively small radius compared to the 
width of ribbon (𝑟𝑟 𝑤𝑤 = 0.12⁄ .To study the effect of this ratio three additional notch radii were considered, spanning 
this ratio from 0.12 up to 3.84 while preserving the ligament cross-section (Fig. 1b) i.e. the notch penetration, thus 
preserving the nominal stress applied by the constant tensile force. As shown in Fig. 5a and 5b, the critical ratio 
between notch-tip stress and nominal stress (𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛ℎ−𝑛𝑛𝑡𝑡𝑡𝑡 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛⁄ ) at the end of cooling drops exponentially when 
increasing 𝑟𝑟 𝑤𝑤⁄  ratio and naturally tends to one for a limiting case of notch-free ribbon. The exponential tendencies 
are related to enlargement of NAZ with increasing 𝑟𝑟 𝑤𝑤⁄  ratio. The changes in size of NAZ and NUZ can be evaluated 
by tracking the location of the maximum of transverse stress ahead of the notch-tip. As discussed previously, this 
maximum is due to Poisson effect induced by longitudinal strains at NAZ that are larger in comparison to strains at 
NUZ. Fig. 3b1 to 3b4 show colormaps of transverse stresses for considered 𝑟𝑟 𝑤𝑤⁄  ratios. The vertical cuts represent 
spatial variations of the stress along the ligament from the notch-tip towards the center (at which the coordinate is 
equal to 0), while horizontal cuts represent temperature evolutions of the stress at different material points along the 
ligament. The maxima of transverse stress are reached after the MT is completed i.e. at low temperatures as the Poisson 
effect is amplified by the transformation strain. These maxima split the ligament into NAZ in vicinity of the notch and 
NUZ closer to center (coordinate equal to 0 as displayed in Fig. 3). Clearly, with increasing 𝑟𝑟 𝑤𝑤⁄  ratio NAZ is 
enlarging at expense of NUZ.  

6 Pejman Shayanfard et al. / Structural Integrity Procedia  00 (2019) 000–000 

 

 

 
Fig. 5 Stress-temperature evolutions at the notch-tip for different notch radii (a) and stress concentration dependence on the notch radius (b). 

However, with enlarging NAZ the notch-tip maximal stresses induced by forward MT decreases as shown in Fig. 5a 
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concentration is amplified by MT, which is due to heterogeneous course of MT starting at the notch and spreading 
further. During its spreading the prematurely transformed notch-tip can be considered as martensitic inclusion which 
has to elastically accommodate the transformation strain in the surrounding transforming austenitic bulk. Therefore 
the notch-tip stress in martensite scales with the transformation strain and Young’s modulus of martensite. The notch 
radius affects the heterogeneity of MT so that for increasing radius MT becomes more homogeneous and, 
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