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Resumo 

As limas endodônticas são utilizadas na odontologia desde o século XIX e, como tal, a forma, o 

material e o modo de operação mudaram desde então. Nos últimos tempos, tem-se visto um aumento 

do uso de ligas de níquel-titânio (NiTi), em detrimento de ligas mais convencionais. À temperatura 

corporal, algumas ligas de NiTi apresentam um comportamento superelástico, o que permite que a lima 

acompanhe a raiz dos dentes de forma mais fácil em comparação com as ligas convencionais e são 

apresentadas como sendo mais eficazes na remoção da polpa dentária e na proteção da estrutura 

dentária. 

Apesar disto, os instrumentos de NiTi, quando submetidos a cargas de flexão, podem fraturar sem 

qualquer sinal visual de degradação. Assim sendo, existe uma necessidade de estudar estas ligas, pois 

elas apresentam um ciclo de histerese elevado e uma alta não linearidade no domínio elástico. 

Atualmente, não há um padrão internacional para estas ligas, pelo que vários autores tentaram 

projetar sistemas que possam testar limas endodônticas deste material sob fadiga, geralmente com 

base em configurações empíricas. 

Seguindo uma abordagem sistemática, este trabalho apresenta os resultados de ensaios de fadiga 

rotativa para dois fios Alfa Aesar® Nitinol com diferentes diâmetros (0.58mm e 0.25mm). 

A formulação é apresentada, onde a redução da resistência do material pode ser quantificada a 

partir da determinação da deformação e do número de ciclos até a rotura. Além dos resultados dos 

testes experimentais, as simulações de Análise por Elementos Finitos (FEA) são também apresentadas 

de forma a verificar as previsões do modelo analítico e para uma melhor compreensão dos mecanismos 

de fratura por fadiga presentes nas ligas de NiTi. São também apresentadas algumas superfícies de 

fratura de amostras que atingiram a rotura. 

Os resultados de fadiga obtidos são bastante importantes, já que a liga apresenta um tempo de vida 

quase constante para a zona de fadiga para ciclos reduzidos (LCF) e um tempo de vida crescente com 

a diminuição dos níveis de tensão/extensão. As superfícies de fratura apresentam uma topologia similar 

quando comparado com outras ligas superelásticas. A FEA mostrou que o modelo analítico é um bom 

indicador, com algumas restrições na previsão de grandes deformações, do comportamento 

apresentado por este material. 
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Abstract 

Endodontic files have been used in dentistry since the 19th century and, as so, the shape, material 

and operation mode have changed since those days. In the late days, we have seen an increasing use 

of Nickel-Titanium (NiTi) alloys, to the detriment of more conventional alloys. At body temperature, these 

NiTi alloys present a superelastic behaviour, which allow the file to follow the teeth root in an easier way 

comparing to conventional alloys and have been reported to be more effective in the removal of the 

tooth pulp tissue, and in the protection of the tooth structure. 

Notwithstanding, these NiTi instruments, as all the others being subjected to bending loading, they 

fracture without any visual signal of degradation. Thereby, there is a need of studying these alloys, as 

they present a high hysteresis cycle and a high non-linearity in the Elastic Domain.  

Currently, there is not an international standard for these alloys, so various authors have attempted 

to design systems that can test NiTi endodontic files under fatigue loads, usually based on empirical 

setups.  

Following a systematic approach, this work presents the results of rotary fatigue tests for two Alfa 

Aesar® Nitinol wires with different diameters (0.58mm and 0.25mm). 

The formulation is present, where the material strength reduction can be quantified from the 

determination of the strain and the number of cycles until failure. Besides the experimental tests results, 

Finite Element Analysis (FEA) simulations are present to verify the analytical model prediction and for a 

better understanding of the fatigue fracture mechanisms present in NiTi alloys; as well as some fracture 

surfaces of broken specimens. 

The fatigue results obtained meet the expected as the alloy shows a nearly constant life time for the 

Low Cycle Fatigue (LCF) zone and an increasing life time with the decreasing of the strain/stress levels. 

The fracture surfaces showed no anomalous behaviour, comparing with other superelastic alloys. The 

FEA showed that the analytical model is a good predictor of the mechanical behaviour, though with 

some limitations when predicting for great strains. 
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1. Introduction 

The endodontic files have been used in dentistry since the 19th century and, as so, the 

shape, material and operation mode have changed since those days [1]. These files are used 

in root canal procedures to remove the existing nerve endings on a tooth. In the past, 

endodontic files used in this procedure were made from highly flexible steel alloys. However, 

steel alloy files, while being flexible, are still too rigid to avo id damaging the walls of the root 

canals [2]. In order to minimize these adverse effects, Nickel -Titanium (NiTi) alloys are now 

being used in the design of endodontic  files, figure 1. This change in material allowed the use 

of rotary systems to be used to prepare root canals safely and predictably, instead of the use 

of only hand files.  

NiTi alloys are superelastic metal alloys able to fully recover from large deformations (up 

to strains of 10% [3]). These alloys, however, have a drawback , when compared to steel files 

their fatigue life is relatively shorter and, as seen in commercial endodontic files, they break 

without a previous mechanical warning, increasing the risk of the file failing inside the teeth , 

figure 2. To minimise these occurrences, the NiTi files are used only once, which leads to an 

increase of cost.  

 

 

In order to increase the viability of the use of NiTi alloys in dentistry, s ome studies were 

made to determine the fatigue life of these alloys, usually through traditional uniaxial fatigue 

tests and rotary bending fatigue tests [7]. Although rotary bending tests are the tests that 

most accurately replicate the kind of loads and deformation a file is subjected to when inside 

a root canal, the great majority of the existing machines in the l iterature only perform the 

fatigue test with a predetermined set of shapes [8]. However, most of the imposed 

deformations are far from the complex shapes of the root canals [ 7]. To avoid this problem, 

Cheung and Darvell, in 2007, [9] and Carvalho et al., in 2015, [8] developed machines with a 

variable set shape, being able to evaluate the fatigue life of files and specimens.  

a) Schematics [5] b) X-ray [6] 

Figure 2 – Detail of a broken file inside the tooth root 
canal 

Figure 1 – NiTi endodontic file showing the 
flexibility to adapt to the tooth root canal [4] 
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Even with the efforts to characterise this material, the mechanical properties of NiTi change 

with the manufacture and, consequently, the mechanical behaviour during the endodontic 

procedure is highly variable. This variability creates the need to study NiTi alloys from 

different suppliers. In this work, the mechanical properties of a NiTi alloy, Alfa Aesar Nitinol 

wire, will be studied both by laboratory tests and numerical simulations and presented.  The 

results obtained will be used to improve the files used in dentistry and predict the useful life 

time of these tools that, nowadays, are for single -use [10]. 

For this, it is of special interest the rotary fatigue machine designed by Carvalho et al. [8], 

as this is the machine used to perform the fatigue test presented below. This machine consists 

of three pins that can be positioned automatically to deform the specimen as allow to change 

the degree of bending from simple point bending to more complex multi -point bending, 

depending on the need of the user . The file is then put into rotation using a brushless DC 

motor with variable speed, until the failure is detected .  

Because the pins can be set to multiple configurations, the machine enables rotary bending 

tests with constant curvature, leading to a constant strain, along a segment. The constant 

strain can be used to directly compare to other properties of the material or other type of 

tests. Also, one can perform tests with accuracy and choose different regions of the 

superelastic stress-strain curve, allowing an estimation of the stress the specimen is 

subjected to, and its metallic phase of this during the test.  

The present work will be divided in four main chapters: the bibliographical review; materials 

and experimental procedure; results and discussion; and conclusions and future work.  

In the bibliographical review, some topics, as fatigue and shape-memory alloys are 

explored. These topics are of concerning for all the work done as they provide the basis for 

all the assumptions, models, procedures and the final results presented. In this way, there is 

the need to present an explanation about the phenomena and some historical backgrounds. 

Later, during the presentation of the materials and experimental procedure, the NiTi alloy 

is described concerning its manufacturing characteristics, as well as the shape and size of 

the specimens. The experimental procedures and simulations are also described, as well as 

the mathematical model and the apparatus used for the experiments. The experimental setup 

includes uniaxial tensile tests and rotary bending fatigue test . The former provides results 

that are required for the fatigue results and the simulation to present some accuracy, and 

latter is the main goal of the experimental part of the work. In addition, concerning the 

numerical part, the software and all characteristics of the simulations are also presented, as 

well as the model used. 

Following the presentation and description of the experimental procedure, the results are 

presented. These results are ordered similarly to how the experimental procedure was 

exposed, only differing in the presentation of the surfaces of fracture resulting from the fatigue 

tests and, in the end this chapter, the presentation of the fatigue results concerning both the 

experimental tests and the numerical simulations, in order to have the maximum possible 

accuracy in the results. 
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For the concluding part of this work, a conclusion will be presented as well as some lines 

for future work to be done regarding this topic. In the conclusion it is shown  the main points 

of each results obtained and a final conclusion for all the work.  

For the last, the bibliography in presented as the last chapter, concerning all the references 

used during the work presented. 
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2. Bibliographical Review 

This chapter presents a Bibliographical review that covers several aspects related to shape memory 

alloys and fatigue. 

Regarding the topic super-elastic alloys, a historical summary is presented, as well as the 

crystallographic mechanism behind the Shape-memory effect, the producing methods, and some 

applications. The remaining of the chapter is devoted to the concept of fatigue, with a historical summary 

and an explanation on different fatigue tests. 

 

2.1. Shape-memory alloys 

Shape-memory alloys (SMA) are alloys that “remember” their original shape. This means that when 

deformed they return to its pre-deformed shaped upon heating, even if a relatively high strain was 

applied [11]. After a plastic deformation, the SMAs undergo a thermo-elastic change in the crystal 

structure when heated above its transformation temperature range, resulting in a recovery of the 

deformation. This effect in known as the Shape Memory. The alloy has a martensitic structure when 

under low temperatures and an austenitic structure when under higher temperatures. The shape the 

piece of metal has at austenitic temperatures is kept while lowering the temperature and the martensitic 

transformation occurs. In the martensitic phase, under stress, a plastic change in the shape of the piece 

occurs. Furthermore, when the stress is removed, the deformed shape is retained at this temperature. 

Upon subsequent heating to the initial temperature, the material reverts back to its original size and 

shape [12]. The schematics of this process can be seen in the figure 3 below. 

 Some SMA exhibit, besides the shape memory effect, the characteristic of superelasticity and for 

this reason are called superelastic alloys. When mechanically loaded, a superelastic alloy deforms 

reversibly to very high strains (up to 10%) by the creation of a stress-induced phase. When the load is 

removed, the new phase becomes unstable and the material regains its original shape [13]. 

 

2.1.1. Historic Summary 

The first reported steps towards the discovery of the shape-memory effect were taken in the 1930’s. 

In 1932, Arne Ölander discovered the super-elastic behaviour of the Au-Cd. Greninger and Mooradian, 

in 1938, observed the formation and disappearance of a martensitic phase by decreasing and increasing 

the temperature of a Cu-Zn alloy. The basic phenomenon of the memory effect governed by the 

thermoelastic behaviour of the martensitic phase was widely reported a decade later by Kurdjumov and 

Khandros, in 1949, and also by Chang and Read, in 1951 [14]. 

The nickel-titanium alloys were first developed in 1962 by the United States Naval Ordnance 

Laboratory and commercialized under the trade name Nitinol (an acronym for Nickel Titanium Naval 

Ordnance Laboratories). The remarkable properties of this alloy were discovered by accident. A sample 

that was bent out of shape many times was presented at a laboratory management meeting and one of 

the associate technical directors, Dr. David S. Muzzey, decided to hold his pipe lighter underneath it. To 

everyone's amazement the sample stretched back to its original shape. 
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While the potential applications for Nitinol were realized immediately, practical efforts to 

commercialize the alloy did not take place until a decade later. This delay was largely because of the 

extraordinary difficulty of melting, processing and machining the alloy. Even these efforts encountered 

financial challenges that were not readily overcome until the 1980s, when these practical difficulties 

finally began to be resolved [15, 16]. 

 

 

There is another type of SMAs, called a ferromagnetic shape-memory alloy (FSMA), that changes 

shape under strong magnetic fields. These materials are of particular interest as the magnetic response 

tends to be faster and more efficient than temperature-induced responses. 

Metal alloys are not the only thermally-responsive materials; shape-memory polymers have also been 

developed and became commercially available in the late 1990s. 

 

2.1.2. NiTi shape-memory mechanism 

Nickel-Titanium alloy, also known as Nitinol, is a metal alloy of Nickel and Titanium, where the two 

elements are present in roughly equal atomic percentages. 

Nitinol unusual properties are derived from a reversible solid-state phase transformation known as a 

martensitic transformation, between two different martensite crystal phases. 

At high temperatures, nitinol assumes an interpenetrating simple cubic structure referred to as 

austenite. At low temperatures, nitinol spontaneously transforms to a more complex monoclinic crystal 

structure known as martensite [18]. There are four transition temperatures associated to the austenite-

to-martensite and martensite-to-austenite transformations, figure 4. Starting from full austenite, 

martensite begins to form as the alloy is cooled to the so-called martensite start temperature, or Ms, and 

the temperature at which the transformation is complete is called the martensite finish temperature, or 

Figure 3 - Schematics of the Shape Memory Effect [17] 
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Mf. When the alloy is fully martensite and is subjected to heating, austenite starts to form at the austenite 

start temperature, As, and finishes at the austenite finish temperature, Af [19]. 

Martensite crystal structure (known as a monoclinic, or B19' structure) has the unique ability to 

undergo limited deformation in some ways without breaking atomic bonds. This type of deformation is 

known as twinning, which consists of the rearrangement of atomic planes without causing slip, or 

permanent deformation. It is able to undergo about 6–8% strain in this manner. When martensite is 

reverted to austenite by heating, the original austenitic structure is restored, regardless of whether the 

martensite phase was deformed. Thus, the name "shape memory" refers to the fact that the shape of 

the high temperature austenite phase is "remembered," even though the alloy is severely deformed at 

a lower temperature [20]. 

 

 

As the nitinol is an intermetallic compound is one of the reasons why this alloy returns to its original 

shape. In an ordinary alloy, the constituents are randomly positioned in the crystal lattice; in an ordered 

intermetallic compound, the atoms (in this case, nickel and titanium) have very specific locations in the 

lattice. The fact that nitinol is an intermetallic is largely responsible for the complexity in fabricating 

devices made from the alloy. 

The scenario described above (cooling austenite to form martensite, deforming the martensite, then 

heating to revert to austenite, thus returning the original, undeformed shape) is known as the thermal 

shape memory effect [21]. 

 

2.1.3. Super-elasticity  

A second effect, called super-elasticity, is also observed in Nitinol. This effect is the direct result of 

the fact that martensite can be formed by applying a stress as well as by cooling. Thus, in a certain 

temperature range, one can apply a stress to austenite, causing martensite to form while at the same 

time changing shape, in a phase transformation known as R-phase [22, 23]. In this case, as soon as the 

stress is removed, the nitinol will spontaneously return to its original shape. In this mode of use, nitinol 

behaves like a super spring, possessing an elastic range 10–30 times greater than that of a normal 

Figure 4 - Diagram of nitinol transformation temperatures [16] 
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spring material. There are, however, constraints: the effect is only observed about 0 to 40°C above the 

Af temperature. This upper limit is referred to as Md, which corresponds to the highest temperature in 

which it is still possible to stress-induce the formation of martensite. Below Md, martensite formation 

under load allows super-elasticity due to twinning. Above Md, since martensite is no longer formed, the 

only response to stress is slip of the austenitic microstructure, and thus permanent deformation [24]. 

 

2.1.4. NiTi Manufacturing 

The manufacturing procedure to produce Nitinol components with the desired shape-memory effect 

is of great importance, as it critical and specifically affects composition, homogeneity, ductility, 

machinability and biocompatibility, as well as microstructure and the transformation temperatures all of 

which are important for the applications of the material. The fabrication methods that are widely used 

are the casting methods and powder metallurgy methods [25]. 

 

2.1.5. NiTi Applications 

Due to the unique properties of Ni-Ti alloys such as shape memory effect, super elasticity, bio-

compatibility, osseointegration etc., it has growing applications in vast areas of engineering from aero-

space to biomedical industries. 

 

A. Biomedical Applications 

In medical field, NiTi alloy has significant applications like in stent technology; orthopaedics; 

orthodontics and cardiovascular, neurosurgical field etc., since it possesses good bio-compatibility and 

osteointegration [26]. NiTi in the form of wire is used in endovascular prostheses, [27] while bulk NiTi 

prostheses has been successfully used in clinical surgery like fixation of spinal dysfunctions, etc [28]. 

In orthodontic treatment, NiTi wires which are in austenitic phase at the temperature of the buccal 

cavity, have been successful used with multi brackets and in endodontic files [26]. 

The anti-thrombosis property, shape memory effect and superelasticity effect, make the NiTi also 

favourable for vascular treatment [29, 30]. NiTi alloy forms a protective layer of TiO2, that prevent the 

release of Ni+ ions and improves the resistance to corrosion and shows good bio-compatibility. NiTi 

alloys are also used in numerous applications of the self-expandable vascular stents, figure 5 [31]. 

In orthopaedic implants, corrosion and stress shielding are the major problems, as traditionally they 

are made of steel alloy and Ti alloy. The differences of Young's moduli of the biomaterials and the 

surrounding bone has been identified as the foremost reason for implant loosening following stress 

shielding of bone, and NiTi has a lower value of stress shielding effect as compared to steel alloys and 

is a better choice for biomedical implants [26, 34]. 

Lastly, NiTi alloys have applications in artificial organs such as artificial kidney and artificial heart 

pump, and as actuator in ureteral stenosis after kidney transplantation [34, 35]. These applications need 

high fatigue strength and demand for miniaturization and NiTi alloy can meet both needs [36, 37]. 

NiTi shape memory biomaterials similar to other titanium-based shape memory alloys due to 

thermoelastic martensitic transformation have great recovery strain and better low stress high cycle 

fatigue life compared to other metallic biomaterials [38]. 
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B. Automotive Industry  

As Ni-Ti presents a high-strain rate response, [39] is more flexible and its resistance to cyclic fatigue, 

it has a wide use in the automotive industries. The desired shape memory and superelasticity of Ni-Ti 

can be achieved through optimized cold worked and heat treatment, [40] while the transition temperature 

depends on the chemical composition of the alloy. 

Shape memory alloys have a significant role in space systems where SMAs are utilized in antenna 

and solar arrays [41-43]. In aircrafts, the morphing wings and nozzle used for noise reduction in gas 

turbine engine are also made of a shape-memory alloy [44]. Various SMA actuators such as wire, 

compression and tension springs and cantilevers had been used in both electrical and thermal actuation 

systems. Thermal actuators of shape-memory alloys are used as both sensors and actuators. Another 

application of shape-memory alloys is the actuation of various components for orientation of solar flaps 

of satellites to optimize the performance [26]. 

 

C. Micro-electromechanical systems 

Micro-electromechanical systems have grown from laboratory fabrication to large scale 

manufacturing, creating the need of suitable materials for these systems. As NiTi alloys present a high-

abrasion resistance, superelasticity and corrosion resistance, it is a candidate of excellence to be used 

on the first.  

These alloys present a work done per unit volume greater when compared to other available micro-

level actuators. The actuation speed of NiTi electromechanical systems depends upon heating and 

cooling speed of NiTi [45]. The micro-electromechanical system devices are used for the control of liquid 

and gas flow in manufacturing processes, as pneumatic controls in instruments [26]. 

 

D. Electrical Device Application 

The working principle of an electrical circuit protection system using NiTi alloys is the wire breaking 

the circuit because of over-heating, with a reaction time in the other of the hundredth of second. Thermal 

actuators are used in domestic safety devices. Another recent shape-memory alloy safety device is a 

thermally activated current interrupt mechanism for protecting high energy density batteries such as 

lithium ion cell from uncontrollable temperature increase due to overcharge or short circuit [26]. 

Figure 5 – Schematics and aortogram of a NiTi stent [33] 
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E. Energy Conversion 

Shape memory alloy-based heat engines are used to extract mechanical energy from low-grade 

energies for instance, warm wastewater, or geothermal energy. Turbine engine, offset crank engine, 

field engine and kick engine come under shape memory alloy heat engines, figure 6. In these heat 

engines, the temperature required for stretching is slightly lower than the temperature which is required 

for the shape memory alloy coil shape recovery. The difference in the work required to enhance shape 

memory characteristics of coils in heat engines. Shape-memory alloy spring heat engines have low 

efficiency less than 5%, and this can be improved by difference between the lowest and highest 

temperature [46-49]. High-temperature hot water is capable of high-speed rotation, whereas low-

temperature hot water is capable of low-speed rotation. So, if difference between high and low 

temperature is small, shape-memory alloy heat engine can be designed with high efficiency [26]. 

To provide energy for long-term, solar energy used for supplementary power supply. Currently, solar 

cells are used mainly for these purposes, which convert solar energy into electrical energy. Solar cell 

can be used directly or in the form of battery for later usage. SMA solar engine for outer space missions 

have been proposed because surface temperature of the part of satellite facing sun can be over 120°C 

whereas the part of the shadow as low as -150°C [26]. 

 

 

Shape memory alloy solar engine can directly convert solar energy into mechanical energy. To 

investigate its performance under different conditions, [50] numerical simulation has been carried out. 

Solar engine integrated as part of the satellite structure, and it can be used as driving the mechanism, 

deployable structures and dust removal. 

 

F. Other Applications 

Shape memory alloys are not only used in the engineering community, but also in the artist 

community. These alloys have been used as actuation material to move sculptress. Also, very thin 

shape-memory alloy wires can be used to design artificial wigs, which are capable suddenly to change 

the styles [26]. 

To reverse the visual presentation of information, computer interfacing and virtual reality applications 

have been proposed with SMA technology [51]. 

Figure 6 – Schematics of a SMA heat engine [45] 
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Also, shape memory alloy has been planned for a seismic isolation and passive control of buildings, 

because of high-energy absorption [52-58]. 

In recent times, reinforcement and repair of the damaged structure using SMAs is to be introduced 

in civil engineering, because of high density [58-67]. 

 

2.2. Fatigue 

Fatigue failure of mechanical components, structures and systems has been observed since the 19th 

century and has become a well-documented phenomenon to the present day [68-98]. In simple terms, 

fatigue is a phenomenon of weakening due to the accumulation of damage, caused by cyclic loads.  

According to the American Society for Testing and Materials (ASTM) Standard E 1823 [99], fatigue 

is defined as “the process of progressive localized permanent structural change occurring in a material 

subjected to conditions that produce fluctuating stresses and strains at some point or points and that 

may culminate in cracks or complete fracture after a sufficient number of fluctuations”. It should be noted 

that the stress values that cause such damage may be much less than the strength of the material 

typically quoted as the ultimate tensile stress limit. 

From the definition, it can be understood that fatigue is a phenomenon of great importance, especially 

since many systems in everyday life are subjected to fatigue, and therefore may put human lives at 

stake. It is of the greatest importance, to explore, study, understand and characterize the behaviour of 

materials subjected to fatigue.  

 

2.2.1. Historic Summary 

The fatigue phenomenon was first documented by Wilhelm Albert, in 1837, when he devised a test 

machine for conveyor chains used in the Clausthal mines, testing the components and not the material, 

and published the first fatigue test results [68]. Only 17 year later, in 1854, the term “fatigue” was used 

for the first time by Braithwaite. In his papers, he described fatigue failures of several applications and 

the allowable stresses for components subjected to fatigue [69]. 

In 1868, Bauschinger named the Bauschinger’s effect, in his words “the change of the elastic limit by 

often repeated cycles”, that will be the basis of the hypothesis of Manson and Coffin [70-72] and two 

years later, Wöhler presented what is known as “Wöhler’s laws”, stating that the stress amplitude is the 

most important parameter in fatigue life, but a tensile mean stress also has a detrimental influence [73-

75]. In his work, Wöhler also mentioned crack propagation, noticing that cracks can propagate into the 

axle and demanding the replacement of this [74]. 

In 1910, Basquin, based on Wöhler’s work, presented the finite life region of the “Wöhler curve” in 

the logarithmic form and described it by the formula (1) 

 

 𝜎𝑎 =  𝐶𝑁𝑛  (1) 

 

which is still in use today [76]. Basquin gave some numerical values for C and n, based in the Wöhler’s 

results. 
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The term “notch effect” was coined by Heyn in 1914, [77] although it was already implicitly discussed 

by Rankine.  

In 1918, the first full-scale fatigue test with a large aircraft component was carried out by the Royal 

Aircraft Establishment in the UK [78, 79]. 

In 1924, Gough’s book “The Fatigue of Metals”, mentions the influence of surface roughness on 

fatigue limit, and the stress concentration factors of V shaped notches based on the results obtained by 

Coker [80]. In this the same year, the Swede Palmgren present the Palmgren-Miner rule [81]. This 

damage-accumulation hypothesis is again presented and popularized by Miner, in 1945, stating many 

restrictions and checking the hypothesis by fatigue tests for the first time [82]. 

In 1927, the German Thum created the fatigue stress concentration factor 𝐾𝑓, as he called it “a crutch 

with which one can limp from the unnotched specimen to the notched component” [83]. 

In 1954, Coffin and Manson defined a new research field called Low-Cycle Fatigue (LCF) by 

describing the behaviour of metallic materials under cyclic inelastic strain amplitudes [84-86]. 

In 1962, Paris, stated the Paris’ Law, which says fatigue crack propagation could be described by an 

equation which relates the crack growth rate with the stress intensity factor [87, 88]. In the end of this 

decade, the Japanese Matsuishi and Endo published the “rainflow” counting procedure [89]. 

In 1997, Palin-Luc and Morel concluded that the High Cycle Fatigue (HCF) model was not enough to 

explain all the phenomena observed when performing experimental tests. Because of this, these authors 

proposed a model consisting of the analysis of a volume around a critical point which takes into account 

the influence of the crack propagation initiation [90]. 

In 1999, Miyazaki et. al studied the fatigue life of a Ti-Ni-Cu superelastic alloy concluding that the 

fatigue life decreases with an increasing content of Copper [91]. And the next year, Carpinteri compared 

the results from rotary bending with cyclic bending fatigue test concluding they are coincident [92]. 

In 2001, McKelvey and Ritchie carried out a study of fatigue-crack growth behaviour in superelastic 

Nitinol which lead to the conclusion that the crack growth ratio increases with the load and the radius of 

the crack for all phases, being greater in the martensitic phase comparing to the austenitic phase [93]. 

And in the following year, Okabe et. al proposed a new fatigue model for Ni-Ti-Cu shape memory alloys 

due to abnormal behaviour comparing to other metals and metal alloys [94]. 

In 2007, Cheung and Darvell developed a machine to test to fatigue NiTi rotary instruments, under 

different curvatures [95]. 

In 2013, Pelton et. al tested the rotary bending fatigue of Nitinol under different temperatures 

concluding that the lower the temperature, the longer the fatigue life and greater the strain limits [96]. 

Still in 2013, Pereira et. al compared two different NiTi alloys, concluding that M-wire contained 

Martensite in its non-deformed microstructured, leading to a higher fatigue resistance [97]. 

During the year of 2015, Carvalho et al. developed a machine to test NiTi wires under different strains 

and presented a study on fatigue for super-elastic alloys, using a NiTi alloy, specifically Memry NiTi, 

concluding that, while in the elastic austenitic phase, this alloy shows a very long fatigue life whereas 

imposing strain in the R-phase region, the fatigue life of the wire drastically reduces [8]. 

In 2017, Hesami et. al compared uniaxial and rotary bending fatigue concluding that, for the same 

dissipated energy, uniaxial fatigue presented a longer life [98]. 
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2.2.2. Different phases of fatigue life 

The fatigue life is generally divided into three stages: the crack initiation, the crack propagation, and 

final rupture.  

The crack initiation phase is the number of cycles required to initiate a crack. The crack usually 

initiates due to the accumulation of micro changes over a large number of load applications, called 

"cumulative damage” or due imperfections in the material such as surface roughness, porosities, 

scratch, etc. The crack propagation phase is the number of cycles required to grow the crack in a stable 

manner to the critical size. The crack grows perpendicular to the tensile stress. This phase is usually 

the most readily identifiable area of a fatigue fracture surfaces. When the crack length reaches a critical 

value, a very rapid critical crack growth occurs. As the propagation of the fatigue crack continues, 

gradually reducing the cross-sectional area of the part or test specimen and complete fracture can occur 

with only one more load application [100, 101]. 

 

2.2.3. Different fatigue tests (stress concerning) 

The objective of the fatigue tests is to replicate the condition in which the material will be subjected 

during the useful life time. There are some factors that influence the fatigue life and can be controlled 

and varied during the experimental trials in order to mimic the life conditions of the different pieces in 

which the tested material is used. Even controlling these conditions, very others unknown and 

uncontrollable factors have influence in the fatigue life time. 

In order to simplify and standardize the fatigue tests, these can be classified by the sequence of 

stress amplitude, divided in constant stress amplitude and variable stress amplitude. 

Concerning the constant stress amplitude tests, as the name indicates, the stress amplitude during 

the experiment, for each specimen, stays the same but it can vary for different specimens, in case to 

analyse the influence of the stress amplitude on the life-time. In figure 7, it can be seen the parameter 

used to identify the stress sequence, which are the Mean Stress, 𝑆𝑚; the Stress Range, 𝑆𝑟; the Stress 

Amplitude, 𝑆𝑎; and the Stress Ratio, R [101]. 

Depending on the stress levels chosen, this constant stress amplitudes tests can be subdivided into 

Short-life tests, also known as Low Cycle Fatigue tests, in which stress levels above the yield stress are 

used; and the Long-life tests, also known as High Cycle fatigue, in which elastic stresses are applied. 

In actual services, the parts are subjected to more complicated sequences of stresses than the ones 

used in the constant stress tests. In order to try to mimic these sequences or to work on the fatigue 

damage accumulation on specimens subjected to different amplitude stresses patterns, in both ways 

these tests are known as variable amplitude stress tests [102, 103]. 
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Although some fatigue tests can be performed taking stress as the controlled parameter, some others 

are more easily controlled using the strain as the controlled parameter. Regardless the controlled 

parameter, the classification above can be used for both, with the use of the Stress-Strain diagram for 

the material. 

 

2.2.4. Different fatigue tests (type of stress concerning) 

The most common types of fatigue test are the uniaxial fatigue, the flexural bending fatigue, the rotary 

bending fatigue and the torsional fatigue.  

Uniaxial fatigue tests are conducted by constantly applying tension or compression stresses, similarly 

as a uniaxial traction test, on the specimen in a repetitive way. The machines used for these tests are 

usually bulky and expensive but allow to have a constant stress along and across the specimen. In the 

remaining test, however, there is a stress gradient across the specimen [104]. 

Torsional fatigue tests, as the name indicates, are preformed using torsional loads and are usually 

preformed in specially designed torsional fatigue testing machines consist of electromechanical 

machines, in which linear motion is changed to rotational motion using cranks, or hydraulic machines, 

in which rotary actuators are incorporated in closed-loop testing systems. These tests are of special 

interest for some engineering applications as tail shafts of motor vehicles, torque tubes, splined driving 

shafts, torsion bars, and coil springs-involve repeated torsional loading [101, 103]. 

The flexural fatigue tests are conducted by placing the specimen in repetitive three, four, or more 

point flexural bending test at a specified strain level. During the test, the specimen is held in place and 

a repeated load, usually sinusoidal, is applied to the inner clamps with the outer clamps providing a 

reaction load, figure 8. The load rate is variable, and the deflection caused by the loading is measured 

at the centre of the beam [105, 106]. 

 

 

Figure 7 - Schematic Illustrating Cyclic Loading Parameters [102] 

Figure 8 – Four-point Flexural Fatigue Test Schematic [106] 
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The rotary bending tests are usually carried out in rotating beam machines, in which the specimen 

with a round cross section is bent. In these tests, in a cross section, the specimen is subjected from 

compression to tension stresses and the maximum axial stresses occurs in the surface. Usually the 

fatigue properties obtained in these tests are higher than those obtained from axial fatigue tests due to 

the small volume under maximum stress. However, this is not always true and the relation between the 

results of these two test types cannot be extrapolated from one to the another. In order to improve their 

versatility, rotary fatigue machines have been developed in the later year. The older, and more common, 

models used, figure 9, are robustus and the change of specimens is laborious [8, 101, 103, 107, 108]. 

The machines developed in the later years, figure 10, are able to replicate from a single point to four-

point rotating bending tests or even other, more complex, curved shapes [8, 95]. 

 

 

 

In this way, bending tests are more appealing to industry, both as in monetary level as in complexity 

level. Yet, from the research point of view, depending on the material tested and the application of this, 

the advantages of having a uniform stress across the specimen test section can outweigh the 

Figure 9 – A common rotary fatigue machine, with the bending scheme for a 
four-point bending test [109] 

Figure 10 – Three pin rotary bending machine [94] 
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disadvantages of size and cost of the machine. However, the importance of using a bending mode of 

fatigue testing was recognized, due to the closest replication of the behaviour of the material in some 

applications, and so the fatigue studies have been expanded to include rotating bending fatigue [106]. 
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3. Material, Specimens and Experimental Procedure 

3.1. Material and Specimens  

To perform both fatigue and tension tests, two NiTi alloy wires (Alfa Aesar Nitinol wire) were used, 

with a composition of 55.75% Nickel and 44.25% Titanium. One with a diameter of 0.58mm and the 

other with a diameter of 0.25mm, for rotary fatigue tests, and one with a diameter of 0.58mm and the 

other with a diameter of 1mm, for the uniaxial tension and uniaxial fatigue tests. 

All wires are straight annealed and with an oxide surface [110]. The specimens were not subjected 

to any further thermal or chemical treatment and presented the shape memory characteristic 

temperatures presented below [111]. 

 

Table 1 – Shape Memory characteristic temperature of Alfa Aesar Nitinol Wire 

Characteristic Temperature Value  

Ms (Martensitic Starting Temperature) 24.23 ºC 

Mf (Martensitic Finishing Temperature) -0.93 ºC 

As (Austenitic Starting Temperature) -10.67 ºC 

Af (Austenitic Finishing Temperature) 27.15 ºC 

 

Each specimen, for both uniaxial traction and uniaxial fatigue tests, had around 10cm testing length, 

plus the length where the clamps held the specimen.  

For the fatigue tests, the specimens, had around 3cm length, which is enough to have a safe margin 

of wire on the loose tip in a bending configuration. As in the tension tests, the specimens were not 

subject to any thermal or chemical treatment, besides the ones from its source. 

3.2. Equipment  

3.2.1. Uniaxial Tension and Uniaxial Fatigue Tests 

The apparatus used for both uniaxial tension and uniaxial fatigue tests was a universal testing 

machine, electromagnetic powered, with a load cell of 10kN and, although the machine allows to 

measure the extension of the specimens, a clip gauge was used as extensometer in order to improve 

the accuracy. 

 

3.2.2. Rotary Fatigue Tests 

The testing apparatus used to perform the experimental tests of the present work is a Rotary Bending 

Machine, developed at Instituto Superior Técnico (IST). The aim of this apparatus is to test the 

specimens under rotary fatigue regimes, allowing to set various strain configurations.  

This Rotary Bending Machine, figures 11 and 12, is based in the machine designed by Cheung and 

Darvell [38] and it is composed by three pins that can be configured to make 1 to 4-point bending tests. 

The pins are at a distance of 10 mm (pin 1), 17mm (pin 2) and 24mm (pin 3) from the clamp. To 

position these pins the machine uses linear stepper motors, that have a step of 6μm and generate a 

maximum force of 30N. To provide the position feedback, the positioning sensors used are linear 
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potentiometers positioned under the pin trays. The overall positioning precision is around 10 μm in all 

pins [8]. 

 

 

Besides the pins, the Rotary Bending Machine is also composed by a brushless DC motor with 

variable speed. The DC motor allows the control of the velocity of the test and has a range from 100rpm 

(16,67Hz) to 3000rpm (50Hz), which covers the range of most NiTi endodontic files. Finally, the machine 

has an electronic failure detection system, figure 13, that uses the natural conductivity of NiTi alloys, to 

detect any failure by constantly monitoring the level of voltage between the specimen and each pin. 

When the circuit is open, the specimen fails, and the test stops automatically [8]. 

 

 

 

Figure 12 - Test machine with the tree 
pins in a testing configuration [8] 

Figure 11 - Test machine with an 
endodontic file [8] 

Figure 13 - Fail detection circuit, where "R" are resistances to stabilize 
the circuit ground and "MCP" are the microprocessor ports [8] 
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3.3. Experimental Procedure  

3.3.1. Uniaxial Tension and Uniaxial Fatigue Tests 

The uniaxial tension tests were performed with a nominal strain rate of 𝜀̇ = 0.1 min−1.The tests were 

limited to traction, due to the inherent instability of the wire in compression. 

The uniaxial fatigue tests were performed with only one hysteresis cycle. Due to the slenderness of 

the specimens, the hysteresis cycle was traction/relaxation cycle, using the same nominal strain rate of 

𝜀̇ = 0.1 min−1. 

The specimens used were simply strips of the wire, with constant diameter along the specimen. 

Because the 0.25mm diameter wire is too slender for the clamps to hold, this diameter was not tested. 

So, the uniaxial tension and fatigue tests were conducted with specimens of 0.58mm diameter and 1mm 

diameter.  

The specimens were subjected to a tension test until failure, in order to determine the isotropic 

Young’s Modulus; the ultimate stress and strain; and some superelastic properties, such as 𝜎𝑆𝐴𝑆 (Stress 

of Starting Austenite to Martensite Transformation) and 𝜎𝐹𝐴𝑆 (Stress of Finishing Austenite to Martensite 

Transformation), and the εtr (Transformation Strain).  

To obtain other superelastic properties, 𝜎𝑆𝑆𝐴 (Stress of Starting Martensite to Austenite 

Transformation) and 𝜎𝐹𝑆𝐴 (Stress of Finishing Martensite to Austenite Transformation), and the εtr 

(Transformation Strain), the specimens were subjected to uniaxial fatigue tests. The loading occurred 

from 0% strain until a strain of 6%, as the rotary fatigue tests were performed only to a maximum of 5%. 

Using this method, the results obtained were more precise, especially during the unloading as the 

specimens tend to bend due to its slenderness. 

 

3.3.2. Rotary bending Test 

A. Four-point bending test 

The four-point bending test is used for the measurement of material properties such as the modulus 

of elasticity in bending, flexural stress 𝜎𝑓, flexural strain 𝜀𝑓, and the flexural stress-strain response of the 

material.  

This bending test consists in supporting the specimen on the outer pins and move the inner ones 

transversally to the beam. The advantage of applying two forces instead of just one, which is known as 

three-point bending test, is that it allows a much larger portion of the beam to be at the maximum stress, 

as opposed to only the material right under the central bearing. Also, in a four-point bending test the 

inner-most section of the beam is under constant bending moment, which can be advantageous in the 

measurement of the mechanical properties. In figures 14 and 15, can be seen the scheme of a four-

point bending test and the shear stress and bending moment the beam is subjected, respectively.  

The values shown in figure 15 are obtained by solving the static equilibrium equation for differential 

volumes and knowing that the shear stress is the first derivative of the bending moment. 
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B. Beam Model used for the Testing Machine 

Most of the information of this chapter was collect from the work of Carvalho et al. [8]. 

To model the beam, one uses the Euler-Bernoulli beam theory, according to the equation (2) 

 

 𝐸𝐼
𝑑4𝑤

𝑑𝑥4 = 𝑞(𝑥) (2) 

 

where q(x) is the distributed transverse load, E is the Young’s Modulus, I is the second moment of area 

of the cross section, x is the dimension across the length of the beam and w is the beam deflection.  

Since, there are no distributed transverse loads (only point loads), equation (2) reduces to: 

 

  
𝑑4𝑤

𝑑𝑥4 = 0 (3) 

 

Solving (3) ones obtains a complete fourth-order polynomial (4).  

 

 𝑤(𝑥) =
1

6
𝑐1𝑥3 +

1

2
𝑐2𝑥2 + 𝑐3𝑥 + 𝑐4 (4) 

 

Using the boundary conditions (5) one can solve the obtained polynomial. For this machine, the 

specimen is divided into four sections, as shown in figure 16, with each section having its own set of 

coefficients for (4).  

 

{
𝑤(𝑥0) = 0

𝑤′(𝑥0) = 0
  {

𝑤(𝑥1
−) = 𝑤(𝑥1

+) = 𝑊1

𝑤′(𝑥1
−) = 𝑤′(𝑥1

+)

𝑤′′(𝑥1
−) = 𝑤′′(𝑥1

+)

      {

𝑤(𝑥2
−) = 𝑤(𝑥2

+) = 𝑊2

𝑤′(𝑥2
−) = 𝑤′(𝑥2

+)

𝑤′′(𝑥2
−) = 𝑤′′(𝑥2

+)

 

 (5a)    (5b)     (5c) 

 

{

𝑤(𝑥3
−) = 𝑤(𝑥3

+) = 𝑊3

𝑤′(𝑥3
−) = 𝑤′(𝑥3

+)

𝑤′′(𝑥3
−) = 𝑤′′(𝑥3

+)

   {
𝑤′′(𝑥4) = 0

𝑤′′′(𝑥4) = 0
 

(5d)         (5e) 

 

Figure 15 – Shear stress and bending moment on a 
four-point bending test 

Figure 14 - Schematic of a four-point bending test 
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where W1, W2 and W3 are the imposed deflections and “+” and “-” represent the right and left sides of 

the points, respectively. With all 16 parameters calculated, ones have the deflection curve of the 

specimen and can proceed to calculate the deflection for a constant curvature in section 2 of figure 16. 

 

 

For this study, a section with a constant strain is desired, so, a constant curvature is needed as we 

can see in equation (6) 

 

 𝜀𝑥 = −𝑧
1

𝜌
 (6) 

 

where ρ is the radius curvature between pin 1 and pin 2, 𝜀𝑥 is the strain along the length of the beam 

and z is the distance to the neutral surface, as can be seen in figure 17. 

 

 

For an infinitesimal element (6) becomes  

 

 𝜀𝑥 = −𝑧
𝑑2𝑤

𝑑𝑥2
 (7) 

 

This equation (7) can be applied to (4) resulting the strain profile of the specimen along its length. 

Imposing the following condition, which leads to a constant strain in section 2 of the specimen (figure 

16), 

 

 𝜀𝑥(𝑥1) = 𝜀𝑥(𝑥2) = 𝜀𝑑 (8) 

 

where 𝜀𝑥(𝑥) results from applying (7) into (4) and 𝜀𝑑 is the desired strain.  

With this condition (8), one can extract two values for the displacement 

 

Figure 17 - Wire cross-section, where r is the wire radius, y is the axis of the bending moment [8] 

Figure 16 - Beam model of the specimen, where x0 is the clamped end of the specimen; x1, 
x2 and x3 are the positioning pins; and x4 is the free end of the specimen [8] 
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 𝑊2 =  
𝑥1𝜀𝑑(𝑥1

2−3𝑥1𝑥2+2𝑥2
2)−2𝑊1𝑧(𝑥1−3𝑥2)

4𝑥1𝑧
 (9a) 

 𝑊3 =  
𝑥1𝜀𝑑(3𝑥1

2−9𝑥1𝑥3−2𝑥2
2+4𝑥2𝑥3+4𝑥3

2)−6𝑊1𝑧(𝑥1−3𝑥3)

12𝑥1𝑧
 (9b) 

 

As one can see, only two out of three displacements can be obtained, so one more constrain is 

needed to solve this problem. As the Euler-Bernoulli theory does not gives any extra useable 

information, the displacement W1 must be obtained by an indirect mean. 

As the displacements W2 and W3 can be obtained to result in a constant strain level for any W1, then 

W1 is the parameter that controls the deflection in the first section, as well as the total amount of 

deflection of the specimen. For this purpose, a standard square minimum can be used for the 

optimization: 

 

 𝐶(𝑊1, 𝑊2, 𝑊3) = 𝑊1
2 + 𝑊2

2 + 𝑊3
2 (10) 

 

where C is the cost function value, W1 is the optimization variable and W2 and W3 are given by (9). 

This cost function is algebraic in respect to W1 and the minimum can be obtained by solving the 

equation: 

 

 
𝑑 𝐶

𝑑 𝑊1
= 0 (11) 

 

Solving this equation results in: 

 

 𝑊1 =
𝑥1𝜀𝑑(6𝑥1

3−18𝑥1
2(𝑥2+𝑥3)+𝑥1(31𝑥2

2+4𝑥2𝑥3+31𝑥3
2))

18𝑧(2𝑥1
2−2𝑥1(𝑥2+𝑥3)+3(𝑥2

2+𝑥3
2))

−  

 −
6𝑥1𝜀𝑑(3𝑥2

3−𝑥2
2𝑥3+2𝑥2𝑥3

2+2𝑥3
3)

18𝑧(2𝑥1
2−2𝑥1(𝑥2+𝑥3)+3(𝑥2

2+𝑥3
2))

 (12) 

 

Equations (9) and (12) give us the positions of the application points the neutral surface. However, 

both the wire and the endodontic files have finite thickness and due to that the actual positions of the 

pins must be adjusted accordingly. 

The position of the pins must consider the influence of the thickness in the position and the 

requirement that the wire must always be tangent to the pins, as can be seen in figure 18. This leads to 

a variable distance between the contact point at the surface and the neutral surface.  

The equation 13 is obtained by solving analytically the figure 18: 

 

 𝑥 = 𝑡 + (𝑟 + 𝑅𝑝𝑖𝑛)sin (𝜃) (13) 
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where θ is the angle of the wire in contact point; 𝑅𝑝𝑖𝑛 is the radius of the pin, which is of 1mm; r is the 

radius of the wire; x is the position of the pin measured from the clamp; and t is a parameter that follows 

the length (at the neutral surface and considering that there is no axial deformation t ≈ x). 

 

 

Finally, one must find an offset of the neutral surface that passes by the centre of the pins (the pins 

have a diameter of 2mm at the contact point), then solve the following equation, which is obtained from 

(13): 

 

 (𝑟 + 1) sin(arctan(𝑤′(𝑡))) + 𝑡 = 𝑥𝑝𝑖𝑛 (14) 

 

where r is the radius of the wire; w’ is the first derivative of the beam deflection and the angle θ; t is a 

parameter that follows the length (at the neutral surface and considering that there is no axial 

deformation t ≈ x); and 𝑥𝑝𝑖𝑛 is the position of the pin (x in equation 13). 

The resulting t from (14), when replaced on the offset curve, gives the position of the pin. This 

equation must be solved numerically and each time a new deformation is calculated. 

 

C. Fatigue Experiments 

The rotary fatigue bending tests were performed in the machine mentioned above and with a 

rotational speed of 500rpm (8,33 Hz), which is in line with the most endodontic rotary equipment working 

speed, that usually is between 150rpm and 500rpm; and a rated torque of 0.17 Nm.  

As the specimen is in contact with the pins and rotating, the friction between these two surfaces 

causes the specimen to wear. In order to minimize this effect and to promote the electrical conductivity 

between the pins and specimen, graphite grease was used in the contact point.  

As explained in the subchapter above, the pin positioning gives the maximum theoretical strain (MTS) 

profile of the specimen, thus, the calculation of both neutral line of the wire positioning and pin positioning 

for all the undergone MTSs for both wires can be seen in the tables 2 and 3, respectively. All the values 

of the positioning are in millimetres and these measures are made from the centre of the wire when this 

is resting position, in case of the neutral line position; and from the position where the pin is tangent to 

the wire in the same rest position, for the case of the pin positioning. 

Figure 18 - Scheme of the point of contact between the pin (blue) and the wire (three curves on 
red, representing the centre and the limits of the wire) 
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The results in these two table were obtained solving equations 9 and 12, for table 2, and equation 

13, for table 3, as for the machine used the abscise of the pins are 𝑥1 = 10mm, 𝑥2 = 17mm and 𝑥3 = 

24mm and z is equal to half of the diameter of the wire and 𝜀𝑑 is the strain desired on the tables. 

It can be seen that the maximum strain experimented is 5% for the thicker wire and 3% for the thinner 

wire. For greater strains, the wire starts to exhibit a behaviour similar to a rope instead of a beam, which 

leads to very tight curvature radii at the pins (the curvature of the beam becomes the radius of the pin) 

and a pure traction in the regions in between. The subsequent tightness of the curvature radius results 

in a localized plasticity and very short fatigue life. 

 

Table 2 - Neutral Line Position for all strains experimented 

Strain 

ε (%) 

Ø - 0.58mm Strain 

ε (%) 

Ø - 0.25mm 

𝑥1 𝑥2 𝑥3 𝑥1 𝑥2 𝑥3 

0.604 -0.661 -0.486 0.515 0.6 -1.533 -1.127 1.24 

0.801 -0.881 -0.648 0.712 0.8 -2.044 -1.502 1.653 

1.000 -1.101 -0.809 0.891 1.0 -2.555 -1.878 2.066 

2.001 -2.203 -1.619 1.781 2.0 -5.11 -3.756 4.132 

3.000 -3.304 -2.428 2.672 3.0 -7.665 -5.634 6.198 

4.001 -4.405 -3.238 3.562 
- 

5.001 -5.507 -4.047 4.453 

 

Table 3 - Pin Position for all strains experimented 

Strain 

ε (%) 

Ø - 0.58mm Strain 

ε (%) 

Ø - 0.25mm 

𝑥1 𝑥2 𝑥3 𝑥1 𝑥2 𝑥3 

0.604 -0.66 -0.48 0.497 0.6 -1.53 -1.097 1.156 

0.801 -0.88 -0.637 0.679 0.8 -2.03 -1.448 1.507 

1.000 -1.1 -0.791 0.84 1.0 -2.53 -1.794 1.846 

2.001 -2.19 -1.547 1.589 2.0 -5.02 -3.434 3.402 

3.000 -3.26 -2.265 2.271 3.0 -7.47 -4.974 4.843 

4.001 -4.33 -2.953 2.906 
- 

5.001 -5.39 -3.615 3.512 

 

In figures 19 and 20 it can be seen the configurations of the wire when under the theoretical strains 

presented in tables 2 and 3 for the 0.58mm diameter wire and for the 0.25mm diameter wire, 

respectively. 
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a) 0.604% strain b) 0.801% strain 

c) 1.000% strain d) 2.001% strain 

e) 3.000% strain f) 4.001% strain 

g) 5.001% strain 

Figure 19 – Bending configurations of the Ø0.58mm wire 
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The ruptured specimens were observed in a Scanning Electron Microscope (SEM), JEOL at MicroLab 

in IST, to observe the fracture surfaces. 

 

3.3.3. Finite Element Analysis  

After the tension tests were carried out, with the obtained results and properties, a Finite Element 

Analysis (FEA) was performed recurring to the commercial FEA program Ansys® Workbench 19.0. The 

analysis was done to simulate the seven static bending configurations for the specimens with 0.58mm 

diameter, and the five configurations for the specimens with 0.25mm diameter, of the rotating bending 

fatigue tests presented in table 2. The properties used for both wires are the ones obtained in the uniaxial 

tension tests, using the super-elastic model provided by the software. 

In the model used, which is illustrated in figure 21, the wire was clamped at one end and loose at the 

other. It was deformed under bending using three steel actuator pins of 1mm of radius. The pins moved 

in the y direction, in one direction, until the positions presented in table 2, then moved in the opposite 

direction until reach the opposite maximum position, and then returned to the original positions. The 

a) 0.6% strain b) 0.8% strain 

c) 1% strain d) 2% strain 

e) 3% strain 

Figure 20 – Bending configuration of the Ø0.25mm wire 



 

- 27 - 

movement of the actuators was simulated as being gradual, in an explicit iterative way. Contact 

properties were added between the actuator pins and the wire, with a considered frictional coefficient of 

0.2. 

 

 

For the wire of 0.58mm of diameter, the simulations where made with a resolution 40241 nodes, in 

which the beam mesh was hexahedral while the pins mesh was tetrahedral, resulting in a mesh of 10810 

elements. The time steps taken were 200, subdivided into 4 to 5 sub steps each, programme controlled, 

performing a total of 200 seconds simulated for all the total analysis.  

For the wire of 0.25mm of diameter, the simulations where made with a resolution 40285 nodes, 

resulting in a mesh of 10850 elements. Likewise, the beam mesh was hexahedral while the pins mesh 

was tetrahedral, and number of time steps was 200, subdivided into 4 to 5 sub steps each, programme 

controlled, performing an equal total of 200 seconds simulated. 

The results of the analyses are in terms of the normal stress of the specimen in the x direction, so 

one can compare with the theoretical results obtained; and the stress in the cross section of the 

specimen, so one can analyse the material phase transformation which the material is subjected to. 

Also, the maximum strain along the x direction between the first to pins is analysed, in order to compare 

the theoretical Euler-Bernoulli model with the FE results. 

 

A. Mesh and element type 

The 3-dimensional hexahedral and tetrahedral meshes are proven to be adequate for bending 

models. However, the hexahedral elements seem to provide results with a greater accuracy. Thus, this 

type of elements was chosen for mapping the specimen’s volume [112]. 

The hexahedral elements have 8 vertices and 12 edges while tetrahedral elements have only 4 

vertices and 6 edges, figure 22.  

Figure 21 - The FEA model with the clamp and the pins 
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However hexahedral meshes provide more accurate results, tetrahedral meshes fit better in curved 

geometries and have faster computation time. So, the pins’ volumes were mapped using a tetrahedral 

mesh. 

 

 

 

  

Figure 22 - Basic three-dimensional tetrahedral and hexahedral elements 
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4. Results e Discussion 

4.1. Uniaxial Tension and Uniaxial Fatigue Tests 

The result of the tension test until rupture, for the 0.58mm diameter and 1mm diameter wires, can be 

seen in the figure 23. As can be seen, the results for the two diameters tested are similar, so one will 

extrapolate that the results for the 0.25mm diameter wire is in line with these and can be used with minor 

errors. 

In the figure 23 can be seen three distinct regions: the first one (represented by the red zone), from 

0% to 1,2% strain, occurs when the specimen is completely in the austenitic phase and the material 

exhibits an elastic isotropic behaviour; the second one (represented by the green zone), from 1,2% to 

7,65% strain, occurs when there is a transformation from Austenite to B19’ Martensite of the specimen; 

the third one (represented by the purple zone, for the 0.58mm wire), from 7,65% strain to the specimen 

rupture, occurs when the specimen is already completely in the plastic martensitic phase. 

 

 

The specimen was also subjected to one full hysteresis cycle, which can be seen in figure 24. This 

procedure allows one to obtain the material isotropic and superelastic properties. 

In the plots of figures 23 and 24, it can be seen that the uniaxial tension and uniaxial fatigue tests 

were performed in an environment with a temperature above the Af, [113] meaning that the specimen 

is fully austenitic at the starting of the experiment. In the same way, the rotary fatigue experiments are 

performed in an environment above this temperature, which for the Alfa Aesar Nitinol Wire is 27.15ºC 

[111]. 

The transformation phase, as can be seen in figure 24, does not present the same stress plateau on 

loading and unloading, being the loading stress level greater than the unloading one. For NiTi alloys this 

characteristic can be seen as 𝜎𝑆𝐴𝑆 (Stress of Starting Austenite to Martensite Transformation) and as 

𝜎𝐹𝐴𝑆 (Stress of Finishing Austenite to Martensite Transformation) on loading present values above 

500Mpa. For the unloading phase, the stress as 𝜎𝑆𝑆𝐴 (Stress of Starting Martensite to Austenite 

Figure 23 - Uniaxial tension test to the Alfa Aesar Nitinol wire 



 

- 30 - 

Transformation) and as 𝜎𝐹𝑆𝐴 (Stress of Finishing Martensite to Austenite Transformation) present values 

below 300MPa. Nevertheless, the Young modulus for the austenitic phase is the same, for both loading 

and unloading. 

 

 

The isotropic and superelastic properties, such as the 𝜎𝑆𝐴𝑆, 𝜎𝐹𝐴𝑆, 𝜎𝑆𝑆𝐴, 𝜎𝐹𝑆𝐴 and the εtr (transformation 

strain), obtained for the Alfa Aesar Nitinol with 0.58mm diameter wire can be seen in table 4. 

 

Table 4 - List of Material Properties for Alfa Aesar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Property  Alfa Aesar  

Isotropic Elasticity 

Young Modulus (GPa) 45 

Poisson’s Ratio 0.33 

Superelasticity 

𝜎𝑆𝐴𝑆 (MPa) 522 

𝜎𝐹𝐴𝑆 (MPa) 555 

𝜎𝑆𝑆𝐴 (MPa) 280 

𝜎𝐹𝑆𝐴(MPa) 235 

εtr (mm/mm) 0.0645 

Figure 24 - Uniaxial fatigue test with one hysteresis cycle to the Alfa Aesar Nitinol wire 
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4.2. Fatigue Tests 

4.2.1. Strain Analysis 

For the wire of 0.58mm diameter, the fatigue tests were performed on a range of MTS from 0.6% to 

5%. As the fatigue tests performed are rotary fatigue tests, it is implicit that these have an 

𝜎𝑚(mean stress) = 0 and a R (stress ratio) equal -1. 

Still for the 0.58mm diameter wire, the specimens tend to fracture near the pin 1. Also, some 

specimens ruptured in the pin 2 or even between the pins. The first is predicted by the FEA, to see 

below in subchapter 4.4.1. The others can occur due to imperfections on the material, such as porous 

or surface cracks, acting as stress concentration areas, making the fracture to occur in these spots. 

The specimens with strain lower or equal than 1%, corresponding to the austenitic region, show a 

large fatigue life, compared to the rest of points. More specifically, the 0.6% strain specimens, showed 

an infinite fatigue life1.  

The specimens with strains above of 1%, that correspond to the transformation phase, show a fatigue 

life nearly constant, in the order of magnitude of 102. The specimen with the shortest life time failed after 

145 cycles and was tested under 5% maximum strain.  

In the same way, for the specimens with 0.25mm diameter, the fatigue tests were performed with a 

strain range from 0.6% to 3% and the results can be seen in figure 25, for both diameters, as well as 

the fatigue results for two others different NiTi alloys tested in the same apparatus [114]. 

The specimens with strain under 1%, that correspond to the austenitic region, show a large fatigue 

life, comparing with the rest of points with some specimens showing an infinite fatigue life.  

The specimens with strains equal to and above of 1% show a decreasing fatigue life as the maximum 

imposed strain increases. The specimen with the shortest life time failed after 1989 cycles and was 

tested under 3% maximum strain. 

 

                                                      
1 Infinite life time correspond to a life time greater than 106 cycles 

Figure 25 – Strain vs Life Time diagram 
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It is also possible to see from figure 25 that all the alloys present an infinite life only when in austenitic 

phase, but not when under all strains during this phase. For a finite life time, the alloys tend to increase 

the life time with a decreasing diameter. This life time increase can be explained as a result of the energy 

absorption experienced by the material during the deformation. The energy per volume is given, for a 

uniaxial tension test, by the equation (15) and, as the material is under the same strain, the energy 

absorption will increase with the volume.  

 

 
𝑒𝑛𝑒𝑟𝑔𝑦

𝑣𝑜𝑙𝑢𝑚𝑒
=  ∫ 𝜎 𝑑𝜀

𝜀𝑚

0
 (15) 

 

where 𝜀𝑚 is the maximum strain for the differential volume of material.  

This behaviour is in line with the results found on the literature, as the NiTi alloys tend to increase 

the life time with a decreasing diameter [115]. 

 

4.2.2. Stress Analysis 

The results obtained directly from the experiment were presented above but, as the alloy exhibits a 

plateau of stress during the Austenite to Martensite transformation, converting the Strain vs. Cycle count 

diagram to Stress vs. Cycle count diagram can be useful for the discussing and the implementation of 

the results obtained into the real life. 

Thus, the Stress vs Cycle count diagrams can be seen in figure 26, for both 0.58mm diameter and 

the 0.25mm diameter wires. In order to obtain these diagrams, one combined the results from the 

uniaxial tension tests with the ones from the fatigue tests. 

 

 
Figure 26 - Stress vs. Life Time diagram 
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It can be seen that from the strain analysis to the stress analysis there is a flattening of the result in 

the Low Cycle Fatigue (LCF) region. This happens due to the transformation from Austenite to 

Martensite where for a great range of strain, a small range of stress is needed. 

 

4.3. Fracture Surfaces 

The fracture surfaces resulting from the tension tests and from the fatigue tests are significantly 

different. The first ones present a necking on specimen around the fracture zone and the surface is 

usually rough with a cup-and-cone shape; the others present a flat surface and without necking as the 

fracture propagates, usually, without the need of plastic deformation to occur. 

After a closer looking on a SEM one could see that, first of all, the alloy tested, for both diameters, 

showed some porosities, which can be seen in figure 27, that act like sites of stress concentration where 

the crack initiation can occur. This feature is not uncommon in other NiTi alloys but is not present in all 

of them [97, 116, 117] . 

Also, after the rupture, the material presents a well-seen granular surface through which the fatigue 

fracture grew. 

The analysis of broken specimens from different strain levels showed that, for the thickest wire, the 

specimens with MTS above 2% showed a similar size of crack propagation zone before the final rupture, 

this can be seen in figures 28, 29 and 30, which is in line with the results obtained in the fatigue tests as 

these specimens presented nearly the same life time.  

 

 

For the tests of MTS of 2%, a bigger crack propagation zone size can already be seen in figure 31; 

and for the tests below this strain value (1% and bellow), the size of the crack propagation zone is 

substantially greater than the others, as showed in figures 32 and 33. 

Figure 27 - Detail of the porosities found in the alloy (2000x magnification) 
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Figure 29 - Specimen that failed at 369 cycles for maximum strain of 5% 
(Ø 0.58mm wire) [140x magnification] 

Figure 30 - Specimen that failed at 746 cycles for maximum strain of 3% (Ø 
0.58mm wire) [140x magnification] 

Figure 28 - Detail of the specimen from figure 25, where can be seen the 
crack propagation zone (Ø 0.58mm wire) [300x magnification] 
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Figure 31 - Specimen that failed at 474 cycles for maximum strain of 2% 
(Ø 0.58mm wire) [140x magnification] 

Figure 32 - Specimen that failed at 13200 cycles for a maximum strain of 
1% (Ø 0.58mm wire) [140x magnification] 

Figure 33 - Detail of the specimen from figure 29 where can be seen the 
crack propagation zone (Ø 0.58mm wire) [300x magnification] 
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For the specimens with 0.25mm of diameter, the analysis in the SEM showed that the crack 

propagation zone increases as the MTS decreases (and the life time increases). In figure 34 can be 

seen the fracture surface from a specimen from maximum strain of 2%, with the crack propagation zone 

on the top right part. Details of the crack propagation zone can be seen in figures 35 and 36, for 

specimens under 2% and 1% maximum strains, respectively. 

 

 

 

Figure 34 - Specimen that failed at 83720 cycles for a maximum strain of 
2% (Ø 0.25mm wire) [1000x magnification] 

Figure 36 - Detail of the that failed at 15110 cycles for a maximum strain of 1% where 
can be seen the crack propagation zone (Ø 0.25mm wire) [1000x magnification] 

Figure 35 - Detail of the specimen from figure 31 where can be seen 
the crack propagation zone (Ø 0.25mm wire) [1000x magnification] 
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4.4. FEA Results 

The FEA results obtained for both wires will be showed below and will be separated by normal stress 

of the specimen in the x direction; normal strain in the x direction; and the stress in the cross section of 

the specimen, for better analysis of each. 

 

4.4.1. Axial Stress 

The results obtained for the axial stress, on the x direction, for the different MTSs, are presented in 

the figures 37 to 43, for the wire of 0.58mm of diameter, and in figures 44 to 48, for the wire of 0.25mm 

of diameter.  

For the thicker wire, one can observe, that for small deflections (strains under 2%) the normal stress 

is nearly constant in section 2 (of figure 16) which is in line to the theoretical formulation used in the 

model, validating them. However, for the greatest strains (3%, 4% and 5%) a difference along this 

section starts to be visible, figures 41 to 43. One of the reasons for this to happen is the theoretical 

model, the Euler-Bernoulli elastic beam theory, which does not include the superelastic behaviour nor 

other phenomena (such as shear stresses or slippage between the pins and specimen). Therefore, 

although the approximations done do not describe the phenomena with full accuracy, the model is good 

approximation to the problem proposed.  

In the same way, for the thinner wire, the normal stress also appears to be constant in the same 

section, for small deflections. When the strain increases up to 2% or 3%, figures 47 and 48, the stress 

is no longer constant along all the section, being approximately constant on the half closer to the first 

pin. 

All these conclusions go in line that the FEA represents a better simulation of the real process, when 

comparing to the Euler-Bernoulli beam theory model used, in the considered constant strain section, 

between the first two pins. 

 

 

 

 

Figure 37 - Stress distribution between pins 1 and 2 for a theoretical strain of 0.6% (Ø0.58mm wire) 
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Figure 38 - Stress distribution between pins 1 and 2 for a theoretical strain of 0.8% (Ø0.58mm wire) 

Figure 40 - Stress distribution between pins 1 and 2 for a theoretical strain of 2% (Ø0.58mm wire) 

Figure 39 - Stress distribution between pins 1 and 2 for a theoretical strain of 1% Ø0.58mm wire) 
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Figure 41 - Stress distribution between pins 1 and 2 for a theoretical strain of 3% (Ø0.58mm wire) 

Figure 42 - Stress distribution between pins 1 and 2 for a theoretical strain of 4% (Ø0.58mm wire) 

Figure 43 - Stress distribution between pins 1 and 2 for a theoretical strain of 5% (Ø0.58mm wire) 
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Figure 44 - Stress distribution between pins 1 and 2 for a theoretical strain of 0.6% (Ø0.25mm wire) 

Figure 45 - Stress distribution between pins 1 and 2 for a theoretical strain of 0.8% (Ø0.25mm wire) 

Figure 46 - Stress distribution between pins 1 and 2 for a theoretical strain of 1% (Ø0.25mm wire) 
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The maximum compression stress (identified as Min, coloured in blue, in the figures) occurs near the 

first actuator pin and is slightly greater than the maximum traction stress (identified as Max, coloured in 

red, in the figures). The reason for this phenomenon is likely to be the frictional contact between the 

pins and the wire, used in order to mimic the real experiment. 

The maximum axial stress floats through the section 2, appearing near the first pin, but without a 

fixed location. Being an almost constant strain region, the floating of the maximum traction stress 

location can be attributed to numerical error or to the fact that different strains lead to different 

configurations on the pins. This leads to slight change on the maximum strain position. Therefore, it is 

expected that the wires will fracture near the pin 1 due to friction. 

While the maximum traction stress randomly floats on position, the maximum compression stress 

tends to appear more often in the contact with the first pin. This behaviour occurs due to the frictional 

coefficient between the pin and the specimen, leading to, as mentioned above, a greater stress near the 

pin. Only for greater strains (4% and 5% for the thickest specimens, and 1% and greater for the 0.25mm 

Figure 47 - Stress distribution between pins 1 and 2 for a theoretical strain of 2% (Ø0.25mm wire) 

Figure 48 - Stress distribution between pins 1 and 2 for a theoretical strain of 3% (Ø0.25mm wire) 
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diameter wires), the stress due to bending in the middle of the section overcomes the increment in stress 

caused by friction and the maximum compression stress spot changes to a more centred place in section 

2 (of figure 16), usually meeting the place of the maximum traction stress. 

In figure 49, one can see the full model of a deformed specimen, in this case the 5% MTS for the 

0.58mm diameter wire. One can see that the greatest stress appears near the clamp, which was 

modelled to be infinitely rigid, leading to a stress concentration location near this clamp. The same 

behaviour can be seen in the 0.25mm diameter wire, were the clamp always presented the greatest 

stress of the entire model. 

In the laboratory tests, the specimens failed between the pin 1 and the pin 2, as so, the clamping 

region is not taken into account for the discussion, as the chuck does not provide a perfect clamping. 

This allows some curvature of wire, leading to stress values lower than the ones predicted theoretically. 

Also, the model represents a good approximation of the behaviour of the wire in this region.  

 

 

4.4.2. Axial Strain 

The Finite Element model presents a maximum strain lower than the theoretical Euler-Bernoulli beam 

model, as can be seen in figure 50. In MTS equal or below 1%, that represents the austenitic elastic 

region of the uniaxial traction test, in figure 23, the absolute error is small, going up to 6% for the 0.58mm 

wire and up to 7% for the 0.25mm wire.  

However, when the MTS increases to 2% or higher, the error between these and the FEA strain 

increases up to 13%, for the thicker wire and for the 5% MTS; and up to 18%, for the thinner wire and 

also for the greatest MTS experimented, the 3% strain.  

It can be seen that the greater the deformation the beam is subjected, the greater the error, leading 

to the greatest error to occur in the 3% MTS of the 0.25mm diameter wire. 

This increase of error is among the expectations as the Euler-Bernoulli beam theory assumes small 

deformations and the specimen to follow an isotropic elastic behaviour, which happens in MTSs equal 

or lower than 1%; and does not provide accurate results to superelastic behaviour, which happens to 

MTSs greater than 2%. Also, in the assumptions made during the development of the model, one does 

Figure 49 – Stress distribution in all the model for a theoretical strain of 5% (Ø0.58mm wire) 
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not assume possible slippage between the pins and the specimens, which also increases the error as 

the slippage increases with the deflection. Comparing these results with others found in the literature, 

[118] it is possible to see that they meet, as the FEA strains are lower than the Euler-Bernoulli beam 

theory strains, for metals showing a superelastic behaviour. 

 

 

 

In the figures 51 and 52, one can see the charts of the FE strain vs the MTS for the 0.58mm diameter 

wire and the 0.25mm diameter wire, respectively, for both traction and compression, as the strain slightly 

differ. 

 

 

 
Figure 51 - MTS vs FEA Maximum Strain chart for Ø0.58mm Beam 

Figure 50 – Strain distribution for a theoretical strain of 1% (Ø0.25mm wire) 
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4.4.3. Stress in the Cross Section of the Specimen 

Concerning the stress across the beam, the results are plotted in the charts of figure 53, for the 

0.58mm diameter wire, and figure 54, for the 0.25mm diameter wire.  

In both charts, one can see, as confirmed by the traction test, that for MTS equal or below 1%, the 

specimen is completely in austenitic phase, presenting linear changing of stress along the cross section. 

The remaining specimens, with an inverted S plot, are partially in the austenitic phase (near the neutral 

line, showing a straight line), and partially in a phase transformation from Austenite to B19’ Martensite 

(in the outer part, which is flatted) [3, 118-120]. 

 

Figure 52 - MTS vs FEA Maximum Strain chart for Ø0.25mm Beam 

Figure 53 - Stress Profile along the beam cross section, between pins 1 and 2 (Ø0.58mm wire) 
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The values of the stress, when already in the R-phase are similar, independently of the strain or the 

thickness of the wire. A look at the results of the uniaxial tension test help to support this result, as the 

stress is in an almost constant plateau across the strains of this phase. 

While the 1% maximum theoretical strain is fully austenitic in both wires, the FEA to the 2% MTS 

shows part of the cross length of the wires in the transformation phase, given by the plateau near the 

edges, which also meets the predictions of the uniaxial tension tests, as the strain to start the R-phase 

was 1,2%.  

The percentage of material in the transformation phase increases as the strain level increases, which 

can be seen as the linear relation becomes more angled and the plateau on the edges increases in 

length. 

Any of the specimens have any percentage of fully Martensite has the strains achieved are not great 

enough to get to the end of the transformation R-phase. 

4.5. Final Results 

As the fatigue results presented above are concerning only the theoretical model, which is not quite 

accurate concerning the superelastic behaviour of the Nitinol wire, a combination of these results with 

the FE results is presented in order to show the fatigue life of this alloy in the most accurate way possible  

In this way, in figure 55, it is presented the fatigue life diagram with the strain converted from the 

theoretical value to the FEA results. 

In the same way, in figure 56, it is presented the fatigue life diagram of this alloy with the stress 

converted to the one obtained in the FEA. 

Figure 54 - Stress Profile along the beam cross section, between pins 1 and 2 (Ø0.25mm wire) 
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For the thicker wire, it can be seen that in the LCF region, the strain value doesn’t have much 

influence on the life time, as expected. In the HCF region, can be seen that as the strain is decreased, 

the life time trends to increase until the infinite life time. In the same way, in the LCF region, there is a 

great range of stress inducing approximately the same life time, and, as the stress is reduced, 

progressing to the HCF region, the life time increases until the infinite life time, which is achieved under 

the 0.6% of strain meaning a stress around the 350 MPa. 

For the thinner wire, as the life time increases, the results appear already on the HCF region, the 

wire presents a behaviour accordingly to this region. As the strain decreases, the life time increases up 

to infinite life time. While, at first, the stress is kept in same range, this happening due to the stress 

plateau of the Austenite to Martensite transformation explained above. As the stress starts to decrease, 

the life time increases until the infinite life time, achieved under the 0.6% of strain meaning a stress 

around the 350 MPa. 

Figure 55 - Strain vs Life Time concerning FEA and Laboratorial Results 
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Figure 56 - Stress vs Life Time concerning FEA and Laboratorial Results 
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5. Conclusion and Future Work 
 

The results presented in this work show the results obtained in the rotating bending machine 

developed by Carvalho et. al [8] and, later, the analysis and validation of both theoretical model and 

method used into that purpose.  

The method used, as the machine used, revealed to suit the initial problem and to solve it in a proper 

way. The versatility of the machine was one of the greatest improvements for the study, as it allows to 

preform tests for different ranges of strains in a simple and intuitive way. 

A series of fatigue test were performed using two Alfa Aesar® Nitinol wires, one of 0.58mm and other 

of 0.25mm diameter. The wires, when under strain level in the elastic isotropic austenitic phase, 

corresponding to strains of 0.6% and 0.8%, showed a very long or infinite life time.  

When under strain levels in the R-phase, or the transformation phase, the samples show a reduced 

fatigue life that is almost constant during this phase. Between 145 and around 1000 cycles for the thicker 

wire; and between 1989 and around 15000 cycles for the thinner wire. This happens due to the fact that 

the stress-strain relation during this phase being an almost constant plateau concerning to the stress. 

Which is in line with the known behaviour of the NiTi alloys, and other superelastic alloys, in which the 

Life Time will be smaller than this plateau only when it is tested under strains on the fully martensitic 

phase. 

From the data presented can also be seen that, comparing the results of the two wires, the fatigue 

life of the thinner wire is always greater than the life time of the thicker one. This can be explained with 

an energetic analysis: as the transverse area of the wire increases, there is a need of a greater energy 

to submit the specimen to the same hysteresis cycle. As so, to obtain the energy needed to fracture the 

entire specimen, a lower number of cycles is need and the specimen will rupture earlier. 

The analyses of the fracture surfaces showed regular fracture surfaces. The surfaces resulting from 

low cycle fatigue showed a small crack propagation zone and a rough surface in the rest of the fracture 

surface, as the crack propagates fast and through the grain boundaries, as expected. As one move into 

the high cycle fatigue, the crack propagation zone increases, while the rest of the surface, where the 

crack propagates fast and through the grain boundaries, showed the same rough appearance.  

Concerning the FEA, the results meet the objectives, i.e. showed an approximately constant strain 

zone between the two first pins. The specimen tends to fracture near the first pin, which statistically 

happens in the laboratory tests. 

Still concerning the FEA, the stress across the beam showed, as predicted, that specimens under 

and including 1% of strain are fully in austenitic phase, while specimens with greater strain levels have 

the central part still in austenitic phase, while the outer part is already in the Austenite to Martensite 

transformation phase. 

The comparation of FEA results and the theoretical model suggested that the model used suits really 

well when the specimens are still in the isotropic elastic region but when the specimens start the 

Austenite to Martensite transformation, it loses some accuracy, but it stills is a good tool to predict the 

fatigue life of the alloy tested. 
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For future work, other NiTi alloys used in endodontic files should be tested, as well as other alloys 

used in dentistry or other fine applications. Also, a greater range of rotary speeds should be tested to 

study the influence of this parameter in the fatigue life of these alloys. 

In order to improve the quality of the results, in special to improve the accuracy of the FEA, the 

thermal expansion coefficient of the materials studied should be considered, as well as the thermal 

energy dissipated during the rotary fatigue tests. 
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