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ABSTRACT  

This paper investigates the fatigue behavior of superelastic NiTi and two metastable b titanium 

alloys - commercial Beta III (Ti-11.5Mo-6Zr-4.5Sn wt.%) and Ti2448 (Ti–24Nb–4Zr–8Sn 

wt.%) alloys. In situ cyclic tensile tests performed under synchrotron X-ray radiation were used 

to precisely characterize the stress induced martensitic (SIM) transformation occurring in these 

alloys. For the NiTi alloy, an intermediate B2-R SIM transformation was detected before the 

B2-B19’ SIM transformation and no plastic deformation occurred until failure. All metastable 

b titanium alloys that were solution-treated before testing underwent a reversible b-a" SIM 

transformation and plastic deformation prior to failure. Low-cycle strain-controlled fatigue tests 

were performed in tension-tension strain-controlled mode at 37°C to evaluate large-strain 

functional fatigue properties. The fatigue life of metastable b titanium alloys was found to be 

much better than that of NiTi alloy at large applied strains. After a rapid evolution during the 

first cycles, the mechanical response was found to be constant for NiTi alloy while it evolved 

continuously for metastable b titanium alloys. In addition, failure occurred suddenly in NiTi, 

whereas cyclic softening was observed before failure in metastable b titanium alloys. Fatigue 

properties at higher applied strains are mainly hindered by SIM transformation and defects 

generated at austenite/martensite interfaces during cycling. This explains why the studied NiTi 

alloy showed lower fatigue properties than metastable b titanium alloys. In fact, while SIM 

transformation is homogeneously nucleated in metastable b titanium alloys, SIM 

transformation is highly localized in NiTi, resulting in higher concentration of defects that 

promote crack nucleation and, in turn, degrade the functional fatigue properties. 

 

 

Keywords Superelasticity, In situ synchrotron XRD, Stress induced martensite, Titanium 

alloys, Functional fatigue. 
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1. Introduction 

Medical devices such as stents, intravascular guidewires, orthopedic staples or orthodontic 

archwires require specific properties such as superelasticity or shape memory effect to fulfill 

their function. Superelasticity is due to a reversible Stress Induced Martensitic (SIM) 

transformation between an austenitic parent phase and a product phase called martensite. 

Currently, the main superelastic alloys used for these applications are near-equimolar NiTi 

alloys which are known for their excellent superelasticity [1]. However, these alloys contain 

about 50% of nickel, which is known as a toxic and allergenic element [1–4]. On the other hand, 

superelastic Ni-free metastable b titanium alloys, composed of recognized biocompatible 

elements have been intensively studied due to their great potential in such medical applications. 

Many of such alloys such as Ti-Nb [5–17], Ti-Mo [18,19], Ti-Zr [20,21] or recently Ti-Hf 
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[22,23] based systems have been developed with the aim to improve their superelasticity in 

order to reach that of NiTi. For example, the Ti-24Nb-4Zr-8Sn (wt.%) alloy (Ti2448 for short) 

is one of the most studied alloys, showing very interesting properties [8,9,13,14] with a superior 

biocompatibility [15], but is not yet considered for orthodontics, stents or other medical 

applications using wires. On the other hand, the commercial Beta III alloy is already used in 

orthodontics and is an interesting alloy to consider for other medical applications due to its 

potential superelasticity [24].  

However, as in almost all superelastic alloys, martensitic transformation is difficult to 

characterize because of its reversibility. The occurrence of stress hysteresis and transformation 

plateau on cyclic tensile response curves can be a signature of the SIM transformation, but both 

are not well defined in Beta III alloy. Studies of SIM transformation must then be carried out 

by in situ X-ray diffraction, to characterize the phases when the alloy is subjected to stress. 

Such tensile tests have been performed on Ti based alloys using conventional laboratory XRD 

equipment [16,17,25]. However, the acquisition time must be fast enough to avoid relaxation 

of martensite, and the main peaks of the austenite and martensite are very close when using 

wavelengths of laboratory XRD sources. To overcome these limitations, the use of synchrotron 

radiation is then increasingly favored [7,13,20,21,23,26–28]. It is worth noting that, although a 

SIM transformation occurs in both b metastable Ti and NiTi alloys, the phases involved are 

different: SIM transformation occurs from the b phase (bcc) to the a" phase (orthorhombic) in 

Ti alloys [5,13,16,26,27] and from the B2 (cubic) phase to the B19’ phase (monoclinic) in NiTi 

alloys [1,29,30]. An intermediate R phase (trigonal) can also be found in some NiTi alloys [29]. 

Medical devices, such as stents, are required to withstand high amplitude cyclic loading, yet 

NiTi alloys are known to exhibit relatively poor fatigue resistance, which is the main issue 

limiting their applications [31,32]. Subsequently, numerous fatigue studies have been 

performed on NiTi alloys, most of which being stress-controlled [31,33], bending fatigue [34–
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36] or functional fatigue [32,37–39]. All conclude that NiTi alloys show an evolution of 

mechanical response during cycles with a deterioration of the superelastic recovery. In contrast, 

very few such studies have been performed on metastable b titanium alloys, with most of them 

focusing on low amplitudes of deformation [40] or stress-controlled fatigue modes [41,42]. 

However, for applications requiring high deformation and thin specimen geometry (stents, 

orthodontic archwires …), these types of tests are not representative and high deformation (0.5-

3%), low cycles and strain-controlled fatigue tests should be performed. For such applications, 

an original type of fatigue testing has been developed for superelastic NiTi alloys: specimens 

are subjected to repeated cyclic loading between a maximum applied strain and a minimum 

stress in order to avoid compression and thus detrimental buckling [16,32,38]. The fatigue 

behavior of NiTi alloys is then sensitive to the type of loading. Compression phases during 

tension-compression tests are beneficial for fatigue life because microcracks tend to close, 

whereas microcracks propagate more easily when specimens are only subjected to tensile stress. 

A tension-tension test will then be a more severe test than a tension-compression test [43].  

Therefore, the present study aims at understanding the strain-controlled fatigue behavior of two 

metastable b titanium alloys (Beta III and Ti2448) and comparing it with that of NiTi alloy. To 

discuss and interpret the fatigue results, the SIM transformation taking place in these alloys is 

also described by in situ synchrotron XRD experiments. 

 

2. Materials and methods 

2.1. Materials and microstructure  

Experiments were conducted using 1.20 mm diameter metallic wires. Beta III wires were 

purchased from Fort Wayne metals and NiTi wires from Euroflex. The compositions of Beta III 

and NiTi alloys are Ti-11.5Mo-6Zr-4.5Sn (wt.%) and 56Ni-44Ti (wt.%) respectively. The 

Ti2448 (Ti–24Nb–4Zr–8Sn wt.%) alloy was elaborated in the laboratory from pure elements 
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by cold crucible levitation melting [21,22] and cold wiredrawn to 1.20 mm wires. After wire 

drawing, a solution treatment (ST: 900 °C for 30 min followed by water quenching) was 

performed. Ti2448 alloy was then characterized in this ST state, and NiTi alloy in its as-received 

state. Beta III alloy was characterized in two states: as received (AR) and after solution 

treatment (ST) at 950°C for 30 min followed by water quenching. All heat treatments were 

carried out under high vacuum (~10−7 mbar). 

Microstructures were characterized by optical microscopy (Leica microscope). All b titanium 

specimens were mechanically prepared with SiC papers, “mirror” polished with a colloidal 

silica suspension and finally etched in a 5% HF, 5% HNO3, 90% H2O (vol.) solution. Due to its 

very small grain size, the microstructure of NiTi alloy was observed by Transmission Electron 

Microscopy (TEM), using a Jeol 2100 machine working with an accelerating voltage of 200 

kV. Samples were thinned down by twin-jet electropolishing with a solution composed of 4% 

(vol.) perchloric acid in methanol at 253 K. 

 

2.2. Mechanical properties 

A gauge section was machined from the 1.20 mm diameter wires with a reduced diameter of 

0.5 mm and a gauge length of 15 mm. Basic mechanical properties were evaluated by tensile 

test carried out on an INSTRON ElectroPulsTM E3000 machine. To accurately evaluate the 

superelasticity, cyclic loading–unloading tensile tests were also performed. These tests consist 

in loads to a strain value that was incremented by steps of 0.5% and each step was followed by 

a total release of the stress. All tensile tests were performed at a strain rate of 10−4 s−1. An 

extensometer was used to accurately evaluate the strain. At least 3 specimens were used per 

testing condition. 

Fatigue tests were performed on the same testing machine. Specimens were subjected to 

repeated cyclic loading between a maximum strain and a minimum stress of 1 MPa in order to 
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avoid compression and buckling. The applied maximum strains were 0.5%; 1%; 1.5%; 2%; 

2.5% and 3%. All tests were performed at a frequency of 0.5 Hz and at a constant temperature 

of 37 °C to fit the service temperature of biomedical devices. Each test is repeated 2 to 3 times 

to ensure repeatability. The maximum cyclic strain at which the specimen did not fail after 105 

cycles was defined as a run out for such low cycle fatigue tests. 

 

2.3. In situ synchrotron characterization 

In order to precisely characterize the SIM transformation responsible of superelasticity, in situ 

synchrotron X-ray diffraction (SXRD) experiments during cyclic tensile tests were conducted. 

It allows to determine the phases and their lattice parameters at each step of tensile tests under 

loading and after stress unloading. The in situ SRXD tests were performed on the ID22 beam 

line at the European Synchrotron Radiation Facility (ESRF, Grenoble, France), equipped with 

a nine-channel multi-analyzer detector and using a high-energy incident X-ray beam (l = 

0.040002526 nm). Diffractograms were acquired over the 2q angular range 8–24° with a 

scanning step of 0.005°. A 5 kN micro-tensile machine was used to conduct the cyclic tensile 

tests. For Beta III alloy, strain increments were of 0.5% until 5.0%, followed by steps at 6%, 

8% and 10%. For NiTi alloy, increments were of 1% until 10% and a last step at 12% of strain. 

SXRD scans were then obtained after each increment for both loading and unloading 

conditions. Such SXRD experiments were previously reported by the authors for the Ti2448 

alloy in ST condition [13]. 

 

3. Results 

3.1. Initial microstructure  

Optical micrographs of Beta III AR, ST and Ti2448 ST and bright field TEM image of NiTi 

alloys are presented in Fig. 1 (a), (b), (c) and (d), respectively. The Beta III AR alloy shows a 
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deformed microstructure with the presence of numerous twins according to the literature 

[44,45]. The Beta III ST alloy is composed of large equiaxial b grains, with a diameter about 

one hundred micrometers. The NiTi alloy has a very fine microstructure, making 

characterization by optical micrography complicated. The TEM micrograph and its 

corresponding selected area electron diffraction pattern in Fig.1 (d) show a microstructure 

composed of B2 equiaxed grains of about 100 nm in diameter.  

   Fig. 2 shows SXRD patterns of the studied alloys. The Beta III AR, Beta III ST and Ti2448 

ST alloys show a full b microstructure (Fig. 2 (a, b and c)). One can notice that the diffracted 

peaks are wider for Beta III AR alloy due to its deformed state. The SXRD pattern of the NiTi 

alloy in Fig. 2 (d) confirms the full B2 microstructure. Calculated austenitic b lattice parameters 

of Beta III AR, ST and Ti2448 ST alloys are respectively 0.32840 nm, 0.32740 nm and 0.32988 

nm. The austenitic B2 lattice parameter of NiTi alloy is evaluated at 0.30141 nm. 
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Fig. 1 - Optical micrographs of the Beta III AR (a) and ST (b); Ti2448 ST (c); and bright field 

TEM image of NiTi alloy and its diffraction pattern (d). 

 

 

(a) (b) 

(c) (d) 
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Fig. 2 - SXRD patterns of the Beta III AR (a), Beta III ST (b), Ti2448 ST (c) and NiTi (d) 
alloys. 

 
 

3.2. Mechanical properties 

Mechanical properties were evaluated from conventional tensile curves as plotted in Fig. 3, and 

are summarized in Table 1 with mean values and standard deviations for each parameter. The 

Beta III AR and the NiTi alloys show ultimate tensile strength (UTS) higher than 1000 MPa, 

while the Beta III ST and Ti2448 ST alloys have lower and similar UTS of 700 MPa. However, 

while Beta III AR alloy breaks at low deformation (about 3-4 %), the Beta III ST alloy shows 

a good elongation at failure of more than 14 %. The Beta III AR and ST alloys do not exhibit 

the double yielding behavior observed in Ti2448 ST. Beta III ST and Ti2448 ST alloys have a 

low Young’s modulus, which is appreciated in biomedical applications such as prosthesis or 

dentistry [46,47]. The NiTi alloy shows good elongation at failure (about 10.5%) but one can 

notice that there is very few plasticity, with failure occurring just after the elastic deformation 

of stress-induced martensite. Its high elongation at failure is then mainly due to its large 
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superelasticity as shown by the 6% long martensitic transformation plateau, starting from about 

1% of strain.  

 

 

Fig. 3 - Conventional tensile stress–strain curves of Beta III AR, Beta III ST, Ti2448 ST and 
NiTi alloys at room temperature. 

 

 

Table 1. Mechanical characteristics of investigated alloys: Elongation at failure (A), ultimate 
tensile strength (UTS), Young’s modulus (E), maximum recoverable strain (erec) and residual 
strain after 2% of applied strain (eres2%); Standard deviations of erec and eres2% are lower than 

0.1%. 

Alloy A (%) UTS (MPa) E (GPa) erec %	 eres2% % 
Beta III AR 3.7 ± 0.4 1013 ± 15 81 ± 10 1.9 0.4 
Beta III ST 14.0 ± 0.5 683 ± 18 66 ± 6 2.0 0.9 
Ti2448 ST 9.3 ± 0.7 697 ± 5 59 ± 4 1.75 0.4 

NiTi 10.6 ± 0.6 1225 ± 6 81 ± 11 9.5 0.05 
 

 

In order to assess the potential superelasticity of all alloys and their recoverable strain, cyclic 

tensile tests were conducted (Fig. 4). One can notice the appearance of stress hysteresis for all 
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alloys and particularly for Ti2448 ST and NiTi alloys, which is characteristic of the occurrence 

of a SIM transformation. In the Beta III AR alloy, the hysteresis is relatively narrow but allows 

a recoverable strain of 1.9%. In the Beta III ST alloy, an initial accumulation of the residual 

strain is observed from the first cycles and the hysteresis becomes more important with the 

increase of the applied strain. In Ti2448 ST alloy, a transformation plateau is detected and the 

double yielding behavior is observed from 1% to about 4% strain. The main difference between 

Beta III alloys and Ti2448 ST is that, in Ti2448 ST, the recoverable strain in the first cycles is 

mainly due to the SIM transformation, occurring at lower stress without much plasticity. In Beta 

III alloys, the recovered strain is initially mainly due to conventional elasticity because of a 

combination of high yield strength and low Young’s modulus, while the proportion of recovered 

strain due to the SIM transformation increases with applied deformation, along with the plastic 

deformation of the alloys. The NiTi alloy shows a larger recoverable strain with a flat 

transformation plateau. Hysteresis loops are wider due to the difference between the SIM 

transformation stress and the reverse transformation stress. Up to 8% of applied strain, no 

significant residual deformation is observed after unloading. For higher applied strains, residual 

deformation appears and the maximum recoverable strain is obtained for 10% of applied strain 

with a recoverable strain of 9.5% and a residual strain of 0.5% after unloading. However, unlike 

Beta III and Ti2448 ST alloys, failure happens abruptly in NiTi alloy, without evidence of 

plastic deformation. 
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Fig. 4 - Cyclic tensile stress–strain curves of Beta III AR (a), Beta III ST (b), Ti2448 ST (c) 
and NiTi (d) alloys. 

 

 

3.3. In situ SXRD characterization 

All alloys were investigated in order to characterize the martensitic transformation responsible 

for their superelasticity. For Beta III alloy, it is particularly difficult to confirm the occurrence 

of martensitic transformation only through cyclic tensile curves, that is why in situ cyclic tensile 

tests under SRXD were conducted. Supplementary material (Fig. S1) allows to have an 

overlook on the complete diffraction patterns of all alloys in their original state, under the 

greatest achieved strain and after the final release of the stress. Occurrence of SIM 

transformation is obvious for all alloys when comparing initial SXRD patterns and final SXRD 

patterns under stress. The comparison with SXRD patterns after unloading also shows a clear 

reversibility of SIM transformation for all alloys. In order to better characterize SIM 
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transformation, an enlargement of diffraction patterns obtained under load and after each 

discharge for each step of cyclic tensile tests is shown around the main peaks of each phase (9°-

11° 2q range) in the Fig. 5(a), (b) and (c) for Beta III AR, ST and NiTi alloys, respectively. 

Results of the Ti2448 ST alloy were previously reported [13] and will not be presented in the 

present paper. It was shown that in Ti2448 ST the SIM transformation starts at 1% of applied 

strain and that nearly all of the initial b phase is transformed at around 4% of applied strain. 

In Beta III alloys, the main austenitic peak (110)b shifts to smaller angles as the deformation 

increases (Fig. 5 (a) and (b)), emphasizing the elastic deformation of austenite. In Beta III AR 

alloy, from 1% of strain (respectively 2.5% for Beta III ST alloy) the intensity of austenitic peak 

decreases gradually and new peaks appear becoming more intense as the strain increases. Those 

peaks are due to the appearance of a" martensite, confirming the occurrence of SIM 

transformation in Beta III alloys. Once stress is released, intensity of martensitic peaks 

decreases, or even completely disappears at small applied deformations, showing a full 

reversibility of the transformation. However, after high deformation, peaks of martensite are 

still visible in the unloaded state, indicating the presence of stabilized residual a" phase.  

 



 

15 
 

 

Fig. 5 - SXRD patterns zoomed around the main austenitic peak acquired during in situ cyclic 
tensile tests under loading (left) and after unloading (right) for the Beta III AR (a), Beta III ST 

(b) and NiTi (c) alloys; the corresponding applied strain is indicated next to each pattern. 
 

Fig.5 (c) displays the evolution of SXRD patterns of NiTi alloy during cyclic tensile test. In the 

initial state, the alloy is only composed of B2 austenite. When the applied strain increases, the 
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B2 austenitic peak shifts to smaller angles and its intensity decreases progressively. From 1% 

strain, new peaks appear, corresponding to the intermediate R phase. Peaks due to B19’ 

martensite appear from 4% strain, and R phase is no longer observable from 5% strain. It is also 

interesting to notice that after all stages of deformation, SXRD patterns obtained after unloading 

only consist of austenitic B2 peaks. The SIM transformation is then totally recoverable after 

any applied strain level in this alloy. This late appearance of B19’ in SXRD patterns while the 

stress plateau starts from 1% strain in the tensile test can be explained by the localization of 

SIM transformation in NiTi alloys. Indeed, it was reported that SIM transformation in NiTi 

alloys is highly localized in Lüders bands [48–50]. In the present study, the SIM transformation 

is actually initiated from 1% strain in the specimen gauge section as demonstrated by the 

transformation plateau in the tensile curve (Fig 2). However, the initiation zone is far from the 

volume analyzed during SXRD experiment, and B19’ martensite begins to be detected when 

the Lüders bands propagate up to the diffracting volume at 4% of applied strain. Moreover, this 

study proves the non-localized appearance of the intermediate B2-R SIM transformation in the 

gauge volume, while the B2-B19’ SIMT is locally occurring in Lüders bands.  

 

3.4. Evolution of lattice parameters 

Evolution of the lattice parameters of austenite and martensite in Beta III AR and ST alloys, 

evaluated in loading condition, is represented according to the applied strain in Fig. 6. For Beta 

III alloys, values of lattice parameters of martensite after the final discharge of the stress are 

represented in Fig. 6, at 0% strain. The ab parameter varies linearly for both conditions up to 

2% strain, indicating that the austenite elastically deforms. The austenite lattice parameter then 

stabilizes when this phase reaches its elastic limit. Some martensitic peaks appear at small 

deformation in SXRD patterns (Fig. 5), but their number is initially too low to calculate lattice 

parameters. Consequently, martensitic parameters can be calculated for Beta III AR and ST 
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alloys respectively from 1% and 2.5% deformation. In Beta III alloys, the parameter aa’’ slightly 

fluctuates without much evolution. The ca’’ parameter appears also relatively constant 

regardless of the applied strain. The ba’’ parameter increases linearly and stabilizes at 2% strain 

for the Beta III AR and at 5% for Beta III ST alloy. In both Beta III AR and ST alloys, 

deformation seems therefore accommodated first by the elastic deformation of the austenite, 

then by the SIM transformation and by the elastic deformation of the martensite, essentially 

accommodated along the b axis as previously reported in some Ti-Nb alloys [27]. The alloys 

are then plastically deformed until failure. The previously reported sequence of deformation of 

Ti2448 ST alloy is similar [13]. 

The lattice parameters of NiTi alloy are displayed in Fig.7. During the tensile test, the B2 

austenite first deforms elastically up to 2% strain. From 1% strain, the R phase is stress-induced 

and deforms elastically up to 4% strain. B19’ phase then forms from 2% deformation from B2 

and R phases, corresponding to the beginning of the SIM transformation plateau observed in 

the tensile curve Fig. 4 (d). Its lattice parameters are calculated from 5% and increase up to the 

end of the tensile test. B19’ martensite is then elastically deformed during the whole test until 

failure without any stabilization confirming the absence of any plastic deformation in this alloy.  
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Fig. 6 - Evolution of lattice parameters of b austenitic and a’’ martensitic phases as a 

function of applied strain during in situ tensile tests for both Beta III AR (black squares) and 
Beta III ST (open circles). 

 

 
Fig. 7 - Evolution of lattice parameters of B2 austenitic, R and B19’ martensitic phases as a 

function of applied strain during in situ tensile tests for NiTi alloy. 
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3.5. Fatigue 

A low cycle fatigue strain-life curve is drawn in Fig. 8 representing the number of cycles to 

failure (N), i.e. the number of cycles until failure of the specimen, of each alloy as a function 

of the applied strain. NiTi alloy has a relatively constant and short fatigue life from 1.5% to 3% 

of applied strain. One can notice a decrease in number of cycles to failure for the 1% applied 

strain condition. This phenomenon appears in the domain of existence of R phase according to 

tensile tests carried out in this study and to literature [51]. At 0.5% applied strain, the alloy does 

not undergo SIM transformation and can be deformed during 105 cycles without failure. Thus, 

the appearance of SIM transformation seems to deteriorate the fatigue life of NiTi alloy, with a 

more detrimental effect for the B2-R than for the B2-B19' SIM transformation. Beta III AR and 

NiTi alloys behave similarly for high maximum applied strain (> 2%) with very similar fatigue 

life. However, in Beta III AR the number of cycles to failure continuously increases with the 

decrease of applied strain and shows better fatigue life than NiTi alloy below 2% of maximum 

applied strain. As for NiTi, this alloy endures 105 cycles without failure at 0.5% strain, but the 

number of cycles to failure at 1% strain is higher by more than an order of magnitude. Beta III 

ST and Ti2448 ST alloys have a similar behavior with superior fatigue resistance, reaching at 

least three times the fatigue life of NiTi at high applied strain (> 1.5%). The Ti2448 ST alloy 

exhibits the best fatigue resistance with an increase of one order of magnitude compared to the 

NiTi alloy. From 1.5% applied strain, the fatigue life of these ST alloys is stable.  

In these alloys the appearance of the martensitic transformation seems to have a dominating 

role on the fatigue life, as was the case for NiTi alloy. As in the previous alloys, no failure is 

observed for very low applied strain (0.5%). 
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Fig. 8 - Large-strain fatigue curves of Beta III AR, Beta III ST, Ti2448 ST and NiTi alloys for 
strain-controlled tests. Dashed lines are only guide for the reader. The black arrow represents 

the run out (105 cycles without failure). 
 

Fig. 9 shows the evolution of residual strain and maximum stress during cycles for each 

maximum applied strain for Beta III AR, Beta III ST, Ti2448 ST and NiTi alloys. In Beta III 

alloys, residual strains increase during the first cycles and, from about 10 cycles, show a stable 

mechanical response (Fig. 9a-b). In these alloys a rapid increase in residual strain and a decrease 

in stress is observed in the last cycles before failure. This reflects a softening of the material 

and a ductile fatigue failure, allowing to anticipate this fatigue failure.  

Ti2448 ST alloy has a different behavior with a continuous decrease of maximum stress with 

cycles (Fig. 9c). Up to 2.5% applied strain, the first hundred cycles present a slow accumulation 

of residual strain followed by a significant increase without stabilization until failure. A rapid 

increase of residual strain accumulation rate is also visible before failure on the curves acquired 
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from 1.5 to 2.5% of maximum applied strain. 

In NiTi alloy, the residual strain increases rapidly during the first tens of cycles and then 

stabilizes up to failure. At 0.5% strain, SIM transformation does not happen and only elastic 

deformation occurs. From 1% strain, the maximum stress is rather insensitive to the applied 

strain and corresponds to the SIM transformation stress plateau (550-650 MPa). Residual strain 

and maximum stress do not show any variation before failure. This alloy does not present 

softening, making its fatigue failure difficult to predict. 

Representative examples of the evolution of the mechanical response during cycles are given 

in Fig. 10 for Beta III AR (a) and ST (b), Ti2448 ST (c) and NiTi (d) for fatigue tests at 3% of 

applied strain until failure. The superelasticity of NiTi and Ti2448 ST alloys deteriorates during 

cycles. NiTi alloy, however, stabilizes after 100 cycles and breaks shortly after 1500 cycles 

without change in its mechanical response. The Ti2448 ST alloy does not stabilize and its 

behavior evolves continuously with cycles up to over 10000 cycles. Its apparent elastic 

modulus, i.e. the slope of the curve, continuously changes, most probably due to an increasing 

amount of martensite. The Beta III AR and ST alloys show a fairly stable response during cycles 

with narrow hysteresis. During the last cycles, a significant softening occurs before breaking. 

For the Beta III ST and Ti2448 ST alloys, the number of cycles to failure are far greater than 

the ones of NiTi and Beta III AR alloys at 3 % strain. 
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Fig. 9 - Evolution of residual strain and maximum stress with cycles for each level of 
maximum applied strain for Beta III AR (a), Beta III ST (b), Ti2448 ST (c) and NiTi (d) alloys. 
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Fig. 10 - Evolution of mechanical response with cycles during 3% strain fatigue test for Beta 
III AR (a) and ST (b), Ti2448 ST (c) and NiTi (d) alloys. 
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plastic deformation mechanisms. Such a peculiar superelastic behavior has already been 

reported for Ti-24Nb-0.5O (at.%) alloy [27]. One explanation for the increase of SIM 

transformation with applied strain could be twinning, which is a common deformation 

mechanism in metastable b alloys [52–55]. Indeed, recent research shows that SIM 

transformation occurs only within twins in some TRIP alloys [56]. This phenomenon may also 

occur in the present Beta III ST alloy and may explain the increasing amount of SIM 

transformation with increasing applied strain. 

The Beta III alloy was previously analyzed by in situ SXRD during a tensile test by Cai et al. 

[57] in an annealed condition close to the present ST condition. The occurrence of a reversible 

SIM transformation was also reported for applied strains of 4%, 5% and 8%, but 

characterization at lower strains was not performed. This previous study is consistent with the 

present work of the authors but emphasizes the absence of SIM transformation in the early stage 

of deformation and its peculiar superelastic behavior.  

In contrast to the Beta III alloy, both Ti2448 ST [13] and NiTi (Fig. 4d) alloys exhibit a more 

classical SIM transformation with a double yielding behavior and a stress plateau. The main 

difference is that in the NiTi alloy the SIM transformation occurs until failure of the specimen, 

i.e. without any plastic deformation, while the Ti2448 ST shows a decrease in superelasticity 

when plastic deformation occurs. 

 

4.2. Deformation sequence  

The deformation sequence for all alloys can be established from tensile tests and SXRD results. 

In Beta III alloys, the b austenite first undergoes a large elastic deformation. Then, although the 

tensile curves do not show double yielding behavior, the SIM transformation occurs together 

with the plastic deformation. In Beta III AR alloy, the elastic deformation of martensite is 

limited, then both martensite and residual austenite deform plastically until fracture. The case 
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of the Beta III ST alloy is different: SIM transformation occurs simultaneously with plastic 

deformation of b phase and the contribution of SIM transformation to the total deformation 

increases with the applied strain. Elastic deformation of martensite occurs up to about 5% of 

applied strain; after which both phases undergo plastic deformation.   

As previously reported [13], SIM transformation is the main deformation mechanism that 

occurs after the elastic deformation of b phase in the Ti2448 ST alloy. Martensite is then 

elastically deformed to an applied strain of 5% and is finally plastically deformed to failure. 

NiTi alloy exhibits an almost similar sequence of deformation but with two major differences, 

namely the presence of an intermediate SIM transformation and the absence of plastic 

deformation. After elastic deformation of B2 austenite, the intermediate B2-R SIM 

transformation first occurs homogeneously in the applied deformation range of 1% to 2%. From 

1% to 4% strain, B2 phase transforms to B19' martensite in Lüders bands, while the R phase is 

elastically deformed. The three phases then coexist. From 5% strain, the R phase is no longer 

observable and the B2-B19’ SIM transformation becomes the only deformation mechanism. 

From 6% of applied strain and until the failure of the specimen, the deformation is only 

accommodated by the elastic deformation of B19’ martensite without any evidence of plastic 

deformation.  Furthermore, all SIM transformations in this alloy are fully reversible regardless 

of  the applied strain value. The precise knowledge of deformation sequences of all the alloys 

investigated will be of great importance in explaining and analyzing their fatigue performance. 

 

4.3. Fatigue properties 

Fatigue tests allowed to evaluate the durability of alloys subjected to large-strain cyclic loading. 

All alloys can be cycled at 0.5% of applied strain without failure, since only elastic deformation 

of austenite is involved at this level of deformation. However, at larger applied strains, the ST 

metastable b titanium alloys studied have greater durability than the NiTi alloy (Fig. 8). It also 
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appears that superelasticity is significantly degraded during cycles as shown by the increase of 

residual strain with cycles (Fig. 9 and 10). This degradation is rapid during the first cycles for 

all alloys and then mainly stabilizes, except for the Ti2448 ST alloy for which the superelasticity 

continuously decreases continuously throughout the cycling tests. 

NiTi alloy shows an almost constant number of cycles to failure for all applied strains, except 

0.5%. This means that the fatigue life is mainly influenced by the occurrence of SIM 

transformation, regardless of the level of applied strain for the tested conditions. The SIM 

transformation then appears to be highly detrimental to the fatigue performance in NiTi alloy. 

It can also be seen that the number of cycles to failure at 1% strain is slightly lower than that 

measured at higher strains. Given in situ SXRD observations (Fig. 5c), this strain level 

corresponds to the onset of the B2-R SIM transformation. It is then likely that the presence of 

R phase generates a greater accumulation of fatigue damage than B19’ phase, thereby 

accelerating the deterioration of NiTi alloy. 

The Beta III AR alloy shows fairly conventional behavior with low fatigue resistance at high 

applied strain. Since reversible SIM transformation occurs moderately in this alloy (Fig. 5b), 

deformation is mainly accommodated by plastic deformation mechanisms above 2% of applied 

strain, which explains the short fatigue life at high strains. However, both Beta III ST and 

Ti2448 ST alloys show much greater fatigue resistance than of NiTi and Beta III AR alloys at 

large applied strains. The fatigue life of ST alloys is almost constant in the range of 1% to 3% 

strain. This phenomenon, which is also observed in NiTi alloy, seems to be related to the fact 

that SIM transformation is the dominant deformation mechanism in this strain range. Therefore, 

fatigue life seems to be only determined by the SIM transformation when this mechanism is 

activated in both NiTi and metastable b titanium superelastic alloys. 

As mentioned above, alloys in which the SIM transformation has a significant contribution on 

recoverable strain show an important increase of residual strain during cycles. This 
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phenomenon, known in the literature as "transformation ratcheting" [38,58], is due to the 

accumulation of residual inelastic strain and to the incomplete reverse transformation from 

martensite to austenite, the latter leading to the loss of superelasticity (functional fatigue). In 

NiTi alloys, this accumulation of deformation is attributed to microplastic deformation induced 

by repeated SIM transformations [31,38,59]. This microplasticity can occur at low stresses, 

below the elastic limit, and is due to stress accumulation at the austenite/martensite interfaces 

that facilitates dislocation nucleation, while the applied stress is less than the critical stress for 

slip activation. Moreover, during mechanical cycling, the presence of such dislocations 

promotes the development of SIM transformation during further cycles, leading to a decrease 

of SIM transformation stress and hysteresis area [60], as observed in the present study (Fig. 9d 

and 10d). A recent study attributes the origin of functional fatigue in NiTi alloys to a symmetry-

dictated non-phase-transformation pathway leading to the generation of dislocations in 

austenite [32]. This functional fatigue is also observed in the present study for metastable b 

titanium alloys with an increase in residual strain and a decrease in maximum stress with cycles 

(Fig. 9 and 10). Some recent studies on cyclic stability of metastable b titanium alloys have also 

attributed the accumulation of residual strain to microplastic deformation induced by SIM 

transformation [40,61].  

Fatigue behavior of metastable b titanium alloys has been mostly studied in Ti-29Nb-13Ta-

4,6Zr (TNTZ) [62,63] and Ti2448 alloys [64] with stress-controlled fatigue tests using a stress 

ratio R = 0.1. Under these conditions, b titanium alloys exhibit fatigue resistance similar to that 

of commercial aerospace Ti-6Al-4V ELI and Ti-6Al-7Nb alloys. However, these stress-

controlled tests are very different from those performed in the present study. Strain-controlled 

fatigue tests have only been previously reported on the Ti2448 alloy [64]. Although this alloy 

was tested in hot-forged condition instead of ST condition in our present study, the reported 

fatigue life is almost the same. This suggests that fatigue properties are mainly limited by the 
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microplasticity induced by repeated SIM transformation rather than by the initial 

microstructural state. It has also been shown that the rotating bending fatigue performance of a 

metastable b titanium alloy is at least as good as that of NiTi alloys [65].  

An important difference between NiTi and metastable b alloys lies in fatigue failure. For NiTi 

alloy, once the cyclic response is stabilized, no significant change in stress or residual strain is 

observed prior to failure (Fig. 9d). This sudden failure is not observed in ductile alloys, which 

show a significant evolution of mechanical response prior to failure, as it is the case of 

metastable b alloys that show a significant softening before failure (Fig. 9b and 9c). This 

behavior may allow the anticipation of fatigue failure in metastable b titanium alloys, which is 

an advantage compared to NiTi alloys that fail suddenly without any possible anticipation. 

Finally, the number of cycles to failure observed in Beta III ST alloys is more than twice that 

of NiTi alloy and that of Ti2448 ST about five times higher, especially for large applied strains. 

These alloys are then promising candidates for the production of devices working at high 

deformation. Ti2448 ST alloy shows the best performance in the present study while it exhibits 

a continuous accumulation of residual strain and a significant decrease in superelasticity during 

the cycles. As discussed above, these phenomena are due to microplastic deformation generated 

at the austenite/martensite interfaces during cycling. Better fatigue properties are then attributed 

to a less detrimental SIM transformation in b titanium alloys than in NiTi alloys that can be 

explained by its strong localization in NiTi alloys. Indeed, SIM transformation occurs 

homogeneously in b titanium alloys, while it only occurs in some localized Lüders bands in 

NiTi alloys. This strong localization causes an inhomogeneous distribution of strain between 

the austenite and the newly formed martensite [31,33,66], leading to crack nucleation in Lüders 

bands or at their interface with the austenite during fatigue tests [66]. The non-localization of 

SIM transformation in b titanium alloys thus seems to “dilute” the effects of harmful defects 

generated at the austenite/martensite interfaces during cycling. Another improvement of fatigue 
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performance can also be expected by designing alloys with better compatibility between 

austenite and martensite, leading to fewer microplastic deformations at theses interfaces and 

thus better stability of superelasticity and longer fatigue life. 

 

5. Conclusion 

In situ tensile tests were performed under X-ray synchrotron radiation to characterize SIM 

transformations in NiTi and metastable b titanium alloys. The fatigue performance of these 

superelastic alloys was determined from strain-controlled fatigue tests. From these results, the 

following conclusions can be drawn. 

1. SIM transformation: The investigated metastable b titanium alloys show a direct SIM 

transformation between b austenitic and a'' martensitic phases. In the Beta III alloy, the SIM 

transformation takes place in the plastic domain, in contrast to the Ti2448 ST alloy which shows 

a classical superelastic behavior. In the NiTi alloy, the intermediate B2-R SIM transformation 

occurs before the B2-B19’ SIM transformation. The SIM transformations of NiTi alloy are 

almost completely reversible and no plastic deformation is observed until failure, whereas 

metastable b titanium alloys show plastic deformation and stabilization of martensite before 

failure. 

2. Functional fatigue: All alloys show a decrease in superelasticity and hysteresis area with 

cycling. In NiTi alloy, the mechanical response stabilizes after hundreds of cycles but the fatigue 

failure occurs without warning, whereas the mechanical response of metastable b alloys evolves 

continuously and shows significant softening before failure. Beta III ST and Ti2448 ST alloys 

show much better fatigue resistance than NiTi alloy. 

3. Effect of SIM transformation on fatigue properties: For all alloys, the fatigue life is almost 

constant once SIM transformation becomes the main deformation mechanism, indicating its 

strong effect on fatigue properties. SIM transformation is shown to be more detrimental in NiTi 
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alloy than in metastable b titanium alloys. Furthermore, B2-R SIM transformation is slightly 

more detrimental than B2-B19’ SIM transformation in NiTi. The highly localized SIM 

transformation in NiTi alloys results in a high concentration of detrimental defects that promote 

crack nucleation. In contrast, b titanium alloys exhibit homogeneous nucleation of the SIM 

transformation, which reduces the detrimental effects of defects generated at 

austenite/martensite interfaces during cycling, resulting in better fatigue properties. Finally, the 

combination of excellent durability and ductile fatigue failure makes metastable b titanium 

alloys competitive materials for applications requiring large strain fatigue performance. 
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Fig. S1 - Full SXRD patterns of Beta III AR (a), Beta III ST (b), Ti2448 ST (c) and NiTi (d) 

alloys acquired before starting the tensile test (top), under loading at 4.5%, 10% , 8% and 

12% of applied strain respectively and after the end of the entire cyclic tensile test (bottom). 

 


