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ABSTRACT 

NiTi wires having different nanocrystalline microstructures were subjected to 

thermomechanical tensile tests and fatigue tests in a wide temperature range. Accumulated 

unrecovered strains and microstructures evolving upon cycling were analyzed. Cyclic 

instability of stress-strainïtemperature functional responses of NiTi is presumably due to the 

plastic deformation accompanying martensitic transformation proceeding under external stress. 

The unrecovered strains and density of lattice defects increased with increasing temperature 

and stress, at which the forward and/or reverse transformation proceeded. If the martensitic 

transformation proceeded at low stress (< 100 MPa), the cyclic responses of the wire were found 

to be stable (only marginal accumulated unrecovered strain and a few isolated dislocation loops 

and segments). If the forward and/or reverse martensitic transformation proceeded under large 

external stress (> 200 MPa), the responses of samples with 250 nm grain became unstable (large 

accumulated unrecovered strains and high density of dislocations and deformation bands). A 

scheme allowing for estimating the cyclic instability of functional behaviors of various NiTi 

wires in a wide range of thermomechanical loading tests was introduced. NiTi wires with the 

smallest grains (~ 20 nm) displayed a stable stress-strain response but the lowest fatigue life (Nf 

< 2500 cycles), while the wires with the largest grains (~ 250 nm) displayed an unstable 

response and highest fatigue life (Nf ~ 12000 cycles), though the Nf decreased rapidly with 

increasing test temperature. A suitable strategy to improve the fatigue performance of 

superelastic NiTi is to create microstructure that allows for some plastic deformation while 

suppressing the formation of deformation bands/twins leading to microstructure refinement. 

Among the tested microstructures, these requirements are best matched by the aged wire 

containing 75 nm grains and Ni4Ti3 nano-precipitates. 
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ABSTRAKT 

NiTi dr§ty s odliġnĨmi nanozrnnĨmi mikrostrukturami byly podrobeny tahovĨm tepelnŊ-

mechanickĨm a ¼navovĨm testŢm v ġirok®m rozmez² teplot. PŚi tŊchto testech byla analyzov§na 

akumulace nevratn® deformace a vĨvoj mikrostruktury dr§tŢ. Cyklick§ nestabilita funkļn²ho 

chov§n² v prostoru napŊt²-teplota-deformace je pravdŊpodobnŊ vyvol§na lokalizovanou 

plastickou deformac² doprov§zej²c² martenzitickou transformaci pŚi cyklick®m zatŊģov§n² pod 

vnŊjġ²m napŊt²m. Nevratn§ deformace a hustota mŚ²ģovĨch poruch narŢst§ s rostouc² teplotou 

a napŊt²m pŚi nichģ prob²h§ dopŚedn§ i zpŊtn§ transformace. Prob²h§-li  transformace pŚi 

n²zkĨch napŊt²ch (< 100 MPa), mechanick® chov§n² NiTi dr§tŢ je stabiln² ï vznik§ pouze 

minoritn² nevratn§ deformace a izolovan® mnoģstv² dislokaļn²ch smyļek. Pokud dopŚedn§ 

nebo zpŊtn§ transformace prob²h§ pŚi vyġġ²ch napŊt²ch (> 200 MPa), mechanick§ odezva 

vzorkŢ s velikost² zrn 250 nm se st§v§ nestabiln² ï vĨraznŊ pŚibĨv§ nevratn§ deformace, zvyġuje 

se hustota mŚ²ģovĨch defektŢ a vznikaj² deformaļn² p§sy. Bylo sestaveno sch®ma umoģŔuj²c² 

odhad stability funkļn²ho chov§n² NiTi dr§tŢ v z§vislosti na tepelnŊ-mechanick®m zatŊģov§n². 

Nejvyġġ² stabilitu superelastick®ho chov§n² vykazuj² dr§ty s nejmenġ² velikost² zrn (~ 20 nm), 

avġak ģivotnost tŊchto vzorkŢ je nejniģġ² (Nf < 2 500 cyklŢ). Naopak dr§ty s velikost² zrn okolo 

250 nm vykazuj² nejvyġġ² ģivostnost (Nf  ~ 12 000 cyklŢ), ale jejich ģivotnost vĨraznŊ kles§ 

s rostouc² teplotou prostŚed². Vhodnou strategi² na zvĨġen² ¼navov® ģivotnosti NiTi slitiny je 

vytvoŚen² mikrostruktury, kter§ do urļit® m²ry umoģŔuje plastickou deformaci pŚi 

superelastick®m cyklov§n², avġak tvorba deformaļn²ch p§sŢ a deformaļn²ch dvojļat je pŚitom 

potlaļena. V r§mci ¼navovĨch testŢ tomuto poģadavku nejl®pe vyhovuje mikrostruktura 

s velikost² zrn 75 nm obsahuj²c² precipit§ty f§ze Ni4Ti3. 
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Abbreviations 

ep
up ï Upper plateau strain 

etr ï Transformation strain 

eus ï Unrecovered strain 

s ï stress 

sF,R ï stress of a forward or reverse martensitic transformation 

sp
up ï Upper plateau stress of a superelastic cycle 

sy ï Yield stress 

A ï Ductility 

Af ï Austenite finish temperature 

As ï Austenite start temperature 

B2 ï Cubic space group Pm-3m of austenite 

B19ô ï Monoclinic space group P21/m of martensite 

BF ï Bright field 

CW ï Cold Work 

DF ï Dark field 

DIC ï Digital Image Correlation 

DSC ï Differential Scanning Calorimetry 

FFS ï Fatigue fracture surface 

FTMT-EC ï Final Thermomechanical Treatment by Electric Current 

GB ï Grain boundary 

GI ï Grain interior 

M f ï Martensite finish temperature 

Md ï Martensite desist temperature  

Ms ï Martensite start temperature 

MITTER ï Miniature testing rig 

Nf ï Number of fatigue cycles 

Rm ï Tensile strength 

SAD ï Selected area diffraction 

SANS ï Small-Angle Neutron Scattering 

SMA ï Shape Memory Alloys 

SEM ï Scanning electron microscopy 

TEM ï Transmission electron microscopy 

TTT ï Time Temperature Transformation 

XRD ï X-ray diffraction 
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1 State of the art 

1.1 Introduction  

Shape memory alloys (SMA) have already been used in a wide range of engineering 

applications in medicine, aerospace, robotics, and the automotive industry, owing to their 

unique superelastic and shape memory properties [1][2][3][4][5][6]. NiTi SMA alloys have the 

potential to be utilized in novel applications such as refrigeration/elastocaloric cooling or waste 

heat recycling [7][8]. However, some of these applications are severely limited by the fatigue 

life of NiTi. Superelastic and actuator fatigue of NiTi is hence currently being investigated from 

a wide variety of perspectives. The fatigue life of NiTi is limited to thousands of cycles in the 

superelastic regime in tension [9][10][11]. On the other hand, NiTi loaded in compression 

[12][13] or thermally cycled under constant load (actuation) [14][15][16] reaches a significantly 

longer fatigue life. 

Superelastic properties can be modified by microstructure manipulation (cold working, 

annealing, and aging) [9][17][18][19][20]. Appropriate cold working/annealing can 

significantly improve functional degradation but not necessarily fatigue life. The aging 

treatment of Ni-rich NiTi seems to have a positive effect not only on functional fatigue but also 

on structural fatigue [9][21]. The aging of Ni-rich NiTi at temperatures around 400 ÁC for 0.5 - 

2 h introduces 10 ï 30 nm Ni4Ti3 precipitates into the material microstructure [21][22], as a 

result of which the microstructure is strengthened against plastic deformation and 

transformation temperatures increase. 

Strain amplitude applied in a fatigue test affects fatigue performance, as in rotary-bending and 

torsional fatigue experiments [21][23][24] or even in tension [25], if transformation stress 

plateau is lost due to functional degradation. Contrarily, fatigue life is less sensitive to the strain 

amplitude within the plateau range in tensile tests [10] in which the superelastic deformation is 

localized [26]. Similar insensitivity to strain amplitude was observed even in rotary-bending 

tests in [9][27][28]. Besides the strain amplitude, the most important parameter of fatigue tests 

is the upper plateau stress [21][23][28][29] that can be adjusted by chemical composition, 

microstructure manipulation, and test temperature. Important factors are also surface finishing 

treatments [28][30] and TiC and Ti2NiOx inclusion content as fatigue cracks preferentially 

nucleate at the surface inclusions [31][32][33]. However, these factors are of less importance 

in this research as all samples were prepared from the same spool of 100 Õm NiTi wire in a cold 

work state. 

It is well known that the superelastic deformation of NiTi tends to be accompanied by plastic 

deformation giving rise to an accumulation of unrecovered strains upon cycling and the 

instability of cyclic stress-strain response (functional fatigue) [34][35][36]. However, it is much 

less understood how it affects structural fatigue (number of cycles until failure). Although 

higher functional degradation is commonly associated with inferior fatigue performance of NiTi 

at higher temperatures (stresses, strain amplitudes) [3][37], the coupling between 

microstructure changes and the functional and structural fatigue of superelastic NiTi still needs 

to be established. 

In this research, superelastic NiTi wires were subjected to tensile fatigue tests with the aim to 

find out how functional and structural fatigue are affected by the virgin austenitic 
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microstructure (grain size, lattice defects, and Ni4Ti3 precipitates). The experimental approach 

to the characterization of functional and mechanical properties of NiTi wires in wide 

temperature and microstructure ranges introduced in [19] was adopted in the fatigue research 

presented here. The ultimate goal is to distinguish the effects of microstructure and temperature 

on the functional degradation and fatigue life in the superelastic regime. 

Results of our earlier experiments on superelastic NiTi wires [34][38][39][40][41][42][43] 

suggest that the austenitic microstructure of NiTi may change significantly upon superelastic 

cycling due to plastic deformation accompanying the stress-induced martensitic transformation, 

particularly deformation twinning in oriented martensite. The deformation twinning in B19ô 

martensite has been treated as a new deformation mechanism called kwinking by Seiner et al. 

[44] or earlier as a non-transformation pathway by Gao et al. [45][46] and proposed to be an 

origin of functional fatigue of NiTi. The same processes referred to as grain refinement in 

[47][48] have the potential to affect fatigue life. Whether these processes become activated or 

not during the superelastic cycling of nanocrystalline NiTi wires depends on the temperature 

and microstructure [19]. 

1.2 Superelasticity 

Superelasticity is the stress-induced martensitic transformation. Fig. 1 shows a tensile 

superelastic cycle of a NiTi wire at various temperatures (above austenite finish temperature 

Af). At first, the unloaded wire is in the B2 austenite (cubic). Then, the transformation from 

austenite to B19ô martensite (monoclinic) is triggered upon reaching transformation stress (or 

transformation peak as shown in Fig. 1) and elastic loading is followed by exothermic 

transformation at almost constant stress. This part of the stress-strain curve is called 

transformation plateau and elongation of the wire is achieved by a change of the crystal 

structure. Then, reverse endothermic transformation (B19ô ­ B2) takes place during unloading 

at a lower stress level than forward transformation, and the superelastic cycle is completed 

without permanent strain in the ideal case [49]. This is the simplest case of the superelastic 

cycle and some of the other phenomena accompanying superelastic cycling will be discussed 

later. 

The position of transformation stresses is considerably influenced by ambient temperature since 

the higher the temperature is, the more stable austenite is. This relation is also expressed by the 

Clausius-Clapeyron relation 

 
Ў

 
 ȟ (1) 

where Äʎ is the change of transformation stress, Ä4 is the change of transformation temperature, 

Ў( is the enthalpy of transformation per unit volume, T is testing temperature, and etr is 

transformation strain [50][51]. Only one martensite variant (ideally) is created in the 

superelastic cycle, unlike in the stress-free thermally-induced martensitic transformation. 

Transformation strain values depend on a loading axis orientation to the NiTi crystal lattice. 

Transformation strains for equiatomic single crystal NiTi are as follows: 10.7 % in [233] 

direction, 9.8 % in [111] direction, 8.4 % in [011] direction, and 2.7 % in [001] direction [49]. 

Commercially produced polycrystalline NiTi wires show transformation strain around 5-7 % 

[3][4][18]. 
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Fig. 1. Stress-strain curves of a superelastic NiTi wire at various temperatures. 

The  ratio in equation (1) can be determined experimentally by superelastic loading at 

different temperatures, seen in Fig. 1. The slope of transformation stresses dependence on 

temperature, which is almost linear in a certain temperature range, expresses the  ratio (around 

6 MPa/ÁC) [50]. However, plastic deformation (primarily <001> slip) and {114}B2 compound 

austenite twinning of austenite is preferred above Md (martensite desist) temperature and 

transformation does not occur [52]. On the other hand, when NiTi is cooled below temperature 

Af, transformation is not fully reversible. In summary, reversible stress-induced transformation 

occurs in between the Af and Md temperature interval that is ~ 150ÁC wide (the so-called 

superelastic temperature window). Since superelastic behavior is accompanied by plastic strain 

at high temperatures (near to Md), the temperature range for practical applications is even more 

limited [3], which will be later discussed in detail in section 1.5. 

1.3 Heat treatment 

Although cold-worked NiTi alloys exhibit high tensile strength (up to approx. 2 GPa), 

superelastic properties are suppressed by high dislocation density and even an amorphous phase 

is introduced by cold working [18][53]. A stress-strain curve of NiTi alloys under these 

conditions is similar to a conventional alloy. Furthermore, fracture toughness and ductility are 

significantly decreased, as will be discussed later [54]. Finally, conventional NiTi wires 

produced for superelastic applications contain over 50 at.% Ni. Excess Ni is dissolved in the 

NiTi matrix after a fabrication process of the wires and Ni-rich precipitates are not present in 

the NiTi  matrix [18]. Thus, heat treatment is required to restore the microstructure with desired 

functional properties. Processes such as dislocation recovery, recrystallization, and 

precipitation are utilized to set transformation stresses and strain, stability of superelastic loop 

(accumulation of permanent strain), and tensile strength. The process of heat treatment and the 

final material properties depend on previous history (cold work, grain size, impurities, etc.) as 

well [18][55]. The effect of heat treatment on stress-strain response is illustrated in Fig. 2. 

Although the change of transformation stresses is inevitable during superelastic cycling, other 

parameters such as permanent strain or tensile strength can be modified by heat treatment. 
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Individual processes taking place in heat treatment and their influence on functional properties 

will be discussed in the following sections. 

 
Fig. 2. Comparison of the 1st and 12th superelastic cycle followed by tensile test until rupture at 20 ÁC 

of the same type of NiTi wire subjected to different heat treatment a) 520ÁC/30min and b) 350ÁC/1min. 

1.3.1 Precipitation 

Precipitates are particles with a different crystal structure and composition than the matrix and 

are created by the decomposition of supersaturated solid solution (precipitation). Quenching 

below solvus temperature (creation of supersaturated solid solution) and precipitation at the 

appropriate temperature is commonly used to create fine precipitates suppressing dislocation 

movement and increasing tensile strength. Solvus temperature of the stable NiTi phase region 

is illustrated in Fig. 3 [49]. Types of precipitates and their influence on the superelastic response 

will be discussed in the following section. 

 
  

Fig. 3. Ni-Ti phase diagram and detail of the superelastic composition region. [49][51] 
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1.3.1.1 Ni-rich precipitates 

Precipitation often takes place in several superelastic stages, in which metastable phases are 

created before reaching the final stable phase. Three types of Ni-rich precipitates (Ni4Ti3, 

Ni3Ti2, and Ni3Ti) are known in NiTi alloy. Ni4Ti3 and Ni3Ti2 are metastable phases and Ni3Ti 

is the final stable phase with the highest Ni concentration. Although the phase diagram in Fig. 

3 shows that precipitation should proceed above 50 at.% Ni, supersaturation around 50.5 at.% 

Ni is needed to trigger precipitation processes in the NiTi matrix in a reasonable time period 

[51][57]. Maximal attainable supersaturation in the Ni-rich NiTi is around 57 at.% Ni. On the 

other hand, only about 51 at.% Ti supersaturation is attainable in the Ti-rich NiTi matrix. The 

alloy exhibits weak dependence of transformation temperatures on composition in this region 

and Ms (martensite start) temperature is around 60-70 ÁC. This differs from the Ni-rich region, 

where transformation temperatures and stresses are sensitive to composition (see Fig. 4). 

Therefore, precipitation decreasing Ni content in the matrix can be used to decrease 

transformation stresses in a superelastic loading or increase transformation temperatures of 

a thermal actuator. 

 
Fig. 4. a) Influence of Ni content on transformation temperature martensite start (Ms), the solid curve 

shows predicted values according to [50] (Ms = 60 ÁC at 50 at.% Ni and increase of 0.1 at.% results in 

about 16 K decrease in Ms temperature) in comparison with experimental data of various researchers. 
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Fig. 5. TTT diagram of Ni52Ti48 alloy precipitation after homogenization at 1000 ÁC and quenching. [51] 

 

The TTT (Time Temperature Transformation) diagram of Ni52Ti48 alloy is shown in Fig. 5. The 

aging of the Ni-rich alloy can be separated into 3 temperature ranges: 

a) At first, Ni4Ti3 precipitates are created below 680 ÁC. Then, the Ni3Ti2 phase is created and 

the final product of annealing is the Ni3Ti phase after an extremely long time (< 1000 h). 

b) The Ni4Ti3 phase is not created at a temperature above 680 ÁC and Ni3Ti2 precipitates are 

created instead in the temperature range of 680 ÁC-750 ÁC followed by Ni3Ti precipitates after 

a longer time of annealing. 

c) The Ni3Ti phase is created directly without metastable phases in the temperature range of 

750 ÁC-800 ÁC. The NiTi matrix is stable above 800 ÁC at the given composition, and 

precipitation is not taking place or Ni-rich phases dissolve. [51] 

Ni4Ti3 precipitates have a rhombohedral crystal structure (a = 0.6704 nm, Ŭ = 113.85Á), 

lenticular shape (Fig. 6), and nucleate at relatively low temperatures [51][58][59]. Ni4Ti3 

shrinks 2.3 % in the direction of the habit plane normal, and 0.5 % in the habit plane [49], which 

is given by the difference of lattice parameters and molar volume. Thus, strain fields are created 

around coherent precipitates. Small precipitates are coherent with a matrix up to approx. 150-

300 nm [60][61] (or up to 500 nm according to [59]). These strain fields increase tensile strength 

[3] and promote R-phase transformation [49][57][62]. The higher size of precipitates leads to 

semi-coherent interface, and lattice strain is relaxed by dislocations [59]. However, the Ni4Ti3 

phase does not exhibit martensitic transformation. Therefore, Ni4Ti3 does not contribute to 

superelastic behavior, and a shortening of transformation strain can be expected after aging 

[17]. Orientation relation between coherent Ni4Ti3 and B2 matrix is: (ππρ)Ni4Ti3||(ρρρ)B2, 

[010]Ni4Ti3||[213]B2 and the habit plane {111}B2 [51]. 
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Fig. 6. Orientation in the NiTi matrix and TEM micrograph of Ni4Ti3 precipitates. [60] 

The second type of precipitate is the Ni3Ti2 phase. These precipitates also exhibit phase 

transformation. Crystal structure is tetragonal (a = 0.3095 nm and c = 1.3585 nm) at around 

100 ÁC and orthorhombic (a = 0.4398 nm, b = 0.4370 nm and c = 1.3544 nm) at room 

temperature [49]. No considerable strengthening effect has been reported yet. The last stable 

phase is Ni3Ti with a hexagonal crystal structure (a = 0.510 nm and c = 0.831 nm) [63]. 

1.3.1.2 Factors affecting precipitation 

Heterogeneities and defects in the crystal structure 

Precipitation is diffusion-driven phase transformation. The creation of stable nuclei followed 

by growth is needed to create precipitates in general and a phase interface is established between 

precipitate and matrix, which is a barrier for further growth. The energy of the interface is 

proportional to a discrepancy of lattice parameters of matrix and precipitate. Thus, precipitation 

takes place through metastable stages (Ni4Ti3, Ni3Ti2) before stable precipitates (Ni3Ti) are 

created. Nucleation of precipitates is also energetically favorable in areas of crystal defects, 

where deformation energy is released by the growth of precipitates. These areas are dislocation 

networks, grain boundaries, stacking faults, or inclusions such as carbides (Fig. 7) [49][64]. The 

effect of grain boundaries can be seen especially in large grains, where the grain interior is 

almost without precipitates unlike the grain exterior (Fig. 7c). Even Ni4Ti3 precipitates affect 

the nucleation of other precipitates in their surroundings by strain fields and lead to the 

arrangement captured in Fig. 7d [64]. The above-mentioned circumstances affect the driving 

force (ЎὋ of the diffusional phase transformation, which can be expressed by individual 

components 

 ЎὋ ЎὋ ЎὋ ЎὋ  ЎὋ , (2) 

where ЎὋ π is transformation energy (proportional to the volume of precipitate), the sign of 

inequality shows higher stability of precipitate than supersaturated matrix at given conditions, 

ЎὋ π is the energy of phase interface between matrix and precipitate (proportional to the 

surface of precipitate), ЎὋ π is the change of strain energy in the crystal lattice and ЎὋ

π is the energy of crystal defects. A level of supersaturation also affects the kinetic of 

precipitation processes, as will be discussed in the section 1.4 R-phase. 
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Fig. 7. The presence of Ni4Ti3 precipitates on a) grain boundaries and b) inclusions. c) Absence of 

precipitates in grain interior of large grains and d) chain of Ni4Ti3 precipitates - growth in the stress field 

of neighboring particles [64] 

Temperature 

As Ni-rich precipitates with higher Ni content require higher temperatures or longer aging time, 

the Ni4Ti3 phase is created at relatively low temperatures and aging may take only minutes. 

Commonly used NiTi wires manufactured for superelastic applications contain approx. 

50.5-51 at. % Ni. Therefore, precipitation of Ni-rich phases is shifted to lower temperatures 

than in 52 at.% Ni alloy shown in the TTT-diagram (Fig. 5) and the creation of Ni4Ti3 has been 

reported even at a temperature around 250 ÁC in 50.8 at.% Ni alloy. However, growth is 

significantly hindered and the size of precipitates does not exceed 20 nm even after hundreds 

of hours [58]. Solvus temperature for Ni4Ti3 phase is around 500-550 ÁC for this composition 

[3], which is in the recrystallization temperature range as well [18]. The ideal reported 

temperature for the fast nucleation and growth of the Ni4Ti3 phase is around 425-450 ÁC [3][65]. 

Diffusional processes are faster at higher temperatures, but nucleation rate decreases, yielding 

a smaller number of large semi-coherent precipitates, and tensile strength decreases [3]. 

Stress-assisted aging 

Eight crystallographic variants of Ni4Ti3 can are formed on {111} -planes [51]. As mentioned 

above, precipitates create strain fields. Therefore, external or internal stresses can favor or 

suppress the occurrence of certain Ni4Ti3 variants [66]. External stresses can remedy the 

heterogeneous distribution of precipitates in the large grains (see Fig.7c) and precipitation 

occurs also in the grain interior. Less than 10 MPa is needed to achieve this effect [67]. Habit 

planes of precipitates subjected to external tension during aging tend to be parallel to the 

direction of the applied stress. On the other hand, habit planes orient perpendicular to applied 

compression stress during aging [68][69]. For example, two variants of precipitates 
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perpendicular to each other can be formed in a bent wire during aging due to 

tension/compression stresses. Stress-assisted aging also affects the size of precipitates. Unlike 

stress-free aging, where the size of precipitates increases with increasing distance from the grain 

boundary, the size of precipitates is more homogeneous after stress-assisted aging [64]. 

1.3.2 Recovery and Recrystallization 

Recovery processes also take place approximately within the temperature range of Ni4Ti3 phase 

precipitation. Dislocation density decreases in general, which consists of polygonization, 

annihilation, or gliding of dislocations, and internal stresses relax [55]. Recrystallization is 

referring to nucleation and growth of new grains with low defect density. Nucleation sites are 

preferentially regions with high stored deformation energy like nucleation sites for precipitation 

(grain and subgrain boundaries, inclusions, or shear bands). Primary recrystallization is finished 

when the former cold-worked microstructure is replaced by recrystallized grains. Then, further 

grain growth (secondary recrystallization) may follow. This phenomenon is undesired as grains 

above approx. 200 nm without precipitates are prone to dislocation activity in superelastic 

cycling leading to high permanent strain (instability of superelastic loop, see Fig. 8, 9) [18]. 

Recrystallization occurs in commercial NiTi wires at temperatures above 450 ÁC [70]. As 

recrystallization belongs to diffusional-driven processes, an increase in temperature is naturally 

accelerating grain growth. However, recrystallization temperature and kinetic of grain growth 

may significantly vary. On one hand, the presence of alloying elements, inclusions, or 

precipitates decreases recrystallization kinetic (Zener pinning). On the other hand, a higher 

degree of cold work (higher deformation energy) has the opposite effect. Higher cold work also 

increases nucleation rate (number of recrystallized grains) and yields microstructures with finer 

grains [55]. For example, 1 Õm grains are present in superelastic wires before cold working in 

contrast to 20-50 nm grains after cold working followed by heat treatment [18]. If the heating 

rate and final temperature are high enough, recrystallization takes place at the expense of the 

other processes (recovery and precipitation) [55]. 

 
Fig. 8. TEM of NiTi wires with various grain sizes after pulse heat treatment. (a)-(d) micrographs show 

grain structure before superelastic cycling and (e)-(h) after superelastic cycling. [18] 
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Fig. 9. Ten superelastic cycles of NiTi wire at room temperature after pulse heat treatment by 160W/mm3 

power density for 12 ms and 18 ms. [18] 

These processes are necessary for the recovery of superelastic and shape memory properties of 

NiTi alloy after cold working since dislocation networks and grain boundaries of nanosize 

grains inhibit propagation of martensitic transformation, which increases transformation stress 

and decreases transformation strain [18][71]. It is necessary to realize that heat treatment 

triggers several processes in general and each of them affects the final microstructure and 

functional properties of NiTi alloy. 

1.3.3 Pulse heat treatment by electric current 

A unique method of pulse annealing by electric current (Final Thermomechanical Treatment 

by Electric Current (FTMT-EC)) was developed for fast annealing of thin NiTi wires intended 

for medical or textile applications [72][73][74]. Functional properties and final microstructure 

are set in milliseconds (see Figs. 8,9, and 11) by passing electric current and temperature is not 

constant in this type of annealing, unlike conventional annealing. Duration and power of the 

electric pulse can be precisely adjusted to set the desired superelastic response or track the 

evolution of the microstructure. Moreover, the activity of precipitation processes is suppressed 

in the short electric pulse [18][53]. Since precipitation is mostly accompanied by other 

diffusional processes (recovery and recrystallization) during conventional annealing, the 

FTMT-EC method can be used to some extent to separate the influence of recovery processes 

and precipitation on mechanical properties. 

Properties of a NiTi wire can be monitored during the electric pulse annealing. An illustration 

of the annealing process is shown in Fig. 10, where a 50 mm wire with a 0.1 mm diameter and 

45% initial cold work is prestressed to 400 MPa. The increase of stress at the beginning of the 

electric pulse (3W/1s) is attributed to the reverse transformation of residual martensite induced 

by severe plastic deformation during cold working. Then, thermal expansion and even plastic 

deformation prevail, and stress decreases at constant constrain. Finally, stress increases during 

the cooling of the wire, when the electric pulse is terminated. The decrease in resistivity is given 

by recovery processes. The total decrease is about 40 %. The end of a steep decrease in 

resistivity at 1.5 s indicates that the wire is already superelastic with plateau strain. Further 

annealing is increasing temperature in the wire, and grain size is increasing as well. Thus, 

tracking of resistivity during electric pulse provides worthwhile information. 

The evolution of NiTi wire properties (grain size, transformation strain in the first superelastic 

cycle, and permanent strain after 10 cycles) are shown in Fig. 11 after electric pulse at constant 

power (160W/mm3). Accelerated grain growth begins in the initial nanograin microstructure 
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after 12 ms and grain size increases up to approx. 1 Õm at 18 ms. Increased permanent strain is 

attributed to grain growth and related decrease in yield stress. However, the longer the time of 

annealing, the higher the transformation strain. Therefore, compromise annealing parameters 

are needed to obtain balanced functional properties and the FTMT-EC method is suitable for 

this objective. As annealing temperature is not constant during the short electric pulse and 

increases with time, the effect of annealing time is more considerable than is usual in 

conventional heat treatment. 

 
Fig. 10. Process of heat treatment by electric current as a function of time- 1) applied power, 2) evolution 

of stress, 3) calculated temperature profile, and 4) evolution of resistance. [53] 

 
Fig. 11. Evolution of transformation strain (black), grain size (red), and permanent strain (blue) as a 

function of annealing time at power 160 W/mm3. [18] 

1.4 R-phase 

The so-called R-phase can be formed in stress- or temperature-induced martensitic 

transformation under specific conditions. R-phase has a rhombohedral crystal structure: a = 

0.301 nm and ‌ ωπÁ decreases with decreasing temperature (‌ = 89.57Á at 292 K and ‌ = 

89.32Á at 272 K [75]). The formation of the R-phase can be described as the stretching of B2 

austenite along [111] direction [49]. 
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The three main reasons promoting the formation of the R-phase are 1) strain fields of 

precipitates, 2) dislocations, or 3) alloying elements [49]. Free energy of martensite is increased 

in each of the cases and R-phase transformation is more favorable to occur as the free energy 

of the R-phase is not affected so significantly by change of microstructure or chemical 

composition [62]. 

In superelastic loading, B2ŸR-phaseŸB19ó two-step transformation sequence takes place 

(Fig. 12a). Either reverse transformation B19óŸRŸB2 or only B19óŸB2 transformation 

proceeds in a NiTi alloy after a previous forward two-step transformation, depending on the 

microstructure of the alloy and the testing temperature [76]. The same sequence of 

transformations takes place during the cooling and heating thermal cycle (see Fig. 13a) 

[49][75][77]. 

As R-phase transformation occurs in strain fields of Ni4Ti3 precipitates, the R-phase can be 

utilized as an indicator of precipitation processes as shown in Fig. 12, where a) shows stress-

strain and resistance-strain response of the NiTi wire annealed by a short pulse followed by 15 

min aging and b) shows the response of the wire annealed by an electric pulse (without 

precipitates). [17][56] 

 
Fig. 12. Identification of R-phase transformation in stress-strain and resistance-strain curves of a NiTi 

wire (a) with R-phase transformation at approx. 350 MPa, (b) without R-phase transformation.[56] 

The transformation strain of B2-R-phase transformation is around 0.5-1 % in a single crystal, 

which is ten times lower than B2-B19ó transformation [51]. However, B2-R-phase 

transformation exhibits very low hysteresis both in temperature (1-2 ÁC) and stress (20-50 MPa) 

cycle in comparison with B2-B19ó transformation [49]. Transformation stress of B2-R-phase 

transformation is more dependent on temperature (dů/dT 1ͯ7MPa/K [75]) than the B2-B19ó 

one. Since the R-phase has the highest resistivity of NiTi phases, an increase of resistivity is 

another sign revealing R-phase transformation. Values of resistivity are 82 ɛɋ/cm for austenite, 

65 ɛɋ/cm for martensite, and 98 ɛɋ/cm for R-phase according to [77]. However, resistivity 

may vary depending on a thermomechanical treatment or twinning of martensite 

(self-accommodation or preferential orientation under stress). 



 

25 

 

 
Fig. 13. DSC curves for a) Tiï51.5Ni single-crystal solution-treated at 1000ÁC for 1 h followed by water 

quenching and aging 450ÁC/10h and b) polycrystalline Tiï50.6Ni after solution-treated 1000ÁC/1h 

followed by water quenching and aging 450ÁC/24h [57]. 

However, three or even more peaks can be found in a DSC record of NiTi cooling (Fig. 13) 

suggesting a multi-stage transformation. Since no new phase was identified, a mechanism 

explaining this behavior was needed to find out. Explanation of the multi-stage transformation 

can be found in the heterogeneity of precipitation processes. As precipitation of Ni4Ti3 phase is 

favorable on grain boundaries (GB), Ni concentration in NiTi matrix is lower on grain 

boundaries than in the grain interior (GI). Consequently, B2-R-B19ó transformation takes place 

on GB and only B2-B19ó transformation takes place in the GI. The result is a three-stage 

transformation at three different temperatures. The effect is more pronounced in alloys with 

lower Ni excess (Fig. 14). For example, the nucleation rate in the GI is nine times lower than 

on GB in 50.6 at.% Ni alloy, yet the ratio of GB/GI nucleation rate is only 1.2 in 51.5 at.% Ni, 

where higher supersaturation increases the driving force for precipitation and the influence of 

GB is suppressed [57]. Three-step transformation can occur even in a NiTi single crystal with 

no grain boundaries. The reason is local heterogeneity of chemical composition given by 

precipitates with larger spacing (> 200 nm) as Ni is depleted around precipitates. At first, 

B2-R-phase transformation proceeds on the precipitate/matrix interface and then transformation 

to B19ó martensite. Finally, martensite nucleates in areas farther from precipitates [57]. 
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Fig. 14. A) Unified model for explaining the microstructure evolution at low Ni supersaturation (a) and 

(b) and high Ni supersaturation (c) and (d). It also explains both the three-stage and two-stage 

transformation behavior of supersaturated Ti-Ni solid solution. In the figure, Cinitial and Caged curves 

represent the Ni profile of the initial (as-quenched) state and that after aging, respectively. GB denotes 

grain boundary. B) Schematic illustration for the relation between nucleation rate and supersaturation 

degree in grain interior region and grain boundary region. Supersaturation degree ȹX is defined by the 

solute (Ni) concentration beyond its solubility limit in the B2 TiïNi phase at a given aging temperature. 

The nucleation rate at the grain boundary and the grain interior is indicated by IGB and IGI, respectively. 

[57] 

1.5 Fatigue of NiTi alloys 

The fatigue of NiTi alloys can be classified into two categories: functional and structural 

fatigue. Functional fatigue is related to the degradation of thermomechanical response, e.g. the 

evolution of transformation temperatures, stresses, and strains. Structural fatigue is meant in its 

standard sense- an accumulation of dislocations and internal stresses, crack nucleation, and 

growth until the failure [78]. The cyclic evolution of mechanical properties investigated since 

the nitinol discovery in the 1960s. However, superelastic fatigue life is not sufficient for many 

applications yet. It is known that the superelastic response of NiTi alloy evolves during 

superelastic cycling and how this is related to the evolution of microstructure and internal 

stresses to some extent [36]. It is well known that the stress-induced martensitic transformation 

in superelastic NiTi tends to be accompanied by unrecovered strain as lattice defects are 

introduced upon thermomechanical cycling, microstructure evolves irreversibly, and functional 

properties gradually change upon cycling [11][34][36][39]. Although higher functional 

degradation is commonly associated with inferior fatigue performance as higher temperatures, 
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transformation stresses, and strains lead to the deterioration of both functional properties and 

fatigue life [1][25][28], the rate of deterioration and coupling between functional and structural 

fatigue and microstructure changes during fatigue life need to be further examined for various 

microstructures. 

1.5.1 Functional degradation 

Evolution of the stress-strain response 

Decrease in transformation stresses is a well-known phenomenon occurring during superelastic 

cycling of the NiTi alloy [25][79][80]. These changes are caused especially by redistribution of 

inner stresses in differently oriented grains, an increase of dislocation density, and an increase 

of a residual martensite volume fraction [36][79]. It is also important to consider that 

superelastic deformation is realized by martensite band front propagation in the uniaxial tension 

(Fig. 15a) [10][26]! Austenite and martensite have different crystal structures and deformation 

is not homogenous, especially in the martensite band front (the strain of the martensitic part is 

almost ten times higher in tension loading). This kind of discrepancy is minimized by a sharp 

and thin interface, which is inclined approx. 55Á to the loading axis in NiTi ribbons or films 

[82]. On the contrary, the interface has a shape of a rounded cone in NiTi wires loaded in 

uniaxial tension shown in Fig. 15b, where the distribution of stresses is evaluated by three-

dimensional X-ray diffraction (3D XRD) microscopy. Although nominal stress is 420 MPa, 

600 MPa stress was measured in surface grains and only 250 MPa in the middle of the cone, 

which is the key feature of the martensite bend front in NiTi wires, revealed in [26]. The next 

feature of functional degradation is a decrease in transformation strain and accumulation of 

unrecovered strain eus as well (Fig. 16). Change in transformation stress cannot be fully avoided 

during superelastic cycling, however, the accumulation of eus and dislocation activity can be 

greatly reduced in a nanograin microstructure (Fig. 8,9,16). Since fatigue failure occurs after 

stabilization (100-200 cycles) of functional properties, it seems that functional fatigue is not 

directly connected with fatigue failure. However, small increments of permanent strain and 

other features of functional degradation can be detected in a whole fatigue life [11][34]. 
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Fig. 15. a) Localization of martensitic transformation in the uniaxial superelastic loading of a NiTi 

ribbon evaluated by DIC [81]. b) Distribution of internal stresses in austenite and shape of 

austenite/martensite interface evaluated by 3D-XRD (longitudinal cut of 100 Õm NiTi wire) [26]. 

 
Fig. 16. Functional degradation in superelastic cycling. a) The first and tenth superelastic cycle of NiTi 

wire at 20 ÁC after electric pulse heat treatment (160Wmm-3/13ms). b) Ten superelastic cycles plus 

heating above 100 ÁC in between cycles to release residual martensite (pulse heat treatment  

160Wmm-3/20ms) [73]. 
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Results of thermomechanical loading tests reaching into high temperature/high stress regime 

reveal further evidence of NiTi deformation behaviors due to the martensitic transformation 

coupled with plastic deformation. First of all, the unrecovered strains generated separately by 

the forward martensitic transformation eus
F upon cooling under large stress and by the reverse 

martensitic transformation eus
R upon heating under large stress (Figs. 17,18) were investigated 

using the ñBypass Approachò, introduced recently in [34]. They reported that: i) plastic 

deformation accompanies martensitic transformation only when it proceeds under external 

stress; ii) the amount of unrecovered strain increases exponentially with increasing temperature 

and stress; iii) surprisingly, larger unrecovered strains are generated by the reverse 

transformation than by the forward one (Fig. 17d,18d). This means that a NiTi wire is 

irreversibly damaged/elongated even in the unloading part of a superelastic cycle.  

 
Fig. 17. Unrecovered strains generated by the forward martensitic transformation upon cooling under 

stress (red exponential in d) as evaluated from the stress-strain-temperature response of NiTi wire in 3 

thermomechanical loading tests composed of loading until 870, 990, and 1100 MPa at Ḑ100 ÁC, cooling 
under constant stress 870, 990 and 1100 MPa to induce AŸM transformation, unloading to 20 MPa and 

stress-free heating back to the starting test temperature. The test course can be tracked by following 

arrows in (a,b,c) from the solid circle to the open circle.[39] 

The results of the series of bypass tests for martensitic transformations proceeding upon cooling 

(Fig. 17) or heating (Fig. 18) under constant tensile stresses below 1 GPa are essentially the 

same as those reported in [34], only the unrecovered strains are larger. When reaching the high 

temperature ï high-stress regime above 1 GPa applied stress, however, the observed stress-

strain-temperature responses become quite different. The green curve in Fig. 17 and magenta 

in Fig. 18 represent extreme loading conditions at 1100MPa stress of NiTi wire with the tensile 

strength of 1300 MPa. Besides the strain evolving during the martensitic transformation upon 
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cooling under 1100 MPa, significant tensile strain develops further upon cooling in the 

martensite state further below 100 ÁC (green curve in Fig. 17c). Furthermore, tensile strain 

increases upon heating at 1100 MPa stress instead of decreasing (magenta curve in Fig. 18c), 

as commonly observed in NiTi actuator tests. 

 

 
Fig. 18. Stress-temperature dependence of unrecovered strains generated by the reverse martensitic 

transformation upon heating under stress (blue exponential in d) as evaluated from the stress-strain-

temperature response of NiTi wire in thermomechanical loading tests consisting in stress-free cooling 

to -100 ÁC, loading till 600, 700, 800, 900, 1000 and 1100 MPa, heating under constant applied stress 

till fully austenitic phase (or 250 ÁC), unloading to 20 MPa and cooling to the starting test temperature. 

The test starts (solid circle) by loading the wire to the required stress and cooling under stress. I ts course 

can be tracked by following arrows in (a,b,c). [39] 

Deformation twinning 

The deformation twinning in oriented B19ô martensite [83][84][85] occurs upon tensile loading 

of NiTi wires when the applied strain exceeds the martensite yield limit [40][83] or as an 

intermediate step of the stress-induced B2ŸB19ôŸB2T (B2T ï twinned austenite) sequential 

martensitic transformation proceeding at elevated temperatures and stress [86]. The 

B2ŸB19ôŸB2T transformation is activated, e.g. upon thermal cycling under large stress [87], 

upon constrained heating of the deformed NiTi [38], or upon severe plastic deformation of NiTi 

[88][89][90]. As revealed in [40], the deformation twinning in oriented martensite results in 
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permanent deformation and suppresses the recoverability of transformation strains in tensile 

tests at elevated temperatures. In a contrast, dislocation slip, while it also causes plastic 

deformation, does not restrict the recoverability of transformation strains. 

At the single crystal level, the B2ŸB19ôŸB2T transition path can be seen as a sequence of 

kinematically compatible structures evolving in the crystal lattice under increasing stress. This 

sequence is outlined in Fig. 19b. The crystal lattice is initially in the austenite state, which 

represents a reference configuration with zero strain in the loading direction. Under the action 

of the external loading, the transformation proceeds discontinuously towards the martensitic 

structure. The austenite lattice transforms into a laminate of martensitic variants fulfilling the 

requirement for strain compatibility at the habit plane. If we assume a single stress state 

everywhere and proper orientation of the martensite lattice with respect to the loading, a single 

variant of martensite forms from the martensite laminate under the action of this stress. The 

elongation of the crystal lattice in the direction of the loading provided by the single martensite 

variant is denoted as ŮB2ŸB19ô. This is the maximal strain the lattice can attain via cubic to 

monoclinic martensitic transformation. The continuous elastic distortion of austenite and 

martensite is not considered in Fig. 19. The maximal strain, together with the polycrystal 

texture, controls the length of the transformation plateau in fully recoverable tensile tests on 

polycrystalline NiTi wires at relatively low temperatures.  

Upon further loading above the stress plateau, the martensite single crystal in Fig. 19b(b) 

undergoes continuous elastic distortion and further plastic deformation can theoretically 

proceed via dislocation slip in stress-induced martensite. Alternatively, a further inelastic strain 

may appear in a form of ñdislocation slip assisted deformation twinning (plastic twinning)ñ. 

The {20ï1} deformation twinning reported in the literature is a good example [83][84]. The 

{20ï1} plastic twins appearing in the martensitic lattice cannot be described by a continuous 

mapping of the reference configuration in the Cauchy-Born sense [91] - i.e. these twins are not 

predictable by the mathematical theory of martensitic microstructures. Instead, the formation 

mechanism of these twins comprises of both shearing and shuffling [83] and the resulting 

twinned martensite thus loses its tight lattice correspondence to the initial parent austenite 

lattice. Breaking the lattice correspondence to the parent austenite lattice (its particular 

orientation) gives the martensitic lattice an additional degree of freedom and potential for 

additional elongation in the sense of Fig. 19b(c). The deformation twinning enables tilting and 

rotation of the crystal lattice, such that the maximal transformation strain can get better aligned 

with the applied loading and the lattice is reaching the total strain of ŮB2ŸB19ó+B19óT (B19óT- {20ï

1} martensitic deformation twin) as shown in Fig. 19b(c). The experiments seem to suggest that 

small inelastic strains caused by the {20ï1} twinning at low temperatures are partially 

recoverable at low temperature (Fig. 20), but get gradually irrecoverable with increasing 

temperature above Af. 

A direct consequence of this new degree of freedom is the possibility of reverse transition of 

the {20ï1} twinned martensite into twinned B2 austenite upon forward loading, as outlined in 

Fig. 19b(d). Additionally, upon subsequent unloading and/or heating, the remaining 

neighboring martensite lattice will transform to the parent austenite lattice, as given in Fig. 

19b(e). As the two twin-related variants of martensite in Fig. 19b(c,d) correspond to two 

different reference configurations, the reverse transition proceeds into a mixture of two 

differently rotated austenitic lattices. In this way, the {20ï1} twins are inherited into austenite 
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as {114} austenite twins [92][93] - i.e. the tilting of the martensite lattice due to the {20ï1} 

twinning is adopted by the cubic lattice of austenite (Fig. 20). 

 

 
Fig. 19 Potential energy landscape for martensitic transformation and deformation twinning in NiTi (A) 

[94]. The high symmetry austenite phase appears in the original reference configuration I and a rotated 

configuration R at the same energy level in mirror symmetry with respect to the center. The low 

symmetry martensite phase FJ (FNR) forms from the austenite phase I (R) via martensitic transformation 

upon cooling by overcoming the energy barrier between I and FJ (R and FNR). The martensite variant FJ 

belonging to the EricksenïPitteri neighborhood of I (b) may form the martensite variant FNR, belonging 

to the EïP neighborhood of R (d) by deformation twinning involving a combination of plastic shearing 

and shuffling (c). Parent phase with reference configuration R (e) may be obtained from the FNR by 

reverse martensitic transformation on heating, unloading, and/or further tensile loading. The {20ï1} 

twin interfaces in the martensite phase (f) are converted into {114} twin interfaces in the austenite phase 

(g) after the reverse martensitic transformation. The atomic configurations appearing successively upon 

tensile loading at various temperatures B the initial austenite lattice (a); the oriented B19ô martensite 

phase (b); the deformation twinned B19ô martensite phase (d); twinned austenite (e) yield increasing 

respectively effective strain (right). Sketches of polycrystal grains outline the microstructure in the wire 

at the peak stress at three different temperatures. [95] 
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Fig. 20. Two-dimensional lattice image of the partially reverse transformed Tiï50.6at%Ni alloy 

deformed in the fully martensitic state, showing continuity of K1 planes between (20-1)B19ô twin in 

retained martensitic phase and (-411)B2 twins in reverse transformed parent phase. The electron beam is 

parallel to [010]B19ô and [01-1]B2. [92] 

An in-situ high-resolution digital image correlation investigation during uniaxial tensile 

deformation reveals the recoverable and the non-recoverable strain mechanisms in a Ni51Ti49 

alloy with a mean grain size of 35 ɛm (Fig. 21). Besides the recoverable strain by martensitic 

transformation, non-recoverable strain is accommodated by dislocation slip in the austenite and 

austenite twinning following the sequence: B2-B19ǋ-B2T. Finally, small amounts of retained 

martensite are detected, contributing to the non-recoverable strain. The coexistence of stress-

induced martensite, slip, and twinning in martensite/austenite results in deformation bands with 

high axial strain [96]. These processes referred to as grain refinement in [47][48]w have the 

potential to affect fatigue life (the effect of grain size and internal stresses will be discussed 

later in section 1.5.3). 

 
Fig. 21. a) HR-DIC map at maximum load (i.e. average strain of 10%) and b) Map of residual strains 

after complete unloading. [96] 
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1.5.2 Aspects of NiTi  fatigue life 

Transformation stresses and temperature 

A boundary between elastic and superelastic loading of NiTi alloy is also the boundary between 

high-cycle and low-cycle fatigue. In terms of the number of cycles to failure (Nf), it is approx. 

103-104 cycles [27][31][78]. However, values of stress or strain, where the boundary is, depend 

on factors such as NiTi composition, heat treatment, and testing temperature. Strain amplitude 

applied in a fatigue test affects fatigue performance, like for example in rotary-bending and 

torsional fatigue experiments [21][23][24] or even in tension [25], if transformation stress 

plateau is lost due to functional degradation. On the other hand, fatigue life is less sensitive to 

the strain amplitude and mean strain within the plateau range in tensile tests [10][97]. An 

explanation can be found in the localization of martensitic transformation shown in Fig. 15 

[26][81]. Although macroscopic strain is below the end of plateau strain, local strain beyond 

martensite bend front is at the level of transformation strain regardless of macroscopic strain. 

In fact, this kind of loading regime is similar to a full superelastic loading of a shorter sample. 

Similar insensitivity to strain amplitude was observed in rotary-bending tests in [9][27][28]. 

Different fatigue curves of NiTi wires subjected to the rotating-bending test can be seen in Fig. 

22 as the result of various Ni content. The red curve shows the fatigue life of austenitic wire, 

where martensitic transformation does not occur, which causes serious shortening of fatigue 

life at high strain amplitude (Ůa). On the contrary, shape memory (martensitic) wire shows two 

orders of magnitude higher fatigue life at the same testing temperature. The reason is the 

capability of martensite to accommodate large strain by twin reorientation, which requires low 

stresses (~ 100 MPa [27][49]). The fatigue life of superelastic wire (pink curve) is located in 

between the previous curves. Superelastic wire behaves as pure austenite at low strain 

amplitude. Then, the region insensitive to strain amplitude occurs in the range around 3-8 % 

strain amplitude (region of transformation strain). Finally, the fatigue life of the superelastic 

wire resembles the performance of the martensitic one at a 10 % strain amplitude region [27]. 

From that point of view, testing temperature (together with NiTi composition) plays a crucial 

role in NiTi fatigue life [23][28][29]. Moreover, an increase in fatigue life is observed with 

decreasing testing temperature [23], which is expected considering Clausius-Clapeyron relation 

and decrease in transformation stresses. In other words, the strain amplitude insensitive region 

in Fig. 22 shifts to the right with decreasing temperature. Another unusual fatigue feature related 

to martensitic transformation is the low sensitivity of fatigue life on mean strain at low strain 

amplitude in superelastic plateau [97]. 
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Fig. 22. Effect of phase transformation temperatures: ὑa-Nf curves for superelastic (pink), austenitic 

(red), and martensitic (orange) wire in the rotating-bending test. [27] 

Precipitates 

Ni4Ti3 precipitates significantly affect the mechanical properties of NiTi alloy as mentioned in 

section 1.4. Thus, the effect of aging on fatigue life has been studied to find out the benefits of 

Ni-rich precipitates. It was found out that coherent 10 nm Ni4Ti3 precipitates inhibit dislocation 

activity during superelastic cycling and decrease the accumulation of permanent strain 

(functional degradation) compared to samples without precipitates. Thus, it can be concluded 

that strain fields of coherent precipitates protect the NiTi matrix against damage accumulation 

to some extent. On the other hand, no effect has been observed in samples with 500 nm 

precipitates that are not coherent with the NiTi matrix [22]. Fatigue life of aged samples was 

reported three times higher in [21] at higher strain amplitude, where martensitic transformation 

occurs. Except for decreasing dislocation activity, Ni-rich precipitates also decrease Ni content 

in the matrix. Therefore, superelastic cycles can be performed at lower stresses, which is 

beneficial for fatigue performance in the same way as the decrease in testing temperature. 

Impurities in NiTi alloys 

The fatigue life of the NiTi alloy is negatively affected by the presence of contaminating 

elements (oxygen and carbon). Well-known inclusions are carbide particles TiC and Ti2Ni 

intermetallic phase with a high concentration of oxygen in solid solution (often denoted as O-

rich or oxide particles) [31][98]. The crystal lattice of O-rich particles is FCC and no orientation 

relation with NiTi matrix has been found [63]. Carbides have BCC lattice [99]. Moreover, Ti is 

preferentially depleted from the matrix to create O-rich and C-rich particles, which decreases 

the transformation temperatures of NiTi alloy [31]. 

These inclusions exhibit significantly distinct material properties from the NiTi matrix. First of 

all, C-rich and O-rich particles are not as superelastic as the NiTi matrix. Another problem is 

the high elastic modulus of these phases compared to the NiTi alloy, which causes 

incompatibility even in the elastic loading region of austenite. Elastic modulus is around 150 
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GPa in the O-rich phase and 380-450 GPa in the TiC phase [31][99]. The high hardness of the 

ceramic particles also gives rise to micro-cracks nucleation (particle/void assessment) during 

cold working, which is seen in Fig 23. Furthermore, O-rich particles seem to have a more 

negative impact on NiTi fatigue life due to larger dimensions and weaker cohesion with the 

matrix, which causes a 5 times higher number of the particle/void defects than TiC particles, 

according to [31]. Moreover, the length of micro-cracks created on O-rich particles during cold 

working was one order of magnitude higher. In general, inclusions weaken the structural 

integrity of the NiTi alloy and give rise to fatigue crack nucleation. 

 
Fig. 23. SEM of crack initiation sites (carbides- left and oxides- right). The double-tip arrows indicate 

the longitudinal wire direction. [31] 

1.5.3 Fracture mechanics of NiTi 

Fractography 

Fractography provides information about material damage through the identification of 

fractographic features on fracture surfaces. Determination of the reason for fatigue failure is 

frequently required as suggested in the previous sections. Examples of analysis of fatigue 

fracture surfaces will be discussed in this section. 

The fatigue fracture surface of a NiTi wire after the rotating-bending test is shown in Fig. 24a. 

The nucleation site of fatigue crack, area of fatigue crack propagation, and the final fracture can 

be identified together with the macroscopic and microscopic direction of crack propagation. 

Pronounced striation fields are visible in the cyclically-loaded area of fatigue crack propagation. 

Value of striation spacing indirectly expresses a local rate of fatigue crack growth according to 

formula 

 v=D.s, (3) 

where v is crack growth rate, s is striation spacing and D is the coefficient depending on material 

properties, crack length, loading conditions, etc. [100]. The effect of strain amplitude (Ůs=0.8 % 

and 1.5 %) on striation spacing is illustrated in Fig. 24b). Higher strain amplitude causes higher 

striation spacing and crack growth. However, striations are not created necessarily in each 

cycle, especially in the early stages of fatigue crack growth, and more sophisticated methods 

are needed for the identification of idle cycles [100]. Lastly, the area of final fracture (Fig. 

24a(3)) is characterized by ductile dimples caused by microvoid coalescence nucleating on the 

matrix/inclusion interface. 
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The fracture surface of CT specimens with large grains (~ 1 Õm) mainly shows dimples 

indicating a dominant ductile fracture. For smaller grains (~ 100 nm), the fracture surface is 

characterized by a mixture of dimples and cleavage planes. With further grain size reduction, 

the tendency of the cleavage increases in the fracture process.[54] 

 

 
Fig. 24. (SEM) (a) Fatigue fracture surface of wire after the rotating-bending test. White arrows denote 

crack propagation direction and the black arrow denotes crack nucleation site. The dotted line separates 

the area of fatigue crack propagation and the final fracture surface. (b) Striation fields with different 

spacing as a function of strain amplitude. [31] 

The nucleation site of a fatigue crack is appreciated information, providing a clue to the increase 

in fatigue life. The most frequent fatigue crack nucleation sites in the NiTi alloy are TiC 

carbides and O-rich particles (Figs. 23 and 25) and the decrease in size and concentration of the 

impurities increases the fatigue life of the superelastic NiTi wires [31][32]. As the inclusions 

are not superelastic, separation of the inclusions from the NiTi matrix during superelastic 

cycling is reported [32][101]. As shown in Fig. 25, only the dimple remains in the crack 

nucleation site. Even a high number of fatigue cracks can independently nucleate in the NiTi 

during superelastic loading throughout the whole length of the tested sample, as shown in Fig. 

26. 
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Fig. 25. (SEM) Initiation of crack on a near-surface inclusion: left micrograph- lower purity sample, 

right micrograph- high purity sample. [32] 

 
Fig. 26. (SEM) Longitudinal section of superelastic wire after fatigue test with 3% strain amplitude. 

[27] 

Crack tip  stress field 

Surface defects such as cracks or notches act as stress concentrators and give rise to multi-axial 

stress, even in uniaxial loading. The level of stress concentration is characterized by the so-

called stress concentration coefficient 

 ‌ , (4) 

where „  is maximal stress and „ is mean stress (in a fractured or in an intact cross-section 

of material) [102]. Stresses at a notch or crack tip can highly exceed nominal stress, but the 

upper limit is given by yield stress and tensile strength of a material. 

A stress intensity factor K characterizing the stress and displacement ýelds near to a crack tip 

is very often used in fracture mechanics. A general formula for the K factor is: 

 ὑ  „z Ѝ“ὥzὪ ȟ (5) 
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where „ is an applied load, a is a crack length, W is the width of a tested specimen, and Ὢ  

is a geometric factor of the order of unity [103]. 

In addition to yield stress and tensile strength, transformation stresses are important for NiTi 

behavior at a crack tip. As shown in Fig. 27a), superelastic NiTi alloy resembles ideal 

elastoplastic material in a certain deformation range, and values of transformation stresses are 

a function of various variables (temperature, Ni concentration, or annealing), which 

consecutively affects the shape and size of a crack tip zone. The size and shape of an actual 

crack tip zone, represented by the black color on synchrotron X-ray microdiǟraction strain 

maps, are shown in Fig. 27b. The actual shape of the transformation zone is significantly 

affected by grain misorientation complicating martensite propagation and even by 

austenite/martensite compatibility on the interphase [26]. 

 
Fig. 27. a) Model of stress and phase distribution at the crack tip of superelastically loaded NiTi alloy, 

b) Local equivalent strain map evaluated by micro XRD showing the actual transformation zone at the 

crack tip (transformed martensitic grains are not imaged by this method and so they are in black). [103] 

Another possibility to observe a plastic and transformation zone at a crack tip is digital image 

correlation (DIC). The utility of this method is increased in combination with scanning electron 

microscopy (SEM DIC) [104][105]. Imaging of the strain field at the NiTi crack tip is shown 

in Fig. 28, where the effect of grain size is clearly proven and samples with small grains exhibit 

much smaller transformation and plastic zone at the crack tip as transformation stresses are 

higher and transformation strain lower. This also proves the importance of a final microstructure 

and heat treatment. Another utilization is in-situ tracking of propagation of martensite bend 

front especially in complicated shapes loaded by multiaxial stresses. 

a) b) 
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Fig. 28. Grain size effect on the strain distribution at the crack tip of CT samples. [54] 

Factor affecting crack tip zone and crack propagation 

Except for the notch effect, martensite bend front is affecting stress distribution in NiTi as well. 

Although nominal stress is 420 MPa, 600 MPa stress was measured in surface grains and only 

250 MPa in the middle of the cone, which is the key feature of the martensite band front in NiTi 

wires revealed in [26]. This kind of stress concentration on the wireôs surface could be a crucial 

factor in undesired fatigue failure of superelastic components. Moreover, NiTi alloy exhibits a 

very low amplitude of threshold stress intensity factor ȹKth needed for crack propagation, and 

especially  the cold-worked NiTi is comparable with ceramic materials. Although heat treatment 

improves ȹKth, even hot-rolled NiTi alloy tested in [106] shows lower ȹKth than other tested 

materials used in medical implants (Fig. 29). Influence of temperature and asymmetry of the 

loading cycle (stress ratio) on ȹKth were tested in [107], where Ni49.9Ti50.1 CT samples were 

tested after annealing at 750ÁC/1h. The beginning of fatigue crack growth curves is shown in 

Fig. 30. 

 
Fig. 29. Comparison of fatigue crack growth rate as a function of stress intensity factor ȹK of NiTi alloy 

subjected to different thermomechanical treatment (CD: cold-drawn, HR: hot-rolled) and other materials 

used for biomedical implants. [106] 
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Fig. 30. The near-threshold crack growth rate in Ni49.9Ti50.1 heat-treated 750ÁC/1h at various 

temperatures for stress ratio R=0.9 and 0.1. [107] 

The formation of the plastic zone at the crack tip of NiTi alloy also creates stress fields 

(compressive at the crack tip), which increases stress resp. K factor needed for crack tip opening 

(ůop resp. Kop). If a small number of overloading cycles are added to a monotonous loading, the 

plastic zone at the crack tip and Kop is increased, which decreases crack growth rate. The effect 

of overloading cycles on NiTi alloy has been studied in [108][109]. As can be seen in Fig. 31, 

overloading cycles have a significantly positive impact on fatigue life in thermal cycling under 

constant uniaxial tension (wire actuation). Fatigue crack growth rate is decreased, even though 

transformation strain is at around the same level of 4 %. Contrastingly, the higher the 

overloading stresses are, the higher the permanent strain is accumulated during fatigue cycling 

(Fig. 32 a). 

 
Fig. 31. a) Illustration of overloading cycle effect on fatigue life of actuator at constant stress 200 MPa 

(Overload ratio ὕὒὙ
 

 
), b) Fatigue crack length vs. the number of actuation cycles for 

wires with varying OLRs. [108] 

a) b) 
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Fig. 32. a) Illustration of overloading cycle influence on fatigue life, transformation strain (RS) and 

permanent strain (RD), b) influence of actuation stress level. [109] 

The heat treatment method called ôôhealingôô is also described in the NiTi literature. The sample 

is intentionally overheated highly above Af temperature during thermomechanical cycling to 

remove residual martensite or even recover dislocations introduced by martensitic 

transformation. Consequences of previous cycling (functional degradation) can be to some 

extent removed by this treatment. However, this method is beneficial only in the case of 

low-cycle fatigue, where martensitic transformation occurs, before nucleation of a macroscopic 

crack [110]. On the contrary, if a macroscopic crack nucleates, stress relaxation at the crack tip 

increases fatigue crack growth rate. Repeated overheating in each actuation cycle also decreases 

fatigue life. For example, overstepping of Af temperature by 40 ÁC instead of 10 ÁC results in 

three times lower fatigue life [109]. 

The grain size of the polycrystalline matrix significantly affects the material properties of NiTi 

alloy. The benefits of nanograin microstructure are increased tensile strength, yield stress, and 

suppressed dislocation activity, which decreases accumulated permanent strain in superelastic 

cycling [18][19][53]. However, the ductility of that microstructure is limited. Note that ductility 

of NiTi alloy varies significantly from approx. 4 % up to 60 % depending on heat 

treatment/grain size [19][74]. The result of a nanograin microstructure is substantially 

decreased plastic zone at the crack tip and an increase of stress concentration leading to a 

decrease in fracture toughness and an increase of crack growth rate [106][111]. Fracture 

toughness KIC of Ni50.9Ti49.1 alloy was measured in [54], where cold working and heat treatment 

of CT samples yielded a grain size 10-1500 nm. The reported fracture toughness of samples 

was approx. 46 MPa*m1/2 resp. 25 MPa*m1/2 for grain size 1500 nm resp. 10 nm (Fig. 33). 
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Fig. 33. Grain size effect on force-displacement curves and fracture toughness of CT specimens. [54] 

Another important factor affecting fracture toughness of superelastic NiTi alloy is 

transformation stress. Mobility of the martensite band front is suppressed by grain boundaries 

of nanograin microstructure, high dislocation density, and even amorphous phase after severe 

cold-working. Therefore, transformation stresses are increased and the martensitic zone at the 

crack tip is reduced (see Fig. 34) leading to lower fracture toughness [71][112]. Mechanical 

properties of grain boundaries become more relevant in nanograin microstructure and act as a 

rigid shell with a superelastic core [71]. Thus, martensitic transformation is not localized into 

the martensite band front described in [26] for NiTi with grain size above 50 nm. 

Transformation occurs in individual grains independently at different macroscopic stresses 

(without transformation plateau). Another view of this issue is presented in [54]. Crooked 

propagation of fatigue crack (in mixed mode I and II) was observed in a coarse-grain NiTi. In 

contrast, direct propagation in mode I is observed in a nanograin microstructure (Fig. 34). Thus, 

fracture toughness and Kth are lower again in nanograin microstructures. On the other hand, it 

is explicit that the crack mainly propagates transgranularly and intragranularly by occasion (Fig. 

35) in [113] and the effect of larger grains on the direction of crack propagation is not as 

pronounced as illustrated in [54]. 

In summary, the extent of the martensitic and plastic zone at the crack tip is significantly 

reduced in nanograin microstructure due to the combination of higher transformation stresses, 

suppressed transformation strain, and ductility of the material. On the contrary, annealing above 

500 ÁC creates a microstructure with higher fracture toughness. However, stability of 

superelastic cycles is compromised in material with higher grain size and compromise must be 

found for an individual application of NiTi alloy. 
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Fig. 34. Illustration of grain size effect on the crack propagation and deformation zones at the crack tip. 

[54] 

 
Fig. 35. SEM image of the crack morphology; the white lines highlight the grain boundaries. [113] 
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2 Experimental part/objectives of the dissertation 

Functional properties of NiTi alloys can significantly differ depending on chemical composition 

and thermomechanical treatment (cold working, annealing, etc.) that affects the virgin austenitic 

microstructure (grain size, lattice defects, and Ni4Ti3 precipitates). In this dissertation, stress-

strain-temperature curves of NiTi wires in tension are recorded in various thermomechanical 

loading regimes (superelasticity, actuation, shape memory effect) as a source of data for 

characterization of functional properties of NiTi wires. The main objective is to find a 

connection between functional fatigue, structural fatigue, virgin microstructure, and 

microstructure evolution during thermomechanical (especially superelastic) loading at various 

conditions (temperature and stress). The tested wires were pulse heat-treated by electric current 

as well as conventionally annealed in an environmental furnace to identify effects of 

microstructure recovery/recrystallization, as well as the effect of Ni-rich precipitates created by 

suitable annealing. Low cycle fatigue tests in the superelastic regime are used to characterize 

functional properties and structural fatigue of the NiTi wires. These tests were complemented 

by extensive TEM and SEM analysis of the virgin and thermomechanically loaded samples to 

evaluate changes in microstructure. An important assumption of this work is that the majority 

of the unrecovered strain and generation of lattice defects occur when martensitic 

transformation proceeds under applied stress and depends on the stress levels of forward and 

reverse transformations. In other words, levels of transformation stresses are more relevant for 

fatigue damage and permanent strain accumulation than stress or strain amplitudes. These 

claims are evidenced by a series of thermomechanical loading tests and TEM microscopy of 

the tested samples. 

3 Experimental details 

Cold-worked Ni-rich NiTi wire (50.8 at. % Ni, 45 Ñ 5 % CW, 0.1 mm in diameter, produced 

by Fort Wayne Metals in 2011) was used in the experiments. The NiTi wire was annealed by 

electric current pulse with the aim to obtain superelastic samples with desired nanograin 

microstructure. Constant power 160 W/mm3 (62.5 W for 50 mm samples) of the electric pulse 

was applied for 10 ms, 13 ms, 15 ms, 16 ms, and 20 ms to produce samples with different virgin 

austenitic microstructures. The pulse time is used to denote the produced NiTi wires further on. 

Moreover, selected 13 ms, 15 ms, and 20 ms samples were further aged for 1 h at 400 ÁC to 

introduce precipitates of Ni4Ti3 phase. Such heat-treated wire is called 13 ms+400 ÁC/1h. 

Thermomechanical testing and fatigue cycling were performed on the MITTER rig (Fig. 1) 

developed and constructed at the Department of Functional Materials at the Institute of Physics 

of the Czech Academy of Sciences for testing NiTi wires. The testing rig MITTER allows both 

mechanical testing and pulse heat treatment by electric current, which eliminates transmission 

of samples. Peltier elements are controlling the testing temperature in the range from -40 to 

200 ÁC. More detailed information on the testing rig and pulse heat treatment by the electric 

current can be found in [18][72][73][74]. Tests below the lower temperature limit were carried 

out by means of an aluminum heat sink filled with liquid nitrogen placed on the top of the 

copper body of the Peltier chamber to reach nearly -100 ÁC. The ends of the wires were clamped 

into stainless steel capillaries (1.6 mm in the outer and 0.18 mm in the inner diameter) for easier 

manipulation and gripping in the MITTER tester. The gauge length of the wire sample between 

the capillaries was 50 mm. The sample with capillaries fits into the 80 mm long copper chamber 
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and can be kept at a homogenous temperature with a minimum temperature gradient from the 

wire center towards the capillaries. 

 

 

Fig. 1. Miniature tensile tester MITTER (equipped with a load cell, stepper motor, position encoder, 

Peltier-based environmental chamber, resistance measurement, and closed-loop LabView-based control 

system) used to perform both the electro-pulse heat treatment and thermomechanical loading tests of the 

NiTi wires. 

The cooling/heating dilatometry experiments (Fig. 3a,b) were performed using 

thermal/mechanical analyzer LINSEIS TMA PT1600 under a force of 0.1 N (13 MPa tensile 

stress) using cooling and heating rate 3 ÁC/min. The DSC measurements were performed using 

DSC 25 apparatus by TA Instruments. 

Tensile tests were performed at various temperatures in the range from -30 ÁC to 190 ÁC in a 

displacement-controlled regime to explore superelastic stress-strain response and deformation 

until fracture (Fig. 2). The displacement rate of the test was 0.05 mm/s (0.1 %/s strain rate). 

The following material characteristics were evaluated: upper plateau stress sp
up, upper plateau 

strain  ep
up, and unrecovered strain eus in the first superelastic cycle, yield stress sy (the point 

above the upper plateau of the first loading cycle where the stress-strain curve deviates from 

the linear path by 0.2 % of strain), tensile strength Rm, and ductility A. 
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Fig. 2. Material characteristics of superelastic NiTi wire evaluated from the tensile test (upper plateau 

stress sp
up, upper plateau strain  epup, unrecovered strain eus, yield stress sy, ductility A, and tensile 

strength Rm). NiTi wire was subjected to: 1) tensile deformation up to the end of stress plateau and 

unloading (green curve) and 2) tensile test up to fracture (red curve) at a constant temperature. Stress-

strain curves recorded at temperature 80 ÁC and strain rate 0.1 %/s are shown only as an example on 

which the definition of material characteristics is demonstrated. 

Superelastic fatigue tests were performed at a 1 %/s strain rate in the displacement-controlled 

regime. Since the higher strain rate used affects a stress-strain response [114] owing to the 

exothermic/endothermic character of the forward/reverse martensitic transformation, tensile 

cycles at a lower strain rate (0.1 %/s) were included during the fatigue tests to monitor the 

evolution of stress-strain response upon cycling. The lower loading limit was 10 MPa, which 

prevents buckling of NiTi wires as unrecovered strain accumulates in the fatigue cycling above 

Af temperature. The upper loading limit was set to the end of the stress plateau at a given 

temperature. A temperature range in which the fatigue experiments were performed (roughly 

- 5 ÁC to 110 ÁC) depended on fatigue and material characteristics of a particular wire (Af, 

eus < 4 % and Nf > 1000 cycles). Fatigue tests were repeated 5 times at each temperature to 

capture a scatter of fatigue life. 

Samples for TEM observation of lattice defects in the virgin and deformed wires were prepared 

by the Focused Ion Beam (FIB) method using the FEI Quanta 3D FIB-SEM electron 

microscope. TEM lamellae were extracted in such a way that the wire loading axis always lies 

in the plane of the lamellae. TEM observations were carried out using the FEI Tecnai TF20 X-

twin field emission gun microscope operated at 200 kV. 
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4 Results 

4.1 Thermomechanical characterization of NiTi wires 

4.1.1 Microstructure and transformation temperatures 

As explained in chapter 1.3, the thermomechanical properties of NiTi wire depend on chemical 

composition (transformation temperatures) and microstructural state (grain size, lattice defects, 

precipitates). Both can be adjusted by the heat treatment to some extent. Hence, we need to 

characterize the virgin microstructure and transformation temperature of all NiTi wires used in 

thermomechanical loading experiments. Virgin microstructures of the tested wires before 

thermomechanical and fatigue experiments were analyzed by TEM (Fig. 3e, f, g, h). While the 

partially recrystallized microstructure of the 10 ms wire (d ~ 20 nm) contains a high density of 

lattice defects, microstructures of the 13 ms and 15 ms wires are completely recrystallized with 

mean grain size 75 nm and 250 nm, respectively. 

Transformation temperatures of the wires were determined by DSC (Fig. 3a, b) and compared 

with dilatometry measurement under a constant tensile stress of 13 MPa (0.1 N) (Fig. 3c, d). 

The 10 ms wire does not show any significant response induced by B2-B19ô martensitic 

transformation in the tested temperature range and only marginal R-phase transformation. The 

13 ms wire shows R-phase transformation below 0 ÁC (with a similar broad and flat 

transformation peak as the 10 ms sample) and R-B19ô transformation with transformation 

temperatures: Ms = -81 ÁC and Af = -8 ÁC. The additional 400ÁC/1h aging results in the increase 

of both Ms = -77 ÁC and Af = 44 ÁC temperatures and distinct R-phase transformation. On the 

other hand, cooling under stress, that produces oriented martensite, shows much higher  

Ms = -51 ÁC, which better represents the change in the stress-strain response (Fig. 4b). Since 

the Af temperature increases more than the Ms, the aged sample exhibits wider temperature 

hysteresis. The 15 ms wire shows R-phase transformation as well and the R-B19ô 

transformation displays temperature hysteresis with Ms = -70 ÁC and Af = -5 ÁC. Contrastingly, 

the sample exhibits direct B19ô-B2 transformation with Af = -20 ÁC in the heating under stress, 

and Ms = -54 ÁC (see the dilatometry in Fig. 3c). 
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Fig. 3. Thermal responses (a, b, c, d) of NiTi wires having various microstructures (e, f, g, h). Standard 

DSC record is shown in a) and b). The strain-temperature curves (c, d) were recorded upon 

cooling/heating under 13MPa constant stress (0.1N force). TEM micrographs (e, f, g, h) show 

microstructure of the NiTi wires heat-treated for e) 10 ms, f) 15 ms and g) 13 ms (at a constant power 

density of 160 W/mm3) and h) 13ms+400ÁC/1h. 
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4.1.2 Mechanical properties of NiTi wires determined from tensile tests 

Stress-strain responses of the wires at 20 ÁC with different microstructures are shown in 

Fig. 4a,b. The cold-worked wire shows no transformation plateau strain, ductility of 6 %, and 

the highest tensile strength ~ 1900 MPa. The 10 ms wire (d ~ 20 nm), which did not show any 

transformation in the thermal cycle, exhibits superelasticity at room temperature, with 5.2 % 

transformation strain  ep
up at nearly constant upper plateau stress sp

up of 560 MPa, 13 % 

ductility, and only slightly lower tensile strength ~ 1700 MPa. The 13 ms wire (d ~ 75 nm) 

exhibits perfect superelasticity with a larger upper plateau ep
up of 6.7 % and upper plateau stress 

sp
up of 475 MPa. Ductility remains around 13 %, however, tensile strength decreases 

significantly (Rm ~ 1300 MPa). Finally, the 15 ms wire (d ~ 250 nm) displays the largest  ep
up 

of 7.3 %, upper plateau stress sp
up of 420 MPa, further reduced Rm ~ 1030 MPa, and a very 

large ductility of 56 %. The first superelastic stress-strain cycles at 20 ÁC are perfectly 

recoverable in the case of all wires (the aged sample has to be heated above 44 ÁC to induce 

reverse transformation). 

 
Fig. 4. Mechanical responses of NiTi wires showing the effect of a) recrystallization and b) aging. The 

stress-strain curves were recorded in uniaxial tensile tests (one superelastic cycle followed by 

deformation until fracture) at 20 ÁC. 

The additional aging treatment (400ÁC/1h) applied to the 13 ms wire does not increase the grain 

size (d ~ 75 nm) (Fig. 3f), but changes the transformation temperatures (Fig. 3b), which causes 

the decrease of upper plateau stress sp
up by approx. 170 MPa (Fig. 4d) and increases the Rm to 

approx. 1500 MPa. Furthermore, the upper plateau strain ep
up is reduced to 5 %. The ~ 30ÁC 

difference in Ms temperature of samples with and without the additional aging (Fig. 3b) 

corresponds quite well to the decrease in upper plateau stress (Fig. 4b) (considering the stress 

rate   = 6 MPa/ÁC (Fig. 7a)). The detailed STEM analysis of the aged 13 ms wire is shown in 

Fig. 21. 

In order to determine the superelastic functional behavior of NiTi wires subjected to various 

heat treatments and establish temperature ranges for fatigue experiments, tensile tests were 

carried out in the temperature range 20 ÁC to 190 ÁC. A comparison of the tested 

microstructures at the same temperature point is shown in Fig. 5 and a comparison of one 

microstructure at various temperature points is in Fig. 6. After deformation up to the end of 

stress plateau and unloading, the wires were stress-free heated up by 100 ÁC above the test 
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temperature to relieve residual martensite and determine the unrecovered strain introduced 

during the first superelastic cycle. Temperature dependence of upper plateau stress sp
up (Fig. 

7a) and unrecovered strains eus (Fig. 7b) were plotted as a function of temperature. The 

superelastic stress-strain curves shift to higher stresses with increasing test temperature, 

showing the characteristic temperature dependence of transformation stress of ~ 6 MPa/ÁC (Fig. 

7a), as is common for superelastic NiTi alloys. This does not necessarily mean that the stress-

induced B2-(R)-B19ô martensitic transformation is the only deformation mechanism activated 

within the martensite band front propagating at plateau stress, particularly in tensile tests at 

elevated temperatures [86]. Deformation twinning in the martensite phase and dislocation slip 

accompanies the stress-induced martensitic transformation in tensile tests at elevated 

temperatures (see [41][86][95] for detailed discussion). 
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Fig. 5. Stress-strain superelastic response of the NiTi wires at a) 20 ÁC, b) 60 ÁC, c) 80 ÁC, d) 120 ÁC, e) 

150 ÁC and f) 190 ÁC. One loading/unloading cycle to the end of the upper plateau followed by heating 

by 100 ÁC to recover residual martensite to examine mechanical properties (sp
up) and stability (eus) of 

superelastic loops. 
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Fig. 6 Stress-strain curves recorded in tensile loading/unloading tests up to the end of stress plateau on 

four different NiTi wires at various test temperatures in the range of 20 ÁC to 190 ÁC. a) 10 ms, 

b1) 13 ms, b2) 13 ms+400ÁC/1h and c) 15ms NiTi samples. The wires were heated up by 100 ÁC to 

recover residual martensite. 

Although all tested microstructures are stable at 20 ÁC and less than 0.1 % unrecovered strain 

eu is measured in one superelastic cycle (shape memory cycle for the aged sample), there are 

large differences in upper plateau stress, unrecovered strains, and cyclic instability in tensile 

tests at elevated temperatures (compare the stress-strain curves of 10 ms and 15 ms wires in 

Fig. 6a,c). The 10 ms wire shows the lowest unrecovered strain and highest upper plateau 

stresses in the whole temperature range. Moreover, the linear temperature dependence of upper 

plateau stress sp
up-T of the 10 ms wire in the whole temperature range (Fig. 7a) suggests that 



 

55 

 

the additional plastic deformation processes have a significantly smaller impact on the stress-

strain response compared to the other samples (Figs. 6a, 7b). The temperature dependence of 

upper plateau stress sp
up-T of the 13 ms and 15 ms wires deviates from linear behavior 

above  110 ÁC and 80 ÁC, respectively, which points out the massive activity of plastic 

deformation processes in these tests [86]. The lower stress plateau on the stress-strain curve of 

the 10 ms, 13 ms, and 15 ms wire vanishes at 140 ÁC, 100 ÁC, and 60 ÁC, respectively. The aged 

sample (13 ms+400ÁC/1h) exhibits lower sp
up by approx. 170 MPa, smaller unrecovered strain, 

and higher yield stress sy compared to the 13 ms sample. Thus, the aged microstructure shows 

better functional stability at higher temperatures (see Fig. 7a,b). However, the 13 ms+400ÁC/1h 

wire is not capable to reach the end of its stress plateau at 190 ÁC and the sample breaks 

unpredictably within the plateau region, unlike the 13 ms sample. The slope of the temperature 

dependence of transformation stress  is not significantly affected by the precipitation or 

recrystallization processes in the linear part of the sp
up-T diagram (varies from 5.9 MPa/ÁC of 

the 10 ms wire to 6.3 MPa/ÁC of the 15 ms wire). The sp
up-T curves are only shifted in the 

stress/temperature space (Fig. 7a). 

 
Fig. 7. Effect of temperature on superelastic properties of the NiTi wires- a) temperature dependence of 

upper plateau stress sp
up (showing Clausius-Clapeyron relation) and yield stress sy and b) unrecovered 

strain eus in the temperature range -30 ÁC to 190 ÁC (data points are obtained from superelastic and 

tensile tests shown in Figs. 4-6). 

4.1.3 Analysis of unrecovered strain in thermomechanical loading cycles 

An important assumption of this work is that plastic deformation accompanies martensitic 

transformation only when it proceeds under external stress, and that it depends on the stress 

levels of both forward and reverse transformations. In other words, levels of transformation 

stresses are more relevant for fatigue damage and accumulation of unrecovered strain than 

stress or strain amplitudes. Moreover, the functional degradation of stress-strain-temperature 

response is the display of dislocation activity and deformation twinning. These claims are 

substantiated by a series of thermomechanical loading tests of the 13 ms and 15 ms and 16 ms 

wires with grain size ranging from ~ 75 nm to 600 nm in the following sections. 
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15 ms microstructure 

Cyclic superelastic and thermal loading tests 

A series of cyclic superelastic tests at constant temperature (Fig. 8) and thermal cycling at 

constant stress (Fig. 9) were performed to evaluate unrecovered strain and permanent lattice 

defects generated by martensitic transformation proceeding under very different stressï

temperature conditions. Since the superelastic strains in the tensile test at -30 ÁC are not 

recovered upon unloading (Fig. 8a), the closed-loop thermomechanical loading cycle was 

completed by heating under 20 MPa stress. The superelastic test at 20 ÁC and actuator test at 

280 MPa (averaged stress of forward and reverse plateau of the superelastic test at 20 ÁC) are 

basic tests used to investigate functional thermomechanical properties of NiTi wires. The results 

of these tests are compared with the results of tests performed under extreme/unconventional 

conditions, for which the martensitic transformation proceeds at either very low or high stresses 

and temperatures. 

A superelastic tensile test at room temperature (Fig. 8b) generates a medium unrecovered strain 

of 1.65 % and a significant amount of slip dislocations (Fig. 8b2). The reader is referred to our 

related paper [35], in which these slip dislocations were analyzed as belonging to the 

{011}/<100> austenite slip system. Deformation bands containing residual B19ô martensite or 

{114} austenite twins can rarely occur. The stressïstrain response in the test was unstable, and 

the hysteresis width decreased due to the gradual decrease of the upper plateau stress in 10 

cycles. This contrasts with the test performed at -30 ÁC (Fig. 8a), in which only negligible 

unrecovered strain and few scattered dislocation segments (Fig. 8a2) were observed in the 

microstructure of the cycled wire and very good cyclic stability of the stressïstrainïtemperature 

response of the wire was observed. In this test, the forward martensitic transformation proceeds 

from the R-phase into the B19ó martensite at low stress ~ 100 MPa, while the reverse 

transformation takes place upon heating under 20 MPa. Although the maximum stresses, 

strains, and temperature applied in the tests at -30 ÁC and 20 ÁC were comparable, the forward 

and reverse martensitic transformations proceeded at much higher stress in the latter. In the 

superelastic test at 80 ÁC, the recorded cyclic stressïstrain response of the wire was extremely 

unstable (Fig. 8c). Unrecovered strain reached 6.45 % and the stressïstrain curve became 

almost linear with small hysteresis after 10 loading cycles. The microstructure of the cycled 

wire is dominated by deformation bands (Fig. 8c1,c2). Detailed analysis of deformation bands 

created by tensile cycling of the 16 ms NiTi wire deformed superelastically at elevated 

temperatures have shown that the bands contain either residual B19ô martensite or {114} 

austenite twins [41]. 
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Fig. 8. Cyclic tensile tests at the temperature of a) -30 ÁC, b) 20 ÁC and c) 80 ÁC. Stress-strain curves 

recorded in the 1st and 10th cycle and resulting lattice defects observed by TEM in the microstructure 

of cycled wires (10 closed-loop cycles followed by heating to 150 ÁC to recover residual martensite). 

In the thermal cycling under constant stress 280 MPa (Fig. 9b), a slightly larger unrecovered 

strain of 1.9 % was observed compared to the superelastic test at 20 ÁC. A significant amount 

of slip dislocations but no deformation bands were observed in the microstructure after 10 

cycles (Fig. 9b1,b2). The strainïtemperature response was unstable and the hysteresis width 

decreased significantly upon cycling, similarly as in the superelastic test at room temperature. 

This contrasts with the very stable strainïtemperature response of the wire thermally cycled at 

6.5 MPa (50 mN force) (Fig. 9a). Practically no unrecovered strain was recorded, and no lattice 

defects were found in the wire microstructure after 10 cycles (Fig. 9a1,a2). This result, although 

it seems to be trivial, is very important. There are reports in the literature showing various kinds 

of dislocation defects created upon stress-free thermal cycling of NiTi across a range of 

transformation temperatures Mf-Af [115][116], which gives an impression that cyclic 

martensitic transformation proceeding even without external stress generates dislocation 

defects in the austenite lattice. Although this might be true as concerns point defects or faults 

[116] (difficult to resolve by conventional TEM), our results clearly prove that no slip 
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dislocations, twins, or other lattice defects easily observable by TEM were created during the 

first 10 thermal cycles at low stress 6.5 MPa. The most likely explanation of this contradiction 

is that the literature studies were typically performed on solution-treated NiTi alloys, while our 

experiments were performed on superelastic NiTi wire possessing nanograin microstructure. 

Upon thermal cycling at 750 MPa (Fig. 9c), strain-temperature response was very unstable of 

the ratcheting character, accumulated unrecovered strain of 20.1 % reached far into the plastic 

deformation range (Fig. 4), and a very high amount of deformation bands and slip dislocations 

were found in the microstructure of the wire. It shall be pointed out that while the reverse 

martensitic transformation proceeded upon heating under stress (Fig. 9c), the wire almost did 

not shorten. We have investigated and analyzed these ratcheting stressïstrainïtemperature 

responses upon thermal cycling of NiTi wire under large stress in [38][39]. The reader is 

referred to these articles for detailed explanation and interpretation of the ratcheting 

phenomenon. 

 
Figure 9. Thermal cycling at constant stress of a) 6.5 MPa, b) 280 MPa and c) 750 MPa. 

Strain-temperature curves recorded in the 1st and 10th cycle and resulting lattice defects observed by 

TEM in the microstructure of the cycled wires. 
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Cyclic Shape Memory and Recovery Stress Tests 

Results of experiments reported in the previous section suggest that the stress and temperature, 

at which the martensitic transformation proceeds, play a key role in the mechanism generating 

the unrecovered strain and permanent lattice defects. This in turn implies that the stresses and 

temperature applied to the wire when it does not transform are less important. In order to prove 

that beyond any doubts, we have performed two thermomechanical loading experiments 

involving high stresses and temperatures, but the martensitic transformation in them never 

proceeded at high stresses and temperatures throughout the whole volume of the NiTi wire. The 

first experiment is the cyclic shape memory test (Fig. 10). The wire was loaded at -75 ÁC up to 

400 MPa (8% strain), unloaded, and subsequently heated under 20 MPa stress up to 20 ÁC. The 

large strain induced in the martensite state recovered almost completely during the reverse 

transformation during heating in each cycle. The wire displayed stable stressïstrainï

temperature response, a small unrecovered strain of only 0.12 %, and a negligible amount of 

permanent lattice defects (mainly dislocation segments and loops) was generated in the 10 

shape memory cycles (Fig. 10c-e). It has been empirically known that, in order to use NiTi 

elements in shape memory cycles multiple times, they have to be deformed below the Ms 

temperature in the low-temperature martensite state. It has been implicitly assumed that the 

element accumulates more damage when it is deformed above Ms because of the higher stress, 

though reliable experimental evidence is lacking. To the extent of the authorôs knowledge, 

experimental data on the stability of the cyclic shape memory effect are not available in the 

literature. Results published in the literature (e.g. [117]) were typically obtained on soft NiTi 

alloys and were limited to a few tens or hundreds of cycles. 
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Fig. 10. Stressïstrain (a), and strain-temperature (b) curves recorded in the first 10 cycles of Shape 

memory cycling and resulting lattice defects observed by TEM in the microstructure (c,d,e) . 

The second experiment is the cyclic recovery stress test (Fig. 11). The wire was loaded at 

ï75 ÁC up to 400 MPa (8% strain), unloaded to 100 MPa (7% strain), and subsequently 

thermally cycled under constant strain between 100 MPa and 500 MPa. Note that, although the 

stresses, strains, and temperature involved are rather large, the martensitic transformation does 

not massively occur upon thermal cycling (variation of phase fraction is negligible [118]). The 

stress-temperature response upon thermal cycling is stable, unrecovered strain is small 

(0.44 %), and only a low density of dislocation defects (no deformation bands) was observed 

in the microstructure of the wire after 10 thermal cycles (Fig. 11c-e). 
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Fig. 11 Recovery stress cycling. Stress-strain (a), and stress-temperature (b) curves recorded in the first 

10 cycles and resulting lattice defects observed by TEM in the microstructure (c,d,e). 

 

Cyclic Bypass Tests Separating the Effects of Forward and Reverse Transformations 

We knew from the results of [34] that the unrecovered strains generated by the forward and 

reverse martensitic transformation are generally different. Obviously, this cannot be analyzed 

based on the results of the previous superelastic and actuation tests (Figs. 8 and 9). This section 

presents results of thermomechanical loading experiments (Figs. 12 and 13) designed to 

evaluate the unrecovered strains and permanent lattice defects created upon cycling during the 

forward and reverse transformations, separately. 

The conventional cyclic superelastic test (Figs. 12a) was performed at 30 ÁC (slightly higher 

compared to the test at 20 ÁC (Fig. 8b)) since we wanted a higher density of lattice defects to 

be generated upon cycling. The recorded accumulated unrecovered strain (2.5 %) is larger 

compared to 1.65% unrecovered strain in the test at 20 ÁC (Fig. 8b) and there appear 

deformation bands in the microstructure of the wire cycled at 30 ÁC, which correlates with a 

loss of transformation plateau in the 10th superelastic cycle. To find unrecovered strain 

generated during the forward loading and the reverse unloading branches of the superelastic 

curve, bypass thermomechanical loading tests were performed (Fig. 12b,c). 

The forward martensitic transformation upon loading at 30 ÁC proceeded exactly in the same 

manner as in Fig. 12a, but then, instead of unloading, the wire was cooled (constrained at the 
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end of transformation plateau) down to -30 ÁC, unloaded, and heated under 20 MPa stress back 

to the 30 ÁC temperature (Fig. 12b). Such a closed-loop thermomechanical loading cycle was 

run 10 times. An unrecovered strain of ~ 2 % was recorded after 10 thermomechanical loading 

cycles. When the thermomechanical loading test was performed along with the same stressï

temperature route but in the reverse order (cooling to martensite Ÿ loading to 8% strain Ÿ 

heating back to 30 ÁC Ÿ unloading to perform reverse transformation under stress), a slightly 

lower unrecovered strain of ~1,5 % was determined in the test (Fig. 12c). Based on the results 

of tests in Figs. 10 and 11, the majority of the recorded unrecovered strains and permanent 

lattice defects were assumed to be generated when the martensitic transformation proceeded 

under large stress upon the forward loading (reverse unloading), respectively.  

 
Fig. 12 Thermomechanical loading tests performed to evaluate unrecovered strains and lattice defects 

generated separately by the forward (b) and reverse (c) martensitic transformation in superelastic test 

(a). Stress-strain curves recorded in the 1st and 10th cycle in thermomechanical loading tests and lattice 

defects observed in the microstructure of the cycled wires. Compared to (a), there is no sharp 

transformation stress peak in (b), since the test was performed in dilatometer on short wire sample, in 

which the transformation front was nucleated within the grips. 

The analysis of microstructures in wires subjected to these bypass tests showed that there are 

fewer slip dislocations and fewer deformation bands in both microstructures, compared to the 
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superelastically cycled wire (Fig. 12a1,a2). Although both microstructures look quite similar, 

long slip dislocations appear preferentially in the forward microstructure (Fig. 12b1,b2). Also, 

note that approx. 0.8% strain was recovered after 10 cycles at 30 ÁC during subsequent heating 

to 150 ÁC, which clears out most of the residual martensite, and only permanent defects in 

microstructure are observed by TEM. Residual martensite accounted for ~ 0.5% strain in the 

bypass tests. 

Fig. 13a shows the conventional cyclic thermal test under 400MPa stress. In comparison to the 

similar test performed under smaller stress of 280 MPa (Fig. 9b), the accumulated unrecovered 

strain is significantly larger (3.7 % vs. 1.9 %), and there are more deformation bands in the 

microstructure of the cycled wire (Fig. 13a1,a2). The hysteresis width gets narrower to a similar 

extent as in the test presented in Fig. 9b but, in a contrast, the decrease of the hysteresis width 

is mainly due to the shift of the reverse transformation to lower temperatures. 

 
Fig. 13. Thermomechanical loading tests performed to evaluate unrecovered strains and lattice defects 

generated separately by the forward (b) and reverse (c) martensitic transformation in thermal cycling 

under constant stress (a). Stress-strain curves recorded in the 1st and 10th cycle in thermomechanical 

loading tests and resulting lattice defects observed in the microstructure of the cycled wires (a1-c2). 
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Again, we did not know from the test how much unrecovered strain and how many lattice 

defects were generated during the forward cooling and reverse heating. The bypass 

thermomechanical loading tests were performed to find out. While the only small unrecovered 

strain of ~0.4 % was recorded in the test of forward martensitic transformation during cooling 

at 400 MPa (Fig. 13b), a very large unrecovered strain of 6.4 % was recorded in Fig. 13c, in 

which the reverse martensitic transformation proceeded under the same stress only during 

heating.  

 
Fig. 14. (a) 3D T-ů-eus diagram for the 15 ms NiTi wire. Color ellipses mark different magnitude of 

unrecovered strain generated by the forward and reverse martensitic transformations proceeded at 

temperature and stress conditions denoted by transformation lines in stressïtemperature space; 

(b) microstructure when martensitic transformation proceeded at low stresses - almost no unrecovered 

strain and very few permanent lattice defects in a form of dislocation loops were generated; 

(c) dislocations in {110}<001> slip system and medium unrecovered strains were generated when 

martensitic transformation proceeded at intermediate stresses; (d) deformation bands containing {114} 

austenite twins and/or single variant residual B19ô martensite plates [41] together with a high density of 

unidentified dislocations were observed when martensitic transformation proceeded at high stresses. 
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The microstructures observed in the cycled wires (Fig. 13b, c) agree with the difference in 

unrecovered strains. It appears that the permanent lattice defects (slip dislocations and 

deformation bands) were generated mainly during the reverse heating under stress. The 

unrecovered strain and amount of lattice defects generated in the test (cyclic reverse 

transformation under stress) are much higher than in the conventional cyclic thermal test under 

400 MPa. The unrecovered strain and type of lattice defects generated under various stresses 

and temperatures are summarized in Fig. 14. The 3D T-ů-eus diagram in Fig. 14 shows 

unrecovered strains accumulated in 10 thermomechanical loading bypass cycles, in which 

forward or reverse martensitic transformation proceeded at temperature and stress conditions 

denoted by transformation lines in stressïtemperature space. The three color ellipses drawn in 

the 3D T-ů-eus diagram denote [temperature, stress, strain] conditions under which very 

different unrecovered strains and lattice defects were observed. 

13 ms microstructure 

Cyclic shape memory and bypass tests separating effects of forward and reverse transformations 

were performed in the case of the 13 ms microstructure as well. Fig. 15 demonstrates how much 

of unrecovered strain (eus = 1.1 %) is generated in the first superelastic cycle at 80 ÁC. The 

forward transformation from austenite to martensite generates ~ 0.65% eus and reverse 

transformation generates an even higher eus of 0.8 %, when it precedes the forward 

transformation of a conventional superelastic cycle. Note that sum of eus in the óforwardô and 

óreverseô tests is larger than eus in the conventional cycle at 80 ÁC, where the forward precedes 

the reverse transformation, giving a óstrain hardeningô effect. 

 
Fig. 15. Thermomechanical loading tests performed to evaluate unrecovered strains generated separately 

by the forward (red) and reverse (green) martensitic transformation in the superelastic test at 80 ÁC. 

Less than 0.05 % of unrecovered strain was generated both in the tensile loading of martensite 

at -90 ÁC (Fig. 16a, g) and austenite at 150 ÁC (Fig. 16c, i), and very few dislocation defects 

were observed by TEM in the wires since there was no martensitic transformation proceeding 
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under stress. It shall be noted that this was the case despite the large stress (900 MPa) and large 

strain (9 %) applied in the shape memory tests (Fig. 16a, g). This evidence shows that if the 

austenite and martensite phases do not transform under high stress, they are highly resistant to 

dislocation slip or any other source of inelastic deformation. Additionally, a significant 

unrecovered strain of 1.1 % (1.3 % without recovery of residual martensite) is generated by the 

forward and reverse martensitic transformation in the same wire at approx. 900 MPa and 

500 MPa, respectively, even though the maximum stress and strain in the loading cycle are 

comparable to the previous tests performed at -90 ÁC and 150 ÁC. The accumulated unrecovered 

strain exceeds 3 % in just 10 cycles of superelastic tensile loading at 80 ÁC and the wire fails at 

~ 900 cycles (Fig. 16h). 

 
Fig. 16. Stress-strain response of the NiTi wire in tensile tests at various temperatures: (a) -90 ÁC (b) 80 

ÁC, (c) 150 ÁC. Lattice defect observed in the microstructure (bright-field TEM micrographs) after 

deformation (d, e, f) and the cyclic stress-strain response recorded in cyclic tensile tests (g, h, i). The 

wire is heated/cooled stress-free to restore the austenite prior to the next tensile loading in the case of 

(g). Since no martensitic transformation under stress takes place in the tests (a, g) and (c,i), lattice defects 

and unrecovered strain are massively generated only in b) and h). 

Although accumulation of unrecovered strain is mainly affected by transformation stresses and 

the maximal stress in a loading path has a minor effect, overloading of superelastic NiTi alloy 

beyond the plateau strain decreases reverse transformation plateau stress (Fig. 17). The 

downward shift of reverse transformation stress is related to the extra energy needed to 










































































































