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Introduction 

 

The study relevance 

Shape memory alloys (SMAs) are one of the prominent representatives of the 

functional (smart) materials class. SMAs exhibit unique mechanical properties: the 

superelasticity effect (the ability to recover large deformations up to 10% upon 

unloading), the shape memory effect (the ability to recover large non-elastic deformations 

up to 10% upon heating), and the two-way shape memory effect (cyclic deformation up 

to 4.5% during thermal cycling in the free state). Such unusual behavior is associated with 

the SMA's experience of thermoelastic martensitic transformations [1,2]. The strain 

recovery is observed even under opposing external loads, meaning SMAs can directly 

convert thermal energy into mechanical work. Thanks to these unique properties, SMAs 

have already found wide applications in aerospace, aviation, medicine, microelectronics, 

and other industrial sectors [3–9]. The demand for SMAs in the economy is growing every 

year. According to industry forecasts, the SMA market size is projected to reach $19.8 

billion by 2027, with an average growth rate of 10.2% from 2022 to 2027 [10]. 

All applications of SMAs can be roughly divided into two groups. The first group 

includes single-actuation devices, where the required action must occur only once. Such 

devices include thermal mechanical couplings, medical stents, prostheses and clamps, 

deployment and unfolding devices used in the space industry, and others [9]. The second 

group consists of multi-action devices, where actions need to be repeated with each 

heating cycle. Such devices include sensors, thermal actuators, heat engines, and others 

[6,9,11–16]. Among the large number of SMA devices, the majority are multi-action 

drives. The use of SMAs as the working body of a drive provides several advantages, 

such as simplifying the drive's design, smooth and reliable operation, reducing the mass 

and volume of the product, and the ability to control displacement and forces by 

controlling thermal cycling modes [9,17–23]. For instance, the NiTi alloy has a specific 

work capacity of 10 J/cm3, which is 25 times higher than that of electric motors [9]. Such 

a high value is achieved due to both high developed forces (over 400 MPa) and large 
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displacements (up to 10% reversible strain). The smaller the device size, the greater the 

advantage of SMA-based drives over traditional analogs since the scaling effect almost 

does not affect the device's performance characteristics. In addition to the aforementioned 

advantages, NiTi-based SMAs also possess high wear resistance and corrosion resistance, 

allowing the use of these drives in the presence of aggressive environments (e.g., salty 

water) [9,19–22,24,25]. 

In multi-action drives, a pre-deformed working element made of SMA is connected 

to an elastic counter-body. During heating, the deformation in the SMA's working 

element is restored, leading to deformation of the counter-body, which acts as an elastic 

energy accumulator. Upon further cooling, during the direct martensitic transformation, 

the accumulated potential elastic energy is used to deform the SMA's working element 

[24–28]. Upon subsequent heating, the deformation in the SMA element is restored again, 

and the deformation of the counter-body occurs, repeating the described procedure. Thus, 

drives with working elements made of SMAs are capable of repeatedly changing 

deformation and exerting forces, i.e., performing necessary actions during thermal cycles. 

For reliable device operation, it is necessary for the drive's operating parameters 

(displacements, generated forces, temperature activation intervals) to remain unchanged 

during multiple thermal cycles. In other words, the functional properties of SMAs during 

thermal cycling through the martensitic transformation temperature range should either 

remain unchanged or undergo minimal variations that do not affect the device's 

performance characteristics. However, it is known that thermal cycling of SMAs is 

accompanied by changes in structure, an increase in defect density, resulting in changes 

in mechanical and functional properties (accumulation of plastic deformation, changes in 

the magnitude of the shape memory effect and martensitic transition temperatures). 

Changes in the properties of the working body directly affect the functional and force 

parameters of the device. Therefore, an important property of SMAs is the thermo-

mechanical stability of functional properties during thermal cycling. 

The most widely used SMAs are based on NiTi (nickel titanium). They 

demonstrate high values of recoverable strain and developed forces, possess high 

corrosion resistance and wear resistance [3–6,9,29,30]. For most applications, it is 



7 

 

 

 

necessary for the martensitic transformation temperatures of the alloy to be above room 

temperature. Transformations at such temperatures are observed in NiTi alloys with a 

chemical composition close to equiatomic. However, equiatomic NiTi alloy demonstrates 

low thermo-mechanical stability of functional properties [26,31–37]. Numerous data 

show that during multiple thermal cycles, changes occur in the NiTi-based SMAs' 

recoverable strain (the shape memory effect values) [26,38–42], generated stresses 

[3,26,41,43], martensitic transition temperatures [37,44–46], transformation stages 

[33,41,47], and significant irreversible strain accumulation [26,48–50]. Such changes are 

undesirable as they lead to changes in the geometric and force characteristics of the 

device's working body, consequently reducing the drive's operational life. Therefore, an 

urgent task for the mechanics and physics of functional shape memory materials is the 

development of effective methods to enhance the thermo-cyclic stability of functional 

properties of NiTi-based SMA alloys. 

 

Dissertation aims and tasks 

It is assumed that the variations in the NiTi alloy properties during thermal cycling 

are primarily associated with an increase in defect density. Therefore, the main methods 

to improve the stability of this alloy's properties have been those that allow increasing the 

dislocation yield strength, which would suppress or significantly slow down the process 

of defect density increase during thermal cycling. Such methods include various alloy 

strengthening techniques, such as solid-phase strengthening, dispersion strengthening, 

pre-straining, and others. However, all these methods directly affect the mechanical 

properties and thermoelastic transformations. For example, solid-phase strengthening 

through alloying NiTi alloy changes the temperatures and sequence of transitions, reduces 

the reversible strain and generated stress values, and decreases strain until failure. This 

prevents the direct use of commercial NiTi alloys in devices, leading to increased drive 

costs and limiting their application areas. Another alternative method to improve the 

stability of NiTi alloy properties during thermal cycling could be the optimization of 

temperature and stress-strain parameters of the cycle. This would allow controlling the 

change in defect density and thereby the change in functional properties of the NiTi alloy 
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during thermal cycling without altering the mechanical properties of the NiTi alloy or 

martensitic transition parameters. However, this approach to stabilizing the properties of 

NiTi alloy has not been used before, although simple physical considerations suggest its 

effectiveness. Optimization of the temperature-force characteristics of the operational 

cycle would enable the use of commercial NiTi alloys as working elements of drives, 

significantly reducing their cost and expanding their application areas. 

Thus, the aim of this study was to investigate the dependences of strain and 

generated forces values during thermal cycling of the NiTi alloy within an incomplete 

range of martensitic transition temperatures at various stresses to develop optimal 

temperature, and stress-strain parameters for the operational cycle of a NiTi alloy-based 

drive, demonstrating high stability in parameters during multiple thermal cycles. 

To achieve this goal, the following tasks needed to be addressed: 

1. Establish the relationship between the variation in defect density and the variation 

in martensitic transition temperatures during thermal cycling of the NiTi alloy in a 

stress-free state. 

2. Determine the regularities of structural changes in the NiTi alloy during multiple 

martensitic transformations through direct observations of interphase boundary 

movements in situ using a transmission electron microscope. 

3. Establish the correlation between the variations in defect density and the variations 

in martensitic transition temperatures, reversible and irreversible strain during 

thermal cycling under stress. 

4. Determine the influence of the fraction of forward and reverse transformations on 

the change in reversible and irreversible strains, as well as the work output during 

heating, during thermal cycling of the NiTi alloy under constant stress through a 

temperature range of incomplete transformations. 

5. Investigate the influence of drive parameters (stiffness of the counter-body, method 

of pre-deformation of the NiTi alloy element, pre-strain value) on the variations in 

reversible and irreversible strain, forces generated during heating, and work output 

during heating on thermal cycling of the NiTi alloy in a drive mode. 
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6. Determine the influence of the fraction of forward and reverse transformations on 

the variations in reversible and irreversible deformation, forces generated during 

heating, and work done during heating on thermal cycling of the NiTi alloy in a 

drive mode with optimal parameters. 

7. Develop a methodology for optimizing the temperature-stress-strain parameters of 

the operational cycle of a NiTi SMA drive during thermal cycling, in which 

minimal variations in the device's operational characteristics are observed, and 

validate this methodology on a prototype drive (based on no fewer than 1000 

operational cycles). 

 

Scientific novelty 

Within the dissertation framework following novel results were achieved: 

1. Impact of Isothermal Holdings: For the first time, the influence of isothermal 

holdings on the recovery of temperatures and the sequence of martensitic 

transformations in NiTi alloy subjected to thermal cycling has been investigated. It 

has been demonstrated that the effect of temperature and holding duration on the 

martensitic transition temperatures recovery is determined by recovery processes, 

which occur more intensively at higher temperatures. It has been shown that 

holdings in the martensitic state reduces defect density and leads to the recovery of 

martensitic transition temperatures. 

2. Correlation between Defect Density and Transition Temperatures: The 

correlation between the variation in defect density and martensitic transition 

temperatures has been established for the first time. It has been shown that the 

transition temperatures dependencies on defect density can be divided into a 

nonlinear segment at the initial stage of thermal cycling and a subsequent linear 

segment. It is hypothesized that the nonlinear dependence of martensitic transition 

temperatures on defect density is due to the fact that, at the initial stage of thermal 

cycling, transition temperatures are influenced not only by defect density but also 

by their distribution. 
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3. Features of Interphase Boundary Movement: The peculiarities of interphase 

boundary movement during martensitic transformation in NiTi alloy after 

annealing and after pre-deformation in the martensitic phase have been investigated 

for the first time. It has been shown that in annealed alloy, microstructural memory 

is not observed, and the sequence of appearance of martensitic crystals during 

cooling and their disappearance during heating is not opposite. It has been 

established that the dislocation structure formed as a result of deformation is stable 

during repeated transformations, hence microstructural memory is observed during 

martensitic transformations in deformed samples, and the sequence of martensitic 

crystal disappearance during heating is reverse to their sequence of appearance 

during cooling. 

4. Influence of Forward and Reverse Transitions: The influence of the fractions of 

forward and reverse transitions included in the thermal cycling interval on the 

change in functional properties of NiTi alloy during thermal cycling under stress 

or in drive mode has been established for the first time. It has been shown that 

during thermal cycling of NiTi alloy, irreversible deformation predominantly 

accumulates in the second half of the forward transition. To suppress irreversible 

deformation and stabilize properties during thermal cycling under constant stress, 

it is necessary to exclude the involvement of the second half of the forward 

transition from the temperature cycle. In the case of drive mode thermal cycling, it 

is sufficient to exclude the last 10% of the forward transition during cooling from 

the temperature interval of thermal cycling to reduce irreversible deformation by 5 

times. 

5. Effectiveness of Reducing Forward Transition: It has been established for the 

first time that reducing the fraction of the forward transition during thermal cycling 

is more effective for suppressing plastic deformation and improving the stability of 

functional properties of NiTi alloy than reducing the fraction of the reverse 

transition. This is due to the fact that defect density intensively increases during the 

forward transition, and limiting this transition fraction allows slowing down the 

process of defect accumulation during thermal cycling. During the reverse 
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transition, dislocation density decreases due to the activation of recovery processes, 

facilitating the increase in defect density during subsequent cooling. 

6. Nonlinear Relationship between Reactive Stress and Reversible Deformation: 

It has been established for the first time that the diagram "reactive stress-reversible 

deformation" is nonlinear. This is due to the fact that at high counter-body 

stiffnesses, the reactive stress increases only to the yield stress of the austenitic 

phase. 

7. Impact of Temperature Positions in the Cycle: The influence of the positions of 

maximum and minimum temperatures in the cycle relative to the martensitic 

transition temperatures on the change in functional properties of NiTi alloy during 

drive-mode thermal cycling has been established for the first time. It has been 

shown that to stabilize the properties of the alloy, it is necessary to select the 

minimum temperature to maximize the exclusion of the second half of the forward 

transition during cooling, and the maximum temperature of the cycle should be 

lower than the reverse transformation finish temperature to suppress recovery 

processes. 

8. Development of Recommendations: For the first time, recommendations have 

been developed for selecting optimal temperature, strain and stress conditions for 

thermal cycling of NiTi alloy, minimizing changes in its properties. 

9. Validation of Recommendations: The developed recommendations for selecting 

optimal temperature, deformation, and stress conditions for thermal cycling of NiTi 

alloy have been validated during the operation of a torsional drive for over 1000 

cycles. It has been shown that with the selected optimal cycle parameters, changes 

in drive characteristics are minimal compared to thermal cycling over the full range 

of transition temperatures. 

 

Theoretical and practical significance 

The theoretical significance of the study lies in the acquisition of new fundamental 

knowledge about the relationship between defect density, on one hand, and martensitic 

transition temperatures, reversible and irreversible strain, and reactive stresses values, on 
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the other hand, during thermal cycling of NiTi alloy in various modes. For the first time, 

the influence of the fractions of forward and reverse transitions realized in the thermal 

cycling interval on the variations in functional properties of NiTi alloy operating in drive 

mode has been established. The obtained results will serve as a basis for developing new 

models for describing and predicting changes in the properties of shape memory alloys 

during thermal cycling, taking into account the crucial link between the material's defect 

structure and its functional properties. Such models can be used to calculate the 

operational characteristics of drives and devices for multiple cycles. 

The practical significance of the research results lies in the development of 

recommendations for engineers designing drives based on shape memory alloys regarding 

the selection of force-displacement and temperature operating modes of devices, ensuring 

minimal changes in the functional properties of NiTi alloy, and consequently, the 

operational characteristics of devices during thermal cycling. 

 

Methods 

The experimental work involved the application of both well-established and 

proven research methods, such as differential scanning calorimetry, electrical resistivity 

measurement, transmission electron microscopy, and investigation of strain variations 

during cooling and heating under constant load. Additionally, specially developed 

research methodologies were utilized, such as the method for studying strain variation 

during thermal cycling through different fractions of the temperature interval of forward 

or reverse martensitic transformation under constant stress or in drive mode. This method 

involved interrupting the cooling or heating of the sample upon reaching a specified 

fraction of the temperature range of martensitic transformation. This approach enabled 

the derivation of dependencies of the values shape memory effects, as well as the values 

of accumulated plastic deformation during thermal cycling of NiTi alloy, on the fraction 

of the temperature interval of forward or reverse martensitic transformation. 

Within the scope of the study to determine the relationship between defect density 

and martensitic transformation temperatures, a methodology for determining dislocation 

density based on variations in resistivity was developed. 
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The reliability and validation of the results 

The results reliability is justified by the application of modern research techniques 

and equipment, the repeatability of experimental results, and the comparison of the 

obtained results with those of other foreign and domestic scientific groups. 

The results of the study were presented and discussed at various Russian and 

international conferences: 

1. The 9th European Symposium on Martensitic Transformations (ESOMAT), Saint 

Petersburg, Russia, September 09, 2012 - September 16, 2012. 

2. Conference "Shape Memory Alloys: Properties, Technologies, Prospects", 

Vitebsk, Belarus, May 26, 2014 - May 30, 2014. 

3. International Conference on Martensitic Transformations (ICOMAT 2014), 

Bilbao, Spain, July 06, 2014 - July 11, 2014. 

4. 10th European Symposium on Martensitic Transformations (ESOMAT 2015), 

Antwerp, Belgium, September 14, 2015 - September 11, 2015. 

5. XXII St. Petersburg Readings on Strength Problems, Saint Petersburg, Russia, 

April 12, 2016 - April 14, 2016. 

6. Second International Conference "Shape Memory Alloys", Saint Petersburg, 

Russia, September 19, 2016 - September 23, 2016. 

7. CIMTEC 2016 - 7th Forum on New Materials, Perugia, Italy, June 05, 2016 - June 

09, 2016. 

8. ISPMA 14 - 14th INTERNATIONAL SYMPOSIUM ON PHYSICS OF 

MATERIALS, Prague, Czech Republic, September 10, 2017 - September 15, 

2017. 

9. LVIII International Conference "Current Problems of Strength", Perm, Russia, 

May 16, 2017 - May 19, 2017. 

10. 11th European Symposium on Martensitic Transformations (ESOMAT 2018), 

Metz, France, August 26, 2018 - September 02, 2018. 

11. Third International Scientific Conference "Shape Memory Alloys", Chelyabinsk, 

Russia, August 16, 2018 - August 20, 2018. 
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12. International Scientific Conference "Current Problems of Strength", Vitebsk, 

Belarus, May 14, 2018 - May 18, 2018. 

13. International Scientific Conference "Current Problems of Strength", Brest, Belarus, 

May 27, 2018 - May 31, 2018. 

14. "Bernstein Readings 2019", Moscow, Russia, October 22, 2019 - October 25, 2019. 

15. Fourth International Conference "Shape Memory Alloys", Moscow, Russian 

Federation, September 13, 2021 - September 17, 2021. 

16. LXV International Scientific Conference "Current Problems of Strength" (2022-

CPP), Vitebsk, Belarus, May 23, 2022 - May 27, 2022. 

17. 12th European Symposium on Martensitic Transformations "ESOMAT 2022", 

Ankara, Turkey, September 04, 2022 - September 10, 2022. 

18. 14th Scientific and Technical Seminar "Bernstein Readings on Thermo-

Mechanical Treatment of Metallic Materials", Moscow, Russian Federation, 

October 24, 2022 - October 27, 2022. 

19. International Symposium "Perspective Materials and Technologies", Minsk, 

Belarus, August 21, 2023 - August 25, 2023. 

20. V International Conference "Shape Memory Alloys", Saint Petersburg, Russian 

Federation, September 27, 2023 - October 01, 2023. 

21. Third China-Russia Scientific and Technical Forum, Harbin, China, October 22, 

2023 - October 26, 2023. 

22. XXIV St. Petersburg Readings on Strength Problems and III Youth School-

Seminar "Mechanics, Chemistry, and New Materials", Saint Petersburg, Russia, 

April 23, 2024 - April 25, 2024. 

 

Publications 

The main results on the dissertation topic are presented in 33 papers, out of which 

17 are published in journals recommended by Higher Attestation Commission or cited by 

WoS, and Scopus (7 articles are published in Q1 journals according to SJR). In total, the 

author has published 61 papers, including 28 papers in refereed international and domestic 

journals indexed by Scopus, Web of Science, and RSCI. 
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tables, and a bibliography containing 160 references. The volume of the dissertation is 

181 pages. 

The first chapter is dedicated to the study of property changes in NiTi and NiFeGa 

shape memory alloys (SMAs) during thermal cycling through the martensitic 

transformation temperature interval under various conditions. It discusses the influence 

of isothermal holds on property changes in NiTi SMAs subjected to multiple thermal 

cycles through the martensitic transformation temperature interval in free state or under 

constant stress, as well as the peculiarities of martensite crystal nucleation and 

disappearance during the cooling and heating of NiTi alloy, and the relationship between 

dislocation density and martensitic transformation temperatures in NiTi SMAs. 
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The second chapter focuses on the study of property changes in NiTi SMAs 

during thermal cycling through the temperature interval of incomplete martensitic 

transformations in the free state and under constant stress. 

The third chapter addresses the influence of various factors such as the actuation 

method of the drive, stiffness of the elastic counterbody, pre-straining of the austenitic 

phase, achievable level of functionality, and relative position of the temperature cycling 

interval on property changes in NiTi SMAs when applied as the working element of 

torsional drives. 

 

Main scientific results 

• It has been established that holding the pre-thermocycled NiTi alloy (in free state or 

under constant stress) at various temperatures (both in martensitic and austenitic states), 

as well as increasing the maximum temperature in the cycle, lead to an increase in the 

martensitic transition temperatures and affect reversible and irreversible strain values. 

This is due to the recovery processes, which result in changes in the density and 

distribution of defects. Published in articles [51–54] and conference materials No. 27, 31, 

32 (Personal contribution not less than 80%). 

• A nonlinear relationship between defect density and martensitic transformation 

temperatures in NiTi alloy during multiple thermal cycles has been established. Published 

in article [55] (Personal contribution not less than 80%). 

• It has been established that in annealed NiTi alloy, the sequence of disappearance of 

martensite crystals upon heating does not correspond to the sequence of their appearance 

upon previous cooling. It has been shown that there is no microstructural memory in 

annealed NiTi alloy, i.e., the sequence of martensite crystal appearance during cooling in 

different cycles is not repeated. It is assumed that this is due to changes in the defect 

structure and distribution of internal stresses during thermal cycling. Published in articles 

[56,57] and conference materials No. 22 (Personal contribution not less than 80%). 

• The influence of the forward and reverse martensitic transformation fractions 

included in the temperature cycling interval on the variations in the alloy properties during 

cycling under constant stress or in drive mode has been established. It has been shown 
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that reducing the fraction of forward transformation reduces the accumulation of 

irreversible deformation and stabilizes the functional properties of NiTi alloy during 

cycling. Published in articles [58–61] and conference materials No. 33 (Personal 

contribution not less than 80%). 

• A nonlinear relationship between the maximum reactive stress and the recovered 

strain values during heating of NiTi alloy in drive mode has been established. It has been 

shown that at high counterbody stiffness, the increase in reactive stress ceases once its 

values reaches the yield stress of the austenitic phase. This leads to a non-monotonic 

dependence of the work output by the alloy during heating on the stiffness of the 

counterbody. The maximum work performed is observed at a stiffness of 6-10 GPa. It has 

been established that the pre-deformation method of the NiTi alloy element does not 

affect the variations in functional properties during cycling. Published in articles [62,63] 

and conference materials No. 24-26, 30 (Personal contribution not less than 80%). 

• The influence of the positions of the minimum and maximum cycle temperatures 

relative to the martensitic transition temperatures on the variations in functional 

properties and accumulation of irreversible deformation during cycling of NiTi alloy in 

drive mode has been established. The optimal position of the cycle temperatures has been 

determined, at which the work output by the alloy during heating is maximum, while the 

accumulated plastic strain and property changes during cycling are minimal. Published in 

articles [64,65] and conference materials No. 19-21, 23 (Personal contribution not less 

than 80%). 

• It has been shown that despite the good stability of functional properties during 

thermal cycling, single crystals of NiFeGa alloy demonstrate useful work 10 times less 

than NiTi-based alloys, making their use as the working element of power drives 

inefficient. Published in articles [66–68] and conference materials No. 28, 29 (Personal 

contribution not less than 80%). 

 

Thesis statements for dissertation defense 

1. The principle of optimizing temperature cycling conditions for elements made of 

NiTi-based alloys to enhance the stability of martensitic transformation temperatures and 
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functional properties, which stipulates that the maximum and minimum cycle 

temperatures should fall within the ranges of reverse and forward transformations. 

2. Dependences of reversible strain and irreversible strain values on cycle number 

during cycling within incomplete ranges of martensitic transformations, indicating that 

the stability of stress-strain characteristics of the drive improves with decreasing fractions 

of forward and reverse transformations. 

3. The non-monotonic dependence of work output during heating on the stiffness of 

the counter body, exhibiting a maximum at a stiffness of 6-10 GPa, resulting from the 

nonlinear relationship between generated stresses and reversible deformation on one 

hand, and resistance stiffness on the other. 

4. Variations in martensitic transformation temperatures during cycling are 

determined not only by an increase in the defects density in the crystal structure, 

determined by resistivity, but also by the stress acting in the cycle. 

5. Direct observations using an electron microscope revealed a disruption in the 

sequence of martensite crystal formation and disappearance during cycling, and the 

absence of microstructural memory in the NiTi alloy. 

6. The phenomenon of martensitic transformation temperature recovery during 

isothermal holding after cycling. 
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Chapter 1. Relationship between defect density and 

functional properties of NiTi alloy during thermal cycling 

1.1. Relationship between variation in defect density and parameters of 

martensitic transitions during thermal cycling without external load 

 

References [69, 70] were among the first to note that martensitic transformations 

(MT) in shape memory alloys are accompanied by irreversible processes related to plastic 

relaxation of internal local stresses arising during transformation. In [71], it is suggested 

that an increase in defect density, which serves as a source of internal stresses, leads to 

variation in the kinetics of MT in the alloy, shifts in transformation temperatures, and 

changes in transformation staginess [3, 26, 48, 72–78]. The increase in defect density 

during direct transformation is associated with stress accommodation caused by the 

incompatibility of the austenitic and martensitic phase crystal lattices [35, 79, 80].  

Changes in the martensitic transformations’ kinetics (values of MT temperatures, 

transformation staginess, transformation type) depend on the alloy composition and type 

of martensitic transition. For example, in the Cu-Zn-Al system, the Ms temperature (start 

temperature of forward transformation) decreases if the DO3→18R transition occurs 

during thermal cycling and increases if the B2→9R transition takes place [81–83]. In Ti-

Ni-Cu [76], Ti-Ni-Hf [84], and Ti-Ni-Cu-Hf [85] alloys, MT temperatures decrease with 

an increase in the number of thermal cycles, as in the binary NiTi alloy. In the Ni-Mn-Ga 

alloy system, MT temperatures depend non-monotonically on the number of thermal 

cycles: at the beginning of thermal cycling, MT temperatures decrease, but after the 

hundredth cycle, MT temperatures increase [86]. 

Among the wide class of shape memory alloys, NiTi-based alloys are most widely 

demanded by industry due to their good combination of functional and operational 

properties. In the high-temperature (austenitic) state, the NiTi alloy exists in a cubic B2 

phase, ordered according to the CsCl type [3]. Upon cooling, the martensitic monoclinic 

B19′ phase is formed directly from the B2 phase or through the formation of an 
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intermediate R-phase [3, 37, 41, 45, 87, 88]. The martensitic R-phase has a rhombohedral 

structure [89]. The transformation from B2 to B19′ is accompanied by significant lattice 

deformation incompatibility [3], leading to the emergence of high local stresses at the 

phase boundary. Relaxation of these stresses leads to the accumulation of plastic 

deformation and irreversible changes in the martensitic transformations’ kinetics in each 

thermal cycle.  

One of the early studies dedicated to examining the influence of multiple thermal 

cycles on the kinetics of martensitic transformations in NiTi alloys with varying nickel 

concentrations from 49.8 to 51.6 at.%, was the work [37]. It was shown that with an 

increase in the number of cycles, the temperature range of transformations shifts towards 

lower temperatures. The authors of this study hypothesized that the main cause of this 

behavior was microplastic deformation occurring during transformation, due to the large 

stresses created by growing martensite crystals. Microplastic deformation, in turn, leads 

to an increase in dislocation density, resulting in a decrease in transformation 

temperatures. Additionally, not only do transformation temperatures decrease, but their 

sequence can also change. For instance, in annealed Ni50Ti50 alloy, cooling leads to a 

B2→B19′ transformation. After a certain number of thermal cycles, a multi-stage 

B2→R→B19′ transformation is observed during cooling [45, 47, 48, 90]. This is because 

during thermal cycling, the defect density increases non-uniformly, leading to the 

formation of heterogeneous fields of internal stresses. In regions with high internal 

stresses, the transformation from the B2 phase to the B19′ phase occurs with the formation 

of the R-phase during cooling, thus altering the sequence of transformations. 

Therefore, existing understandings of the variations in NiTi alloy properties during 

thermal cycling are solely attributed to changes in defect density. However, there are only 

a few studies that directly examined dislocation densities in NiTi alloy before and after 

thermal cycling using direct methods [37, 48, 91]. These studies revealed that the 

dislocation density in NiTi alloy increases. Nevertheless, the investigations were not 

conducted on a single sample subjected to thermal cycling and examined for defect 

density before and after cycling, but on several samples subjected to different numbers of 

thermal cycles. Moreover, it is known that the dislocation density changes non-uniformly, 
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and the fact that changes in dislocation density were detected in some very small areas of 

the sample does not allow us to definitively correlate the changes in martensitic transition 

parameters with an increase in defect density. Without understanding the relationships 

between defect density changes and changes in martensitic transition parameters, it is 

impossible to develop methods to improve the stability of alloy functional properties 

during thermal cycling. Therefore, one of the important tasks of this dissertation was to 

establish the relationship between changes in defect density and changes in martensitic 

transition temperatures during thermal cycling of NiTi alloy in the free state (without 

stress) and direct observations (in situ) of interphase boundary movement during direct 

martensitic transitions in NiTi alloy in an electron microscope column. The results of 

these studies are presented in section 1.1 and published in works [52–57]. 
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1.1.1. The Influence of Isothermal Holdings Between Thermal Cycles on the 

Recovery of Martensitic Transformation Temperatures in NiTi Alloy 

 

If the variation in functional properties of the NiTi alloy during thermal cycling is 

due to variations in defect density, then it can be assumed that reducing the defect density 

will lead to the recovery of the martensitic transformations’ kinetics (temperatures and 

sequence of martensitic transformations). Defect density reduction in the thermally 

cycled alloy can be achieved through isothermal holdings at temperatures above 100°C, 

where dislocation structure annihilation and redistribution will occur [92]. Obviously, the 

higher the holding temperature, the more intensively the defect density decreases, which 

should affect the MT parameters. To investigate this issue, the influence of holding 

temperature on the change in temperatures and sequence of martensitic transformations 

in NiTi alloy subjected to preliminary thermal cycling was studied. 

The research was conducted on wire samples of Ni50Ti50 alloy (d = 0.5 mm), water-

quenched from 700°C, and annealed at 500°C for two hours. After annealing, the alloy 

underwent the B2→B19′ martensitic transformation upon cooling (Ms = 64°C and Mf = 

48°C) and the B19′→B2 transformation upon heating (As = 84°C and Af = 98°C). The 

samples underwent twenty thermal cycles in the temperature range of 200°C to 0°C with 

a cooling/heating rate of 7°C/min. After preliminary thermal cycling, the samples were 

held at a constant temperature from 100°C to 300°C for 60 minutes and subjected to one 

thermal cycle to compare the MT temperatures before and after holding. During thermal 

cycling and after holding, electrical resistivity was measured (using the four-probe 

method), from which the temperatures and type of martensitic transformation were 

determined, and the defect density variation during holding was assessed. 

Figure 1 shows the dependencies of electrical resistivity on temperature obtained 

in the NiTi alloy in the first and twentieth thermal cycles in the temperature range of 

200÷0°C. It can be seen that in the first thermal cycle, an anomalous decrease in electrical 

resistivity is observed during cooling on curve ρ(T), and during heating, an anomalous 

increase in resistivity is observed, associated with the B2↔B19′ martensitic 

transformation [33, 90, 93, 94]. In the twentieth thermal cycle, a peak is observed on 
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curve ρ(T) during cooling, indicating a change in the transformation sequence from 

B2→B19′ (in the first cycle) to B2→R→B19′ (in the twentieth cycle), which is in good 

agreement with the data [47, 57]. The R-phase has a higher electrical resistivity compared 

to the B2 and B19′ phases, so during the B2→R transformation, electrical resistivity 

sharply increases, while the R→B19′ transformation leads to a sharp decrease in 

resistivity [37, 93, 95, 96]. The characteristic transformation temperatures were 

determined from the ρ(T) curves as points of intersection of tangent lines (Figure 1), 

where TB2-R is the start temperature of the B2→R transformation, Mf is the finish 

temperature of the direct martensitic transformation, and As, Af are the start and finish 

temperatures of the reverse martensitic transformation (in the twentieth thermal cycle: 

TB2-R = 58°C, Mf = 34°C, As = 76°C, Af = 84°C). Over twenty thermal cycles, 

transformation temperatures decreased, and electrical resistivity increased (the ρ(T) curve 

shifted towards higher electrical resistivity values). It is assumed that both phenomena 

are caused by an increase in defect density [34, 37, 46, 47]. 

 

Figure 1 Dependencies of the resistivity on temperature obtained in the NiTi alloy 

during the first and twentieth thermal cycles in the temperature range from 200°C to 

0°C. 

 

In Figure 2a, the dependencies of resistivity on temperature obtained in the 

twentieth thermal cycle and after isothermal holding at a temperature of 300°C for 60 

minutes are shown. It can be observed that the holding leads to a decrease in the resistivity 

of the alloy, a shift of anomalies on the resistivity curve to higher temperatures, and a 
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reduction in the peak caused by the formation of the R-phase. Figure 2b illustrates the 

variation in 

  

Figure 2. The dependencies of the resistivity on temperature obtained in the NiTi alloy 

after the twentieth thermal cycle and after a hold at 300°C for 60 minutes (a), and the 

variations in electrical resistivity in the austenitic state after holds at 120°C (b). 

 

the resistivity measured in the austenitic state after holding at a temperature of 120°C 

decreased. If the holding temperature exceeded 200°C, the resistivity decreased after the 

holds, while if the holding temperature was below 200°C, the resistivity increased, similar 

to the behavior observed during thermal cycling without intermediate holds. The higher 

the holding temperature, the greater the reduction in resistivity. For instance, after one-

hour holding at 200°C, the resistivity changed by -0.05 µΩcm, whereas after holding at 

300°C, the change was -0.45 µΩcm. 

On Figure 3, the variations in temperatures TB2-R, Mf, As, Af measured in the 

thermal cycle after isothermal holding at various temperatures for 1 hour are shown 

compared to the temperatures in the 20th thermal cycle. It can be observed that after 

holding at temperatures below 200°C (the maximum temperature reached in the 20th 

thermal cycle), transformation temperatures decreased. This indicates that holding at 

100°C and 150°C has no effect on the subsequent cycle's transition temperature 

variations. The temperatures continued to decrease, similar to before the holding. If the 

holding temperature exceeded 200°C, then the transformation temperatures increased 

compared to those in the 20th cycle. 
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In equiatomic NiTi alloy, the R-phase forms during cooling under conditions of 

existence of areas of the alloy with high internal stresses, which are created by defects 

arising during thermal cycling. Thus, it can be assumed that the volume fraction of the 

alloy undergoing B2→R transformation correlates with the defect density on one side and 

with the peak height on the ρ(T) curve on the other side. The change in peak height was 

calculated as ΔRh = (Rh1 - Rh0)/Rh0×100%, where Rh1 is the peak height measured on the 

ρ(T) curve immediately after holding, and Rh0 is the peak height measured in the 20th 

thermal cycle (before holding). The dependence of ΔRh on the holding temperature is 

shown in Figure 4b. It can be seen that the peak height of the resistivity curve remains 

unchanged if the holding temperature is below 200°C, and it decreases if the holding 

occurs at temperatures above 200°C. Thus, the data on the variation in peak height on the 

ρ(T) curve indirectly confirm the fact that holding at temperatures above 200°C reduces 

the defect density and restores the parameters of the martensitic transition. 

  

  

Figure 3. Variations in transformation temperatures TB2-R (a), Mf (b), As (c), Af (d) after 

a 1-hour hold compared to temperatures in the 20th cycle, at various hold temperatures. 
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Figure 4. Variations in the peak height on the resistivity-temperature (ρ(T)) curve due 

to the B2→R transformation, depending on the temperature of the 1-hour holding. 

 

Thus, the research results indicate that post-cycling holding of the sample at 

temperatures exceeding the maximum temperature in the cycle leads to an increase in 

transformation temperatures, a decrease in the absolute value of resistivity, and a 

reduction in the peak height on the ρ(T) curve. If the holding temperature was lower than 

the maximum temperature during preliminary cycling, no variations in properties were 

observed. Since defects appear during preliminary cycling in the temperature range from 

200 to 0°C, it is logical to assume that they are characterized by a stable configuration 

and distribution that does not change upon heating to 200°C. In this case, holding at 

temperatures below 200°C does not affect the defect density and their distribution, and 

therefore, the alloy properties remain unchanged. If the holding temperature exceeds 

200°C, the defects become unstable, their density decreases, as evidenced by the decrease 

in the overall resistivity level, and their distribution changes, which partially restores the 

alloy properties. The higher the holding temperature, the more intense the recovery 

processes, the greater the decrease in defect density, and the more intensive the restoration 

of alloy properties. Thus, the study results demonstrated a direct correlation between 

defect density and martensitic transition temperatures. Moreover, it was established that 

the properties of NiTi alloy can be restored by holding at temperatures above the 

maximum temperature in the cycle, which can be applied to already operating devices. 

Recovery processes in metals are thermoactivated, and their intensity depends on 

the holding temperature. The lower the holding temperature, the lower the intensity of 
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recovery processes, but this does not mean their complete cessation. Holding at low 

temperatures for one hour does not result in the restoration of martensitic transformation 

temperatures. However, it is possible that longer holding durations may influence the 

defect distribution and, consequently, the kinetics of martensitic transformations in the 

NiTi alloy. 

To test this hypothesis, we conducted a study on the effect of holdings at room 

temperature on the kinetics of martensitic transformations in the same NiTi alloy 

previously examined at high holding temperatures. Samples underwent thermal cycling 

in the temperature range from 140°C to 0°C at a cooling/heating rate of 7°C/min. After 

the 5th, 10th, and 15th thermal cycles, the samples were held at room temperature. The 

duration of holding was 15 hours after the 5th and 15th cycles and 85 hours after the 10th 

cycle. The dependencies of martensitic transformation temperatures on the cycle number 

are shown in Figure 5. It can be observed that all transformation temperatures decrease  

during thermal cycling. Holding after the 5th cycle did not have a noticeable effect on the 

change in transformation temperatures. Holding after the 10th and 15th cycles led to an 

increase in transformation temperatures measured in the cycles following the holding 

(highlighted by open symbols in Figure 5). Subsequent thermal cycling of the samples 

after holding resulted in a decrease in transformation temperatures to "normal" values 

  

Figure 5. Dependencies of direct (a) and reverse (b) martensitic transformation 

temperatures on the number of thermal cycles obtained during thermal cycling of the 

NiTi alloy. 
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(within 2-3 cycles) that would be expected in the alloy if no holding had been performed 

(indicated by the solid line). 

Deviations of transformation temperatures TR, Mf, As, measured immediately after 

annealing, from the normal values of martensitic transformation temperatures (lines), are 

presented in Table 1. 

 

Table 1. Changes in transformation temperatures and resistivity during holdings at room 

temperature of NiTi alloy subjected to thermal cycling in the range of 140÷0°C. N - 

number of cycles before holding; t - duration of holding. 

 

N t, h ΔTR, °C ΔMf, °C Δρ20, % ΔAs, °C ΔAf, °C Δρ120, % 

5 15 0 0 -0,12 0 -0.5 0 

10 85 1,5 2,5 -0,34 0 0 -0,12 

15 15 1,5 3 -0,41 0.5 1.5 -0,28 

 

It can be observed that the variation in transformation temperatures for direct 

transformation is greater than for reverse transformation. It was found that the variation 

in transformation temperatures was maximal during holding after the 15th cycle, despite 

the fact that the holding after the 10th cycle was 5.5 times longer in duration than after 

the 15th cycle. Thus, increasing the holding time from 15 to 85 hours does not affect the 

variation in transformation temperatures, emphasizing the importance of the initial defect 

density before holding. 

To assess the variation in defect density during thermal cycling, the variation in 

resistivity at constant temperatures of 20°C (martensite) and 120°C (austenite) was 

measured. The resistance dependence on the cycle number is shown in Figure 6. Holding 

the sample at room temperature leads to a decrease in electrical resistivity in the 

subsequent cycle (open symbols in Figure 2). The reduction in resistivity after holding is 

presented in Table 1. It was found that the higher the number of cycles preceding holding, 

the greater the reduction in resistivity after holding. For instance, the variation in 

resistivity (Δρ20) is -0.34% when holding at room temperature occurs after the tenth 

cycle, and -0.41% after the fifteenth cycle, despite the longer holding duration of 85 hours 

after the tenth cycle compared to only 15 hours after the fifteenth cycle. Thus, the 
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presented data demonstrate that holding at room temperature of NiTi alloy, which has 

undergone prior thermal cycling, leads to an increase in martensitic transformation 

temperatures and a decrease in resistivity, consistent with previous findings [97], where 

authors observed the recovery of transformation temperatures in NiTi alloy after holding 

at room temperature for two days. It is established that the initial defect density, rather 

than the duration of holding, is important. The higher the defect density, the more unstable 

the state of the alloy, leading to more intensive recovery processes during holding. 

Defects density can increase not only through thermal cycling within the range of 

martensitic transformations but also through active deformation in the martensitic state. 

Moreover, the increase in defect density during active deformation is greater than during 

thermal cycling, so it can be expected that structure relaxation during holding after active 

deformation of the TiNi alloy will be more intensive. To test this hypothesis, resistivity 

measurements were conducted after holding for 20 hours on samples of NiTi alloy pre-

deformed to 10, 20, and 30% at room temperature (in the martensite state). It was found 

that even in the sample deformed to 30%, the resistivity value did not change and 

remained close to the resistance value measured immediately after deformation (Figure 

7). This indicates that the defect structure formed during active deformation and during 

thermal cycling is different. The defect structure formed during thermal cycling is 

unstable and changes during holding. The defect structure formed during active straining 

is stable and does not change during holding at low temperatures. This difference may be 

  

Figure 6. Variations in resistivity change, measured at 20°C (a) and 120°C (b), as a 

function of cycle number, obtained during thermal cycling of NiTi alloy. 
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related to the fact that during thermal cycling, dislocations form in the austenitic phase 

since its dislocation limit is lower than in the martensitic phase. 

 

Figure 7. Variations in resistivity in the NiTi alloy during 20-hour holding at room 

temperature after pre-deformation to 10, 20, or 30% in the martensite state. 

 

The martensitic phase only inherits the dislocation structure of the austenite [48,98,99], 

so in it, these dislocations are "unnatural." This leads to the formation of high stresses, 

the relaxation of which during holding, for example, through dislocation splitting, leads 

to properties restoration. During active deformation in the martensite state, dislocations 

arise in the martensitic phase, they are stable, and their structure and density do not change 

during holding at room temperature. 

Thus, the results of the study on the effect of isothermal holding on the kinetics of 

martensitic transformations in the NiTi alloy have shown that there is a clear connection 

between the defect density and the parameters of martensitic transformations (the values 

of transformation temperatures and transformation stages). An increase in defect density 

due to thermal cycling leads to a decrease in transformation temperatures and the 

appearance of volumes of material undergoing B2→R transformation, while a decrease 

in defect density during holding leads to an increase (recovery) in transformation 
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temperatures and a decrease in the proportion of material undergoing B2→R 

transformation. 
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1.1.2. The Influence of the Upper Temperature on the Reversible Change in the 

Kinetics of Multistage Transformations in NiTi Alloy during Thermal Cycling 

 

Section 1.1 has shown that holding the NiTi alloy leads to a partial recovery of the 

martensitic transition parameters. It has been established that property recovery occurs 

even with holding at room temperature, where the alloy is in a martensite state. Thus, it 

has been demonstrated that the recovery processes take place at both low and high 

temperatures. This indicates that the recovery processes occur not only during holding 

but also during heating. In this case, the maximum temperature in the cycle should 

influence the property changes during thermal cycling. To investigate this issue, the study 

examined the influence of the upper temperature of the cycle on the parameters of the 

martensitic transition in NiTi alloy samples subjected to thermocycling in the same 

interval. 

Ni50Ti50 alloy samples, annealed at 500°C for 1 hour, underwent 30 thermocycles in 

the temperature range of 120°C to 20°C using a Mettler Toledo 822e differential scanning 

calorimeter (DSC) at a heating/cooling rate of 10°C/min. The DSC results showed that in 

the first cycle, the alloy underwent B2 ↔ B19' transformation upon cooling (Ms = 64°C, 

Mf = 56°C) and B19' → B2 transformation upon heating (As = 84°C, Af = 97°C). After 

30 thermocycles, a four-stage martensitic transformation during cooling and a two-stage 

reverse transformation during heating were observed (Figure 8). During cooling, the 

peaks were labeled A, B, C, D, and during heating, they were labeled E and F. To 

determine the nature of these peaks, cycles in the incomplete martensitic transformation 

range were performed according to the method described in [47]. It was found that peak 

A is due to the B2 → R transformation, peak B to the B2 → B19'1 transformation, peak 

C to the B2 → B19'2 transformation, and peak D to the R → B19'3 transition. Thus, during 

cooling at high temperatures, a portion of the alloy transitions to the R phase (peak A). 

The remaining untransformed austenite transitions to the B19' phase at different 

temperatures (peaks B and C). At even lower temperatures, the R phase transitions to the 

B19' phase (peak D). During heating, peak E is caused by the B19' → B2 transformation 

in areas where the B19' phase appeared upon cooling directly from austenite, and peak F 
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is caused by the B19' → B2 transformation in areas where the B19' phase appeared upon 

cooling from the R phase. Such multistage transformation indicates that thermocycling 

leads to non-uniform changes in defect density throughout the volume of the alloy, which 

is the cause of non-uniform distribution of local stresses, which in turn affect the type and 

temperatures of martensitic transitions. 

  

Figure 8. DSC curves obtained during cooling (a) and heating (b) in the first and 

thirtieth thermocycles in the temperature range of 120°C to 20°C. 

  
After 30 thermocycles, the sample was subjected to thermocycling in the 

temperature range of 20°C to Th (maximum temperature during heating), where the 

temperature Th varied from 100°C to 240°C. Figure 9 shows the calorimetric curves 

obtained in cycles where the value of Th was less than 240°C. It can be observed that 

increasing the maximum temperature in the cycle does not affect the number of peaks 

either during cooling or heating. However, there is an increase in the temperatures of 

martensitic transitions and a redistribution of intensities between the calorimetric peaks. 

It is evident from Figure 9 that increasing Th from 100°C to 240°C leads to an increase in 

the intensity of peaks B, C, and E. 

 



39 

 

 

 

  

Figure 9. Evolution of calorimetric curves obtained during cooling from different initial 

temperatures (a) and subsequent heating (b) of the NiTi sample subjected to 30 

thermocycles. The numbers on the right represent the values of the Th temperature. 

 

To determine the parameters of each peak, Origin Pro Peak Analyzer software was 

used. This software allows for the iterative separation of the contribution of each peak, 

determining their positions, widths, and areas. This procedure was applied to determine 

the contribution of each peak by fitting the peaks with a Lorentzian function (Figure 10). 

The enthalpy of the peaks was calculated as the area under the corresponding peak.  

 

Figure 10. Example of peak separation using Origin Pro Peak Analyzer software. The 

green lines represent calculated peaks, the red envelope line is equal to the sum of the 

green curves, and the black line represents the experimental curve. 

 

In Figure 11a, dependencies of enthalpy on the Th temperature for each of the peaks 

observed during cooling are presented. It can be seen that with an increase in the Th 

temperature, the enthalpy of peaks B and C increased, while the enthalpy of peaks A and 

D decreased. Since the enthalpy value depends on the volume fraction of the alloy 

undergoing phase transformation, it can be concluded that the change in Th temperature 
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leads to a redistribution of volumes of material experiencing different phase 

transformations. Since peaks A and D are caused by transformations in volumes with high 

internal stresses, and their intensity decreased, this indicates that the proportion of such 

areas decreased due to a decrease in defect density. This assumption is supported by the 

increase in peak temperatures with increasing Th, which is associated with a decrease in 

defect density (Figure 11b). 

 

  

Figure 11. Dependencies of enthalpy of peaks A, B, C, D on the Th temperature (a) and 

dependencies of peak temperatures A, B, C, D on the Th temperature (b). 

 

If the variations in the kinetics of martensitic transformations, observed in this study, 

is a result of decreasing defect density, then this process should be irreversible. However, 

Figure 12 presents DSC data obtained during cooling in three consecutive cycles: in the 

first cycle, the sample was cooled from 200°C to 20°C and then heated to 200°C, after 

which the sample was cooled again to 20°C. In the second cycle, cooling occurred from 

100°C to 20°C, and heating - up to 100°C, after which the sample was cooled again to 

20°C. In the third cycle, the sample was cooled from 200°C to 20°C and then heated to 

200°C. Thus, the first and third cycles had the same conditions and were separated by a 

cycle where the Th temperature was 100°C. It can be seen in Figure 12 that both DSC 

curves obtained in the first and third cycles are identical, despite the fact that between 

these cycles the sample underwent a cycle with a Th temperature of 100°C. Thus, it is 

found that the change in the kinetics of martensitic transformations with a change in the 

Th temperature is reversible. It can be assumed that the defect density decreases upon 
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heating to 200°C and increases upon cooling through the forward transformation interval. 

Heating to a temperature of 100°C did not lead to a decrease in dislocation density, so 

significant changes in the kinetics of martensitic transformations were observed upon 

cooling from this temperature. Subsequent heating to 200°C led to the annihilation of 

defects formed in the previous cycle with Th equal to 100°C, so upon cooling, the same 

peaks were observed as during the first cooling from 200°C.  

 

 

Figure 12. DSC curves obtained in three consecutive thermal cycles with different values 

of Th 

 

Thus, heating to higher temperatures leads to the annihilation of dislocation structures 

with high density formed during the previous thermal cycling. Subsequent cooling results 

in a reduction in the volume of material undergoing B2→R→B19' transformations, hence 

the redistribution of released heat among the four calorimetric peaks. The change in the 

MT kinetics was repeatable and determined only by the value of Th. That is, one cooling 

cycle was sufficient to increase the defect density to its previous level (Figure 12). 

Therefore, during the devices operation, such as sensors, based on NiTi shape memory 

alloys, brief heating above the normal operating temperature can lead to significant 

changes in their operating conditions, which must be taken into account in their design. 
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1.1.3. Relationship between variation in defect density and parameters of 

martensitic transformations in NiTi alloys during thermocycling 

 

In section 1.1.1, it is shown that there is a clear relationship between variation in 

defect density and temperatures of martensitic transformations. However, the regularities 

of this relationship are not established. This is due to the complexity of estimating changes 

in defect density during thermocycling. Defect density can be estimated based on the 

broadening of peaks in X-ray diffraction patterns or directly from images obtained in a 

transmission electron microscope. However, both of these methods are not applicable to 

NiTi alloys with equiatomic composition, which are in the martensitic phase at room 

temperature. B19′ martensite exhibits numerous reflections in a narrow range of angles 

in X-ray diffraction patterns, leading to peak overlap and complicating the measurement 

of peak broadening [3]. Observing dislocations in the martensitic phase using 

transmission electron microscopy is also challenging due to the complex contrast 

provided by the martensitic phase [80]. Pelton et al. [48] estimated changes in defect 

density during thermocycling in a Ti-50.5Ni alloy, which is in the austenite phase at room 

temperature, simplifying the assessment of changes in defect density. It was shown that 

the defect density in the Ti-50.5Ni alloy increased from 1012 to 1013 m-2 during the first 

thermocycle and further increased to 5×1014 m-2 over the next hundred thermocycles. 

However, these data cannot be used to assess variation in defect density in equiatomic 

NiTi alloys, as demonstrated in numerous studies [33,37,41,100], where it has been 

shown that property changes during thermocycling depend on the alloy composition. X-

ray diffraction patterns or TEM images can be obtained at higher temperatures where 

equiatomic NiTi alloy is in the austenitic phase. To achieve this, samples are heated to 

the needed temperature and held at this temperature for about an hour while X-ray 

diffraction patterns are recorded. However, as shown in previous sections, heating and 

holding lead to a restructuring of the defect structure, so the defect density will change 

during the measurement process. 

This problem can be solved by estimating changes in defect density based on 

changes in resistivity. According to Matthiessen's rule, the resistivity of an alloy is equal 
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to the sum of resistances caused by various sources, including phonons, dislocations, 

point defects, grain boundaries, etc. [101]. Currently, there is no data regarding the change 

in the proportion of grain boundaries and the concentration of point defects during 

thermocycling of shape memory alloys, so it can be assumed that the main change in 

resistivity observed during thermocycling is associated with an increase in dislocation 

density [37,48]. The resistivity caused by an increase in dislocation density can be 

estimated as d=*D, where ΔD is the change in dislocation density, and ρ* is a 

constant [102]. Thus, the variation in resistivity measured at a constant temperature in 

each cycle can be considered as a measure of dislocation density and used to determine 

the relationship between the decrease in transformation temperatures and the increase in 

dislocation density during thermocycling of equiatomic NiTi alloys. Such studies were 

conducted in the present work. Wire samples of Ni50Ti50 alloy with a diameter of 0.5 mm 

and a length of 140 mm were quenched in water at a temperature of 700°C (for 15 

minutes) and annealed at a temperature of 500°C for 1 hour. After annealing, martensitic 

transformations from the cubic B2 phase to the monoclinic B19' phase during cooling and 

from B19' to B2 during heating were observed in the alloy.  

Thermocycling was performed in two different temperature ranges from 140°C to 

0°C and from 200°C to 0°C, as the upper temperature in the cycle may affect the changes 

in the parameters of martensitic transformations and defect density during thermocycling. 

Samples were subjected to 20 thermocycles at the selected temperature ranges in a 

Shimadzu thermal chamber, providing cooling and heating at the specified rate 

(7°C/min). During thermocycles, the resistance of the samples was measured using a four-

probe method, and the temperature was measured in the middle of the sample using a 

thermocouple. 
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In Figure 13, the dependencies of resistivity on temperature obtained in the first, 

fifth, and twentieth cycles in the temperature range from 200°C to 0°C are presented. 

Anomalies related to martensitic transformations are visible on the ρ(T) curves. With an 

increase in the number of cycles, these anomalies shifted to lower temperatures, and the 

ρ(T) curve itself shifted upwards towards higher resistivity values. In the first cycle, the 

alloy underwent B2↔B19′ transformations. After the fifth cycle, the transformation 

sequence during cooling changed from B2→B19′ to B2→R→B19′. The temperatures Mf, 

As, and Af were measured from the ρ(T) curves obtained during thermocycling, as shown 

in Figure 1, while the Ms temperature was excluded from consideration due to the change 

in transformation type during thermocycling. To assess variation in defect density, the 

resistivity at a temperature of 120°C, where the samples were in the austenitic state, was 

analyzed in each cycle. 

Figure 14 shows the dependencies of the Mf, As, and Af temperatures on the cycle 

number. It can be observed that regardless of the value of the upper thermocycling 

temperature, the transformation temperatures decreased during thermocycling (Figure 

14a,b), while the resistivity increased (Figure 14c). Comparing the data obtained during 

thermocycling in different temperature intervals demonstrates that the changes in 

transformation temperatures and resistivity during thermocycling in the temperature 

 

Figure 13. Dependencies of resistivity on temperature obtained in the first, fifth, and 

twentieth cycles during the thermocycling of the NiTi alloy in the temperature range 

from 200°C to 0°C. 
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range from 200°C to 0°C are smaller than those in the range from 140°C to 0°C, which 

is consistent with the results presented in reference [104]. 

  

 

Figure 14. Changes in transformation temperatures (a, b) and resistivity (c) during 

thermocycling in temperature intervals from 140°C to 0°C (a) and from 200°C to 0°C 

(b). 

  
The electrical resistivity of a material depends on its composition, microstructure, 

and concentration of defects such as dislocations, vacancies, impurities, and others. If the 

defect density in an alloy varies, for example, due to heat treatment or other processes, 

this can lead to a variation in resistivity. Therefore, analyzing variations in resistivity can 

provide insight into the state of the material's defect structure. Using the data presented 

in Figure 14, dependencies of transformation temperatures on resistivity were obtained, 

as shown in Figure 15. It can be observed that the dependencies of transformation 

temperatures on resistivity are not linear. This indicates that the temperatures of 

martensitic transformations nonlinearly depend on variations in defect density during 

thermocycling. 
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Figure 15. Dependencies of transformation temperatures on resistivity obtained during 

thermocycling in the temperature ranges of 140°C to 0°C (a) and from 200°C to 0°C 

(b). 

 

The variation in resistivity caused by an increase in dislocation density can be 

determined using the following expression: 

0d  −= N                (1.1) 

where ρN is the resistivity measured in the N-th cycle, and ρ₀ is the resistivity measured 

in the alloy after heat treatment before cycling [101]. At the same time, ρd = ρ* ⋅ ΔD 

[102], therefore, to estimate the defect density, it is necessary to find the coefficient ρ* as 

the ratio of ρd to the change in dislocation density D. Thus, ρ* can be determined as: 

01

01*
DD −

−
=


                 (1.2) 

where 0 and D0- are the resistivity and dislocation density measured in the sample before 

cycling, and 1, D1 are the resistivity and dislocation density measured after the first cycle, 

respectively. To demonstrate how this analysis can be used to estimate the linear 

coefficients between transformation temperatures and dislocation density, data from 

Pelton et al. [48] were used. According to [48], the dislocation density in the uncycled 

NiTi alloy is D0 = 108 cm-2, and it increases to D1 = 109 cm-2 during the first cycle. Thus, 

the value of D1–D0 is 9108 cm-2. In Figure 14c, it can be seen that 1–0 is 0.14 cm. 

Therefore, the value of * is 1.5510-6 cm3. In this case, the dislocation density in each 

cycle can be estimated as: 
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Figure 16. Dependencies of dislocation density on the cycle number, obtained using 

equation (3).  

 

In Figure 16, the variation of dislocation density with an increasing number of 

cycles is shown for temperature ranges of 140°C to 0°C and 200°C to 0°C. It can be 

observed that the increase in dislocation density during thermal cycling in the temperature 

range from 200°C to 0°C is less compared to the range from 140°C to 0°C, which 

confirms the assumption proposed by Wang et al. [104] that increasing the upper 

temperature limit of the cycle leads to a reduction in the variation of dislocation density 

due to recovery processes. 

Using the data presented in Figure 15 and the data on the variation of dislocation 

density shown in Figure 16, dependencies of the changes in transformation temperatures 

(ΔAs, ΔAf, ΔMf) on dislocation density were obtained, as depicted in Figure 17. It can be 

observed that regardless of the temperature range of thermal cycling, the dependencies of 

transition temperatures on defect density can be divided into two regions – a non-linear 

region for thermal cycling up to the 5th cycle and a linear region for thermal cycling 

starting from the 5th cycle. In the linear region, the proportionality coefficient A* was 

calculated, which equals −0.09  0.00210-8 ℃cm2 for the curves ΔMf(D) and ΔAs(D), 

and −0.125  0.00210-8 ℃cm 2 for the curve ΔAf(D) for thermal cycling in the range from 

140 to 0°C (Figure 17a), and −0.130  0.00210-8 ℃ cm2 for the curve ΔMf(D), 

−0.140  0.00210-8 ℃cm2 for the curve ΔAs(D), and −0.143  0.00210-8 ℃cm2 for the 
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curve ΔAf(D) for thermal cycling in the range from 200°C to 0°C (Figure 17b). These 

obtained data are unexpected, as they show that the rate of variation in transition 

temperatures with increasing defects density during thermal cycling in the range from 200 

to 0°C is higher than in the range from 140 to 0°C, despite the fact that the variation in 

defect density in the first range is less than in the second (Figure 17). This indicates that 

the temperatures of martensitic transition are determined not only by defect density. 

Otherwise, the rate of change in transition temperatures with increasing defect density 

would be the same. 

  

Figure 17. Dependencies of the transformation temperatures increment on dislocation 

density obtained during thermal cycling in the temperature ranges from 140°C to 0°C 

(a) and from 200°C to 0°C (b).  

 

The relationship between dislocation density and martensitic transformation 

temperatures can be determined using the equation of thermodynamic equilibrium. In the 

first cycle, direct martensitic transformation during cooling occurs when MA

eldch

→+= EEG

, where Gch is the difference in chemical free energy between austenitic and martensitic 

phases, Ed is the dissipative energy determining the transformation hysteresis, and Eel
A→M 

is the elastic energy arising from the growing martensite crystals creating elastic stress 

fields that must be overcome to advance the martensitic boundary. This energy determines 

the temperature range of martensitic transformation. The sum Ed+ Eel
A→M is referred to as 

the non-chemical Gibbs energy [46, 105]. According to McCormick and Liu [46], the 

increase in defect density during thermal cycling results in an additional contribution to 

elastic energy, which should be included in the equation of thermodynamic equilibrium. 
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Thus, in the second cycle, direct martensitic transformation during cooling occurs when 

d

el

MA

eldch EEEG ++= → , where Eel
d is the elastic energy of defects [46, 105, 106]. 

Comparing the equations of thermodynamic equilibrium formulated for the first and 

second cycles shows that if the increase in defect density contributes to thermodynamic 

equilibrium, then the value of Gch in the second cycle should be greater than the value 

of Gch in the first cycle. A greater value of Gch can be achieved by additional cooling 

of the sample, thus, martensitic transformation occurs in the second cycle at lower 

temperatures than in the first cycle. McCormick and Liu [46] demonstrated that the 

change in transformation temperatures caused by the increase in elastic energy of defects 

is given by: 

S

E
T


−=

d

el
             (1.4) 

where ΔT is the change in martensitic transformation temperatures, and ΔS is the change 

in transformation entropy. Therefore, the decrease in transformation temperatures is 

proportional to the increase in elastic energy of defects.  

Since it is assumed that the main variation in defect density is associated with the 

variation in dislocation density, let's consider the energy of an individual dislocation, 

which can be found as the sum of elastic deformation energy and the dislocation core 

energy. In [107], it is shown that the energy of the dislocation core does not exceed 10% 

of its total energy; therefore, this term can be neglected. Thus, the elastic energy of the 

dislocation can be estimated as indicated in [107]: 

0

2
d

el ln
4 r

R

K

LbG
E 




=


              (1.5) 

Where G is the shear modulus, L is the dislocation length, b is the Burgers vector, K is a 

constant equal to 1 for edge dislocations and (1−ν) for screw dislocations (ν is the 

Poisson's ratio), r0 is the dislocation core radius, and R is the cutoff radius. To estimate 

the elastic energy contributed by dislocations in metals and alloys, the following 

expression is used: 

2

2
d

el

LbG
E


             (1.6) 
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If the interaction between dislocations is not considered, then the total energy contributed 

by all dislocations, according to [108], can be estimated as:  

2

2

d

el




LbG
E       (1.7) 

where ΣL is the total dislocation length, which can be expressed as ΣL=D⋅V, where D is 

the dislocation density, and V is the volume. Thus, the expression for the elastic energy 

contributed by dislocations can be written as: 

2

2
d

el

VDbG
E


      (1.8) 

Since G, b, and V are constants, the elastic energy can be estimated as: 

DAE d

el        (1.9) 

where A = 


2

2 VbG  Using equation (4), the variation in transformation temperatures can 

be estimated as follows: 
S

DA
T




−  since ΔS is also a constant, this expression can be 

written as: 

DAT − * ,      (1.10) 

where A*= 




S

VbG

2
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According to the thermodynamic approach described in detail in [46,105,106], the 

increase in dislocation density should lead to a uniform decrease in all transformation 

temperatures. However, this contradicts the data presented in Figure 17. The difference 

in the linear coefficients A* for different transformation temperatures may be caused by 

changes in the shear modulus and Burgers vector of dislocations during the martensitic 

transformation [3]. Thus, when analyzing the thermodynamic equilibrium equations 

proposed for different transformation temperatures, it is necessary to consider that the 

elastic energy of dislocations is different for martensitic and austenitic states and depends 

on the ratio of the volume fraction of martensitic and austenitic phases. 

The decrease in transformation temperatures should linearly depend on the 

dislocation density, and this is observed experimentally starting from the fifth cycle. 

During the initial cycles, the decrease in transformation temperatures depends on the 
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dislocation density in a nonlinear manner, indicating the presence of another (or other) 

factor(s) influencing the transformation temperatures besides the dislocation density. It 

can be hypothesized that the structure (distribution) of defects may additionally affect the 

transformation temperatures. For example, it has been shown in [47,48,57] that 

thermocycling of equiatomic NiTi alloy led to changes of martensitic transformations 

type due to the non-uniform distribution of defects throughout the volume of the alloy. 

Perhaps, the complex dislocation structure may be responsible not only for the 

manifestation of multi-stage martensitic transformations but also for the additional 

shifting of transformation temperatures. Thus, the research results have shown that the 

change in dislocation density is not the sole cause of the decrease in transformation 

temperatures during thermocycling of equiatomic NiTi alloy. 
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1.1.4. Direct observations of the movement of interphase and intermartensitic 

boundaries during multiple thermal cycles in NiTi alloy in the annealed state. 

 

In the previous section, it was shown that the relationship between changes in 

martensitic transformation temperatures and dislocation density during thermal cycling 

of NiTi SMA is nonlinear. It can be assumed that additional factors influence transition 

temperatures in the initial stages of thermal cycling. To ensure the stability of NiTi alloy 

properties during thermal cycling, it is necessary for interphase boundary movement 

during reverse martensitic transformation in each cycle to follow a trajectory opposite to 

their movement during the preceding forward transformation. This ensures the complete 

reversibility of the structure after the cooling-heating cycle. 

Currently, it is believed that during cooling, martensitic crystals heterogeneously 

nucleate in the austenitic phase and grow until they encounter other crystals. A 

characteristic feature of thermoelastic martensitic transformations is that upon heating, 

the reverse transformation from martensite to austenite occurs due to the reverse 

movement of interphase boundaries. This facilitates the return of atoms to their initial 

positions, restoring the austenite structure. This assumption has been confirmed by direct 

observations of interphase boundary movement during thermal cycling of CuAlNi alloy 

using optical microscopy. Thus, the martensitic crystal that first appeared during cooling 

disappears last during heating, and vice versa. The sequence of martensite formation 

during cooling and its disappearance during heating is repeated during multiple thermal 

cycles across the transformation temperature range, showing a so-called "microstructural" 

memory. However, "reversible" processes at the microlevel may be "irreversible" at the 

nano level. Additionally, changes in dislocation density during thermal cycling may affect 

the movement of interphase boundaries during both cooling and heating. This, in turn, 

can disrupt the structure's restoration during the reverse transformation, leading to 

property changes in the subsequent cycle. 

To determine how the dislocation structure affects the formation of martensitic 

crystals during cooling and their disappearance during heating, direct (in situ) 

observations of interphase boundary movement during cooling and heating were 
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conducted using transmission electron microscopy (TEM). Foils of Ni50.2Ti49.8 alloy were 

prepared by standard methods, including electrochemical etching in a solution of 10% 

HClO4 + ethanol at -25°C and 12 mA. The prepared foil was mounted in a two-axis 

analytical holder (Gatan 652) of the "Libra 200-FE" transmission electron microscope. 

The sample was cooled and heated through the direct and reverse martensitic 

transformation temperature intervals, and images of the alloy structure at various 

temperatures were obtained in bright-field scanning transmission electron microscopy 

(BF STEM) mode. The equipment of the "Nanotechnology" Resource Center of the 

Scientific Park of St. Petersburg State University was used for the research. 

Figure 18a shows a STEM image of a grain center approximately 5 μm in size 

obtained at a temperature of 100°C, where the alloy is in the austenitic state. Dislocations 

already present in the sample, formed during foil preparation and the preliminary cycle 

(cooling during foil preparation and heating in TEM up to 100°C), can be observed. The 

dark oval contrast at the bottom of the image represents a Ti2Ni particle (EDX analysis 

results).  

During the first cooling, two large martensite plates simultaneously formed at 56°C 

in the lower left and upper right corners (Figure 18b). Upon cooling to 52°C, both 

martensitic regions expanded, with the upper part of the grain exhibiting more significant 

growth of the martensite region than the lower part (Figure 18c). This is because the Ti2Ni 

particle creates a stress field around itself, hindering the movement of the interfacial 

boundary of the lower plate, which consists of a single martensite plate composed of two 

variants. In the right part, the martensitic region contains several plates with different twin 

orientations (Figure 18c-d). Upon further cooling to 40°C, the large martensite plate in 

the left region remains unchanged in size, while in the upper right region, the martensite 

plates continue to grow  

until they come into contact with the left plate (Figure 18e). Upon further cooling to 27°C, 

the transformation completes in the central and lower right regions (to the right of the 

Ti2Ni particle) (Figure 18f).  

During subsequent heating, the reverse transformation begins at 72°C 

simultaneously in the upper, lower, and middle regions of the grain (Figure 19a). The area  
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Figure 18. BF STEM images of the NiTi alloy sample during cooling at temperatures 

100°C (a), 56°C (b), 52°C (c), 45°C (d), 40°C (e), and 27°C (f). Red lines delineate the 

boundaries between the austenite and martensite phases.  
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in the lower part of the grain transformed into martensite last during cooling; 

therefore, according to current understanding, martensite in this area should have 

disappeared first upon heating. However, martensite also disappeared in the upper and 

central parts, where it did not form in the final stage of cooling. This indicates that during 

heating, the boundaries do not move precisely backward in the same sequence as during 

cooling (see Figure 18c-e). Upon further heating, the boundaries continue to move in the 

upper and lower parts of the grain (Figure 19b). In the central part of the grain, two new 

austenite regions appear (Figure 19b, c), which merge with each other and then with the 

regions in the upper and lower parts of the grain (Figure 19d). Heating to 89°C leads to 

the complete disappearance of martensite plates in the right region, while a significant 

martensite area remains in the left part (Figure 19e), which transforms into austenite upon 

heating to 100°C (Figure 19f). Thus, the research results demonstrate that the sequence 

of martensite plate disappearance during heating is not reverse to the sequence of their 

formation during cooling. 

Figure 20 shows BF STEM images obtained during the second cooling. It can be 

observed that two martensite crystals first appeared, outlined by red lines, merging into a 

single region (the orientation of the plates is indicated at the junction in Figure 20a). The 

two crystals can be distinguished by the twinning direction inside the crystal. In the left 

and right regions, the twins have different crystallographic orientations. It should be noted 

that this region only partially overlaps with the area where martensite crystals first 

appeared during the first cooling cycle. Upon further cooling in the second cycle, both 

crystals continued to grow, and at a temperature of 52°C, half of the grain volume was 

already in the  
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Figure 19. Images obtained in BF STEM mode of NiTi alloy sample during heating at 

temperatures of 72°C (a), 78°C (b), 80°C (c), 82°C (d), 89°C (e), and 100°C (f), where the 

red line outlines the austenite/martensite boundary.  
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martensite state (Figure 20b). Further cooling was accompanied by both the growth of 

already existing crystals and the appearance of new plates (Figure 20c-e). Forward 

transformation was completed at 31°C when a large plate appeared in the upper part, 

occupying the remaining volume of the grain (Figure 20f). Thus, the order of martensite 

crystal formation during the second cooling differed from the sequence of martensite 

plates appearance during the first cooling. For example, during the first cooling, the lower 

part transformed last, while during the second cooling, the last martensite appeared in the 

upper part of the grain. This indicates the absence of microstructural memory during 

martensitic transformation in NiTi alloy. 

As noted earlier, a region with a high density of dislocations was present in the 

upper central part of the grain, indicated by the arrow in Figure 18a. Analysis of 

martensite formation near this region showed that during the first cooling, the first 

martensite appeared at a temperature of 52°C (Figure 18c), and its formation was 

completed at 40°C (Figure 18e). During the second cooling, the forward transformation 

in this area occurred between 35 and 31°C (Figure 20f). This area was not the last to form 

martensite during the first cooling cycle, nor was it the first where martensite nucleated. 

Thus, it can be concluded that regions with high defect densities neither facilitate nor 

hinder the nucleation of martensite crystals.  

The results of the study showed that in the original undeformed NiTi alloy, the 

sequences of martensite crystal appearance during cooling and their disappearance during 

heating are not preserved. Additionally, there is no microstructural memory, meaning that 

martensite crystals during cooling in the first and second cycles grow in a non-coordinated 

manner and form in different locations. However, both phenomena (disruption of the 

sequence of martensite crystal appearance during cooling and their disappearance during 

heating, and the absence of microstructural memory) can be caused by stress 

redistribution in the grain body due to changes in the distribution of defects. As shown in 

sections 1.1.1 and 1.1.2, the defect structure formed during thermal cycling is unstable, 

and recovery processes easily occur, leading to the redistribution of defects, and thus 

stresses, which can  
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Figure 20. BF STEM images obtained during the second cooling cycle of the NiTi alloy 

at temperatures of 57°C (a), 52°C (b), 45°C (c), 40°C (d), 35°C (e), and 31°C (f), with the 

red line outlining the austenite/martensite boundary. 
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affect transition temperatures. To verify this assumption, the study examined the direct 

(in situ) method of movement of phase boundaries in NiTi alloy subjected to preliminary 

stretching, which, as previously shown, forms a stable dislocation structure. 

A sample with a working part measuring 20 x 6 x 0.12 mm was deformed by 10% 

in the martensitic state (Figure 21a) on a Shimadzu AG-X testing machine equipped with 

a video extensometer for precise deformation measurement. After unloading, disks with 

a diameter of 3 mm were cut from the working part of the sample using an electrical 

discharge machine, which were used to obtain foils for TEM according to the 

methodology described earlier. The obtained foil was installed in a biaxial analytical 

holder (Gatan 652) TEM (Libra 200-FE), which allowed heating and cooling the foils in 

the electron microscope column. The foils were heated to a temperature of 150°C, cooled 

to 25°C, and heated again to 150°C. The need for heating to a temperature significantly 

higher than Af is associated with the fact that after deformation of the NiTi alloy in the 

martensitic state, the martensite stabilization effect manifests itself [112–114], resulting 

in the alloy undergoing reverse transformation at temperatures significantly higher than 

the undeformed alloy (Figure 21b). During thermal cycling, images of the alloy structure 

were obtained in BF STEM mode and the movement of phase boundaries was analyzed 

as the temperature changed. 

 

 

 

Figure 21. Stress-strain diagram obtained during stretching by 10% and unloading (a), 

and the DSC curve obtained during heating-cooling-heating of the pre-deformed NiTi 

specimen (b).  
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Figure 22. Movement of phase boundaries (shown in yellow) during the first heating of 

the NiTi sample pre-deformed by 10% in the martensitic state. 
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Figure 22 shows the evolution of the martensite structures of the pre-deformed 

sample during the first heating. At room temperature, immediately after pre-deformation, 

wide martensite plates were observed in the grain. Most of these plates had the same 

orientation (except for the area in the lower right corner), which is typical for oriented 

martensite formed as a result of deformation of NiTi samples in the martensitic state. 

Increasing the sample temperature to 128°C does not affect the sample structure, 

regardless of the fact that this temperature is 46°C higher than the start temperature of 

reverse transformation (As) in the undeformed sample. Further temperature increase to 

129°C results in a sharp transformation of the majority of the sample from martensite to 

austenite. The remaining part of the sample undergoes reverse transformation as the 

temperature increases from 129 to 139°C, with small areas of martensite remaining in the 

sample, but their volumetric fraction is low. At 150°C, the grain is completely in the 

austenite state, meaning that reverse transformation finishes upon heating to this 

temperature. 

Figure 23 shows the movement of phase boundaries during the subsequent cooling. 

At 55°C, the first martensite plate with very thin twins appears. As the temperature 

decreases to 46°C, the plate continues to grow and eventually merges with two other 

plates that appeared in the lower part of the sample. When the temperature drops to 30°C, 

martensite occupies a large part of the volume. Comparison of the alloy structure after 

deformation (25°C in Figure 22) and after heating and cooling (24°C in Figure 23) shows 

that the martensite twins’ orientation is preserved, but their thickness decreases by more 

than 10 times. 

Figure 24 illustrates the structural changes during the second heating of the sample 

pre-deformed by 10% in the martensite state. It is observed in Figure 24 that the reverse 

transformation begins at 85°C, which is 43°C lower than during the first heating. With 

further temperature increase, the volume fraction of martensite gradually decreases, 

reaching zero at temperatures above 100°C. The sequence of disappearance of crystals 

was opposite to their appearance during the previous cooling: the first martensite plate to 

disappear was the one emerging from the upper right corner (Figure 24), which was the  
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Figure 23. Movement of phase boundaries (shown in yellow) during the cooling of the 

NiTi sample, pre-deformed by 10% in the martensitic state and heated up to 150°C. 
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last to appear during cooling (Figure 23). Martensite in the upper part appeared first and 

disappeared last. 

Subsequently, the sample was cooled again to room temperature, revealing that the 

sequence of martensite crystal appearance during the second cooling was the same as 

during the first cooling, indicating that the pre-deformed sample with a stable dislocation 

structure exhibited microstructural memory. 

Thus, the results of the study demonstrate that if a stable dislocation structure is 

formed in the alloy (during active deformation), the sequence of martensite crystal 

disappearance during heating is opposite to the sequence of their appearance during 

cooling. Additionally, microstructural memory is retained in the alloy. The stable 

dislocation structure formed during deformation ensures the stability of internal stresses 

in the grain. The appearance of additional stresses during the formation and disappearance 

of martensite crystals does not affect the stable dislocation structure, hence maintaining 

microstructural memory and the sequence of crystal appearance during cooling and 

disappearance during heating. 

It is worth noting that numerous studies have shown that the stability of 

transformation temperatures is higher in pre-deformed samples, which is attributed to the 

stability of the dislocation structure formed during active deformation. In the undeformed 

alloy, the dislocation structure formed during thermal cycling is unstable and is influenced 

by stresses arising during the growth and disappearance of martensite crystals. This leads 

to the redistribution of defects, changes in internal stresses, and consequently, changes in 

transition temperatures. Thus, the study demonstrates that the redistribution of defects 

during thermal cycling is another reason for the change in transition temperatures. 

  



64 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 24. Martensite/Austenite boundaries (shown in yellow) at different temperatures 

during the second heating of the NiTi sample pre-deformed by 10% in the martensite 

state.   
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1.2. The influence of stress on the relationship between defect density 

and variation in the functional properties of NiTi alloy during thermal 

cycling under stress 

 

In section 1.1., the relationship between defect density, their distribution, and the 

variations in the martensitic transformation temperature during thermo-cycling without 

stress was established. However, in practical applications, shape memory alloys must 

demonstrate strain variation under stress. Numerous studies show that during multiple 

thermal cycles through the martensitic transformation temperature range under load, the 

temperatures of martensitic transitions change. Additionally, reversible strain varies and 

irreversible strain accumulates [26, 81, 85, 115–120]. Furthermore, it has been shown that 

variations in the functional properties of NiTi alloy depend on the stress applied during 

thermal cycling. For instance, in [26], it was demonstrated that under a stress of 37 MPa 

during thermal cycling, the plastic strain in the alloy changed by 0.2% over 27 thousand 

cycles, while under a load of 186 MPa, the plastic deformation reached 2.2% in just 800 

cycles. Thus, it is evident that the variations of defect density and functional properties 

during thermo-cycling under stress will differ from those observed without stress. 

To develop a methodology for optimizing the temperature-stress-strain cycle for 

actuators, it is necessary to study the effect of stress on the relationship between 

dislocation density and functional properties during thermal cycling, which was one of 

the tasks of this dissertation. The results of this study are presented in section 1.2. and 

published in [51, 58, 59]. 

To investigate the influence of stress on the variation in defect density and 

functional properties, wire samples of Ni50Ti50 alloy were subjected to thermal cycling 

through the martensitic transformation temperature range under stresses of 50 and 200 

MPa in the alloy. These loads were chosen so that one of them (50 MPa) was below the 

martensite reorientation limit, and the other (200 MPa) exceeded this value (the 

martensite reorientation limit for the investigated alloy was 126 MPa). This choice was 

based on the findings of [49], which showed that the variation in the properties of NiTi 
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alloy during thermal cycling under load depends on how the stress during thermal cycling 

relates to the martensite reorientation limit. 

The Ni50Ti50 alloy samples were tested in a Lloyd 30 K Plus testing machine 

equipped with a thermal chamber. The samples were heated to a temperature T1, at which 

the entire alloy was in the austenitic state, loaded to stresses of 50 or 200 MPa, and 

subjected to multiple thermal cycles under constant stress in the temperature range of 

martensitic transformation T1 ÷ T2. If the stress magnitude was 50 MPa, then T1 = 130°C, 

if it was 200 MPa, then T1 = 180°C. Regardless of the applied stress, T2 = 30°C. From 

the deformation-temperature dependencies, the values of reversible deformation and 

accumulated plastic deformation were determined (Figure 25). 

  

Figure 25. Strain-temperature dependencies obtained during cooling and heating of 

Ni50Ti50 alloy under constant stresses of 50 and 200 MPa. 

 

To assess the change in defect density, variations in resistivity were measured at -196°C 

after 5, 10, 15, 20, and 30 thermal cycles. The study analyzed changes in plastic strain, 

the shape memory effect and martensitic transition temperatures values based on the 

variations in resistivity, which served as a measure of defect density. 

Figure 26 shows the dependencies of Δρ/ρ(N) obtained during thermal cycling of 

NiTi shape memory alloy specimens under free conditions and under constant stress of 

50 and 200 MPa. It can be observed that the resistivity varies nonlinearly in all samples, 

the main changes occur at the beginning of the thermal cycling.  
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The resistivity increase during thermal cycling under constant stress was greater than 

during thermal cycling in the free state. After 30 cycles under a stress of 50 MPa, the 

resistivity increased by 58%, and by 43% during thermal cycling in the free state. With 

an increase in the applied load to 200 MPa, the resistivity increase over 30 cycles was 

86%. The increase in resistivity growth during cycling under stress compared to cycling 

in the free state is associated with the fact that during cooling under stress, the martensite 

crystals develop a preferred growth direction, reducing the possibility of elastic 

accommodation of internal stresses, and consequently increasing the defect density, 

which leads to an increase in resistivity. 

The dependencies of plastic strain on the variations in resistivity (Δρ/ρ) obtained 

during thermal cycling under constant stress of 50 MPa and 200 MPa are shown in Figure 

27. It can be seen that during cycling under a stress of 50 MPa, plastic strain increased 

linearly with increasing defect density until the value of εpl reached 2.3% (in the 15th 

cycle). With larger cycles, the slope of the dependence εpl(Δρ/ρ) increased. Apparently, 

the dislocation density reached some critical value where further dislocation 

multiplication became difficult. However, the accumulation of plastic strain continued 

due to the sliding of existing dislocations. 

.  

 

Figure 26. Dependencies of Δρ/ρ(N) obtained during thermal cycling of the Ni50Ti50 

alloy under loads of 0, 50, and 200 MPa through the martensitic transformation 

temperature range. 
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Figure 27. Dependencies of plastic strain values (εpl) on the variations in resistivity 

(Δρ/ρ) obtained during thermal cycling under constant stress of 50 MPa (a) and 200 

MPa (b). The numbers indicate the cycle number. 

  

During thermal cycling under constant stress of 200 MPa, the main increase in 

dislocation density occurs already in the first cycle, where the l resistivity increases by 

52%, and plastic deformation by 8.8%. With an increase in the number of cycles, the 

dependence of plastic strain on the variations in electrical resistivity (defect density) 

becomes linear. 

Figure 28 shows the dependencies of the recovered strain (εSM) on the change in 

electrical resistivity (Δρ/ρ) obtained during thermal cycling under constant stress of 50 

MPa and 200 MPa. In the εSM(Δρ/ρ) dependence obtained during thermal cycling under 

a constant stress of 50 MPa, two linear sections can be distinguished. For N < 15, the 

slope is 0.04% εSM per 1 percent change in resistivity, while for N > 15, this value 

increases to 0.12% per 1% increase in resistivity. Similar to plastic strain, a sharp increase 

in the recovered strain occurred after the 15th cycle (Figure 27a). 
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Figure 28. Dependencies of the recovered strain (εSM) on the change in electrical 

resistivity (Δρ/ρ) obtained during thermal cycling under constant stress of 50 MPa (a) 

and 200 MPa (b). The numbers indicate the cycle number. 

 

During thermal cycling under constant stress of 200 MPa, the dependence of 

εSM(Δρ/ρ) was nonlinear. This is attributed to the fact that by the fifth cycle, the εSM 

reached 8.2%, while the maximum theoretical strain for the B2↔B19' transformation is 

11.2%, and the maximum observed reversible strain does not exceed 10% in polycrystals. 

Thus, by the fifth cycle, most of the newly formed martensite crystals were favorably 

oriented, leading to smaller changes in εSM with further increases in dislocation density. 

  

Figure 29. Dependencies of As(N), Af(N), Ms(N), and Mf(N) during thermal cycling of 

the Ni50Ti50 alloy under a load of 50 MPa (a) and 200 MPa (b). 

  
In Figure 29, the dependencies of the strain accumulation temperatures during 

cooling (Ms, Mf) and strain recovery temperatures during heating (As, Af) are presented 

as a function of cycle number. It can be observed that during thermal cycling under a 

stress of 50 MPa, all Ms temperatures decrease with increasing thermal cycles, whereas 
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during cycling under a load of 200 MPa, As and Mf temperatures decrease, while Ms and 

Af temperatures increase. The difference in the qualitative nature of these dependencies 

indicates a fundamental change in the mechanism of the effect of the defect structure on 

the transformation temperatures. Reference [41] suggests that the increase in the Ms value 

during thermal cycles under high stress is attributed to the evolving dislocation structure, 

which promotes the nucleation of favorable martensite variants during cooling. The 

increase in Af values may be due to the damage of intermartensitic boundaries at the final 

stage of forward transformation, leading to the manifestation of the martensite 

stabilization effect (the stress of 200 MPa exceeds the values of the martensite 

reorientation limit in the NiTi alloy). Only a portion of the martensite undergoes 

reorientation. Martensitic variants with undamaged boundaries undergo transformations 

at "normal" temperatures, so they transform into austenite at low temperatures and are 

unaffected by the martensite stabilization effect. 

On Figure 30, the dependencies of the martensitic transformation temperatures on 

the change in resistivity (Δρ/ρ) are presented. The temperature Ms was not determined 

during thermal cycling in the free state due to the change in transformation sequence with 

an increase in the number of cycles (as described in section 1.1). It can be observed that 

the temperature Mf linearly decreases with increasing defect density in all cases, with the 

slope values being very close, approximately -0.16°C per 1% change in electrical 

resistivity, and independent of the applied stress (see Figure 30b). Similarly, the 

temperature As also linearly depends on the change in resistivity (defect density). 

Increasing the stress from 0 to 50 MPa does not affect the slope on the As(Δρ/ρ) curve, 

which was approximately -0.2°C per 1% change in resistivity. Increasing the stress from 

50 to 200 MPa led to a threefold increase in the slope to -0.6°C/% (see Figure 30c). The 

slope on the Af(Δρ/ρ) curve remains unchanged as the stress increases from 0 to 50 MPa 

and is approximately -0.2°C per 1% change in electrical resistivity, which is close to the 

values determined for the temperatures As and Mf. Increasing the stress from 50 to 200 

MPa results in a change in the slope sign, with temperatures increasing rather than 

decreasing with increasing defect density (see Figure 30d). The same observations apply 

to the temperature Ms (see Figure 30a). 
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Figure 30. Dependencies of Ms (a), Mf (b), As (c), Af (d) temperatures on the variations 

in resistivity (Δρ/ρ) obtained during thermal cycling of the NiTi alloy in the free state, 

under a constant load of 50 MPa, and 200 MPa. 

 

Thus, the research results have revealed patterns in the variations in defect density and 

functional properties during thermal cycling under stress. It has been demonstrated that if 

the stress during thermal cycling is below the martensite reorientation limit, the variation 

in transition temperatures follow the same patterns as in stress-free thermal cycling. 

Changes in plastic strain are minor, while reversible strain increases by 1.6% over 30 

cycles. If the stress during thermal cycling exceeds the reorientation limit, then the 

changes in transition temperatures qualitatively differ from those observed during stress-

free thermal cycling. This is due to the significant plastic strain, which increases by 41% 

over 30 cycles. The reversible strain value more than doubles, which is associated with 

the increase in internal stresses, combining with external stresses to increase effective 

stress, leading to the growth of reversible strain. In conclusion, it is advisable not to select 
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stresses above the reorientation limit during thermal cycling, as otherwise, the functional 

properties of the NiTi alloy undergo significant changes, which is undesirable for devices 

intended for repeated use. 
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1.3. Influence of isothermal holdings on reversible and irreversible 

strain in NiTi shape memory alloy. 

 

In section 1.1.1, it is shown that the holding of the NiTi alloy subjected to thermal 

cycling in the unstressed state affects the temperatures and sequence of martensitic 

transitions in the next cycle. This is due to the fact that recovery processes occur during 

the hold, resulting in changes in the distribution and density of dislocations. However, 

such changes will not only affect the parameters of martensitic transitions but also 

functional properties, such as reversible and irreversible strain. This issue has not been 

previously investigated, although the values of these quantities are important parameters 

for devices with multiple actions, as the reversible strain values affects the movement of 

the working element, and the accumulation of irreversible strain changes the geometric 

dimensions of the element. Therefore, one of the tasks of the dissertation was to 

investigate the effect of temperature and duration of holding under a load of 50 MPa on 

changes in reversible and irreversible strain. The results are published in [51]. 

Wire samples of the Ni50Ti50 alloy with a length of 120 mm and a diameter of 0.5 

mm, quenched in water from a temperature of 700°C and annealed at a temperature of 

500°C for 1 hour, were heated to 140°C, loaded to 50 MPa, and cooled to 25°C (lines 1-

2, Figure 31a). Then, they were heated to a temperature Th, which was 130°C, 160°C, or 

200°C, at which the alloy was in the austenitic state (line 2-3 in Figure 31a). The sample 

was then held at this temperature Th for 0, 15, 30, 60, or 120 minutes (lines 3-4). After 

that, the sample was cooled to 25°C and heated again to Th (lines 4-5-6). The vertical 

lines indicate the time interval of isothermal aging. 
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Figure 31. Dependencies of temperature and strain over time measured in the Ni50Ti50 

alloy using isothermal holding at a temperature of 200°C during thermal cycling (a). 

Scheme of measuring reversible (εSM) and irreversible (εpl) strains in the thermal cycle 

before (indicated as 1) and after (indicated as 2) isothermal holding (b).  

 

According to the dependencies of strain on temperature, the values of reversible 

strain were determined as the shape memory effect εSM and irreversible strain εpl, which 

represents the strain that did not return upon heating in the thermal cycle before and after 

holding, as shown in Figure 31b. The values of εSM* = ε2
SM / ε1

SM and εpl* = εpl
2 / εpl

1 were 

calculated, where the superscript 1 corresponds to the values measured before aging, and 

the subscript 2 corresponds to the values measured after aging. 

Figure 32a illustrates the dependency of εSM* on the duration of holding at different 

temperatures. It can be observed that an increase in the maximum cycle temperature, Th, 

even without aging (t=0), leads to an increase in reversible strain in the subsequent 

thermal cycle. Since no holding was performed, this increase in reversible strain is 

associated with the manifestation of the training effect. It was established that the higher 

the temperature in the cycle, the more intense the training process occurs, and the greater 

the increase in reversible strain with cycles. Thus, if the temperature Th = 130°C is 

reached in the cycle, εSM* equals 1.1, meaning that the reversible deformation measured 

in the second cycle is 1.1 times greater than in the first cycle. 
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If the maximum temperature in the cycle is 200°C, then the value of εSM* is 1.8. Similar 

effects of the maximum temperature of the thermal cycle on the values of shape memory 

effect were observed in [123]. Holding at the maximum temperature in the cycle 

additionally increases the reversible strain, and the longer the holding duration, the greater 

the increase in reversible strain in the cycle after aging compared to the cycle before 

aging. The increase in reversible strain means that in the second cycle, the volume fraction 

of oriented martensite crystals has increased. On the other hand, the increase in the 

volume fraction of oriented martensite crystals may be caused by an increase in stress. 

Since the value of external stress is constant, the increase in effective stress occurs due to 

the increase in internal stresses. However, there are no clear reasons that would lead to an 

increase in internal stresses with increasing upper temperature in the cycle. According to 

[123], increasing the maximum temperature of the thermal cycle leads to the 

intensification of relaxation processes. This is likely accompanied by a restructuring of 

the dislocation structure, leading to an increase in internal stresses; however, this requires 

further investigation. 

Figure 32b shows the dependence of the value of εpl* on the duration of holding, 

the appearance of which depends on the temperature at which the aging was conducted. 

The higher the maximum temperature of the thermal cycle, the less irreversible strain 

accumulated in the second cycle if aging between cycles was not conducted. On the other 

hand, increasing the duration of isothermal holding reduces irreversible strain if holding 

  

Figure 32. Dependencies of the values of εSM* (a) and εpl* (b) on the duration of holding, 

obtained for the Ni50Ti50 alloy. Holding was conducted at temperatures of 130°C (curve 

1), 160°C (curve 2), or 200°C (curve 3). 
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is conducted at 130°C; it does not affect irreversible strain when holding at 160°C and 

increases irreversible strain when holding was at 200°C. 

Thus, the results of the study have shown that by controlling the maximum 

temperature of the thermal cycle, the duration and temperature of intermediate holding, it 

is possible to control not only the temperatures and sequence of martensitic 

transformations, as shown in section 1.1.1, but also the values of reversible and 

irreversible strain in NiTi alloys during thermal cycling. This is achieved by controlling 

the contribution of softening to the process of increasing defect density. 
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1.4. Variations in the SMA properties during multiple thermal cycling 

in the work production cycle. 

 

During thermal cycling under constant stress, shape memory alloys (SMAs) are 

utilized in many repeated actions devices. However, in such a mode, the alloy does not 

produce useful work, as the work expended during cooling is greater than or equal to the 

work accomplished during heating. Nevertheless, SMAs can produce useful work, 

enabling their application as the working element of a thermal engine that directly 

converts thermal energy into mechanical energy, known as a martensitic engine [9,124]. 

The possibility of using SMAs for the production of such engines is based on the 

materials' ability to recover strain under opposing forces. To increase the positive work 

balance in the thermal engine's operating cycle, it is necessary to reduce the work 

expended on pre-deformation and increase the work produced during heating as a result 

of strain recovery. This can be achieved by cooling the sample under constant stress τo in 

the temperature range of forward martensitic transformation and heating it under higher 

stress τh (τh>τo) in the temperature range of reverse martensitic transformation [117,124–

127]. In [117], it is shown that the Ti-Ni-Cu alloy produces useful work exceeding 10 

MJ/m3. However, significant irreversible strain accumulates during the thermal cycling 

of the sample. For example, 30 thermal cycles of cooling under 50 MPa stress and heating 

under 300 MPa stress (in torsion mode) resulted in a 120% accumulation of plastic strain. 

The accumulation of irreversible strain negatively impacts the parameters of the thermal 

engine due to changes in the working body's characteristics, such as geometric 

dimensions and temperatures for the realization of shape memory effects, requiring 

adjustments to the thermal engine's design and preventing its use in fully automatic mode. 

In [39], to reduce plastic strain, it was proposed to use a symmetric cycle in which 

the stress applied to the sample in each even cycle would be opposite to the stress in odd 

cycles. In this case, irreversible strain would accumulate in the opposite direction in each 

cycle, resulting in less overall accumulation of residual plastic strain. It has been shown 

that the symmetric thermal cycling scheme, implemented in Ti–51.5 at.% Ni and Ti–50.0 
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at.% Ni alloys, significantly reduced the accumulation of irreversible strain while 

maintaining high performance. For instance, in the Ti–51.5 at.% Ni alloy, the amount of 

plastic strain accumulated in the sample after 30 thermal cycles in the "symmetric" 

scheme, heating under 400 MPa stress, was less than the strain accumulated after 30 

thermal cycles in the "asymmetric" scheme, heating under a load of 200 MPa. It is worth 

noting that despite the successful application of the "symmetric" working cycle to reduce 

the accumulation of irreversible strain in one direction, the use of this scheme does not 

reduce the variation in defect density during thermal cycling. Additionally, the practical 

implementation of the symmetric scheme proves challenging as it requires a mechanism 

for constantly changing the direction of the applied load. Therefore, the use of an 

asymmetric (conventional) cycle, in which the load acts in the same direction during both 

cooling and heating, remains preferable. 

Since the properties of equiatomic NiTi-based alloys vary during thermal cycling, 

and as the results of section 1.2. show, the higher the stresses, the more significant the 

property changes, it makes sense to consider using other alloys instead of NiTi-based 

ones. Recently, alloys based on Ni-Fe-Ga Heusler alloys have attracted wide attention, 

first synthesized in 2002 [128], as possible alloys exhibiting magnetic shape memory and 

possessing increased ductility compared to Ni2MnGa alloys. However, it was found that 

the reversible strain in Ni2FeGa alloys, which can be initiated by a magnetic field, is small 

due to the high value of the reorientation stress [129]. Nevertheless, it was discovered that 

these materials exhibit excellent functional properties, such as a wide temperature range 

of superelasticity, large reversible strain (up to 12% [130,131]), and high stability of 

functional properties during mechanical and thermal cycling [130,132–135]. It can be 

assumed that these alloys may be applicable as the working body of a martensitic engine 

or actuators. The functional properties of Ni-Fe-Ga-based alloys have been well studied 

[130,131,134–141], but their work production has not been investigated. To assess the 

prospects of replacing NiTi-based alloys with Ni-Fe-Ga-based alloys as power elements 

of thermal engines or actuators, the performance of single crystals of Ni2FeGa alloy was 

studied in the dissertation, as polycrystalline samples proved to be very brittle and 

unsuitable for application. The research results are published in [62–64]. 
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The study focused on single crystals of the Ni55Fe18Ga27 alloy with [001] and [011] 

orientations, grown using the Czochralski method. The samples underwent quenching at 

900°C for 20 minutes in water and annealing at 600°C for 2 hours. After this heat 

treatment, the Ni55Fe18Ga27 alloy contained a primary martensitic phase 10M and 

secondary γ phase particles (Figure 33a). The presence of 10M martensitic phase reflexes 

in the X-ray diffraction pattern obtained at room temperature indicates that the alloy 

underwent L2110M transformation. L21 cubic lattice, characteristic of Heusler alloys 

[142], transforms into a modulated tetragonal martensite [142–144] upon cooling. In 

modulated structures, unlike simple tetragonal structures, atomic positions deviate 

periodically; the number indicates the modulation period. Differential scanning 

calorimetry data (Figure 33b) determined the martensitic transition temperatures: Ms = 

50°C, Mf = 40°C, As = 53°C, and Af = 63°C. 

 

Figure 33. X-ray diffraction pattern obtained at room temperature (a) and calorimetric 

curves obtained during cooling and heating (b) of the [001] oriented single crystal of 

Ni55Fe18Ga27 after annealing at 600°C for 2 hours. [62] 

 

Before investigating the performance of these alloys, it was necessary to study their 

functional properties, which may depend on both the crystal growth method and its 

orientation. To examine the functional properties, samples sized 3x3x6 mm were cut from 

the grown crystals (using electrical discharge machining), with the long axis parallel to 

the [001] or [011] axis. Tests were conducted under compression using a "Lloyd 30k 

Plus" testing machine equipped with a reverse frame for compression, a thermal chamber, 

and a video extensometer. At room temperature, where the crystal was in the martensitic 
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state, the sample was compressed along the long axis to a certain strain value, unloaded, 

and heated to 140°C. From the ε(T) dependencies, the recovered strain (shape memory 

effect) and irreversible strain were measured, as shown in Figure 25. 

  

Figure 34. Dependencies of the shape memory effect εSM (a) and irreversible strain (εpl) 

(b) on residual strain (εres) obtained for samples of Ni55Fe18Ga27 crystals in [001] and 

[011] orientations. 

 

Comparison of dependencies of the shape memory effect and irreversible strain on 

residual strain is presented in Figure 34. It can be observed that the crystal orientation 

practically does not affect the shape of these dependencies εSM(εres). The maximum 

recoverable strain (shape memory effect) is 4.7% in [001] oriented crystals and 5% in 

[011] oriented crystals (Figure 34a). If the residual strain did not exceed 5%, the plastic 

strain was not more than 0.3%. If the residual strain exceeded 5.5%, plastic strain actively 

accumulated in the alloy, with a value exceeding 2%. Thus, it is evident that to avoid the 

accumulation of irreversible strain in the alloy, it is necessary to limit the residual strain 

to 5%. Since in this case, the orientation of the single crystal does not affect the functional 

properties, the performance evaluation was conducted on [001] oriented single crystals. 

To allow for load variation in the cycle, the performance evaluation was conducted in a 

torsional mode. 

Samples of [001] single crystal with square cross-sections sized 2×2×40 mm (long 

axis parallel to [001]) were cooled to 23°C under constant stress τcool, then loaded to 150 

MPa and heated again to 140°C, followed by unloading to τcool, and repeating the cycle. 

The stress value during cooling (τcool) was varied from 0 to 100 MPa, and heating was 

always carried out under a stress of 150 MPa, as heating under higher stress leads to active 
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accumulation of irreversible strain and premature failure of the samples. For instance, 

increasing τcool to 200 MPa during the thermal cycling of the Ni55Fe18Ga27 single crystal 

led to sample failure in the second cycle. The value of stress in the outer layer was 

estimated as 𝜏 =
𝑀

0.208∗𝑎3
, where M — the applied torque, a — the width of the sample (2 

mm). Shear strain was calculated as 𝛾 =
𝜑∗𝑎

2∗𝑙
∗ 100%, where φ — the angle of rotation, 

and l — the length of the sample.   

  

Figure 35. Deformation diagrams of [001] single crystal Ni55Fe18Ga27 obtained in 

torsion mode at temperatures of 23°C (a) (martensite state) or 140°C (b) (austenite 

state). 

 

Figure 35 depicts deformation diagrams obtained in torsion mode for a single 

crystal of Ni55Fe18Ga27 alloy with [001] orientation at temperatures of 23°C (in the 

martensite state) and 140°C (in the austenite state). It can be observed that the deformation 

curve obtained for the alloy in the martensite state exhibits a small plateau at 20 MPa 

(Figure 35a). This might be associated either with martensitic reorientation or with 

intermartensitic transformations 10M14M. The dislocation yield strength in the 

martensite state was 492 MPa, with a deformation to failure of 4%. When deforming in 

the austenite state, a plateau at 15 MPa was observed on the τ(γ) curve (Figure 35b), 

which may be related to the formation of a small volume of tetragonal martensitic phase 

under load, as noted in [134,140,145]. The dislocation yield strength at a temperature of 

140°C was 585 MPa, with a deformation to failure of 15.2%. 
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Figure 36. Strain-Temperature dependencies obtained in the first thermal cycle for a 

single crystal [001] of Ni55Fe18Ga27, cooled under constant stress of 100 MPa (a) and 

without load (b), deformed to 150 MPa and heated under stress of 150 MPa. 

 

Figure 36 depicts strain-temperature dependencies obtained in the first thermal 

cycle, where cooling was conducted under a load of 100 MPa (a) or without stress (b). 

Subsequently, the sample was loaded to 150 MPa and heated under a constant stress of 

150 MPa. In Figure 36a, it can be observed that the sample accumulated strain during 

cooling in the temperature range of the forward martensitic transformation. With an 

increase in stress from 100 to 150 MPa, the sample accumulated additional strain – γload. 

During subsequent heating, the shape memory effect was realized, and the sample 

recovered deformation - γSM. Since the recovery of deformation was not complete, 

irreversible deformation (γpl) was measured after heating and unloading to 100 MPa. If 

the sample was cooled without stress (Figure 36b), deformation upon loading occurred 

due to martensite reorientation, and then it partially recovered during heating. 
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Figure 37. Dependencies of martensitic transformation temperatures on the cycle 

number obtained for the single crystal Ni55Fe18Ga27 with [001] orientation at τcool = 100 

MPa and τheat = 150 MPa (a), and dependencies of the start temperature of the forward 

martensitic transformation (Ms) on the cycle number obtained during cooling under 

different stresses (b). 

 

Variations in the temperatures of martensitic transformations during cycling, where 

τcool = 100 MPa and τheat = 150 MPa, are shown in Figure 37a. It can be observed that all 

temperatures decrease during the first few cycles and then stabilize. Figure 37b presents 

the dependencies of the start temperatures of the forward transformation Ms on the cycle 

number obtained during cycling at different values of τcool. Increasing τcool leads to an 

increase in the Ms temperature according to the Clausius-Clapeyron equation with a 

coefficient of dMs/dτ = 0.086 °C/MPa. It has been established that, despite the different 

stress levels during cooling, the Ms temperature changes only in the first few cycles and 

then remains constant. The other temperatures of martensitic transformations vary during 

cycling similarly to the Ms temperature. Thus, during cycling, the parameters of 

martensitic transformations in single crystals of the Ni55Fe18Ga27 alloy with [001] 

orientation remain stable compared to NiTi alloys. 
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Figure 38. Dependencies of the values of γSM (a) and γpl (b) on the cycle number 

obtained during cycling of single crystals of Ni55Fe18Ga27 with [001] orientation. 

 

Figure 38a illustrates the dependencies of the values of the shape memory effect 

(γSM) on the number of cycles for various values of the cooling stress (τcool). It can be 

observed that regardless of the value of τcool, the values of γSM increase during cycling, 

except for τcool = 30 MPa, where the deformation only increased in the first three cycles 

and then remained constant. Overall, it can be noted that the change in reversible strain 

during cycling is less compared to NiTi-based alloys. 

In Figure 38b, it is shown that irreversible strain accumulates with an increase in 

the number of cycles. The magnitude of the cooling stress (τcool) influenced plastic strain 

non-monotonically. The smallest value of irreversible strain was obtained at τcool = 30 

MPa, whereas the maximum value of irreversible strain was found at τcool = 100 MPa. 

The irreversible strain value at τcool = 0 MPa (0.5% in the 20th cycle) was greater than at 

τcool = 30 MPa (0.22% in the 20th cycle). Therefore, the reorientation of martensitic 

variants in the Ni55Fe18Ga27 alloy during deformation in the martensitic state is 

accompanied by the accumulation of greater plastic strain than when oriented martensite 

is formed directly from austenite during cooling under constant stress. Thus, despite the 

fact that in the Ni55Fe18Ga27 alloy during cycling, variations in reversible strain (γSM) and 

martensitic transformation temperatures (Ms) are less than in NiTi, the accumulation of 

plastic strain occurs, similar to cycling in binary NiTi alloys. 
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Figure 39. Scheme for calculating the performance of the alloy based on the stress-

strain diagram. 

 

Since the strain recovery during heating occurs under a higher stress than the stress 

required to accumulate strain during cooling, the alloy performs useful work in each 

thermocycle [117,126,127]. The working cycle is presented in Figure 39 in the "stress-

strain" coordinates: work is expended to accumulate strain during cooling under constant 

stress (path 1-2 in Figure 39) and upon loading to 150 MPa (2-3) at room temperature. 

The specimen performs work during heating, recovering strain under a stress of 150 MPa 

(3-4 in Figure 39), and unloading to τcool (path 4-1). Useful work can be calculated as the 

difference between total and expended work, which equals the area marked by the gray 

fill in Figure 39 [117,126,127]. Figure 40 shows the dependencies of the useful work 

values on the cycle number. It can be seen that thermocycling leads to an increase in 

performance, regardless of the stress value during cooling. The maximum performance 

in the 20th cycle was 1.15 MJ/m3 at τcool = 30 MPa.  
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Figure 40. Dependencies of useful work on the cycle number for the [001] single crystal 

of Ni55Fe18Ga27, obtained during cooling under constant stress τcool and heating under 

stress of 150 MPa. 

 

Thus, the research results indicate that [001] Ni55Fe18Ga27 single crystals cannot 

compete with NiTi-based alloys as the material for the working body of a martensite 

engine. The maximum value of γSM during the twisting of the Ni55Fe18Ga27 single crystal 

is 1.5%, significantly lower than in equiatomic NiTi alloy, where γSM reaches 8.5% at τcool 

= 50 MPa and τheat = 200 MPa [126]. The maximum useful work in the Ni55Fe18Ga27 alloy 

is nine times less than in NiTi-based alloys [126,127,146]. It is worth noting that the 

growth of single crystals is a labor-intensive and expensive process, and in the 

polycrystalline state, the Ni55Fe18Ga27 alloy is so brittle that its practical application 

becomes impossible. Obviously, the search for new shape memory alloy systems with 

stable properties will continue, but so far, none of the new alloys has surpassed the 

combination of properties of NiTi-based alloys. Therefore, methods for improving the 

stability of their properties need to be developed. 
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1.5. Conclusions to Chapter 1 

 

In the first chapter, the relationship between variations in defect density during 

thermal cycling and the functional properties of NiTi alloy (Martensitic Transformation 

(MT) temperatures, reversible and irreversible strain, useful work) is examined. Based on 

the results of this chapter, the following conclusions can be drawn: 

1. Dependencies of MT temperatures changes on defect density are nonlinear, 

indicating additional factors influencing transformation temperatures during 

thermal cycling. A stationary region, where a linear dependence of transformation 

temperatures on defect density is observed, begins from the 5th cycle. 

2. The rate of transformation temperature variations in NiTi alloy with increasing 

defect density depends on the maximum temperature in the cycle. The higher the 

maximum temperature, the smaller the change in MT temperatures in the initial 

cycles, but the greater the changes in temperatures with increasing defect density 

in the stationary region where a linear relationship between transformation 

temperatures and dislocation density is observed. Since dislocation density 

increases slower in cycles with a maximum temperature of 200°C compared to 

those with a maximum temperature of 140°C, while temperatures increase faster 

with increasing dislocation density, this indicates that redistribution of defect 

density during heating from 140°C to 200°C also influences the transformation 

temperatures. 

3. Isothermal holding in the martensite and austenite states of NiTi alloy, where a 

defects structure was formed during thermal cycling, leads to partial restoration of 

the alloy's properties. After holding, transformation temperatures increase, and 

restivity decreases. Holding under stress allows control of reversible strain and 

irreversible strain values by changing the intensity of structure relaxation 

(softening). 

4. The dislocation structure formed during thermal cycling is unstable and changes 

with variations in the maximum cycle temperature, holding, or changes in stress. 
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This is because during thermal cycling, dislocations form in the austenitic phase, 

where the yield stress is lower than in the martensitic phase. The martensitic phase 

inherits the dislocation structure of the austenitic phase, leading to high internal 

stresses that relax with temperature changes or holds, and change during phase 

transition. This results in changes in the defective structure, particularly in the 

initial cycles, leading to additional reduction in transformation temperatures. 

5. Direct observations of interphase boundary movement during cooling and heating 

of NiTi alloy in an electron microscope column showed that on thermal cycling of 

annealed NiTi alloy, there is no correspondence between the sequences of crystal 

appearance during cooling and their disappearance during heating. Moreover, no 

microstructural memory is observed, i.e., the martensite structure is not reproduced 

during thermo-cycling. This may be caused by the redistribution of defects, which 

leads to variation in internal stresses and additionally affects the transformation 

temperatures. If a dislocation structure is formed in the alloy during active 

deformation, microstructural memory is observed, and there is correspondence 

between the sequences of martensite crystal appearance during cooling and their 

disappearance during heating. 

6. If thermal cycling is performed under a stress of 50 MPa, which is below the 

martensite reorientation limit, the dependences of transformation temperature on 

defect density are the same as those during thermal cycling without load. 

Reversible strain in the cycle is small and does not exceed a few percent. However, 

if thermal cycling is conducted under a stress of 200 MPa, exceeding the martensite 

reorientation limit, the dependencies of MT temperatures on defect density 

qualitatively change: temperatures As and Mf decrease, while temperatures Af and 

Ms increase with increasing defect density. The value of reversible strain in the 

cycle doubles, and the plastic strain accumulated over 30 cycles exceeds 40%. 

7. Single crystals of Ni2FeGa alloy demonstrate better stability of functional 

properties during thermal cycling compared to NiTi alloys; however, the useful 

work they produce is an order of magnitude lower.  
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Chapter 2. Variations in the NiTi SMA properties during 

thermal cycling under constant stress through the range of 

incomplete martensitic transformations 

 

The main method of enhancing the stability of NiTi alloy properties is by 

increasing the dislocation yield strength. However, as demonstrated by the results of 

Chapter 1, not only the density of dislocations affects the changes in transition 

temperatures during thermo-cycling, but also their distribution (configuration). 

Therefore, increasing the dislocation yield strength may not always have a positive effect 

on the stability of NiTi alloy properties. It is necessary to develop other alternative 

methods to improve the stability of functional properties of NiTi-based alloys for use in 

multi-action devices. One such alternative method is to limit the temperature range of 

thermal cycling. For instance, in [147], it was shown that thermal cycling of Ni50.2Ti49.8 

alloy through an incomplete temperature range of the forward transformation leads to a 

smaller shift in the martensitic transformation temperatures compared to thermal cycling 

through the full transformation range. It was suggested that thermal cycling through an 

incomplete temperature range of the forward transformation results in significantly less 

material damage. In other words, during thermal cycling in an incomplete transition 

interval, the change in dislocation density will be smaller than during thermal cycling in 

a full range. In this case, the variaitons in the properties of NiTi alloy during thermal 

cycling should depend on the fractions of the temperature transition range. It can be 

assumed that the patterns of changes in the properties of NiTi alloys during thermal 

cycling will depend differently on the proportion of forward and reverse transition ranges 

since the increase in dislocation density during forward and reverse transitions may be 

caused by different reasons. These questions remain unexplored to date. However, 

knowledge about the dependence of functional properties of NiTi alloy on the proportion 

of the temperature interval of forward or reverse transitions would allow the development 

of recommendations for choosing the optimal temperature cycling interval that would 

ensure the best stability of functional properties. Thus, one of the tasks of this study was 
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to investigate the influence of the fraction of the temperature interval of forward and 

reverse transitions on the changes in transition temperatures, reversible and irreversible 

strain, and the work performed during heating during thermo-cycling under constant 

stress. The results of the study are presented in this chapter and published in works [58–

60]. 
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2.1. Thermal cycling of the Ni50Ti50 alloy under constant load in the 

temperature range of incomplete forward martensitic transformation. 

 

The influence of the fraction of forward transformation on the variations in the 

properties of the NiTi alloy during thermal cycling in the free state has already been 

studied in several works. For example, in the study [147], it was found that the reduction 

in the As temperature after 80 cycles through an incomplete temperature range of forward 

transformation is less than after 40 cycles through the full temperature range (Figure 40). 

In [61], the authors investigated the effect of thermal cycling through an incomplete 

temperature range of the forward transition on the properties of Ni50Ti50 alloy. It was 

found that the Ms temperature always decreases from 64.5°C to 59°C, regardless of the 

fraction of the forward martensitic transformation implemented in the "partial cooling" 

cycles (Figure 41). However, the smaller the fraction of the forward transformation, the 

more "partial cooling" cycles are required to decrease the Ms temperature to 59°C. 

Nevertheless, the difference in the number of cycles at which the Ms temperature reaches 

59°C is small. For example, if 75% of the forward martensitic transformation is achieved 

during cooling (ΔT = 4.5°C), then Ms = 59°C is reached starting from the 7th cycle, 

similar to thermal cycling through the full range of martensitic transformations. If the 

 
Figure 41. Dependence of the change in the As temperature on the total accumulated 

transformation heat during thermal cycling in the temperature range of full and 

incomplete forward martensitic transformation [147]. 
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fraction of the forward martensitic transformation is 10% (ΔT = 0.8°C), then Ms = 59°C 

is reached by the 10th cycle. The temperature of 59°C corresponds to the onset 

temperature of the B2→R transformation, which is stable [87,127]. Thus, the change in 

the Ms temperature during thermal cycling ceased as soon as the transformation type 

changed from B2→B19′ to B2→R. 

Thus, prior to this study, little attention has been paid to examining the relationship 

between the fraction of the temperature range of the forward transition and the variations 

in the properties of NiTi alloy during thermal cycling. Moreover, in existing studies, 

thermal cycling was conducted without load (in a stress-free state), whereas it is known 

that the changes in the properties of NiTi-based alloys during thermal cycling under stress 

differ from the behavior of the material during thermal cycles without load. However, in 

real devices, components made of NiTi alloy are always under load (constant or variable).  

To determine the influence of the fraction of the forward transition range on the 

properties of NiTi alloy during thermal cycling under stress, two stress values of 50 and 

200 MPa were chosen, similar to those used in thermal cycling through the full 

transformation range (described in 1.2). The experiments were conducted using a Lloyd 

 

Figure 42. Dependencies of the temperatures of the onset of the forward martensitic 

transformation Ms, determined by the tangent method using the first peak on the DSC 

curve (A) and the second peak (B), on the number of "partial cooling" cycles, where 

cooling was interrupted at T* = Ms - ΔT. The values of ΔT are indicated in the figure 

[61]. 
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30K Plus testing machine equipped with a thermal chamber and a video extensometer. 

Wire specimens with a diameter of 0.5 mm of Ni50Ti50 alloy were annealed at a 

temperature of 500°C for 1 hour. DSC results showed that after the heat treatment, the 

alloy underwent B2B19′ martensitic transformation at temperatures Ms = 64°C, Mf = 

55°C, As = 84°C, Af = 97°C. The samples were heated to a temperature T (130°C for 50 

MPa and 200°C for 200 MPa), at which the entire volume of the alloy was in the austenitic 

state, loaded to a stress of 50 MPa or 200 MPa, and subjected to repeated thermal cycling 

under constant stress in the temperature range of incomplete forward martensitic 

transformation. To determine the boundaries of the temperature intervals of incomplete 

forward transition, based on the strain-temperature dependencies obtained in the first 

cycle through the full forward martensitic transformation interval (obtained during the 

study described in section 1.2), the temperature interval of the forward transition ΔT= Ms 

– Mf was determined separately for cycles under 50 MPa and 200 MPa stress. 

Temperature ranges were calculated at which 25, 50, and 75% of the temperature interval 

of the forward transition were realized, and temperatures (T1= Ms - ¾ΔT, T2= Ms - ½ΔT, 

T3= Ms - ¼ΔT) at which cooling should be stopped were determined. This is 

schematically shown in Figure 43. Thus, the Ni50Ti50 alloy samples were heated to T,  

 

Figure 43. Scheme for determining temperatures T1, T2, T3 during thermal cycling in 

the temperature range of incomplete forward martensitic transformation 
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loaded with stress of 50 or 200 MPa, and then subjected to thermal cycling in the interval 

T÷ Tn (n = 1, 2, 3) under constant stress of 50 or 200 MPa. The temperatures Tn were 

determined in each cycle, taking into account the shift in the temperature of the forward 

transformation start. Based on the obtained strain-temperature dependencies ε(T), the 

values of the shape memory effect, irreversible strain, and temperatures of the start of the 

forward transition were determined, and the work performed by the alloy during heating 

was calculated using the formula: 𝐴 = 𝜎𝜀𝑆𝑀. 

Figure 44 illustrates the dependencies of the start temperatures of the forward 

transformation as a function of the cycle number, obtained during thermal cycling of the 

Ni50Ti50 alloy under loads of 50 MPa (a) and 200 MPa (b) through various fractions of  

  

Figure 44. Dependencies of Ms(N) obtained during thermal cycling of the Ni50Ti50 alloy 

under a load of 50 MPa (a) and 200 MPa (b) through various fractions of the temperature 

interval of the forward martensitic transformation (indicated in the legend). 

 

the temperature range of the forward martensitic transformation. When thermal cycling 

the Ni50Ti50 alloy under a load of 50 MPa, the Ms temperatures decreased with an increase 

in the number of cycles, while under a load of 200 MPa, they increased (the reasons for 

these differences are discussed in 1.2). The smaller the fraction of the temperature interval 

of the forward transformation, the less the change in the Ms temperature regardless of the 

stress and whether this temperature decreases during thermal cycling (under 50 MPa) or 

increases (under 200 MPa). Thus, the largest changes in the Ms temperature are observed 

when the second half of the forward transition is realized. Increasing the stress during 

thermal cycling intensifies this effect. For example, in Figure 44a, if the stress in the cycle 

was 50 MPa, then over 30 complete cycles, the Ms temperature decreased by 6°C, and 
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over 30 cycles through 50% of the forward transition, it decreased by 3°C. If during 

thermal cycling the stress was 200 MPa, then the Ms temperature increased by 14°C over 

30 complete cycles and by 4°C over 30 cycles through 50% of the temperature range of 

the forward transition. This indirectly confirms that the greater the fraction of the forward 

transition realized during thermal cycling, the greater the change in defect density and 

transition temperatures. 

Figure 45 depicts the dependencies of the shape memory effect (εSM) on the cycle 

number, obtained during thermal cycling of the Ni50Ti50 alloy under loads of 50 MPa (a) 

and 200 MPa (b) through various fractions of the temperature range of the forward 

martensitic transformation. It can be observed that the value of εSM decreased as the 

fraction of the temperature interval decreased, since the volume of the material 

undergoing martensitic transformations decreased. During thermal cycling under a load 

of 50 MPa, the values of εSM increased with an increase in the number of cycles, which is 

associated with the manifestation of the training effect [123,148–150]. However, this 

effect is most pronounced when the second half of the forward transition interval was 

realized during thermal cycling. For example, over 30 cycles, the value of εSM increased 

from 1.7% to 3.6% when cooling was carried out over the full transition interval, and 

from 0.8% to 1.7% when the fraction of the forward transition interval was 50%. 

 

 

 

Figure 45. Dependencies of εSM(N) obtained during thermal cycling of the Ni50Ti50 

alloy under loads of 50 MPa (a) and 200 MPa (b) through various fractions of the 

temperature interval of the forward martensitic transformation. The curves indicate the 

fraction of the temperature interval of the forward martensitic transformation. 
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The value of reversible strain, εSM, increased during thermal cycling under a stress 

of 200 MPa only if the fraction of the forward transformation during cooling was 100% 

or 75%. Decreasing the fraction of the forward transition from 100% to 75% resulted in 

a 1.4-fold decrease in reversible strain from 4.5% to 3.2% in the first cycle. However, by 

the thirtieth cycle, these values differed almost twofold, from 8% to 4.5%. This indicates 

that the training effect – the increase in reversible strain during thermal cycling – is most 

pronounced when the last quarter of the forward transition is realized during cycling under 

a stress of 200 MPa. If only 25% or 50% of the forward transformation was realized 

during cooling, the value of εSM changed non-monotonically with the number of cycles: 

it increased in the second cycle, decreased from the third to the seventh cycle, and 

remained unchanged during subsequent thermal cycling. Thus, the results of the study 

showed that the training effect is observed only when the second half of the temperature 

interval of the forward transition is realized during thermal cycling. This may be due to 

the fact that during cycling under stress, oriented internal stress fields are mainly formed 

in the second half of the temperature interval of the forward transition. 

During thermal cycling of the Ni50Ti50 alloy under stress, plastic strain accumulates 

in each cycle (Figure 46).  

  

Figure 46. Variations in εpl during thermal cycling of the Ni50Ti50 alloy under a load of 

50 MPa (a) and 200 MPa (b) through various fractions of the temperature interval of 

the forward martensitic transformation. The curves indicate the fraction of the 

temperature range of the forward martensitic transformation. 
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With an increase in the number of cycles, the alloy strengthens, and the intensity of plastic 

strain accumulation decreases, resulting in non-linear dependencies of εpl(N). The value 

of plastic strain depended non-linearly on the fraction of the temperature interval. 

In Figure 46, it can be seen that the main accumulation of defects occurs when the 

fraction of forward martensitic transformation exceeds 50% during thermocycling. Under 

a 200 MPa load during thermocycling, the accumulation of plastic strain is much greater 

than under 50 MPa, yet the same effect is observed – the primary change in plastic strain 

during thermocycling is observed when the fraction of forward martensitic transformation 

exceeds 50%. For instance, after 30 cycles under a 200 MPa load, accumulations of 7.6% 

and 9.5% plastic strain were observed for 25% and 50% of the forward martensitic 

transformation interval, respectively, while accumulations of 20.7% and 40.9% were 

observed for 75% and 100% realizations. A comparison of the results obtained with 

thermocycling through 75% and 100% of the forward martensitic transformation range 

showed that half of the plastic strain accumulates in the last quarter of the forward 

martensitic transformation, regardless of the value of the applied stress during 

thermocycling. 

The dependencies of the work performed during heating on the cycle number are 

presented in Figure 47. Since thermal cycling was conducted under constant stress, the 

change in the amount of work performed was influenced only by changes in the values of 

εSM. Hence the work during thermocycling varies similarly to the reversible strain 

depending on the fraction of forward martensitic transformation realized during cooling. 

For Ni50Ti50 alloy thermocycled under 50 MPa and 200 MPa loads, the amount of work 

performed increased with the number of cycles. The greater the fraction of forward 

martensitic transformation during cooling, the greater the work performed in the first 

cycle and the more pronounced its variations during thermocycling. Increasing the stress 

during thermocycling affects the amount of work performed during heating, with the work 

performed under a 200 MPa load being approximately ten times greater than under a 50 

MPa load. 
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Figure 47. Variations in the values of work performed during heating by the NiTi alloy 

during thermocycling under a load of 50 MPa (a) and 200 MPa (b) through various 

fractions of the forward martensitic transformation range. The curves indicate the 

fraction of the forward martensitic transformation range. 

 

Thus, reducing the fraction of the forward martensitic transformation range during 

thermocycling of the NiTi alloy under loads of 50 MPa and 200 MPa led to a decrease in 

plastic strain, a decrease in the temperature transition variations, reversible strain, and 

work performed. It has been established that significant changes in functional properties 

during thermocycling are observed when more than 50% of the forward transformation 

is realized during cooling. In this case, a significant accumulation of plastic strain occurs 

in the alloy, training effect is observed (increase in the value of shape memory effect), 

and transition temperatures vary. Moreover, the main changes in properties are observed 

when the last quarter of the forward transformation is realized during cooling. This is 

because the transformation from cubic austenitic B2 phase to monoclinic martensitic B19' 

phase is accompanied by up to 11% shear [151], which creates high internal stresses. At 

the initial stage, while the martensite fraction is small, the internal stresses can partially 

accommodate elastically, so the defect density changes insignificantly. The results of this 

study show that this occurs when the fraction of the forward transformation does not 

exceed 50%. Therefore, thermocycling through the first half of the forward 

transformation range is accompanied by very slight variations in functional properties and 

irreversible strain. Since the defect density changes weakly, the internal stresses are not 

high, therefore the total stress (external and internal) changes insignificantly, as a result, 

the training effect is not observed. At the final stage, elastic accommodation is impossible, 
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local stresses are very high and exceed the dislocation yield limit in the austenite state. 

This leads to intensive dislocation multiplication and movement, significantly increasing 

the defect density [37,48,98,99]. Therefore, at the final stage of the forward 

transformation, the most intensive accumulation of plastic strain and changes in 

functional properties occur. The increase in defect density leads to an increase in internal 

stresses, which, combined with external stresses, increase the effective stress acting 

during thermocycling, thereby manifesting the training effect. Thus, the results of the 

study showed that excluding the last half of the forward transformation during cooling 

allows stabilizing the properties of the NiTi alloy during thermocycling. However, this 

significantly reduces the reversible strain and work performed, which may be 

unacceptable for certain applications. If it is necessary to increase the reversible strain 

while minimizing changes in functional properties during thermocycling, it is necessary 

to increase external load and exclude the last quarter of the forward transformation. 
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2.2. Thermal cycling of the Ni50Ti50 alloy under load within 

temperature range of incomplete reverse martensitic transformation 

 

Unlike the influence of the fraction of forward transformation on the variations in 

properties during thermocycling, which had been to some extent investigated prior to this 

study, the effect of the fraction of reverse transformation on the functional properties of 

the NiTi alloy during thermocycling had not been previously studied. In this dissertation, 

such investigations were conducted for the first time for the NiTi alloy. To achieve this, 

samples of the NiTi alloy (with the same composition, heat treatment, and martensitic 

transformations as described in section 2.1) were heated to a temperature of 180°C, at 

which the alloy was in the austenite state, loaded to 50 MPa or 200 MPa, and then cooled 

to a temperature of 30°C, at which the alloy was in the martensitic state. Subsequently, 

the sample was heated to temperatures T1, T2(or T3 if available), calculated according to 

the following procedure. Based on the data described in section 1.2, which presents the 

results of property variations in the alloy during thermocycling through complete 

transformation ranges under stresses of 50 or 200 MPa, the temperatures As and Af in the 

first cycle under the corresponding stress were determined, and the reverse transformation 

temperature range ∆A = Af - As was calculated. Then, the values of 0.25∙∆A, 0.5∙∆A, and 

0.75∙∆A were calculated for cycles under 50 MPa stress, and 0.25∙∆A and 0.5∙∆A for 

cycles under 200 MPa stress (thermocycling through 75% of the reverse transformation 

fraction under 200 MPa stress was not investigated because in this case, the sample 

accumulated significant plastic strain, similar to what was observed during thermocycling 

through the complete transformation range). Temperatures at which the heating was 

stopped were chosen as T1 = As + 0.25∙∆A, T2 = As + 0.5∙∆A, and T3 = As + 0.75∙∆A for 

thermocycling under 50 MPa stress, and T1 = As + 0.2∙∆A and T2 = As + 0.5∙∆A for 

thermocycling under 200 MPa stress (the values of these temperatures are presented in 

Table 2). Once the sample reached the corresponding temperature Ti, it underwent 

thermal cycling in the temperature range Ti - 30°C under the corresponding stress. 
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Table 2. Values of temperatures at which heating was interrupted during thermocycling 

in the incomplete temperature range of reverse martensitic transformation under loads of 

50 and 200 MPa. 

, MPa Аs, °С Аf, °С T1, °С T2, °С T3, °С 

50 87 101 90 94 97 

200 138 174 147 156 - 

 

In Figure 48, the dependence of strain on temperature is presented, obtained in the NiTi 

alloy during cooling through the temperature range of forward martensitic  

 

Figure 48. The dependences of strain on temperature obtained during cooling of the NiTi 

alloy from 180°C to 30°C under a stress of 50 MPa, heating to 94°C (red line), and in the 

first thermocycle within the temperature range of 94°C to 30°C (black line).  

 

transformation (from 180 to 30°C), heating to the temperature T2 = 94°C, and in the first 

cycle T2÷30°C under a stress of 50 MPa, in which 50% of the temperature range of 

reverse martensitic transformation was realized. It can be observed that the accumulation 

of strain during cooling from 94°C starts at higher temperatures compared to cooling from 

180°C. The end of strain accumulation during cooling is not dependent on the proportion 

of reverse transformation implemented before this cooling. It can be seen that in the first 

cycle, the deformation is not fully recovered upon heating, i.e., irreversible strain 

accumulates in the alloy. Based on the dependencies ε(T) obtained during the 

thermocycling of the NiTi alloy under stresses of 50 and 200 MPa, the values of shape 

memory effect (εSM), plastic stain (εpl), and the temperature at which strain accumulation 

begins during cooling (Ms) were calculated, as shown in Figure 48. 
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Figure 49 shows the dependencies of Ms(N) obtained during the thermocycling of 

the NiTi alloy under loads of 50 MPa and 200 MPa through various fractions of the 

reverse martensitic transformation temperature range.  

  

Figure 49. Dependencies of Ms(N) obtained during the thermal cycling of the Ni50Ti50 

alloy under loads of 50 MPa (a) and 200 MPa (b) through various fractions of the 

reverse martensitic transformation temperature range (indicated in the legend). 

  
As noted above, during thermal cycling through an incomplete reverse transformation 

range, the Ms temperature is significantly higher than during cycling through the full 

temperature range. For example, during cycling under a load of 50 MPa, the Ms 

temperature in the first cycle was 66°C and 85-97°C in the initial cycles through the 

incomplete reverse transformation range. During cycling under a load of 200 MPa, the 

Ms temperature was 76°C in the first full cycle and 133-136°C in the initial incomplete 

cycles. The increase in the start temperature of the forward transformation in incomplete 

cycles, compared to full cycles, is due to the presence of martensite in the alloy volumes 

that have not undergone the reverse martensitic transformation at the beginning of 

cooling. Therefore, there is no need to expend energy on martensite nucleation. During 

cooling, the untransformed martensitic crystals left after incomplete reverse 

transformation increase in size, requiring a significantly smaller thermodynamic stimulus 

than the formation of new crystals from the austenite. During cycling under a load of 50 

MPa, the Ms temperature decreases regardless of the fraction of the reverse transformation 

range. Minimal changes in Ms temperature were observed when no more than 50% of the 

reverse transformation was realized during heating. During cycling under a load of 200 
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MPa, the Ms temperature increased regardless of the fraction of the reverse transformation 

range. 

Figure 50 illustrates the dependencies of the recovered strain (εSM) values on the 

cycle number obtained during the thermal cycling of the Ni50Ti50 alloy under load through 

various fractions of the reverse martensitic transformation temperature range. It can be 

seen that with a decrease in the fraction of the reverse martensitic transformation 

temperature range, the εSM value decreased. For example, during the thermal cycling of 

the NiTi alloy under a load of 50 MPa, the εSM value was 1.7% in the full first cycle and 

0.7% in the first cycle where 50% of the reverse transformation was realized. The 

decrease in the εSM value is associated with a reduction in the fraction of the material 

undergoing martensitic transformations during thermal cycling. With an increase in the 

number of cycles, the training effect (increase in the εSM value) was observed again only 

if the fraction of the reverse transformation realized during heating exceeded 50%. If the 

fraction of the reverse transformation temperature range did not exceed 50%, then the 

recoverable strain increased only in the first 2-5 cycles and then remained unchanged or 

slightly decreased, regardless of the fraction of the reverse transformation. 

  

Figure 50. Dependencies of εSM(N) during thermal cycling of the Ni50Ti50 alloy under 

loads of 50 MPa (a) and 200 MPa (b) through various fractions of the reverse 

martensitic transformation temperature range (indicated on the curves). 

 

The recovery of strain during heating was not complete, meaning that irreversible 

strain accumulated in the alloy from cycle to cycle. Figure 51 shows the dependencies of 

the total plastic strain εpl on the number of cycles under loads of 50 MPa and 200 MPa. 
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In these dependencies, the zero cycle is assigned the plastic strain accumulated during 

cooling through the full range of the forward transformation preceding cycling in the 

incomplete reverse transformation range (see Figure 48 and the description of the 

methodology). The dependencies εpl(N) were nonlinear, regardless of the fraction of the 

reverse transformation temperature range and the stress applied during cycling. The 

maximum accumulation of irreversible strain was observed when the fraction of the 

reverse transformation temperature range exceeded 50%. For example, during cycling 

under a load of 50 MPa for 30 cycles, 1.4% of strain accumulated when 50% of the reverse 

transformation was realized, compared to 3.1% when the reverse transformation was fully 

completed during heating. Under a load of 200 MPa for 30 cycles, 12.2% of strain 

accumulated when 50% of the reverse transformation was realized, compared to 41% 

when heating was conducted through the full temperature range of the reverse 

transformation. It is evident that the reduction in the value of plastic strain was 

significantly greater during cycling under a load of 200 MPa. For instance, if cycling 

through 50% of the interval under a load of 50 MPa reduced plastic strain by 2.2 times 

(from 3.1% to 1.4%), under a load of 200 MPa, plastic strain decreased by 3.4 times (from 

41% to 12.2%). 

 

  

Figure 51. Dependencies of the values of εpl(N) during thermal cycling of the NiTi alloy 

under loads of 50 MPa (a) and 200 MPa (b) through various fractions of the temperature 

range of the reverse martensitic transformation (indicated on the curves).   
 

Based on the values of the shape memory effect and the stress acting in the cycle, 

the work performed by the alloy during heating was computed using the formula specified 
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in section 2.1. The dependencies of the values of A(N) obtained during thermal cycling 

of the Ni50Ti50 alloy under load through various fractions of the temperature range of the 

reverse martensitic transformation are presented in Figure 52. Since the stress during 

heating remained unchanged, the work value varied during thermal cycling similarly to 

the varied in reversible strain. As the realized fraction of the range decreased, the work 

value decreased because the proportion of material undergoing martensitic 

transformations decreased, and therefore reversible strain decreased. However, reducing 

the fraction of the temperature range of the reverse transformation significantly increased 

the stability of the work during thermal cycling. For example, during thermal cycling 

under a load of 50 MPa and a realization of 50% of the interval, the performed work 

increased from 0.36 MJ/m³ in the first cycle to 0.67 MJ/m³ in the 10th cycle, and from 

the 10th to the 30th cycle, the work values decreased to 0.59 MJ/m³ in the 30th cycle. In 

contrast, during thermal cycling through the full interval under a load of 50 MPa, the 

performed work increased from 0.85 MJ/m³ to 1.81 MJ/m³, more than doubling, with 

significant changes occurring over all 30 cycles. During thermal cycling under a load of 

200 MPa with a realization of 50% of the interval, minimal variations in the performed 

work were observed, with A being 5.3% in the first cycle and 5.6% in the 30th cycle. 

Meanwhile, during thermal cycling through the full interval, the work increased from 8.8 

MJ/m³ to 18 MJ/m³. 

 

  

Figure 52. Dependencies of the values of A(N) during thermal cycling of the Ni50Ti50 

alloy under a load of 50 MPa (a) and 200 MPa (b) through various fractions of the 

temperature range of the reverse martensitic transformation (indicated on the curves). 
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Thus, the results of the study allowed for the first time to establish the influence of 

the fraction of the temperature range of the reverse transformation on variations in the 

values of the shape memory effect, the work performed during heating, and the 

accumulation of irreversible strain during thermal cycling under constant stress. It has 

been shown that if no more than 50% reverse transformation is realized during heating, 

then variations in functional properties are observed only in the first few cycles. 

Irreversible strain is small and largely determined by the strain accumulated during the 

first cooling under stress through an incomplete reverse transformation range. The 

training effect is insignificant. If more than 50% of the temperature range of the reverse 

transformation is realized during thermal cycling, then significant changes in functional 

properties occur, a larger plastic deformation accumulates, and the training effect is 

manifested. 

One could assume that the reasons for the influence of the fraction of the reverse 

transformation on the change in functional properties during thermal cycling are similar 

to the reasons for the influence of the direct transformation fraction, described in Section 

2.1. However, during cooling, martensite crystals grow, creating high stresses, which 

leads to an increase in defect density and changes in all properties. During heating, reverse 

transformation occurs by moving the interphase boundary without the formation of 

austenite nuclei, i.e., during heating, martensite crystals collapse, so there is no reason for 

the occurrence of high stresses. In this case, the question arises as to what causes the 

accumulation of defects and plastic strain during reverse transformation? Since reverse 

transformation occurs with an increase in temperature, it is logical to assume that this is 

accompanied by processes of relaxation of the dislocation structure, which reduces the 

defect density. 

Earlier, assumptions were made about the existence of factors causing alloy 

softening during reverse martensitic transformation in shape memory alloys. In [61,152], 

the authors drew attention to the fact that during thermal cycling, starting from a certain 

cycle, the rate of plastic strain accumulation per cycle becomes constant but not zero, and 

plastic deformation accumulates until sample failure [26,36,74]. Since the defect density 
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increases during cooling through the direct transformation interval, this strengthens the 

alloy, and, therefore, suppresses plastic strain. In this case, starting from a certain cycle, 

the rate of plastic strain accumulation should be zero; however, this is never observed in 

experiments. Therefore, the authors [61,152] suggested that softening occurs during 

reverse transformation, i.e., a decrease in the density of defects accumulated during the 

preceding cooling. If the strengthening acquired by the alloy during forward 

transformation becomes equal to the softening occurring during reverse transformation, 

the rate of plastic strain accumulation becomes constant. It is precisely the softening 

processes that can explain the influence of the fraction of the reverse transformation on 

the accumulation of plastic strain and variations in the functional properties of the NiTi 

alloy during thermal cycling. If the fraction of reverse transformation is small, then a 

lower temperature is reached during heating compared to heating through the full 

transformation interval. In this case, the recovery processes are insignificant, and 

therefore, the density of dislocations formed as a result of the first cooling through the 

temperature range of forward transformation does not change, the alloy remains 

strengthened, and during subsequent cycles, the variaitons in irreversible strain is 

determined only by the strain accumulated during the first cooling, and it weakly changes 

in subsequent cycles. The variations in the properties of the alloy during thermal cycling 

is insignificant, and the training effect is not manifested because internal stresses do not 

change. The smaller the fraction of reverse transformation realized during heating, the 

higher the temperature to which the alloy is heated in each cycle, the more intense the 

recovery processes, and the greater the decrease in defect density during heating. 

Consequently, the greater the increase in defect density during the next cooling, which 

leads to an increase in irreversible strain, variations in functional properties, and the 

manifestation of the training effect. Thus, it has been shown in the dissertation that by 

reducing the fraction of reverse transformation realized during heating, it is possible to 

reduce the intensity of irreversible strain accumulation and increase the stability of the 

functional properties of the NiTi alloy. 
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2.3. The influence of the fraction of the temperature range of forward 

and reverse martensitic transformation on the variations in properties 

of the NiTi alloy during thermal cycling under load 

 

The results of the dissertation research showed that during thermal cycling under 

load within the temperature range of incomplete forward or reverse martensitic 

transformation, the stability of the strain values, the work done during heating, 

significantly increases, while the accumulation of plastic strain decreases. This raises the 

question of which thermal cycling mode is preferable for improving the stability of the 

NiTi alloy. To address this question, the study computed changes in functional properties 

and plastic strain over thirty cycles and analyzed the influence of the fraction of forward 

and reverse transitions on these values. Thus, the study calculated the change in the start 

temperature of the forward transition, denoted as Ms
30 = Ms

1-Ms
30; the change in the 

shape memory effect, denoted as SM = SM
1-

SM
30; the cumulative plastic deformation 

over 30 cycles εpl
30, and the change in work, denoted as A30 = A1-A30, where index 1 

corresponds to the values measured in the 1st cycle, and index 30 corresponds to the 

values in the 30th cycle. 

Figure 53 illustrates the dependencies of ΔMs
30 on the fraction of the temperature 

range of forward or reverse martensitic transformation during thermal cycling under 

stresses of 50 and 200 MPa. It can be observed that the change in Ms temperature depends 

on which transition (forward or reverse) fraction was altered during thermal cycling. 

When cycling under a stress of 50 MPa through an incomplete forward transition interval, 

the value of ΔMs
30 linearly decreases with an increase in the fraction of the forward 

transition (Figure 53a). If cycling under a stress of 50 MPa was conducted within an 

incomplete reverse transformation interval, the value of ΔMs
30 nonlinearly depends on 

the transition fraction. Maximum changes in the value of Ms
30 were observed when 75% 

reverse transition was realized during thermal cycling. In this case, the temperatures 

decreased by 19°C over 30 cycles, while with 50% interval realization, the value of ΔMs
30 

was -4°C, and in the complete interval, it was -6°C. 
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Figure 53. Variations in Ms temperatures in the Ni50Ti50 alloy after 30 thermal cycles 

under load of 50 MPa (a) and 200 MPa (b) through various fractions of the temperature 

range of forward or reverse martensitic transformation. 

 

When thermal cycling under a stress of 200 MPa, the value of ΔMs
30 exhibited a 

linear dependence on both the fraction of forward and reverse transformations. The 

difference lay only in the slope of the ΔMs
30(Φ) line. Reduction in the fraction of forward 

transition significantly decreased the value of ΔMs
30 more than the fractions of reverse 

transition (Figure 53b). Consequently, the research results indicated that reducing the 

fraction of forward transition leads to better stabilization of transition temperatures 

compared to reducing the fraction of reverse transformation. This is because defect 

accumulation occurs during the forward transition. Growing martensitic crystals generate 

high stresses exceeding the dislocation yield limit, leading to increased defect density. 

Thus, the smaller the fraction of forward transition, the fewer martensitic crystals form, 

resulting in less increase in defect density and consequently smaller changes in transition 

temperatures. During heating, relaxation processes contribute to the change in defect 

density upon subsequent cooling. As the temperatures to which the samples were heated 

slightly differ from each other and are low (not exceeding 200°C), relaxation processes 

proceed slowly, thus the changes in temperatures during thermal cycling are less 

dependent on the fraction of reverse transition. 

The variations in εSM values during thermal cycling under a stress of 50 MPa 

exhibited a linear dependence on the transformation fraction regardless of whether the 

fraction limited forward or reverse transitions (Figure 54a). The smaller the realized 
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fraction of the interval, the smaller the variation in εSM values. During thermal cycling 

under a stress of 200 MPa, the dependence εSM(Φ) was nonlinear and weakly depended 

on which transformation fraction was limited during thermal cycling. Decreasing the 

fraction of both transitions to 50% significantly reduced the values of εSM
30. The fact 

that the variation in shape memory effect during thermal cycling does not depend on 

which fraction of transition (forward or reverse) was limited is explained by the fact that 

the shape memory effect depends only on the fraction of the alloy undergoing martensitic 

transformation, which was the same for incomplete forward and reverse transitions. 

 

  

Figure 54. Dependence of εSM
30 values in the Ni50Ti50 alloy, measured over 30 thermal 

cycles under a load of 50 MPa (a) and 200 MPa (b), on the fraction of the temperature 

range of forward or reverse martensitic transformation. 

 

The value of plastic strain accumulated after 30 thermal cycles under various 

conditions exhibited a nonlinear dependence on the fraction of the interval (Figure 55). 

Regardless of the applied stress during thermal cycling, reducing the fraction of both 

forward and reverse transitions decreased plastic strain, with the most significant changes 

observed when reducing the fraction to 50%. It is evident that reducing the fraction of 

forward transition more significantly reduces plastic strain than reducing the reverse 

transition fraction. This is because the increase in defect density, responsible for the 

change in plastic strain, occurs during the forward transformation when martensitic 

crystals grow. The less martensite is formed during cooling, the smaller the change in 

defect density, and hence the smaller the plastic strain. The fact that reducing the forward 
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transition interval to 50% reduces the intensity of plastic strain accumulation by 4-5 times 

suggests that the main increase in defect density occurs at the final stage of the forward 

transformation. 

  

Figure 55. Dependence of εpl values measured in the NiTi alloy after 30 cycles under 

loads of 50 MPa (a) and 200 MPa (b) through various fractions of the temperature range 

of forward or reverse martensitic transformation on the realized fraction of the 

temperature interval. 

 

In Figure 56, dependencies of the ΔA30 value on the fraction of the temperature 

range are presented. It can be observed that during thermal cycling under a stress of 50 

MPa, the dependencies ΔA30(Φ) are linear and independent of which transition fraction 

was limited during thermal cycling. The larger the fraction, the greater the changes in the 

work done. For instance, during thermal cycling through an incomplete forward transition 

interval with 50% interval realization, the work done increased by 0.4 MJ/m³, while with 

100% realization, the ΔA30 value was 0.95 MJ/m³. During thermal cycling through an 

incomplete reverse transformation interval, the ΔA30 value was 0.6 MJ/m³ with 50% 

interval realization. 

During thermal cycling under a stress of 200 MPa, the dependencies ΔA30(Φ) were 

nonlinear, and the ΔA30 value changed sign. During thermal cycling through an 

incomplete forward transition range for 30 cycles with 50% realization, the work done 

decreased by 1.2 MJ/m³, as reversible strain decreased. Conversely, with 100% 

realization, the work done increased by 8.8 MJ/m³. During thermal cycling through an 

incomplete reverse transition interval (Φ = 50%), the ΔA30 value increased by 0.3 MJ/m³. 
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Figure 56. Dependencies of the value of the change in work done during heating over 

30 cycles on the realized fraction of the temperature range, obtained for the NiTi alloy 

during thermal cycling under load of 50 MPa (a) and 200 MPa (b) through various 

fractions of the temperature range of forward or reverse martensitic transformation. 

 

Thus, reducing the fraction of both forward and reverse transitions during thermal 

cycling decreases the accumulation of plastic strain, variations in shape memory effect 

values, and work done during heating, thereby improving the stability of the functional 

properties of the NiTi alloy. The research results showed that reducing the fraction of the 

forward transition is more effective in improving the stability of functional properties 

than reducing the fraction of the reverse transformation. This is because the main 

accumulation of defects occurs during the forward transition, when martensitic plates 

grow. Therefore, limiting the fraction of the forward transition has a greater impact on 

changing the properties of the NiTi alloy during thermal cycling compared to the fraction 

of the reverse transition, which only controls the intensity of the structure relaxation 

process, affecting the accumulation of defects during subsequent cooling. 
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2.4. Conclusions to Chapter 2 

 

Based on the results presented in Chapter 2, the following conclusions can be drawn: 

1. Decreasing the fraction of both forward and reverse temperature ranges reduces the 

variations in martensitic transformation temperatures, reversible strain, work done during 

heating, and the amount of plastic strain accumulated during thermal cycling of the NiTi 

alloy under stress. It was found that if the temperature range of the forward transition does 

not exceed 50% of the total range during thermal cycling, then the functional properties 

change only in the first 3-5 cycles and remain stable thereafter. It was demonstrated that 

variations in the functional properties of the alloy during thermal cycling under stress 

occur only when the temperature range of the forward transition exceeds 50%. 

2. The influence of the fraction of the forward transition on the variations in the 

functional properties of the NiTi alloy during thermal cycling is related to the peculiarities 

of changes in defect density during the forward transition. At the initial stage of the 

forward transition (Φ ≤ 50%), stress accommodation, created by the growing martensitic 

plate, occurs elastically, which is not accompanied by changes in defect density, thus the 

variations in martensitic transformation temperatures, reversible and irreversible strain 

are insignificant. At the final stage of the forward martensitic transition (Φ > 50%), the 

value of local stresses exceeds the dislocation yield stress, initiating dislocation 

multiplication and glide. As a result, the defect density increases, plastic strain 

accumulates, and functional properties change during thermal cycling. 

3. The influence of the fraction of the reverse transition on the variations in the 

functional properties of the NiTi alloy during thermal cycling is determined by the 

processes of reverse transformation, which occur during heating and contribute to the 

nucleation and movement of defects during subsequent cooling. The greater the fraction 

of the reverse transition, the higher the temperature to which the sample is heated in the 

cycle, and the more intense the reverse processes are, resulting in a decrease in dislocation 

density. This leads to an increase in dislocation density in the alloy during subsequent 

cooling through the temperature range of the forward transition, resulting in increased 

plastic strain and variations in martensitic transformation temperatures. 
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4. The training effect - an increase in reversible strain during thermal cycling - is 

associated with the ability of the alloy to accumulate plastic strain during repeated thermal 

cycles. This effect is observed when the fraction of the forward or reverse transition 

during thermal cycling exceeds 50%. In this case, during thermal cycling under stress, 

irreversible strain accumulates actively in the alloy, accompanied by an increase in 

internal stresses. These stresses, combined with external stresses, increase the effective 

stress during thermal cycling, leading to an increase in the fraction of oriented martensite, 

which appears during cooling and disappears during heating, resulting in an increase in 

reversible strain. 

5. Decreasing the fraction of the forward transition during thermal cycling under 

stress leads to better stabilization of the functional properties of the NiTi alloy compared 

to reducing the fraction of the reverse transition. This is because the main variations in 

defect density occur during the forward transition, so limiting the fraction of this 

transformation allows better control of variations in defect density and management of 

the functional properties of the NiTi alloy. 

6. Decreasing the fraction of both forward and reverse transitions reduces reversible 

strain and work done during heating, but significantly improves the stability of these 

properties and reduces irreversible strain, which is important for devices with repeated 

actions. For example, reducing the fraction of the forward transition from 100% to 50% 

during thermal cycling of the alloy under a stress of 50 MPa reduces reversible strain by 

2.3 times and plastic strain by 5 times. 

7. Increasing the stress during thermal cycling results in variations in martensitic 

transformation temperatures, reversible strain, and accumulated irreversible strain, but 

does not fundamentally affect the nature of the dependencies of these quantities on the 

fraction of the temperature range of the forward and reverse martensitic transitions. 
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Chapter 3. Managing functional properties during thermal 

cycling of NiTi alloy in actuator mode  

 

The stability of shape memory alloy properties is particularly important for actuator 

systems - devices that perform repetitive actions during heating and cooling cycles. These 

devices typically include a working element made of a shape memory alloy subjected to 

thermal cycling under variable stress generated by the elastic counterbody. This 

counterbody is a necessary component of the actuator design, serving as a reservoir of 

elastic energy. During the initial heating cycle, the deformation in the shape memory alloy 

element is recovered, leading to the deformation of the counterbody, which acts as an 

accumulator of elastic energy. Upon further cooling, during the direct martensitic 

transformation, the accumulated potential energy from the counterbody is used to deform 

the working element. Upon subsequent heating, the deformation in the shape memory 

alloy element is restored again, and the counterbody is deformed, repeating the described 

process [24–28,58,59,153]. For the actuator to operate steadily without requiring 

adjustment to its operation mode, the properties of the shape memory alloy element 

should remain unchanged during thermal cycling. Chapter 2 demonstrated that for NiTi-

based alloys, property stabilization can be achieved by reducing the proportion of direct 

and/or reverse transformations. However, all the results in Chapter 2 were obtained under 

constant load thermal cycling conditions. Nevertheless, as noted above, in the actuator 

(drive) mode, stress decreases during the cooling of the shape memory alloy element and 

increases during heating. In other words, thermal cycling occurs under varying stress 

conditions, which may have an additional impact on the properties of NiTi alloy during 

thermal cycling. Additionally, for actuator operation, important parameters include the 

stiffness of the counterbody, the activation temperature range, and the method of pre-

deformation of the shape memory alloy element. All these factors affect the stress 

variation during thermal cycling, and thus may influence the change in alloy properties. 

The literature lacks systematic studies on the influence of these parameters on the change 

in shape memory alloy properties during thermal cycling in the actuator mode, making it 
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difficult to develop optimal operating modes for the actuator where changes in its 

performance characteristics would be minimal. Therefore, an important task is to 

investigate changes in NiTi alloy properties during thermal cycling in the actuation mode. 

This task has been addressed in this work, and the results are presented in [65–68].  
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3.1. The influence of counterbody stiffness, pre-deformation method, 

and strengthening on the variation of niti alloy properties during 

thermal cycling in actuator mode 

3.1.1. Objects and methods used for investigations of NiTi shape memory alloy 

properties variations during thermal cycling in actuator mode 

 

The studies presented in sections 3.1, 3.2, and 3.3 were conducted on cast samples 

of the Ni50Ti50 alloy with a diameter of 4.0 ± 0.5 mm and a length of 30.0 ± 3 mm. These 

samples were quenched in water from a temperature of 900°C for 15 minutes and 

annealed at 500°C for 2 hours. After thermal treatment, the alloy underwent martensitic 

transformations B2 ↔ B19' at the temperatures Ms = 59°C, Mf = 37°C, As = 67°C, and 

Af = 90°C. Figure 57 shows the experimental setup for studying the properties of shape 

memory alloys (SMAs) in the actuator mode. This setup consists of an electric motor (1) 

with a reducer (3), used to apply torque to the sample (12), which is mounted on a shaft 

with grips (5). A disk with a cord (7) is attached to a platform with a load and is used to 

apply constant load (stress) to the sample during cooling and heating. The angle of torsion 

of the two shaft parts is recorded by optical encoders (9), and the force moment is 

measured by a pendulum dynamometer (10). The stress value is estimated at the outer 

fiber using the assumption of ideal plasticity according to the equation (3.1): 

τ =
1,5∗M0Sinφ

π∗r3
            (3.1) 

where r is the sample radius, ϕ is the angle of elevation of the dynamometer lever, and 

M0=m⋅g⋅h, where m is the mass attached to the dynamometer lever, g is the acceleration 

due to gravity, and h is the length of the lever (Figure 57). The strain was calculated in 

the outer fiber according to equation (3.2): 

γ =
φ∙r

l
∙ 100%,          (3.2)  

where l is the length of the sample. The role of the elastic counter-body is performed by 

the pendulum dynamometer.  
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Since the increase in stress (τh) during heating is proportional to the recovered strain 

(γh), it can be written that τh=K⋅γh, where K is the linear coefficient characterizing the 

stiffness of the system, which can be computed using equations (3.1) and (3.2). Then, at 

small torsional angles, we obtain the following expression: 

K =
1,5∙l∙M0

π∙r4
     (3.3) 

Equation (3.3) shows that the stiffness (K) depends on the torque (M0), the value of which 

changes with the mass (m) attached to the dynamometer lever. Thus, the choice of 

stiffness K can be made by varying the mass m attached to the dynamometer lever. 

For the operation of the drive, the NiTi alloy specimen must be pre-deformed. To 

study the influence of the method of pre-deformation on the drive parameters (recovered 

strain, recovery stress, and work), pre-deformation was carried out either by active 

 

Figure 57. Experimental setup for torsional testing. 1 - electric motor, 2 - gearbox, 3 - 

transmission case, 4 - driving gear, 5 - shaft with grips, 6, 11 - supports with bearings, 

7 - disk with cord used to apply constant load on the sample, 8 - disks for transmitting 

angular displacements to angle sensors, 9 - optical angle displacement sensors, 10 - 

pendulum dynamometer with load (m), 12 - sample, 13 – thermal chamber, 14 – thermal 

chamber control. 
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deformation or by cooling under stress. Active deformation of the specimen (Figure 58a) 

is performed using an electric motor (1), which generates a torque on the shaft (5) through 

the transmission system. To pre-deform the specimen by cooling under stress (Figure 

58b), the specimen was heated to a temperature at which the alloy is in the austenite state 

and loaded to the selected stress by applying a mass to the plate connected to the disk (7). 

Then the specimen was cooled under this load through the temperature interval of direct 

martensitic transformation (down to room temperature) and unloaded (the load was 

removed from the plate). 

  

Figure 58. Two schemes of samples pre-deformation: active deformation in the 

martensite state (a) and cooling under constant stress (b). 

 
 

Using the first scheme (Figure 58a), NiTi alloy specimens were deformed to 7% at room 

temperature (in the martensite state), then unloaded. After unloading, residual strain was 

measured in the specimens (γres=5.1±0.2%). Using the second scheme (Figure 58b), 

specimens were loaded at a temperature of 180°C (austenitic state) to 62 MPa. Then the 

specimen was cooled under constant stress of 62 MPa in the temperature range of direct 

martensitic transformation and then unloaded. The value of the constant stress of 62 MPa 

was chosen to provide residual strain values (measured after unloading at room 

temperature) close to the γres observed after active deformation in the martensitic state. 

To initiate strain and stress variations during thermal cycling in actuator mode, 

after pre-straining by one method or another, the sample was connected to the 

dynamometric pendulum (10), and the right part of the shaft (5), where the second end of 
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the sample was attached, was fixed by locking the gear ring (4). Temperature control was 

carried out by a thermocouple fixed at the center of the working part of the sample. The 

sample was heated to 180°C and subjected to cooling-heating cycles in the temperature 

range of 180 to 30°C. During heating, strain was restored in the sample, leading to the 

deflection of the dynamometer (10) from the vertical position, which created a moment, 

resulting in increased stresses in the specimen. During cooling, under the stresses 

generated during the heating stage, the sample accumulated strain in the temperature 

range of forward martensitic transformation, and the position of the rod returned to the 

vertical. During the subsequent thermal cycles, the entire described procedure was 

repeated.  
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3.1.2. The impact of counterbody stiffness on the variation of functional properties 

of NiTi alloy 

 

The value of stresses generated during heating directly depends on the stiffness of 

the counterbody. To investigate the influence of counterbody stiffness on the variation of 

properties of the NiTi alloy during thermal cycling in drive mode, 7 stiffness values were 

selected, as presented in Table 3. As mentioned earlier, stiffness was varied by adjusting 

the mass on the dynamometer. Samples, pre-deformed to 7%, were subjected to thermal 

cycling at all selected stiffness values. Table 3 shows the residual strain values after 

unloading. It is evident that the residual strain in all samples is 5.1 ± 0.2%, indicating that 

before thermal cycling in drive mode, all samples were under identical conditions. 

 

Table 3. Counterbody stiffness (K), torque (M0), and residual strain (γres) values in 

samples (γres) subjected to different pre-deformation procedures. 

Sample № 
M0,  

N*m 

K,  

GPa 

Residual strain γres, % 

Active deformation up 

to 7 % in marteniste 

Cooling under stress 

62 МПа 

1 3.6 3.2 5,0 5.1 

2 6.7 6.3 5.2 5.3 

3 12.2 11.3 5.1 5.3 

4 23.2 23.5 5.0 5.1 

5 34.2 34.4 5.1 5.3 

6 50.7 51.4 5.0 5.3 

7 61.7 70.7 4.9 5.0 

 

In Figure 59, dependencies of γ(T) and τ(T) obtained during the first heating and 

subsequent thermal cycle (K = 11.3 GPa) of a sample pre-deformed by 7% are shown. 

Additionally, changes in strain and stress in the tenth thermal cycle are presented. It is 

observed that strain recovery during heating is accompanied by stress generation (blue 

line). During subsequent cooling, direct transformation from the austenite phase to 

martensite occurs under stress created by the previous heating. Such cooling results in 

oriented martensite formation, leading to strain accumulation and stress relaxation (red 
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line). During the next heating, strain recovery and stress generation occur in the 

temperature range of reverse transformation (red line). During further thermal cycling, all 

described stages repeat. In the tenth cycle (green line), variations in strain and stress occur 

similarly to the first cycle, but the values of shape memory effect and reactive stresses 

change. It is observed that strain recovery during heating is incomplete, as non-closure is 

observed in the γ(T) dependence, indicating the accumulation of plastic strain during 

cycles (Figure 59a). However, stress never fully relaxes during cooling (Figure 59b), and 

the minimum stress value is 25±5 MPa. 

  

Figure 59. Dependencies of strain (a) and stress (b) on temperature obtained during 

the first heating after deformation (blue line), the first (red line), and the tenth (green 

line) cycles with a stiffness of K = 11.3 GPa for a sample actively deformed in the 

martensite state. Subscripts indicate the cycle number. 

 

Based on the obtained curves γ(T) and τ(T), the values of the shape memory effect 

(γSM), irreversible deformation (γpl), and reactive stresses (τr) were measured, as shown in 

Figure 59. It can be observed that during the first heating of the deformed sample, 1.8% 

of deformation was recovered (blue line), while during the subsequent heating (red line), 

1.4% of deformation was recovered (Figure 59a). The difference in the recovered strain 

during the first heating and the first cycle is due to the difference in the mechanism of 

oriented martensite formation: before the first heating, oriented martensite was formed by 

reorienting martensitic variants during active deformation in the martensitic state. Before 

heating in the first and subsequent cycles, oriented martensite was formed during cooling 

under variable stress, resulting in less accumulated deformation than during active 
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deformation. The reversible deformation is proportional to the proportion of oriented 

martensite; the smaller the proportion, the smaller the reversible deformation. Since the 

first heating, which was carried out immediately after pre-deformation, is only necessary 

to "cock" the drive, the variation in properties during this heating was not compared with 

the variation in properties in the thermal cycles (in the future, we will refer to the first 

heating as the "zero" cycle). 

  

Figure 60. Dependencies of the shape memory effect value γSM (a) and maximum stress 

τr (b) on the number of thermal cycles (N), obtained for samples actively deformed in 

the martensite state. 

  
Figure 60a shows the variation in the values of the shape memory effect γSM in 

samples deformed in the martensite state up to 7% and subjected to thermal cycling with 

different stiffness. It can be seen that the values of the shape memory effect decrease 

differently during thermal cycling, depending on the stiffness of the counter body. The 

minimum change in reversible strain during thermal cycling was observed at a stiffness 

of 3.2 GPa, and the maximum - at a stiffness of 71 GPa. In Figure 60b, it can be observed 

that the smallest variations in the values of reactive stresses during thermal cycling was 

observed at the lowest stiffness. An increase in the stiffness of the counter body from 3.6 

to 23.5 GPa leads to an increase in reactive stresses in the first cycle. If the stiffness of 

the counter body exceeds 23.5 GPa, then the values of reactive stresses and their 

variations during thermal cycling do not depend on the stiffness of the system. 

Figure 61 illustrates the dependencies of the shape memory effect and recovery 

stresses on the system stiffness, obtained in the first and tenth cycles. It is shown that the 
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recoverable strain (γSM) decreases with increasing stiffness of the counterforce (Figure 

61a). Recovery stresses increase with stiffness up to 23.5 GPa and then remain unchanged 

(Figure 61b). Saturation in the τr(K) dependence is associated with reaching the limit of 

dislocation slip during stress generation, hence the stress does not increase, and plastic 

strain accumulates in the alloy. Thermal cycling reduces both the value of the shape 

memory effect and recovery stresses. 

  

Figure 61. Dependencies of γSM (a) and τr (b) on the effective stiffness K, obtained 

for samples that were deformed in the martensite state. 

 

Previously, it was assumed that maximum recovery stresses should be expected 

under conditions of rigid fixation, where stiffness can be considered infinite, and the 

maximum value of recoverable strain should occur under conditions of no stress, i.e., with 

zero stiffness. Typically, the dependence of recovery stresses on γSM is obtained by 

connecting the two extreme points directly (strain change during heating without stress 

and stress generation during heating with infinite stiffness) [12,15]. The results of this 

study show that the dependence of τr(γ
SM) is nonlinear, both for the first and the tenth 

thermal cycle (Figure 62a). It can be observed that the recovery stresses remain constant 

for recoverable strains of less than 1% and decrease for γSM > 1%. These findings are in 

good agreement with previous studies [12,15,18,22,154]. 
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Figure 62. Relationship between the value of the shape memory effect γSM and recovery 

stresses τr (a). Dependency of work A on system stiffness K (b), obtained for specimens 

that were actively pre-deformed in the martensite state. 

  
To determine the optimal stiffness of the system ensuring maximum drive 

efficiency, it is necessary to assess the work done during heating, which can be calculated 

using formula (3.4): 

𝐴 =
∆𝜏 𝛾𝑆𝑀

2
,      (3.4) 

where Δτ is the change in recovery stress during heating, and γSM is the value of shape 

memory effect. In Figure 62b, the dependencies of the work done during heating on the 

stiffness of the system are shown, calculated for the first and tenth cycles. It can be seen 

that maximum work is performed when the stiffness of the counter-body is in the range 

of 6-10 GPa. With an increase in the number of thermal cycles, the efficiency decreases, 

but the position of the maximum remains unchanged. 

Plastic (irreversible) strain (γpl) occurs both during the initial heating and during 

subsequent thermal cycling. Obviously, plastic strain accumulated during the pre-

deformation process and "zero" cycle (first heating) affects the subsequent changes in 

reversible and irreversible strain during thermal cycling, as it leads to the strengthening 

of the alloy. However, in this case, the value of the pre-deformation was the same for all 

specimens. The total amount of plastic strain γpl is calculated as the sum of γpl
N measured 

in each cycle, and its variation during thermal cycling is shown in Figure 63. It can be 

seen that γpl
0 measured in the "zero" cycle was greater than the cumulative γpl accumulated 

in the subsequent 10 thermal cycles. Increasing the stiffness of the system increases γpl 
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measured in the "zero" cycle but reduces the accumulation of plastic strain during 

subsequent thermal cycling. This is because the plastic strain accumulated during pre-

deformation and the first heating (γpl
0) leads to the strengthening of the alloy, reducing 

variations in defect density during subsequent thermal cycling and, as a result, reducing 

the accumulation of γpl. The higher the stiffness of the system, the greater the plastic strain 

in the "zero" cycle, the greater the strengthening of the alloy, and the lower the intensity 

of plastic strain accumulation during thermal cycling. For example, during thermal 

cycling with K = 70.7 GPa, plastic strain in the "zero" cycle was 4.7%, while in the 

subsequent 10 thermal cycles it was 0.1%. For K = 3.2 GPa, these values are 2.1% and 

0.6%, respectively.  

 

 

Figure 63. Variation of plastic strain during thermal cycling with different 

stiffness, measured in specimens of NiTi alloy pre-deformed in the martensite 

state. 
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3.1.3. Impact of pre-deformation method on functional properties variations of 

NiTi alloy during thermal cycling in actuator mode 

 

In the second series of experiments, variations in reversible strain, recovery 

stresses, work output, and plastic strain during thermal cycling in the actuator mode were 

studied for samples pre-deformed by cooling under constant stress of 62 MPa (the choice 

of stress is explained in 3.1.1). Dependencies of γ(T) and τ(T) were obtained and analyzed 

in the same manner as in the first series. Figure 64 shows the dependencies of γSM, 

maximum recovery stress, and work output on stiffness, obtained in the initial thermal 

cycles.  

   

Figure 64. Dependencies of reversible strain (a), recovery stresses (b), and work (c) on 

the stiffness of the counter-body, obtained in the first thermal cycle, for samples pre-

deformed in the martensite state (1) or cooled under constant stress (2). 

 

It is evident that all parameters measured in samples pre-deformed by cooling under stress 

(the second method) were higher than those in samples pre-deformed in the martensite 

state (the first method). For example, at K = 6.3 GPa, the performance of samples pre-

deformed by cooling under stress was 40% higher than that of samples pre-deformed in 

the martensite state. In both cases, a non-monotonic dependence of work output on 

stiffness was observed (Figure 64c), with the maximum work output reached at stiffness 

values between 6 and 10 GPa. With an increase in the number of thermal cycles, the 

difference in the values of reversible strain, recovery stresses, and work output of the 

alloy between samples pre-deformed by different methods decreases (Figure 65). 
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Figure 65. Dependencies of reversible strain (a), recovery stresses (b), and work (c) on 

the stiffness of the counter-face obtained in the tenth thermal cycle for samples pre-

deformed in the martensite state (1) or cooled under constant stress (2). 

 

On figures 64b and 65b, it can be observed that as the stiffness increases up to 23.5 

GPa, the recovery stresses grow, reaching their maximum value. Afterwards, for K>23.5 

GPa, they remain constant regardless of the pre-deformation method. To explain this 

phenomenon, let's analyze the changes in stress and strain during the first heating of the 

pre-deformed sample. Figure 66 presents a deformation diagram obtained at a 

temperature of 180°C (in the austenitic state), with points corresponding to the measured 

strain and stress values after the first heating with different stiffness values (stiffness 

values K are indicated near the points). The red points correspond to values obtained in 

samples pre-deformed by cooling under constant stress, while the green ones represent 

values obtained for samples pre-deformed in the martensite state. It can be seen that at 

low stiffness (K≤11.3 GPa), the stresses after heating are significantly lower than the 

stress corresponding to the σ(ε) curve. Increasing the stiffness at which heating occurs 

increases the stress value, and the points approach the σ(ε) curve. At high stiffness values, 

the stress generated by the sample reaches the yield point, and plastic strain occurs, while 

the recovery stress remains unchanged. This result is consistent with the findings of 

reference [155], where the authors indicate that the values of recovery stresses is limited 

by the corresponding stress value on the stress-strain curve in the austenite state. 
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Figure 66. Deformation diagram obtained at 180°C (in fully austenite state) for NiTi 

alloy under torsional loading. Points represent the strain and stress values in samples 

after the first heating. The gray area indicates the statistical spread for the stress-

strain curve. 

 

The influence of stiffness on the irreversible strain after ten thermal cycles, 

measured in samples pre-deformed by different methods, is shown in Figure 67. It can be 

observed that if K < 30 GPa, the irreversible strain in the sample pre-deformed by cooling 

under stress is slightly less than in samples pre-deformed in the martensitic state. If K > 

30 GPa, the value of γpl did not depend on the method of pre-deformation. 

 

Figure 67. The influence of stiffness on the value of irreversible strain, measured after ten 

thermal cycles, in samples pre-deformed in the martensitic state or cooled under constant 

stress. 

 



130 

 

 

 

Comparison of the dependencies of γSM(K), τr(K), and A(K), γpl(K) shown in 

Figures 64 and 67 revealed that pre-straining by cooling under constant stress provides 

higher values of recoverable strain, recovery stresses, and work, and leads to less 

accumulation of plastic strain at low stiffness values compared to active straining in the 

martensitic state. This is because the inelastic strain in SMA can be either reversible or 

irreversible. Reversible strain is caused by the formation of oriented martensite, which 

recovers when martensite disappears upon heating due to reverse transformation. 

Irreversible strain is caused by dislocation slip that occurs during pre-straining. The 

residual strain observed after straining is the sum of these two contributions. Comparing 

the two pre-straining methods assumes that the residual strain in the samples after 

straining was the same; however, the contributions of reversible and irreversible strain 

could be different. It is known that the process of oriented martensite formation during 

cooling under stress is associated with less irreversible strain than reorientation of 

martensite variants during straining in the martensitic state [156]. In this case, after pre-

deforming by cooling under stress, the value of reversible strain (γSM) will be greater than 

after active straining in the martensitic state, leading to higher recovery stresses and, 

consequently, work performed during heating. During thermal cycling, regardless of the 

pre-deforming method, martensite forms during cooling under variable stresses, so the 

dependence of functional properties on the pre-deforming method disappears over cycles. 

Thus, the results of the study showed that there is a complex, nonlinear relationship 

between the values of recoverable strain and maximum recovery stresses regardless of 

the pre-deforming method of the NiTi alloy. This is due to the fact that the level of 

generated stresses is limited by the magnitude of the dislocation slip limit in the austenitic 

state. The nonlinear dependence of the values of the shape memory effect and the 

generated forces on the stiffness of the counter sample leads to a non-monotonic 

dependence of the work performed during heating on the stiffness. The maximum work 

performed is observed at a stiffness of the counter sample ranging from 6 to 10 GPa. Pre-

straining by cooling under constant stress enhances the functional properties of the alloy 

compared to pre-straining in the martensitic state. This is due to the influence of the 

straining method on the values of reversible strain. However, with cycles, the difference 
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becomes insignificant, since straining of the alloy occurs uniformly in each cycle - during 

cooling under variable stress through the temperature interval of forward transformation. 

Based on this, it can be concluded that both pre-straining methods can be used in the 

creation of actuators. 
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3.1.4. Influence of pre-straining in the austenite state on variations in the 

functional properties of NiTi alloy during thermal cycling in actuator mode 

 

The results presented in sections 3.1.2 and 3.1.3 have shown that during actuator 

mode heating, the value of maximum recovery stresses is limited by the stress 

corresponding to the minimum strain observed after heating on the deformation diagram 

obtained in the austenite state. This stress can be increased by strengthening the alloy, so 

it can be assumed that to increase recovery stresses, it is necessary to increase the yield 

stress of the austenite, which is achieved by strengthening the alloy. Various methods of 

strengthening exist, such as cold rolling, severe plastic deformation, or preloading, and 

all of them have been successfully used to increase recovery stresses [157–159]. 

However, the mentioned studies investigated the influence of strengthening on recovery 

stresses during heating of the sample under rigid fixation conditions, i.e., under infinite 

stiffness. However, as shown in sections 3.1.2 and 3.1.3, the stiffness of the counterbody 

affects the value of recovery stresses and their variation during thermal cycling. 

Therefore, in this dissertation, we studied the influence of pre-strain imposed in the 

austenite state on recovery stresses, the value of the shape memory effect, and the work 

done during heating in one cycle in actuator mode with different stiffness. 

Samples, their dimensions, and heat treatment described in section 3.1.3 were pre-

strained to 10% or 20% at a temperature of 200°C (austenite state) and then unloaded. 

The samples were then loaded to 250 MPa with a counterbody stiffness of 8 GPa and 

cooled to room temperature. Upon cooling through the forward martensitic 

transformation temperature range, the sample accumulated strain, leading to stress 

relaxation (Figure 68). At room temperature, the sample was unloaded, and the 

counterbody stiffness was changed to the selected value (4.6 GPa, 8 GPa, 49.2 GPa, or 

88.7 GPa), and subjected to a single thermal cycle in the range of 180÷30°C. 
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Based on the dependencies of γ(T) and τ(T), the value of the shape memory effect 

and maximum recovery stresses were determined as shown in Figure 58. Figure 69 

illustrates the dependencies of the shape memory effect values and recovery stresses on 

stiffness obtained in the first cycle for samples with different pre-strain in the austenite 

state (0%, 10%, and 20%). It can be observed that pre-straining up to 10% or 20% does 

not affect the recovery stresses at a stiffness of 4.6 GPa, while at 8 GPa (Figure 69a), the 

value of reversible strain decreases (Figure 69b), leading to a reduction in the work 

performed by the alloy during heating. At the same time, pre-straining in the austenite 

state significantly increases the value of maximum recovery stresses at high stiffness 

values (49.2 GPa and 88.7 GPa). For instance, at a counterbody stiffness of 49.2 GPa, the 

recovery stresses increased from 245 MPa to 271 MPa after 10% pre-straining and to 294 

MPa after 20% pre-straining, while the value of the shape memory effect remained 

unchanged. The different influence of plastic deformation on recovery stresses at different 

stiffness levels is due to the fact that at low stiffnesses, the maximum recovery stress does 

not reach the yield stress of the austenite (see Figure 66), so increasing the yield strength 

does not affect the recovery stress. At high counterbody stiffness values, the maximum 

recovery stress reaches the yield stress of the austenite, so its change due to strengthening 

affects the maximum recovery stress. 

 

Figure 68. Stress (green line) and strain (red line) dependencies during the first cooling 

cycle (a) at a stiffness of 8 GPa. 



134 

 

 

 

  

Figure 69. Dependencies of recovery stresses (a) and shape memory effect (b) values 

on stiffness obtained in the first thermal cycle in samples pre-strained in the austenite 

state to 0%, 10%, and 20%. 
 

Variations in recovery stress and reversible strain lead to variations in work output, 

the dependencies of which on stiffness in the first cycle are presented in Figure 70.  

 

Figure 70. Dependencies of the work output on stiffness, obtained in samples pre-

strained in the austenite state to 0%, 10%, and 20% in the first thermal cycle. 

 

It can be observed that the maximum work performed by the alloy at a stiffness of 8 GPa 

was 1.75 MJ/m³ in the sample without pre-strain and 1.6 MJ/m³ in the sample pre-strained 

by 20% in the austenite state. At a stiffness of 88.7 GPa, the work performed by the alloy 

was 0.29 MJ/m³ without pre-strain and 0.33 MJ/m³ in the sample pre-strained by 20% in 

the austenite state. Thus, the results of the study showed that strengthening the austenitic 

phase through pre-strain allows for an increase in recovery stresses and the work 

performed in thermal cycles at high stiffness values. However, the reversible strain at 
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such stiffnesses is minimal, so even with high recovery stresses, the work performed 

during heating will be less than in NiTi alloy without pre-deformation, which undergoes 

thermal cycling in drive mode with low stiffness. 
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3.2. The influence of transformation fraction during thermal cycling in 

drive mode on variations in the functional properties of NiTi alloy 

 

Chapter 2 demonstrated that thermal cycling through an incomplete martensitic 

transformation interval (both forward and reverse) significantly improves the stability of 

NiTi alloy properties and reduces the accumulation of plastic strain. However, the results 

in Chapter 2 were obtained for thermal cycling under constant stress. However, in 

actuators, the NiTi alloy component is connected to an elastic counterbody, which 

provides the device's multiple actuations. In this case, the NiTi alloy element is heated 

under increasing stress and cooled under decreasing stress. It has been previously 

established that changes in properties during thermal cycling depend not only on the 

transformation fraction but also on the value of the applied stress. Since stresses in the 

actuator vary during heating and cooling, the variations in the properties of the NiTi alloy 

element during thermal cycling in the actuator mode will be different compared to 

variations in its properties during thermal cycling under constant stress. Thus, it is 

necessary to study the influence of the forward and reverse martensitic transformation 

fraction on the changes in the properties of the NiTi alloy during thermal cycling in the 

actuator mode. This study was conducted in the present work, and the results were 

published in [64,65]. 

The setup and objects of the study are described in section 3.1.1. Since it was shown 

in section 3.1.3. that the cocking method does not affect the changes in the functional 

properties during thermal cycling of the NiTi alloy in the actuator mode, in this study, the 

specimens were pre-deformed in the martensitic state. The level of stresses generated 

during heating is determined by the stiffness of the counterbody and the value of the 

recoverable strain, which, in turn, depends on the value of the pre-deformation of the 

sample. In turn, the value of the recovery stresses may affect the variations in the 

properties of the NiTi alloy during thermal cycling in the actuator mode. To study the 

influence of pre-deformation on the variations in the functional properties of the NiTi 

alloy in the actuator mode, in this study, samples made of NiTi alloy were deformed in 
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the martensitic state to different values of pre-deformation: 3%, 5%, or 7%. After pre-

deformation, the samples were unloaded, connected to the counterbody, and heated to 

180°C. The mass on the lever was chosen to provide a stiffness of 8 GPa (selected based 

on data presented in section 0). Table 4 presents the values of residual strain after 

unloading, shape memory effect, plastic strain, and maximum generated stress in the zero 

cycle (during the first heating).  

 

Table 4. Residual strain measured after pre-deformation (γres), value of shape memory 

effect (γ0
SM) during the first heating, plastic strain (γpl

0), and recovery stresses measured 

during the first heating (τr
0). 

γgiv, % γres, % γ0
SM, % γpl

0, % τr
0, MPa 

3 1.6±0.1 0.9±0.1 0.7±0.1 73±3 

5 3.3±0.1 1.5±0.1 1.8±0.1 120±5 

7 5.1±0.2 2.2±0.2 2.9±0.1 180±5 
 

It can be observed that all values increase with increasing pre-deformation. For example, 

increasing the pre-deformation from 3% to 7% led to an increase in γ0
SM from 0.9% to 

2.2%, and the value of τr
0 increased from 73 MPa to 180 MPa. 

 

 

Figure 71. Thermocycling schemes in Mode I (a) and in Mode II (b). The red lines 

represent the first cycle. 

  
To investigate the influence of the forward and reverse transformation fractions on 

the drive parameters samples were subjected to full transformation range cycling and two 



138 

 

 

 

thermocycling modes were used for partial transformation range cycling. In Mode I, 

samples were cooled and heated within the temperature range from 180°C to Tc, chosen 

within the temperatures of the direct transformation range (Ms < Tc < Mf), thereby altering 

the forward transformation fraction (Figure 71a). In Mode II, samples were cooled and 

heated within the range from Th to 25°C, with Th chosen within the temperatures of the 

reverse transformation range (Af < Th < As), thus varying the reverse transformation 

fraction. For this, samples were heated to 180°C, cooled to 25°C (through the complete 

forward transformation range), and then heated to the temperature Th. Subsequently, the 

sample underwent thermocycling within the temperature range from Th to 25°C (Figure 

71b). 

Table 5. Sample labeling according to the value of pre-strain, mode used, and the fraction 

of work realized in the first cycle. The label "full" applies to samples subjected to 

thermocycling through the full temperature range of martensitic transformations. 

 

γgiv, % 

=A1
*/A1

full (work output fraction realized on first cycle) 

1 
Regime I Regime II 

90% 75% 50% 25% 90% 75% 50% 25% 

3 3-full 3-0.9c 3-0.75c 3-0.5c 3-0.25c 3-0.9h 3-0.75h 3-0.5h 3-0.25h 

5 5-full 5-0.9c 5-0.75c 5-0.5c 5-0.25c 5-0.9h 5-0.75h 5-0.5h 5-0.25h 

7 7-full 7-0.9c 7-0.75c 7-0.5c 7-0.25c 7-0.9h 7-0.75h 7-0.5h 7-0.25h 

 

The values of Tc and Th were chosen such that in the first partial cycle, the work 

production (A1*) equaled 25%, 50%, 75%, or 90% of the work performed in the first full 

cycle (A1
full). The temperatures Tc and Th were determined based on the data obtained 

during thermocycling in the complete range, where samples were cooled and heated in 

the drive mode within the temperature range from 180 to 25°C. 

In Table 5, samples are labeled according to the value of pre-strain, thermocycling 

mode, and the fraction of work output realized in the first cycle. For instance, the sample 

"7-0.75c" underwent deformation of 7% and was subjected to thermocycling in Mode I 

with 75% work realization. 
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In Figure 72, dependencies of γ(T) and τ(T) are presented for the first heating cycle 

(black line) and during the first thermocycle (red line) in both modes for samples pre-

strained by 7%. In Mode I, cooling was interrupted at the temperature Tc, which was 

higher than Mf, after which the sample was heated to a temperature of 180°C, which was 

above the Af temperature (Figure 72a, b).  

Regime I 

  

Regime II 

  

Figure 72. Variations in strain (a, c) and stress (b, d) during heating of samples pre-

strained by 7% and subjected to heating and the first thermocycle in Mode I (a, b) or 

Mode II (c, d). 

  
In Mode II, cooling was conducted to a temperature of 25°C, which was below the Mf 

temperature, and heating was halted until the completion of the reverse transformation at 

the temperature Th (Figure 72c, d). During heating in the temperature range of the reverse 

transformation, strain recovery (γ1
SM) was observed, and within the same range, stress 

generation occurred up to τmax1. Regardless of the selected mode, strain recovery was 
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not complete, indicating irreversible strain (γpl
1). Based on the dependencies of γ(T) and 

τ(T), the value of reversible strain (γSM), minimum (τmin), and maximum (τmax) stress 

during heating, and irreversible strain (γpl) were measured in each cycle, as shown in 

Figure 72. 

Figure 73 depicts the variations in the values of γSM, τmax, τmin, A*, and γpl during 

the thermocycling of samples pre-deformed by 7%. It can be observed that the variation 

in recoverable strain (γSM) during thermocycling depends on the transformation ratio and 

the cycling mode (Figure 73 a, b). The smaller the fraction of direct or reverse 

transformation realized in the first cycle, the lesser the variations in γSM values. For 

instance, over 15 cycles in the full range, γSM decreased from 2% to 1.7%, whereas with 

a 25% transformation fraction in Mode I, γSM reduced from 0.99% to 0.97%. 

The reduction in the value of γSM with an increase in the number of cycles in Mode I was 

significantly less than in Mode II. For instance, after fifteen cycles, the value of γSM 

decreased by 0.17% in Mode I (sample 7-0.9c) and by 0.3% in the full cycle or Mode II 

(samples 7-full or 7-0.9h). 

Figures 73c,d depict the dependencies of minimum and maximum stress on the 

cycle number. If thermocycling was conducted within the full range of martensitic 

transformation temperatures or in Mode II, the minimum stress remained unchanged 

throughout the cycles, ranging from 28 to 33 MPa. If thermocycling was conducted in 

Mode I, the minimum stress remained constant throughout the cycles, and its value 

depended on the fraction of forward transformation: the smaller the fraction, the greater 

the minimum stress (Figure 73c). The maximum stress always decreased with an increase 

in the cycle number; however, the variations in τmax during thermocycling in Mode I were 

less pronounced than in Mode II. For instance, over fifteen cycles, the maximum stress 

decreased from 175 to 169 MPa in Mode I (sample 7-0.75c) and from 149 to 133 MPa in 

Mode II (sample 7-0.75h). 
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Regime I Regime II 

  

  

  

  

Figure 73. Variations in the values of γSM (a, b), τmin (c, d), τmax (c, d), A* (e, f), and γpl (g, 

h) during multiple thermocycling of NiTi alloy in Modes I and II. The pre-deformation 

was 7%. 
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Variations in the values of shape memory effect, maximum and minimum stress 

during thermocycling result in variations in the work performed by the alloy during 

heating. As shown in Figures 73e,f, the change in work output during thermocycling in 

Mode I was  

less than in Mode II. In Mode I, the value of A decreased from 1.22 to 1.0 MJ/m3 (in 

sample 7-0.9c), whereas in Mode II, it decreased from 1.22 to 0.85 MJ/m3 (in sample 7-

0.9h). 

The dependencies of plastic strain on the cycle number during thermocycling in 

different modes are presented in Figures 73g,h. It can be observed that thermocycling in 

Mode I was accompanied by less variation in plastic strain compared to full cycles or 

Mode II. Thermocycling in Mode II resulted in less intense accumulation of plastic strain 

compared to full cycles but was significantly higher than in Mode I. For instance, the 

value of plastic strain was 0.1% after 15 cycles in Mode I (sample 7-0.9c), which was 

three times less than in Mode II (sample 7-0.9h) and five times less than in the full cycle 

(sample 7-full). 

To determine the influence of pre-deformation on properties changes during 

thermocycling in incomplete martensitic transformation ranges, the change in the ratio of 

A15
* to A1

* (the ratio of work (A15
*) measured in the 15th cycle to work A1

* measured in 

the first cycle) was analyzed with varying transformation fractions in both modes (Figure 

74). 

It's evident that with an increase in the transformation fraction during 

thermocycling in Mode I, the value of A15
*/A1

* decreases in samples pre-deformed at 5% 

or 7%, and changes slightly in samples pre-deformed at 3% (Figure 74a). The reduction 

in A15
*/A1

* with an increase in the fraction is due to more pronounced accumulation of 

plastic strain. This accumulation, in turn, leads to variations in the values of strain 

recovery and reactive stresses. In Mode II thermocycling, the value of A15
*/A1

* increased 

with the growth of the transformation fraction in samples pre-deformed at 3% or 5%, and 

decreased in samples pre-deformed at 7% (Figure 74b). Comparison of the results 

obtained in the two modes for samples with the same Φ value shows that thermocycling 

in Mode I results in less variation in the work performed compared to Mode II. For 
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example, the value of A15
*/A1

* is 83% in Mode I (sample 7-0.9c) and 68% in Mode II 

(sample 7-0.9h). 

Since the variation in strain recovery, reactive stresses, and work performed during 

thermocycling is related to plastic strain, let's consider how it changes depending on the 

realized fraction. Figure 75 shows the relationship between the value of plastic strain after 

15 cycles in the incomplete temperature range of martensitic transformations and during 

thermocycling in a full cycle, depending on the fraction Φ. It's clear that in Mode I thermal 

cycling, reducing the parameter Φ significantly decreases plastic strain regardless of the 

pre-strain value. For instance, reducing Φ from 100% to 90% reduces plastic strain by a 

factor of 5. Further reduction in Φ has minimal impact on plastic strain (Figure 75a). In 

Mode II thermal cycling, the reduction in Φ results in varying reductions in plastic strain 

depending on the initial strain. The higher the initial strain, the greater the reduction in 

plastic strain with decreasing Φ. 

Thus, the study findings demonstrate that variations in functional properties and 

the accumulation of irreversible strain during thermal cycling in NiTi alloy drive mode 

are influenced by the fraction of forward or reverse transformations. In Mode I (partial 

forward transformation), reduction in the fraction from 100% to 90% significantly 

decreased plastic strain accumulation, irrespective of the initial strain (Figure 75a).  

Regime I Regime II 

  

Figure 74. Dependencies of the change in workability A* after 15 cycles in Mode I (a) or 

II (b) on the parameter Φ (the fraction of work realized in the first cycle) in samples pre-

deformed in the martensite state. 
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In samples pre-deformed to 5% and 7%, work decreased by 30-35% over 15 thermal 

cycles at Φ=100%, and by 20% at Φ=90% (Figure 74a). In Mode II (partial reverse 

transformation), the variation in plastic strain due to the reverse transition fraction 

depends on the initial strain value. Maximum changes were observed in samples pre-

deformed to 7%. In these samples, reducing the reverse transition fraction from 100% to 

90% decreased plastic strain by only 2 times (Figure 75b). Furthermore, plastic strain did 

not decrease by five times under any reverse transition fraction, as observed in Mode I. 

The change in the accumulated work over 15 thermal cycles at Φ=90% was nearly the 

same as at Φ=100% (Figure 74b). This indicates that reducing the reverse transition 

fraction by 10% does not enhance the stability of the alloy's functional properties. In all 

cases of reverse transition fraction, a reduction of over 20% in the accumulated work over 

15 thermal cycles was observed (Figure 74b). 

Thus, the results presented in Chapter 3, similar to those in Chapter 2, demonstrate 

that to improve the stability of NiTi alloy properties, reducing the direct transition fraction 

is more effective. This is because the direct transformation increases defect density. 

Therefore, limiting this process by reducing the direct transition fraction allows for 

controlling the stability of the alloy's functional properties during thermal cycling in drive 

mode. The results presented in Chapter 2, where samples were thermally cycled through 

Regime I Regime II 

  

Figure 75. Relationship between the values of plastic strain accumulated over 15 

thermal cycles in mode I (a) or II (b) and the plastic strain accumulated during thermal 

cycling over the full range, depending on the realized fraction of work output. 
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partial transformation ranges under constant load, showed that the main change in defect 

density occurs during the second half of the forward transition. Thus, excluding this part 

of the transformation helps stabilize the properties of the alloy. The results presented in 

Chapter 3 demonstrate that during thermal cycling in drive mode, excluding only the last 

10% of the forward transformation significantly reduces plastic strain (by a factor of 5) 

and improves property stability. This difference is due to stress reduction during cooling 

in drive mode. As demonstrated in Chapter 2, the lower the stress at which martensite 

crystals form, the less the variation in defect density and plastic strain, leading to more 

stable functional properties during thermal cycling. 
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3.3. The influence of the temperature cycle position relative to the 

martensitic transition temperatures on the variation of the NiTi alloy 

functional properties during thermal cycling in drive mode within an 

incomplete temperature range 

 

The results presented in Section 3.2 have shown that the variation of drive 

parameters (reversible strain, generated forces, work output) and the accumulation of 

plastic strain depend on the fraction of forward and reverse transformations realized 

during cooling or heating. However, the same transformation fraction can be achieved at 

different positions of the maximum and minimum temperatures in the cycle relative to 

the martensitic transition temperatures. As shown in the previous section, reducing the 

fraction of forward transformation during cooling by increasing the minimum cycle 

temperature (Tc) at a constant maximum cycle temperature significantly improves the 

stability of the NiTi alloy properties. Similarly, it has been shown in the same section that 

reducing the fraction of reverse transformation during heating by decreasing the 

temperature Th at a constant lower boundary of thermal cycling also enhances the stability 

of NiTi properties and reduces the accumulation of irreversible strain. Thus, it can be 

assumed that there exists an optimal temperature range Tmax÷Tmin, where the minimum 

temperature Tmin is above Mf and the temperature Tmax is below Af, in which the variation 

in the properties of the NiTi alloy during thermal cycling will be minimal. Therefore, one 

of the objectives of the dissertation was to investigate the influence of the position of the 

maximum and minimum temperatures in the cycle relative to the martensitic transition 

temperatures on the variations in the shape memory effect, reactive stresses, work 

performed during heating, and irreversible strain during thermal cycling. The 

temperatures Tmin and Tmax were selected to ensure a cycle in which the work was half of 

the work in the full cycle, the value of which is 1.4 MJ/m³. Six temperature ranges were 

chosen, and the maximum and minimum temperatures in each range are presented in 

Table 6. Additionally, in this table, sample 7 is indicated, which was thermally cycled in 

the temperature range of complete transitions, i.e., from 180 to 25°C. The value of the 
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preliminary deformation of the NiTi alloy element was 7%, and the mass of the counter 

sample was chosen to achieve a system stiffness of 8 GPa. 

Table 6. Maximum and minimum temperatures of thermal cycling intervals (Martensitic 

transition temperatures according to DSC data Ms = 59℃, Mf = 37℃, As = 67℃ and Af 

=90℃). 

Sample, № 1 2 3 4 5 6 7 

Tmax, ℃ 120 123 130 133 137 180 180 

Tmin, ℃ 25 44 47 49 51 55 25 

 

The research methodology was as follows: 

1. The sample was pre-deformed by 7% at room temperature and connected to a 

counterbody. 

2. The sample was heated to 180°C in a drive mode (one side of the sample was fixed, 

while the other was connected to a dynamometric pendulum). 

3. The sample underwent 15 thermal cycles in the temperature range Tmin - Tmax, the 

values of which are presented in Table 6. 

Figure 76 shows the dependencies of strain on temperature obtained for samples 1  

  

Figure 76. Dependencies of strain on temperature obtained during the first (red curve) and 

fifteenth (green curve) thermal cycles for sample 1 in the range of 120 to 25°C (a), and 

sample 5 (137 to 51°C) (b). The black curve represents the dependence of γ(T) for sample 

7 in the range of 180 to 25°C. 

  
and 5 in the 1st and 15th cycles, as well as for the first cycle in sample 7 (black curve). It 

can be seen that after fifteen thermal cycles, the value of the shape memory effect 
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significantly decreased in sample 1 (Figure 76a), while this parameter remained 

unchanged in sample 5. Based on γ(T) and τ(T), the values of γSM, plastic strain γpl, 

maximum τmax, and minimum τmin stresses in the cycle were determined, similar to what 

was done in Section 3.2. (Figure 72). The value of plastic strain γpl was calculated as the 

cumulative irreversible strain accumulated by the end of the current cycle. 

Figure 77 depicts the dependencies of the transformation (recovered) strain (γSM), 

plastic strain, and maximum and minimum stresses on the cycle number during thermal  

  

  

Figure 77. Dependencies of γSM (a), γpl (b), τmax (c), τmin (d) on the cycle number (N) obtained 

during thermal cycling in various temperature ranges. Values of Tmax and Tmin are indicated 

in the legend. 

 

cycling in various temperature ranges. It is evident that with an increase in the number of 

cycles, the value of γSM decreases in all samples regardless of the cycling range (Figure 

77a). However, the change in the value of forward transformation strain for one cycle 

depends on the position of the temperature range relative to the martensitic transformation 

temperatures. The greatest variation in γSM over 15 cycles was observed in sample No. 1 
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(Tmax = 120°C and Tmin = 30°C). The smallest variation in γSM was found when cycling in 

the range of 137÷51°C (sample No. 5). Increasing the values of Tmax and Tmin above 137°C 

and 51°C, respectively (Tmax = 180°C, Tmin = 55°C), deteriorates the stability of the 

forward transformation strain during cycling (sample 6). 

The dependencies of accumulated plastic strain on the cycle number are shown in 

Figure 77b. It can be observed that the accumulation of plastic strain correlates with 

variations in the recovered strain values. The maximum accumulation of plastic strain 

was observed in sample 1, while the minimum variation in γpl was detected in sample 5. 

For instance, over 15 thermal cycles in the temperature range of 137÷51°C, the plastic 

strain increased by only 0.04% (sample 5). Conversely, if the thermal cycling was 

conducted in the range of 120÷51°C, the change in plastic strain amounted to 0.2%. 

In Figures 77c and d, the dependencies of maximum and minimum stress on the 

cycle number obtained during thermal cycling of NiTi alloy samples in different 

temperature ranges are shown. The minimum variation in recovery stresses was observed 

in sample 5 (137÷51°C). 

The variation of work A during thermal cycling in different temperature ranges is 

depicted in Figure 78a. With an increase in the number of cycles, the work decreases in 

all samples. The largest variation in completed work was found in sample 1 (120÷25°C), 

where the value of A decreased from 0.7 MJ/m^3 in the first cycle to 0.5 MJ/m3 in the 

fifteenth cycle. The smallest change in the value of A, from 0.72 MJ/m3 in the first cycle 

to 0.64 MJ/m3 in the 15th cycle, occurred during thermal cycling of sample 5 in the 

temperature range of 137÷51°C. Increasing the value of Tmax above Af (sample 6) worsens 

the stability of completed work during thermal cycling. In Figure 78b, the work and 

plastic strain measured in the 15th cycle for each temperature range are presented. It can 

be seen that after fifteen cycles, the maximum work and minimum plastic strain are 

observed during thermal cycling in the temperature range of 137÷51°C. 
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Figure 78. Dependence of work output (A) on the cycle number (N) obtained during 

thermal cycling of NiTi alloy samples in different temperature ranges (a). Work output 

and plastic strain measured in the 15th cycle (b) during thermal cycling of NiTi alloy 

samples in different temperature ranges. 

 

The research results have shown that variations in the work output and 

accumulation of plastic strain during the thermal cycling of NiTi alloy depend not only 

on the fraction of forward transformations but also on the positions of Tmax and Tmin in the 

cycle relative to the start and finish temperatures of martensitic transitions. Increasing 

Tmin from 25°C to 51°C, along with increasing Tmax from 120°C to 137°C, led to an 

improvement in the stability of the alloy's functional behavior. Further increases in Tmin 

from 51°C to 55°C and Tmax from 137°C to 180°C worsened the stability of the work 

output. This is because increasing Tmin from 25 to 51°C leads to the thermal cycling range 

encompassing only the first half of the forward transformation, while the main 

accumulation of plastic strain occurs during the final stage. Thus, thermal cycling of 

sample 1 was accompanied by the greatest accumulation of plastic strain since in this case 

Tmin was lower than the Mf temperature, meaning the thermal cycling range included the 

second half of the forward transformation. In the case of sample 5, Tmin was much higher 

than the Mf temperature, so the second half of the forward transition was hardly affected, 

resulting in minimal changes in plastic strain. Changing Tmax from 120 to 137°C does not 

intensify the recovery processes upon heating, so the defect density remains unchanged. 

If Tmax exceeded the Af temperature (in sample 6), then the stability of the properties 

decreased because the recovery processes intensified upon heating. As a result, the defect 
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density decreased, making the alloy susceptible to accumulating plastic strain upon 

subsequent cooling, thus increasing plastic strain during thermal cycling. 

Thus, two dependencies of plastic strain on temperature can be distinguished, one 

of which is determined by the fraction of forward transformation. In this case, the value 

of plastic strain increases as Tmin decreases relative to Ms. The other dependence is 

determined by the intensity of recovery processes upon heating, so plastic strain increases 

with increasing Tmax. Schematically, these dependencies can be represented as shown in 

Figure 79. It is evident that there is an optimal position for the temperatures Tmax and Tmin, 

at which the accumulation of plastic strain will be minimal. During the thermal cycling 

of the NiTi alloy in the drive mode within this range, the variations in its functional 

properties will be minimal. 

 

Figure 79. Optimal position of the temperature range for thermal cycling relative to 

the temperatures of martensitic transformations. 

 

Based on the findings of the dissertation, recommendations can be formulated 

regarding the selection of optimal temperature, strain, and force regimes for NiTi alloy 

actuation: 

1. Preliminary strain of the NiTi alloy element can be achieved through active 

deformation or stress-induced cooling. The value of the preliminary strain should 

be in the range of 5-7%. 

2. The selection of the counter-body should ensure a stiffness of 6-10 GPa. 
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3. Thermal cycling of the actuator should be conducted in a manner that excludes the 

completion of the forward transformation during cooling. The less involvement of 

the second half of the forward transition during cooling, the better stability of the 

actuator parameters will be observed during thermal cycling. The maximum 

temperature in the cycle should be chosen slightly below the Af temperature to 

reduce the contribution of the softening process to defects accumulation. 
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3.4. Variations in the functional properties of a torsional actuator with 

an working body made of NiTi alloy at high numbers of thermal cycles. 

 

The results of the study described in 3.3. showed that there is an optimal range of 

thermal cycling where the operation of the actuator is accompanied by the least variation 

in device performance. However, these data were obtained with a small number of cycles 

(N = 15). For most practical applications, it is necessary for shape memory alloy-based 

actuators to reliably operate for thousands of cycles [9,16]. Moreover, it is known that the 

functional properties of shape memory alloys may not change monotonically depending 

on the number of thermal cycles [26,160]. To understand how the results obtained with a 

small number of cycles of thermal cycling can be applicable to actuators operating in real 

conditions (over 1000 cycles), investigations of reversible strain, recovery stresses, work 

output, and plastic deformation were conducted over 1000 cycles. 

To address this issue, a torsional actuator operating in automatic mode was created. 

Figure 80 shows the overall view of the actuator. The working body made of NiTi shape 

memory alloy (1) is secured between the parts of the split shaft (2), one part of which has 

a rigid fastening, while the other is attached to a lever with a mass and a digital 

inclinometer. Automatic operation was ensured by the TRM-201 measurement regulator 

(4), which, upon the regulator's command, applies current to the induction heater circuit 

(5). Once the temperature reaches the required value, the circuit is disconnected, and the 

sample is cooled to the specified temperature. Once the desired temperature is reached 

during cooling, the regulator again applies current to the electrical circuit. 

To eliminate the risk of anisotropy in the temperature field across the sample cross-

section during induction heating, the frequency of the current was chosen to achieve a 

regime of volumetric (deep) heating. This mode is realized when the depth of current 

penetration equals half the diameter of the sample. The following formula was used to 

calculate the depth of current penetration: 

Z
a

= 503√
𝜌

𝜇𝑓
 ,      (3.5) 
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where ρ is the resistivity of the conductor material (60÷90 μΩ*cm for NiTi alloy), μ is 

the relative magnetic permeability (1.002), and f is the current frequency. Assuming the 

required depth of current penetration is 1 mm, using formula 3.5, we find the value of f 

to be 210 kHz. 

 

Figure 80. Photograph of the torsional actuator based on NiTi shape memory alloy. NiTi 

shape memory alloy working body (1), split shaft (2), lever with mass and digital 

inclinometer (3), TRM-201 measurement regulator (4), induction heater (5).  

 

As the working element of the drive, samples of square cross-section measuring 

2×2×40 mm were used, cut using an electroerosion machine from a NiTi alloy plate. The 

samples were subjected to quenching at 900°C for 20 minutes followed by annealing at 

500°C for 500°C. After this heat treatment, the alloy underwent B2↔B19' 

transformations at the temperatures Mf=80°C, Ms=38°C, Af=79°C, and As=108°C 

(according to DSC data). The samples were clamped and deformed (twisted) to 7% at 
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room temperature (in the martensite state) and then unloaded, resulting in residual strain 

of 4.7±0.1% (Figure 81). 

 

After unloading, the samples underwent thermal cycling in the drive mode, during 

which the maximum and minimum deflection angles (φ) of the lever were recorded. To 

assess the influence of heating/cooling rates on the variations in the drive's working body 

parameters, two samples underwent 25 thermal cycles over the full temperature range of 

martensitic transformations from 180°C to 25°C at different rates. The first sample 

underwent thermal cycling at an average heating/cooling rate of 7°C/min, while the 

second sample was subjected to heating at a rate of 350°C/min and cooling at a rate of 

150°C/min. Figure 82 shows the dependencies of shape memory effect values on the cycle 

number obtained during thermal cycling of NiTi alloy samples with low and high 

temperature change rates. It can be seen that the shape memory effect value increases in 

both cases, with the difference between the curves not exceeding 0.15%. Thus, heating 

and cooling at high rates do not affect the property variations during thermal cycling, 

allowing for the use of rapid heating and cooling of the NiTi alloy element in the drive. 

 

Figure 81. Deformation diagram of NiTi alloy obtained under torsional loading at room 

temperature (23°C). 
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Figure 82. Dependencies of shape memory effect values on the cycle number obtained 

during thermal cycling in the temperature range of 180°C to 25°C of NiTi alloy with 

different heating/cooling rates. 

 

To investigate the variation in the functional properties of the NiTi alloy during 

thermocycling through the temperature range of incomplete martensitic transformations, 

samples underwent 1000 thermocycles in various temperature intervals. The first sample 

underwent thermocycling across the full range of martensitic transformations from 180 

to 25°C, with an initial cycle work output of 0.45 MJ/m3 (denoted as A_full). Two other 

samples underwent thermocycling in intervals of incomplete martensitic transformations. 

For this purpose, following the recommendations for selecting the optimal interval 

(section 3.3.), two intervals were determined: 115 to 58°C, where the initial cycle work 

output was 0.22 MJ/m3 - half of the work output in the full cycle (designated as A_0.5), 

and 115 to 51°C, where the work output in the initial cycle was 0.33 MJ/m3 - 75% of the 

work output in the full cycle (designated as A_0.75). 

Figure 83 shows the dependencies of the shape memory effect magnitudes on the 

thermocycle number during thermocycling of the NiTi alloy in different temperature 

intervals. 
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Figure 83. Dependencies of shape memory effect values on the thermocycle number 

obtained during thermocycling in various temperature ranges of the NiTi alloy. 

  
It is observed that the values of γSM in all samples vary non-monotonically with an 

increase in the number of thermocycles. As the number of cycles increases to 10-50, the 

γSM value increases, and then decreases. For example, in sample A_full, the γSM value was 

1.4% in the first cycle, reached a maximum at the 50th cycle (1.6%), and decreased to 

0.86% at the 1000th cycle. In sample A_0.75, the γSM value increased from 1.22% to 

1.35% by the tenth cycle, then decreased to 0.6% by the 1000th thermocycle. In the 

temperature interval of 115÷58°C, the γSM value also reached a maximum by the tenth 

cycle, increasing from 1% to 1.1%, and decreased to 0.7% at the 1000th cycle. In all 

presented dependencies, a linear decrease in the γSM value was observed after the five 

hundredth thermocycle, for which the slope was calculated. For sample A_full, the slope 

is -4.07×10-4 %/cycle, for the interval of 115÷51°C, it was -2.02×10-4 %/cycle, and the 

smallest decrease in the γSM value with cycles was observed in sample A_0.5, for which 

the slope was -0.87×10-4 %/cycle. It should be noted that due to the slower decrease in 

the γSM values during thermocycling in the 115÷58°C interval, the γSM value in sample 

A_0.5 was higher than in sample A_0.75 at the 1000th thermocycle. 

The increase in γSM values in the initial cycles may be attributed to "training," 

which is caused by the increase in defect density leading to the formation of oriented 

internal stresses. These stresses add to the external load, increasing the effective stress 

and thereby enhancing reversible deformation. 
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Figure 84. Variations in strain during thermocycling in the unloaded state of NiTi alloy 

samples after pre-deformation in the martensitic state by 7% (black line) and after 

deformation followed by thermocycling (red line). 

  
To test this hypothesis, one sample pre-deformed to 7% in the martensite state was 

subjected to heating and a single thermocycle in the range of 180 to 25°C, while the 

second sample, after deformation to 7%, underwent 50 thermocycles in the drive mode 

(180 to 25°C), after which the sample was heated, cooled, and heated again. During this 

process, the variation in sample strain during cooling and heating in the unloaded state, 

i.e., the two-way shape memory effect (TWSME) (Figure 84), was observed. It can be 

seen that in the sample subjected to 50 thermocycles, the value of the reversible shape 

memory effect is 0.35%, which is 0.14% higher than in the sample not subjected to 50 

thermocycles. Since the manifestation of the TWSME, like the training effect, is caused 

by fields of oriented internal stresses, an increase in the value of the TWSME indicates 

an increase in the values of internal stresses, which in turn leads to an increase in the value 

of the shape memory effect in the initial cycles. 

Figure 85 shows the dependencies of the minimum - τmin (a) and maximum τmax (b) 

stresses during heating. The dependencies τmin(N) for all samples have a complex 

character. 
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Figure 85. Dependencies of the minimum (a) and maximum (b) stress values on the 

number of thermocycles obtained during thermocycling in different temperature 

intervals of the NiTi alloy. 

  
At the beginning of thermocycling, the values of τmin decrease in all samples until 

reaching a minimum. Then, in the A_0.75 and A_0.5 samples, the values of τmin increased 

with the number of thermocycles until saturation. In the sample subjected to 

thermocycling over the full range, the τmin value decreased from the 1st to the 100th cycle, 

increased from the 100th to the 600th cycle, and then decreased again after the 600th 

cycle. In Figure 85b, it can be seen that the τmax value decreased in all samples with 

increasing thermocycle number, and the larger the fraction of the temperature range, the 

greater the decrease in maximum recovery stress during thermocycling. 

Figure 86 shows the variation in work during thermocycling through different 

temperature ranges. In all samples, the work increased at the beginning of thermocycling 

and then decreased. To compare the intensities of work decrease during thermocycling, 

the slope of the linear portion (for N > 500) of the A(N) dependence was calculated. The 

smallest slope was observed in the A_0.5 sample, where this value amounted to -0.26×10-

4 MJ/m^3 per cycle. In the A_full sample, this value was -1.76×10-4 MJ/m^3 per cycle. 

Due to the lower intensity of work decrease in the A_0.5 sample, its work value exceeded 

that of the A_0.75 sample in the 500th cycle. 
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Figure 86. Dependence of work output values on the thermocycle number obtained 

during thermocycling in various temperature ranges of NiTi alloy. 

  
Thus, the study validated the results obtained on a small cycle basis (see Section 

3.3) for the operation of a NiTi alloy torsional drive over 1000 cycles. It was demonstrated 

that the optimal thermocycling regimes, selected based on the recommendations 

presented in Section 3.3., significantly improved the stability of the drive characteristics 

under conditions approximating operational ones. Based on this, it can be asserted that 

the results of this study are applicable to the development and creation of multiple-action 

drives with shape memory alloy elements based on NiTi. It was shown that during 

thermocycling of NiTi samples in the range of temperatures of incomplete martensitic 

transformations, the stability of the functional properties of the drive's working element 

was higher compared to thermocycling in the full interval. 
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3.5. Conclusions to Chapter 3 

 

Based on the results presented in Chapter 3, the following conclusions can be 

drawn: 

1. Nonlinear dependencies of the shape memory effect and recovery stresses values 

on the stiffness of the counterbody lead to a non-monotonic relationship between the work 

performed during heating and the stiffness of the counterbody. The maximum work is 

performed by the NiTi alloy when the stiffness of the counterbody is between 6-10 GPa. 

2. Maximum recovery stresses generated during heating of the NiTi alloy are 

nonlinearly related to the value of the strain recovered during heating. This is because 

increasing the stiffness of the counterbody beyond 23.5 GPa does not affect the level of 

maximum recovery stresses. The limitation of maximum recovery stresses during heating 

is associated with reaching the dislocation yield strength, after which their increase 

ceases. 

3. The stiffness of the counterbody does not affect the nature of the variations in the 

shape memory effect, recovery stresses, and work output, which decrease during 

thermocycling. The influence of the counterbody stiffness on the variation in plastic strain 

is not due to the stiffness itself, but rather to the plastic strain acquired by the sample 

during the "zero" cycle (during the first heating). The greater the plastic strain during the 

"zero" cycle, the less it varies during thermocycling. 

4. The method of pre-deformation, which is necessary to "set" the actuator, only 

affects the work output properties in the first cycles. This is because the contributions of 

reversible and irreversible strain to the overall residual strain depend on the method of 

pre-deformation (active strain in the martensitic state or cooling under stress). After 

cooling under stress, the fraction of reversible strain is higher, so during the first heating 

in actuator mode, a greater strain is recovered, resulting in higher recovery stresses than 

after active strain in martensite. This influences the change in strain and stresses during 

subsequent cooling. With cycles, the influence of the pre-deformation method on the 

work output of the NiTi alloy weakens, and by the 10th cycle, it becomes insignificant, 
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as martensite begins to form under variable stress from the first cycle. Therefore, after the 

10th thermocycle, variations in strain and recovery stress occur similarly in all pre-

deformation methods of the alloy. 

5. Strengthening of the austenitic phase due to pre-deformation at high temperatures 

increases maximum recovery stresses only at high stiffness. Since reversible strain after 

pre-deformation remains low, the amount of work performed during heating with high 

stiffness in hardened samples is lower than that with low stiffness in unhardened NiTi 

alloy samples. 

6. The influence of the fraction of forward and reverse transformations on the 

variations in work output of the NiTi alloy and its strain variation during thermocycling 

in actuator mode is similar to what was observed during thermocycling under constant 

stress. Reducing the fraction of forward transformation is more effective for stabilizing 

the properties of the alloy than reducing the fraction of reverse transformation. During 

thermocycling of the NiTi alloy in actuator mode, reducing the fraction of forward 

transformation by 10% allows reducing the accumulated strain by 5 times with the same 

number of cycles, improving the stability of the alloy properties. Reducing the fraction of 

reverse transformation by 75% does not allow reducing the amount of irreversible strain 

by more than three times. 

7. The value of pre-deformation required to "set" the actuator affects the 

characteristics of the actuator only in the "zero" cycle, but practically does not affect the 

change in these properties during thermocycling in actuator mode through an incomplete 

range of direct martensitic transformation. During thermocycling through an incomplete 

range of reverse transformation, the greater the pre-deformation, the stronger the 

influence of the fraction of reverse transformation on the variations in work output 

properties. 

8. There is an optimal temperature range for the working cycle of the actuator, where 

the minimum temperature is such that the second half of the forward transformation is 

excluded during cooling, and the maximum temperature does not exceed the Af 

temperature to suppress recovery processes during heating. 
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9. Recommendations have been developed for the temperature, deformational, and 

force characteristics of the actuator that minimize changes in the device's operating 

parameters during thermocycling. 

10. The results of the study, obtained based on a 15-cycle basis, were tested during the 

operation of a prototype torsional actuator based on a 1000-cycle basis. It has been shown 

that the selection of optimal cycle temperatures based on recommendations made on a 

small cycle basis significantly improves the stability of the torsional actuator's operating 

parameters. 
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Conclusions 

 
The dissertation work encompassed a comprehensive investigation of the 

variations in the work output of NiTi alloy during thermal cycling under various 

temperature, strain, and stress conditions. Thermal cycling of the NiTi alloy was 

conducted without stress, under constant stress, or in a drive (actuator) mode where stress 

decreased during cooling and increased during heating. The thermal cycling involved 

varying the fraction of forward and reverse transformations, both individually and in 

coordination. Additionally, the position of the temperature cycle relative to the 

martensitic transition temperatures was varied. 

The preliminary strain of the samples differed in value and implementation method 

(active strain or cooling under stress), as well as in the temperature of deformation. 

Variations in the work output of the NiTi alloy were investigated under all thermal cycling 

regimes. The following conclusions can be drawn from the dissertation work: 

1. A relationship was established between the variations in martensitic transition 

temperatures and defect density, which is nonlinear. It was shown that variations 

in defect density, determined by two processes - increasing defect density during 

forward martensitic transformation and decreasing defect density during reverse 

transformation - directly affect the variations in temperatures and sequences of 

martensitic transitions in the NiTi alloy. Intensification of recovery processes by 

increasing the maximum temperature in the cycle or during isothermal holding 

helps reduce defect density, thus restoring temperatures and sequences of 

martensitic transitions in the alloy. However, reducing defect density through 

recovery processes leads to an increased ability to accumulate defects upon 

subsequent cooling. The defect structure formed during thermal cycling is unstable 

and changes with variations in the maximum temperature in the cycle, holding 

time, or stress changes. This is because during thermal cycling, dislocations form 

in the austenite phase, where the yield stress is lower than in the martensite phase. 

The martensite phase inherits the dislocation structure of the austenite phase, 
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leading to the generation of high internal stresses, which relax with changes in the 

maximum temperature in the cycle or during holding, resulting in changes in 

transition temperatures. 

2. Direct observations of interphase boundary movement during cooling and heating 

of the NiTi alloy in a transmission electron microscope column showed that in the 

annealed NiTi alloy, there is no correspondence between the sequences of crystal 

appearance during cooling and their disappearance during heating. Moreover, 

microstructural memory, i.e., the martensite structure, is not reproduced during 

thermal cycling. This may be due to the redistribution of defects, leading to changes 

in internal stresses, which additionally influence the changes in transition 

temperatures. If a dislocation structure is formed in the alloy during active 

deformation, microstructural memory is observed, and there is correspondence 

between the sequences of martensite crystal appearance during cooling and their 

disappearance during heating. 

3. Reducing the fraction of the temperature range for both forward and reverse 

transformations contributes to a decrease in the rate of change of martensitic 

transformation temperatures, the values of reversible strain, the work done during 

heating, and the plastic strain accumulated during thermal cycling of the NiTi alloy 

under stress. It was established that if the temperature range for forward 

transformation during thermal cycling does not exceed 50% of the total range, the 

work output changes only in the first 3-5 cycles and remain unchanged thereafter. 

It was shown that reducing the fraction of forward transformation during thermal 

cycling under stress leads to better stabilization of the work output of the NiTi alloy 

compared to reducing the fraction of reverse transformation. This is because the 

main changes in defect density occur during forward transformation. 

4. The training effect - the increase in reversible strain during thermal cycling is 

associated with the ability of the alloy to accumulate plastic strain during multiple 

thermal cycles. This effect is observed when the fractions of forward or reverse 

transformation during thermal cycling exceed 50%. In this case, during thermal 

cycling under stress, irreversible strain accumulates actively in the alloy, 
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accompanied by an increase in internal stresses. These stresses, combined with 

external ones, increase the effective stress during thermal cycling, resulting in an 

increased proportion of oriented martensite, which appears during cooling and 

disappears during heating, thus increasing reversible strain. 

5. Reducing the fractions of both forward and reverse transformations included in the 

thermal cycling range reduces reversible strain and the work done during heating, 

while significantly improving the thermo-cyclic stability of these properties and 

reducing irreversible strain, which is important for devices subjected to multiple 

actions. For example, reducing the fraction of forward transformation from 100% 

to 50% during thermal cycling of the alloy under 50 MPa stress reduces reversible 

strain by 2.3 times and plastic strain by 5 times. 

6. The influence of the stiffness of the counterbody, the method of pre-strain, and the 

strengthening of the austenite phase on the properties variations of the NiTi alloy 

during thermal cycling in the drive mode has been established. It has been shown 

that nonlinear dependencies of the values of the shape memory effect and recovery 

stresses on the stiffness of the counterbody lead to the dependence of the work 

performed during heating on the counterbody stiffness being non-monotonic, with 

a maximum observed at a stiffness of 6-10 GPa. It has been established that the 

stiffness of the counterbody does not affect the nature of the changes in the values 

of the shape memory effect, recovery stresses, and work performed, which decrease 

during thermal cycling. It has been shown that the method of pre-strain, necessary 

for "cocking" the drive, only affects the functional properties in the initial cycles. 

This is because the method of pre-strain determines the values of reversible strain, 

which directly influences the maximum recovery stress. After cooling under stress, 

the value of reversible strain is higher than after active deformation, so during the 

first heating in the drive mode, a greater deformation is restored, thus the level of 

recovery stresses will be higher than after active deformation in martensite. With 

cycles, the influence of the method of pre-strain of the NiTi alloy on the functional 

properties weakens, becoming insignificant by the 10th cycle. Strengthening of the 

austenite phase due to pre-strain at high temperature increases the maximum 
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recovery stresses only at high counterbody stiffnesses and does not affect the level 

of recovery stresses formed during heating with optimal stiffness.  

7. The "recovery stresses-reversible strain" diagram is nonlinear due to the fact that 

for counterbody stiffnesses above 23.5 GPa, recovery stresses practically do not 

increase after they reach the yield stress of the austenite phase. 

8. The influence of the fractions of forward and reverse transformations included in 

the temperature range of thermal cycling on the variations in the functional 

properties of the NiTi alloy and its plastic strain during thermal cycling in the drive 

mode is similar to that observed during thermal cycling under constant stress. 

Reducing the fraction of forward transformation more effectively stabilizes the 

properties of the alloy during thermal cycling than reducing the fraction of reverse 

transformation. During thermal cycling of the NiTi alloy in the drive mode, 

reducing the fraction of forward transformation by 10% allows reducing the 

accumulated plastic strain by 5 times with the same number of cycles, indicating 

an improvement in the stability of the alloy properties. Reducing the fraction of 

reverse transformation by even 75% does not allow reducing the values of 

irreversible strain by more than three times. 

9. To achieve satisfactory values of reversible strain and recovery stresses in 

combination with good thermo-cyclic stability of the properties, it is necessary to 

use the optimal temperature range of the working cycle of the drive, where the 

minimum temperature is such that the second half of the forward transformation is 

excluded during cooling, and the maximum temperature does not exceed the Af 

temperature. 

10. Recommendations have been developed for the temperature, deformation, and 

force characteristics of the drive that minimize changes in the operating parameters 

of the device during thermal cycling. It has been shown that choosing the optimal 

cycle temperatures based on recommendations made on a small cycle basis 

significantly improves the stability of the operating parameters of a torsional drive 

that has undergone 1000 cycles. 
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