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Abstract: Shape memory materials (SMAs) are those that can return to their 

initial shape after deformation under a stimulus, such as temperature or stress. 

SMAs are capable of recovering deformations of up to 8%. Generally, the 

martensitic transformation is reversible nature and the SMAs exhibit two 

unique characteristics, superelasticity effect (SE) and shape memory effect 

(SME), depending on whether these properties/responses are brought on by 

stress or temperature, respectively. Since the SMAs undergo full cycling, they 

transform from austenite to martensite at temperatures between Mf and Af. 

However, partial cycling refers to heating above As but below Af followed by 

cooling to below Mf. The phase transformation is partial before it is complete, 

consequently, only a smaller amounts of the phases are subjected to phase 

transition. Based on the operating temperature window and the transformation 

temperatures of the alloy, partial cycling can be divided into three categories. 

This chapter discusses the various types of partial cycling and the behavior of 

NiTi-based SMAs during cycling. 
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Introduction 

Shape memory effect was first discovered in 1931 by A. Olandar in a AuCd alloy 

and reported the phenomenon that was observed as a rubber-like behaviour [1]. 

After almost a decade, the metastable β-based Cu-Zn shape memory alloy was 

discovered by A.B. Greninger and V.G.Mooradian [2], and the concept of 

thermoelastic martensite was then proposed by Kurdjumov in 1949 to explain the 

reversible nature of CuAl and CuZn alloys [3]. The term shape memory effect was 

coined by Chang and Read in 1951 to describe the thermoelastic behaviour of 

SMAs [4]. Nevertheless, none of them made any inroads into the commercial 

market until 1963 when Buehler W.J. and his co-workers from the Naval 

Ordnance Laboratory in the U.S. discovered the NiTi shape memory alloy, which 

is now commercially known as Nitinol [5].  
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Currently, SMAs are widely used in many industries, including automobile, 

aerospace, aviation, robotics, biomedical, textile and garment, defence, and 

electrical and electronics. Recently, NASA has developed a smart wheel based on 

Ni-rich NiTi SMA for the interplanetary and lunar exploration purposes [6]. It is 

forecast that by 2023, the global market for shape memory alloys will surpass 

USD 20 billion.[7]. Till date, a number of shape memory alloy systems that 

exhibit shape memory characteristics have been discovered and developed, and 

some of them are listed in Table 1. 

Table 1: Popular alloy systems exhibiting shape memory characteristics (Mohd 

Jani et al., 2014; Wayman, 1993) 

Alloy systems Alloy composition 

Ni-Ti 
NiTi, NiTiCu, NiTiNb, NiTiFe, NiTiCo, NiTiPt, NiTiPd, 

NiTiHf, NiTiZr 

Copper CuZn, CuSn, CuZnAl, CuAlNi, CuAlBe 

Iron FePt, FePd, FeMnSi, FeNiC 

Titanium TiTa, TiNb, TiMo, TiTaAl, TiTaSn, TiTaSi 

Others  
ZrCu, ZrCuNiCo, AuCd, AgCd, CoNiAl, CoNiGa, 

NiMnGa, InTl, NiAl, InCd, RuTa, RuNb, AuTi, MnCu, 

 

The following are the characteristics that are significant in the context of SMAs; 

a) Phase transformation temperatures (As, Af, Ms, Mf);  

b) Recovery strain;  

c) Recovery stress; and  

d) Hysteresis  

a) Phase Transformation Temperatures 

When the SMAs are cooled down from the austenitic phase, they undergo the 

thermoelastic martensite transformation over a range of temperatures. The 

temperatures at which the martensitic transformation start and finish are referred 

to as Ms and Mf temperatures, respectively. Similarly, Af and As temperatures 

refer to the temperatures at which the austenite transformation begins and ends, 

respectively, during heating. The intermediate phases, including R-phase, may 

also be present in the material depending on the alloy system, thermomechanical 
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treatment, etc. When this phase forms, the corresponding transformation 

temperatures can be referred to as Rs and Rf, respectively.  

There are a number of factors that affect the transformation temperatures of shape 

memory alloys, for example, the alloy composition, microstructure, degree of 

order, thermal and thermomechanical treatments, as well as the defect density 

(dislocations and point defects) [8]. The traditional techniques to determine the 

transformation temperatures of SMAs include differential scanning calorimetry 

(DSC) and electrical resistivity (ER). Other techniques, including dynamic 

mechanical analyzer (DMA) [9] and dilatometry analysis [10], are also employed 

to determine the transformation temperatures.  

b) Recovery Strain  

Upon heating above As temperature, it is possible to recover some of the strain 

imparted during the deformation of an SMA in the martensitic state (up to 8%). 

Various factors influence the magnitude of recovery strain, for instance alloy 

chemistry, thermal and mechanical processing, stress, and working temperature. A 

range of testing methods can be used to measure the recovery strain, such as 

dynamic mechanical analyzer, bend recovery test, and thermomechanical cycling 

test. The thermomechanical cycling test (thermal cycling under constant stress) is 

the most common method for determining recovery strain. The magnitude of the 

recovery strain can be determined by comparing the maximum and minimum 

strains found on the strain versus temperature plot. 

Recovery Stress 

The recovery stress is generated by elastic recovery stress during deformation. 

The SMAs on deformation generate stresses, which are stored in the martensitic 

variants during the deformation, on heating above As temperature under a 

constraint. It can be used to provide support or external confinement for 

mechanical and civil structures. 

Hysteresis 

Hysteresis occurs when the forward and reverse transformation trajectories do not 

coincide during cooling and heating (thermal hysteresis) or loading and unloading 

(stress hysteresis). The incompatibility of the interface between the transforming 

phases acts as an energy barrier for the transformation and causes hysteresis 

[11,12]. The geometrical non-linear theory states that the second eigenvalue of the 

transformation strain matrix should have the value of one in order to reduce the 

energy associated with the interface between the martensite and austenite phases. 

Hysteresis results when there is a difference between forward and reverse 
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transformation paths as a result of deviation from this condition [13–15]. The area 

enclosed by the forward and reverse transformations (hysteresis loop) represents 

the energy loss during the phase transition. 

 

Figure 1: Classification of cyclic phase transformation in shape memory alloys 

(Van Humbeeck, 1991). 

SMAs undergo repeated cycling between their phase transformation temperatures, 

resulting in functional fatigue, which impacts properties including transformation 

temperatures, recovery strain, recovery stress, and hysteresis width. [16]. In 2004, 

Eggeler et al. coined the term functional fatigue and it can also be referred to as 

cyclic fatigue, phase transformation fatigue, and actuation fatigue [17–19]. In 

contrast to structural fatigue, which occurs because of cyclic loading-unloading, 

cycling occurs when the austenite and martensite phases go through repeated 

phase transformations (i.e., austenite and martensite).  

The studies on fatigue behaviour of NiTi SMAs were initiated in the late 1970s. 

Melton K.N. first studied the mechanical fatigue behaviour of binary NiTi with 

varying Ms temperatures. The NiTi SMA showed an increased fatigue life with 

decreased Ms temperature and vice versa [20]. Miyazaki et al. pioneered the study 

of the thermal cycling behaviour of NiTi-based SMAs in 1986 [21]. Later, this 

field attracted the shape memory alloys research community as this area is very 

much essential from an application point of view. An overview of the effects of 

stress, thermal, and thermomechanical cycling on shape memory alloys was 

presented by J. Van Humbeeck. Depending on the type of stimulus and the nature 

of phase transformation, cyclic phase transformations can lead to either be 

superelastic effect (load-dependent) or shape memory effect (temperature-

dependent). There are two types of shape memory cycling: thermal (stress-free) 

and thermomechanical (thermal cycling under constant load), as shown in Figure 
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1. Several factors influence the functional fatigue behaviour of SMAs, including 

internal factors (alloy system, composition, crystal structure, compatibility with 

transforming phases) and external factors (applied stresses, temperature ranges, 

training methods, and training cycles) [22].  

 

Partial Cycling of SMAs 

Full cycling is generally referred to as cycling, and partial cycling is defined by 

the working temperature range based on phase transition temperatures. The SMAs 

undergo full cycling when they change from 100% martensite to 100% austenite. 

Basically, the cycling temperature varies between Mf and Af. SMAs undergo a full 

cycle when they change from martensite to austenite. Basically, the cycling 

temperature varies between Mf and Af. As a result of incomplete cycling, only a 

part of the phases will be subjected to phase transition before the stimulus 

(temperature or stress) ceases [23]. As shown in Figure 2, there are three types of 

partial cycling, depending on the upper and lower cycle temperatures.  

 

Figure 2: Three different types of partial thermal cycling in SMAs 
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In Cu-based SMAs, partial/incomplete cycling studies show a decrease in the 

volume fraction of transforming masses [24] and an increase with NiTi-based 

SMAs. Furthermore, it affects the temperature at which the transformation occurs 

[23]. When the upper cycle temperature changes slightly, the volume fraction and 

density of dislocations in SMAs change as well (28). In addition to the degree of 

order, incomplete cycling also affects the hysteresis behavior of SMAs. Partial 

cycling causes changes in dislocation structure, elastic energy stored, and 

interface interactions [27]. Studies regarding partial thermomechanical cycling 

have found that controlled transformation strain by partial transformation 

increases the lifespan of an SMA by ten times. It has been suggested that 

incomplete cycling can improve the fatigue life of SMA actuators [28].  

The NiTi SMA was subjected to cycling between -50 °C (below Mf) and 75 °C 

(between As and Af) for 20 cycles during Type I partial thermal cycling. The 

transformation temperatures for Type I partial cycling decrease with increasing 

cycles just as they do for full cycling. Partial cycling of Type I reduces 

temperatures less than full cycling, as depicted in Figure 3.The reason for this is 

that during Type I partial cycling, austenite is partially transformed into 

martensite, [29,30], resulting in a lesser number of dislocations during the forward 

transformation than during full cycling, causing a lower dislocation density. In 

addition, Type I cycling does not result in the occurrence of an intermediate R 

phase even after 20 cycles.  

As depicted in Figure 3, Type II partial thermal cycling was performed on NiTi 

SMA between Ms<Tmin<Mf and Tmax>Af. Type II partial cycling results in a much 

lower reduction in martensite start (Ms) temperature than Type I partial cycling or 

full cycling. As cycling continuous, the area corresponding to the martensite 

transformation curve shrinks. Ms temperature decreases during cooling, resulting 

in a decrease in transformation volume. It takes about ten cycles for austenite to 

reach its saturation temperature (Af), while its starting temperature (As) stays 

relatively constant. 

Figure 3 shows a partial thermal cycling of Type III on NiTi SMA between Ms 

and Af temperatures. The alloy undergoes similar transformations to Type II 

partial cycling when heated under Type III partial cycling conditions. There is a 

marginal difference between Type II and Type III cycling in terms of the rate of 

conversion of R phase to austenite and that of martensite to austenite. During 

cycling, the material undergoes forward and reverse transformations in a smaller 

volume due to the narrow temperature range. 
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Figure 3: Effect of partial transformation cycling on the shape memory behaviour 

of NiTi-SMA 

Concluding remarks 

Partial transformation cycling increases NiTi SMA thermal cycling stability over 

full transformation cycling. Additionally, partial cycling influencing the formation 

of intermediate phases. During heating and cooling, Type I partial transformation 
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cycling completely eliminates the intermediate phase. In contrast, when Type III 

and Type II partial cycling are adopted, intermediate phase formation is promoted.   

 References 

[1]  Olander, A. An Electrochemical Investigation of Solid Cadmium-Gold Alloys. J. Am. Chem. Soc. 

1932, 54 (10), 3819–3833. https://doi.org/10.1021/ja01349a004. 

[2]  Greninger, A. B.; Mooradian, V. G. Strain Transformation in Metastable Beta Copper-Zinc and Beta 

Copper-Tin Alloys. Trans. AIME 1938, 128, 337–368. 

[3]  Kumar, P. K.; Lagoudas, D. C. Introduction to Shape Memory Alloys. In Shape memory alloys; 

Springer, 2008; pp 1–51. 

[4]  Chang, L. C.; Read, T. A. Plastic Deformation and Diffusionless Phase Changes in Metals—The 

Gold-Cadmium Beta Phase. JOM 1951, 3 (1), 47–52. 

[5]  Buehler, W. J.; Gilfrich, J. V.; Wiley, R. C. Effect of Low-Temperature Phase Changes on the 

Mechanical Properties of Alloys near Composition TiNi. J. Appl. Phys. 1963, 34 (5), 1475–1477. 

https://doi.org/10.1063/1.1729603. 

[6]  Padula, S. Reinventing the Wheel. NASA Glenn Research Center. 

https://www.nasa.gov/specials/wheels/. 

[7]  Research, V. M. Shape Memory Alloys Market Size and Forecast. 

https://www.verifiedmarketresearch.com/product/shape-memory-alloys-market/. 

[8]  Otsuka, K.; Ren, X. Physical Metallurgy of Ti-Ni-Based Shape Memory Alloys. Prog. Mater. Sci. 

2005, 50 (5), 511–678. https://doi.org/10.1016/j.pmatsci.2004.10.001. 

[9]  Chang, S. H.; Wu, S. K. Determining Transformation Temperatures of Equiatomic TiNi Shape 

Memory Alloy by Dynamic Mechanical Analysis Test. J. Alloys Compd. 2013, 577 (SUPPL. 1), 

241–244. https://doi.org/10.1016/j.jallcom.2012.02.134.  

[10]  Melton, K. N.; Mercier, O. The Mechanical Properties of NiTi-Based Shape Memory Alloys. Acta 

Metall. 1981, 29 (2), 393–398. https://doi.org/10.1016/0001-6160(81)90165-6. 

[11]  Zhang, Z.; James, R. D.; Müller, S. Energy Barriers and Hysteresis in Martensitic Phase 

Transformations. Acta Mater. 2009, 57 (15), 4332–4352. 

https://doi.org/10.1016/j.actamat.2009.05.034. 

[12]  Gu, H.; Bumke, L.; Chluba, C.; Quandt, E.; James, R. D. Phase Engineering and Supercompatibility 

of Shape Memory Alloys. Mater. Today 2018, 21 (3), 265–277. 

https://doi.org/10.1016/j.mattod.2017.10.002.  

[13]  Bhattacharya, K. Comparison of the Geometrically Nonlinear and Linear Theories of Martensitic 

Transformation. Contin. Mech. Thermodyn. 1993, 5 (3), 205–242. 

https://doi.org/10.1007/BF01126525. 

[14]  Bhattacharya, K. Self-Accommodation in Martensite. Arch. Ration. Mech. Anal. 1992, 120 (3), 

201–244. https://doi.org/10.1007/BF00375026. 

[15]  Bhattacharya, K. Theory of Martensitic Microstructure and the Shape-Memory Effect. Unpubl. 

Notes 2000, 87. 

[16]  Eggeler, G.; Hornbogen, E.; Yawny, A.; Heckmann, A.; Wagner, M. Structural and Functional 

Fatigue of NiTi Shape Memory Alloys. Mater. Sci. Eng. A 2004, 378 (1–2), 24–33. 

https://doi.org/10.1016/j.msea.2003.10.327. 

[17]  Karakoc, O.; Hayrettin, C.; Canadinc, D.; Karaman, I. Role of Applied Stress Level on the 

Actuation Fatigue Behavior of NiTiHf High Temperature Shape Memory Alloys. Acta Mater. 2018, 

153, 156–168. https://doi.org/10.1016/j.actamat.2018.04.021. 

DRAFT

https://doi.org/10.1016/j.jallcom.2012.02.134
https://doi.org/10.1016/j.jallcom.2012.02.134
https://doi.org/10.1016/j.jallcom.2012.02.134
https://doi.org/10.1016/0001-6160(81)90165-6
https://doi.org/10.1016/0001-6160(81)90165-6
https://doi.org/10.1016/j.mattod.2017.10.002
https://doi.org/10.1016/j.mattod.2017.10.002
https://doi.org/10.1016/j.mattod.2017.10.002


[18]  Karakoc, O.; Hayrettin, C.; Bass, M.; Wang, S. J.; Canadinc, D.; Mabe, J. H.; Lagoudas, D. C.; 

Karaman, I. Effects of Upper Cycle Temperature on the Actuation Fatigue Response of NiTiHf 

High Temperature Shape Memory Alloys. Acta Mater. 2017, 138, 185–197. 

https://doi.org/10.1016/j.actamat.2017.07.035. 

[19]  Calhoun, C.; Wheeler, R.; Baxevanis, T.; Lagoudas, D. C. Actuation Fatigue Life Prediction of 

Shape Memory Alloys under the Constant-Stress Loading Condition. Scr. Mater. 2015, 95 (1), 58–

61. https://doi.org/10.1016/j.scriptamat.2014.10.005. 

[20]  Melton, K. N.; Mercier, O. Fatigue of NITI Thermoelastic Martensites. Acta Metall. 1979, 27 (1), 

137–144. https://doi.org/10.1016/0001-6160(79)90065-8. 

[21]  Miyazaki, S.; Igo, Y.; Otsuka, K. Effect of Thermal Cycling on the Transformation Temperatures of 

TiNi Alloys. Acta Metall. 1986, 34 (10), 2045–2051. https://doi.org/10.1016/0001-6160(86)90263-

4. 

[22]  \Van Humbeeck, J. Cycling Effects, Fatigue and Degradation of Shape Memory Alloys. Le J. Phys. 

IV 1991, 01 (C4), C4-189-C4-197. https://doi.org/10.1051/jp4:1991429. 

[23]  \Liu, T.; Zheng, Y.; Cui, L. Influence of Partial Cycling on the Transformation Mass of NiTi Alloys. 

Mater. Lett. 2013, 112, 121–123. https://doi.org/10.1016/j.matlet.2013.09.012. 

[24]  Rodriguez-Aseguinolaza, J.; Ruiz-Larrea, I.; No, M. L.; Lopez-Echarri, A.; San Juan, J. The 

Influence of Partial Cycling on the Martensitic Transformation Kinetics in Shape Memory Alloys. 

Intermetallics 2009, 17 (9), 749–752. https://doi.org/doi:10.1016/j.intermet.2009.03.001. 

[25]  Bhaumik, S. K.; Saikrishna, C. N.; Ramaiah, K. V.; Venkataswamy, M. A. Understanding the 

Fatigue Behaviour of NiTiCu Shape Memory Alloy Wire Thermal Actuators. Key Eng. Mater. 

2008, 378, 301–316. https://doi.org/10.4028/www.scientific.net/kem.378-379.301. 

[26]  Tang, W.; Sandström, R. Analysis of the Influence of Cycling on TiNi Shape Memory Alloy 

Properties. Mater. Des. 1993, 14 (2), 103–113. https://doi.org/10.1016/0261-3069(93)90003-E. 

[27]  Airoldi, G.; Corsi, A.; Riva, G. The Hysteresis Cycle Modification in Thermoelastic Martensitic 

Transformation of Shape Memory Alloys. Scr. Mater. 1997, 36 (11), 1273–1278. 

https://doi.org/10.1016/S1359-6462(97)00057-2. 

[28]  Lagoudas, D. C.; Miller, D. A.; Rong, L.; Kumar, P. K. Thermomechanical Fatigue of Shape 

Memory Alloys. Smart Mater. Struct. 2009, 18 (8), 1–12. https://doi.org/10.1088/0964-

1726/18/8/085021. 

[29]  Krishnan, M. New Observations on the Thermal Arrest Memory Effect in Ni-Ti Alloys. Scr. Mater. 

2005, 53 (7), 875–879. https://doi.org/10.1016/j.scriptamat.2005.05.031. 

[30]  Wang, Z. G.; Zu, X. T.; Fu, Y. Q.; Wang, L. M. Temperature Memory Effect in TiNi-Based Shape 

Memory Alloys. Thermochim. Acta 2005, 428 (1–2), 199–205. 

https://doi.org/10.1016/j.tca.2004.11.018. 

 

DRAFT


