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Abstract. This work aims to propose the use of a device, developed at the Mechanical Engineering Department of 

Federal University of Pernambuco to study the functional and mechanical fatigue in Ti-Ni actuator. Initially, wires of 

Ti-Ni alloys which exhibits the shape memory effect and 0,89mm in diameter were submitted to heat treatment at 

500°C for 24 hours and quenching in water at 25°C. Subsequently, they were subject to differential scanning 

calorimetry (DSC) in order to obtain the transformation temperatures. With this data, actuators with the form of coil 

spring were fabricated. Using the proposed scheme, these actuators were subjected to cyclic deformations, with full 

expansion of 10mm, a programmable thermal bath, at a constant temperature of 85°C, in supereslastic condition, this 

step is called fast cycle in this work. In order to analyze the effect of these cyclic deformation on transformation 

temperatures and resilience so the actuators were held one second stage, here called slow cycle. At this stage, the 

actuators were obtained by successive cycles from the tensile stress equivalent shear stress of 70 MPa applied, within 

the temperature range between 15°C and 85°C and had the displacement and processing temperatures monitored by a 

LVDT sensor and a thermocouple, respectively. The fast and slow cycles were interspersed periodically. Thus, there is 

influence of thermo cycling in the degradation of the shape memory effect. 
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1. INTRODUCTION 

 

Studies on functional materials provided the advent of actuators / sensors with application on several fields, such as 

flow control valves and polymeric actuators used in human muscle simulation (Robertson et al., 2012; Humbeeck, 

1999). The development of smart actuators is based on the achievement of elements capable to produce mechanical 

work from external stimulus. Ti-Ni alloy are an important class of metals that have been used in actuators production 

with application in mechanical engineering, robotics, aerospace and oil and gas industries. The number of technological 

application of shape memory alloys, such as Ti-Ni increased with the advances in researches and the dissemination of 

the shape memory concept in engineering schools. The operation of Ti-Ni actuators and sensors is based on martensitic 

transformation, such as, shape memory effect and superelastic effect.  Work cycles, phase transformation stabilization, 

the surge of stress fields and phase precipitates can contribute to the degradation of the shape recovery. These 

phenomena are known as functional fatigue. 

Eggeler, et al., 2004 classified the shape memory alloy fatigue in structural fatigue and functional fatigue, terms also 

used by Humbeeck and Stalmans (1998). Figueredo (2006) describes the functional fatigues as the degradation due to 

cyclic loading on the memory properties such as, recoverable displacement. Structural fatigue refers to conventional 

fatigue process or mechanical damage accumulated during cycles of load and unloads (Eggeler, et al., 2004). 

    The researches involving shape memory mechanism are considered a great challenge due to the changes on the 

mechanical and physical properties over the phase transformation. Fatigue on shape memory alloys has two aspects: 

mechanical and phenomenological. The material is susceptible to fracture mechanisms and or shape memory 
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degradation due to the martensite stabilization (Gonzalez, et al., 2004). This study considered the functional fatigue 

behavior on Ti-Ni helical springs actuators. 

The material response to external stimulus such as electrical current, tension, voltage and temperature variation 

might be investigate using the DSC (Differential Scanning Calorimetry) technique, mechanical testing and 

thermomechanical fatigue. Thermomechanical fatigue tests are performed in a device specially developed for this 

purpose. The device works in a specific range of temperature and simulates efforts to obtain phase transformation over 

thousands of cycles. The results are discussed according to the behavior of the critical temperatures transformation (As, 

Af, Ms and Mf), influence of stress fields to try to describe the functional fatigue on the actuators submitted to phase 

transformation. 

 

 

2. MATERIALS AND METHODS 

 

The martensitic transformation properties might by characterized by DSC technique, thermomechanical testing, 

electrical resistivity and dynamic mechanical analysis (DMA). When the shape memory material is used to manufacture 

actuators, the material is susceptible to fatigue. In the case of helical springs actuators, the mechanical fatigue study is 

develop by conventional fatigue tests. However, fatigue due to martensitic transformation doesn’t have a specific 

method of analysis. This paper methodology consists in a device proposal to simulate alternate efforts on the actuators 

and the capture of temperature, thermal hysteresis and displacement data. 

Martensitic transformation has important properties that stand out when is used to produce actuators or sensors and 

are known as superelastic and reversibly shape memory effect. The device designed in this study must simulate 

alternate effort on the superelastic condition. In superelasticity, phase transformation occurs when the material is in a 

temperature higher than Af, in this condition, if the material is submitted to an effort a phase transformation occurs. In 

this phenomenon, martensite is induced by stress from austenite. The stress modifies the material transformation 

temperatures and can also change the resistivity. This phenomenon is one of the operating principles of vibration 

damping systems or earthquake protection systems (Nemat-Nasser and Guo, 2006). 

 

2.1 Ti-Ni actuator 

 

This paper uses Ti-Ni wires with composition Ti-50.4at% Ni. These wires 0.9 mm in diameter were used to 

manufacture the shape memory spring actuators. The methods to obtain the actuator are well described in the literature 

(Oliveira, 2010; de Araújo, 2001). The heat treatment used was the homogenization at 500°C, for 24 hours and 

quenching in water at 25°C. Helical springs were obtained with 8 coils, but 6 active, outer diameter and working length 

of 6.0 mm. 

 

2.2 DSC tests 

 

The transformation temperatures characteristics of the material in as received and thermally treated condition were 

determined by DSC technique. The procedure was performed in the range of temperatures between -60 to 100°C, with 

rate of 10°C*min-1 on a Mettler Toledo DSC. 

 

2.3 Fatigue device 

  

The device developed to perform the fatigue tests on spring actuators has a simple dynamics and the objective of 

simulate alternate efforts in the actuator. The procedure is performed in a programmable thermal bath where the 

temperature is always held above the austenitic finish transformation temperature (Af). Figure 1 shows the device and 

its main parts. 

The device operation is based on a four-bar mechanism, similar to a rod-crank mechanism. The anchorage of the 

actuator is made on the slide sleeve (item 4) and to the movable blade support (item 9). The actuator performs the 

sliding motion on the sliding shaft (item 14). An engine (item 15) is necessary to make the movement transmission. The 

dynamic device performs an oscillatory movement that causes the compression and expansion of the actuator. The 

compression and expansion movement can be fit by modifying the bars position and fixation (rod-crank). The 

oscillatory movement causes the actuator expansion generating stress on the wire that might be able to induce 

martensite (superelasticity). The involved stress is the shear stresses in the wire on the movement of compression and 

expansion (Anadon, 2002). For the device test, it is selected a displacement of 10.0 mm for the actuator. This value is 

based on the thermomechanical results obtained by Oliveira, 2011.  
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Figure 1. Functional Fatigue Device (Rocha, 2014). 

 

 

2.4 Fatigue test 

 

The fatigue tests were performed on the device and were divided into two sequences. The sequences were name 

slow cycles and fast cycles. Each cycle performs the compression and expansion on the actuator. The fast cycles are 

performed with a frequency of 100 cycles per minute and the slow cycles with a frequency of 0.5 cycle per hour. The 

elevate rate of the fast cycles makes difficult to determine the transformation temperatures on each cycle. In this 

research is carried out thousands of cycles. The fast cycles were performed interleaved with slow cycles. Slow cycles 

were used to obtain critical transformation temperature (As, Af, Ms and Mf), thermal hysteresis, thermoelastic 

deformation and enthalpy transformation. It were developed 600, 1.2k, 2.4k, 6k, 8.4k, 10k, 20k, 30k, 40k, 50k, 100k, 

150k, 200k, 400k, 600k, 800k and 1000k fast cycles interleaved with slow cycles. Parameters like transformation 

temperatures, thermoelastic deformation and thermal hysteresis were used to characterize the functional fatigue. The 

two sequences of the fatigue test were performed in a programmable silicone oil thermal bath. 

 

2.4.1 Slow cycles for fatigue test 

 

In order to investigate the shape memory effect behavior on the spring actuators a thermomechanical training 

technique was executed, experimental procedure perform to obtain the reversibly shape memory effect and to study the 

phase transformation with tensile or compression stress (Tokuda et al., 2001; Yoon, 2008). The slow cycle consists on 

heating and cooling the actuator during loading with a known stress. In this study, the material was loaded with a stress 

equivalent to a shear stress of 70 MPa. The shear stress is measure in the wire cross-section. The test is carry out in a 

programmable thermal bath, where heating and cooling rates were estimate in 7°C*min-1 and 2°C*min-1, respectively. 

Slow cycles were conducted within the temperature range between 15°C and 85°C. The actuators displacement was 

monitored by a LVDT sensor and the temperature by a thermocouple. The data were stored in a data acquisition system 

and were used to identify the transformation temperatures, thermoelasticity and thermal hysteresis on each slow cycle. 

 

2.4.2 Fast cycles for fatigue test 
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The fast cycles were performed in the developed device. The device is submerged into the thermal silicon oil bath. 

The main objective is to produce a high number of compression and expansion cycles at a controlled temperature. The 

procedure is able to induce phase transformation between the austenite and martensite phases, the procedure also induce 

propagation of internal stress fields in the material. The fast cycles were carried out in a constant temperature of 85°C, 

with the material completely in the austenitic phase. The actuator expansion causes an increase on the shear stress in the 

actuator wire; which in this case goes from 0 to 70 MPa and reaches the total expansion of 10.0 mm. The gradual 

increase of the shear stress reaches values capable of inducing martensite nucleation in a thermoelastic behavior known 

as superelasticity. 

 

 

3. RESULTS 

 

3.1 DSC results 

 

The calorimetric tests for Ti-Ni samples, heat treated at 500ºC, allowed the identification of the transformation 

temperatures. Figure 2 shows the heat flow versus temperature graph, where two peaks of transformation are identified, 

one along the heating segment and other along the cooling segment. The presence of only one peak in each segment 

suggests that the transformation occurs without R-phase transformation. The values for enthalpy were 25 and 26 J/g for 

endothermic and exothermic peaks, respectively. The transformation temperatures were identified as As=57°C, 

Af=74°C, Ms=39°C and Mf =26°C. The thermal treatment applied in the material exhibit in response a transformation 

from austenite to martensite in near ambient temperatures and the domain of austenite phase on temperatures above 

75ºC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. DSC curves for wire heat treated at 500ºC for 24 hours. 

 

 

3.2 Fatigue results 

 

The shape memory properties degradation is influenced by external elements and by the own martensitic 

transformation. Among the external elements there is the stress applied, strain amplitude, the number of cycles 

performed and temperature variation. These elements might change the material thermoelastic properties. The 

successive martensitic transformations, over many cycles, are capable of inducing defects, creating fields stress and 

increasing the density of internal defects (Otsuka and Ren, 1998). Others elements may influence the actuator 

behavior, as for example, the material composition that may provide favorable conditions to the appearance of 

precipitated like Ti3Ni4 that favors the R- phase transformation and that may influence the degradation of thermoelastic 

properties (Otsuka and Ren, 2005; Otsuka and Wayman, 1998). These elements are included in the study of 

functional fatigue in Ti-Ni actuator. Figure 3 shows the results of transformation temperatures behavior during the slow 

cycles with the application of a shear stress of 70MPa. 
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Figure 3. Critical Temperatures by Number of Cycles. 

 

Over the data in Figure 3, it is observed the transformation temperatures behavior (As, Af, Ms and Mf). The As 

temperatures exhibit an intense fall on initial cycles until 10k cycles. This temperature shows an evolution from 63ºC, at 

10k to values near 65ºC at 600k. After 800k cycles the temperature reaches values near 68ºC. The Ms Temperatures also 

exhibit a fall on initial cycles and a growing behavior until 800k cycles. The Ms temperatures shows evolution from 

40ºC at 10k to 43ºC at 800k cycles, after this temperature behavior it is observed a great fall to values near 40ºC at 

1000k cycles. The expected results were the As temperatures reducing and the Ms temperatures increasing during cycles 

evolution. This behavior has influence on the thermal hysteresis. In the case where As is decreasing and Ms is increasing 

the thermal hysteresis exhibit a decreasing, behavior that might indicate the efficient of the training process. The 

difference between the expected and obtained behavior for As and Ms suggests that more energy is necessary to 

complete the martensitic transformation (Gonzalez et al., 2010).  

This research also considered the deformation evolution and the influence of the fast and slow cycles in 

superelasticity. Fast cycles induces martensite from austenite by stress over thousands of cycles; the slow cycles were 

used to obtain the martensitic transformation parameters and to verify changes in phase transformation throughout the 

experiments. Figure 4 shows the thermoelastic deformation behavior (thermoelasticity-Et) along 1000k performed 

cycles. The thermoelasticity (Et) represent the amount of shape recovery in the actuator during slow cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 4. Thermoelastic Behavior by number of cycles using 70 MPa. 
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The information presented by figure 4 shows a strong evolution in the values of thermoelastic deformation for the 

first 10k cycles, in this case, Et stars in 5.5 mm in the first cycle, reach 11.3 mm on cycle 6k and reduced to near 8.0 

mm on cycle 20k. The Et with 8.0 mm persisted until cycles close to 400k and reduced again to 7.5 mm for cycles close 

to 1000k. This behavior indicates that deformation due to martensitic transformation showed an initial reduction that 

should be involved with the initiation martensite variants orientation to the preferred direction of the applied effort. It 

might generate reconfiguration of stress fields and rearrangement of dislocations in more strained regions of the wire. 

After this period the oriented variants, hold the increase behavior on the actuator thermoelastic deformation to cycles 

close to 600k, when it began to present a fall. Considering that the material started to require more energy to accomplish 

the complete transformation from austenite to martensite, condition observed by the increase on As temperature, it is 

believed that the evolution observed for Et is function of the martensite variants activation in other regions of the wire. 

The regions whose variants were initially oriented can experienced a process of degradation due to stress and number of 

cycles. Figueiredo (2006) describes the functional fatigue as degradation on the phase transformation due to cyclic 

loading. In the studied case, the developed number of cycles was not enough to cause the actuator wire failure, but it 

suggests that modification on martensitic transformation such as the increase on As and Ms temperatures and behavior 

observed on Et indicate that it is necessary further studies to reach additional concrete conclusions. 

 

 

4. CONCLUSIONS 

 

By the obtained results, it can be conclude that the proposed device for functional fatigue study was efficient to 

obtain the evolution on the transformation temperatures and Et during the training cycles. The test identified changes in 

transformation temperatures, especially for the As and Ms. The evolution of these parameters suggests that the 

procedure causes changes in the phase transformation inducing the increase of the thermal energy necessary to complete 

phase transformation in the actuator. The results suggest an indication of shape memory degradation after cycles above 

800k, but the number of experiments wasn’t enough to break the wire and to obtain further and additional specific 

conclusions for the functional fatigue.  

 

 

5.  ACKNOWLEDGEMENTS 

 

Acknowledgements to the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPQ), to the Project  

CNPQ 479471/2012-6 and to Programa Petrobras de Formação de Recursos Humanos (PRH-PB203) for the financial 

support. 

 

 

6.  REFERENCES 

 

Oliveira, C. A. N., Gonzalez, C. H., Pina, E. A. C., Urtiga Filho, S. L., Filho, O. O. A. and de Araújo, C. J., 2010. Heat 

Treatments and Thermomechanical Cycling Influences on the R-Phase in Ti-Ni Shape Memory Alloys. Materials 

Research. São Carlos, 13(3). 

De Araújo, C. J., Rocha, E.A.S, Gonzalez, C. H., 2001. Thermal Alarm Using a Shape Memory Alloy Helical Spring. 

16º Congresso Brasileiro de Engenharia Mecânica COBEM, Uberlândia, MG. 

Rocha, J. O. S., 2014. “Desenvolvimento de Equipamentos para Estudo da Fadiga Mecânica e dos Fenômenos de 

Memória de Forma em Materiais Inteligentes”, UFPE. (Tese de Doutorado), Recife. 

Tokuda, M., Sigino, S., Inaba, T., 2001. Two-way Shape Memory Behavior Obtained by Combined Loading    

Training. Journal of Intelligent Material, 12: p.289-294.  

Yoon, S. H.; Yeo, D. J. , 2008. Experimental Investigation of Thermo-mechanical Behaviors in Ni-Ti Shape      

Memory Alloy. Journal of Intelligent Material Systems and Structures, 19(3): p.283-289. 

Otsuka K., Ren X., 1998. The Role of Softening in Elastic Constant sub 44 in Martensitic Transformation.  

Scripta Materialia. 38(11): may. 

Otsuka, K., Ren, X., 2005. Physical metallurgy of Ti–Ni-based shape memory alloys. Progress in Materials 

Science. 50: p.511–678. 

Otsuka, K.; Wayman, C. M., 1998. Shape Memory Materials. Cambridge University Press, Cambridge, UK,  

p.1 – 131. 

Figueiredo, A.M.F., 2006. “Caracterização da fadiga mecânica de baixo ciclo em ligas superelásticas de  

NiTi”, Belo Horizonte. 

Robertson, S. W., Pelton A. R.  and Ritchie, R. O., 2012. Mechanical fatigue and fracture of Nitinol, 

International Materials Reviews. V57. N1. 



23rd ABCM International Congress of Mechanical Engineering 
December 6-11, 2015, Rio de Janeiro, RJ, Brazil 

Humbeeck, J. V., 1999. Non-medical applications of shape memory alloys.Materials Science and Engineering A, v.273-

275, p.134-148. 
Nemat-Nasser, S. and Guo, W., 2006. Superelastic and cyclic response of NiTi SMA at various strain rates and 

temperatures. Mechanics of Materials, V38, p.463–474. 

Srinivasan, A.V., Mcfarland, D.M., 2001. Smart Structures, Cambridge : Cambridge University Press, ISBN 0-521-

65026-7, p. 228. 

Gonzalez, C. H., Quadros, N. F., De Araujo, C. J., Morin, M., Guénin, G., 2004. Coupled Stress-Strain and Electrical 

Resistivity Measurements on Copper Based Shape Memory Single Crystals,  Materials Research, vol. 7, n° 2, p. 

305-311. 

Eggeler, G., Hornbogen, E., Yawny, A., Heckmann, A. and Wagner, M., 2004. Structural and functional fatigue of NiTi 

shape memory alloys, Materials Science and Engineering, v.378, p.24-33.  

Stalmans, R; Van Humbeeck, J; Delaey, L., 1991. “ Training and The Two Way Memory Effect in Copper Based Shape 

memory Alloys”. Journal de Physique IV, Supplément au Journal de Physique III, Col. C4. EUROMAT 91, p. 403-

408.  

Gonzalez, C. H.,  Oliveira, C. A. N., Pina, E. A. C., Urtiga Filho, S. L., Araújo Filho, O. O., de Araújo, C. J. , 2010. 

Heat treatments and thermomechanical cycling influences on the R-phase in Ti-Ni shape memory alloys. Materials 

Research (São Carlos. prited) , v. 13, p. 325-331. 

Humbeeck, J.V.; Stalmans, R., 1998. Characteristics of shape memory alloys, In: Otsuka, K.; Wayman, C.M. Shape 

Memory Materials, 1. ed. United Kingdom: Cambridge University Press, 284p., Cap. 7, p.149-183. 

J. R. Anadon, “Large force shape memory alloy linear actuator,” University of Florida, 2002, unpublished 

 

7. RESPONSIBILITY NOTICE 

 

The authors are the only responsible for the printed material included in this paper. 


