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1. Introduction  
 

Shape Memory Alloy (SMA) have high power to weight 

ratio and solid-state smart material that tends to regain back 

to their original shape, these phenomena take place upon 

either heating or cooling according to the recrystallisation 

temperature. This, in turn, eliminate the conventional 

actuators. Uchil et al. (1999) observed the shape memory 

effect or the super-elasticity of SMA properties during the 

so l id  phase  t rans forma t ion i . e . ,  the  molecular 

rearrangement. There are two main phases in SMA, high 

temperature parent phase named as austenite whereas the 

low temperature phase is martensite. The phase obtained  
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during the transformation between austenite to martensite 

refers to martensite phase transformation, this kind of effect 

is called, Shape Memory Effect (Lobo et al. 2015). The 

equiatomic SMA (50% Ni-50% Ti by weight) is known as 

Nitinol which has the intermediate phase of austenite and 

martensite as intermediate R phase. Nitinol has the body-

centered cubic (BCC) structure in high temperature phase, 

monoclinic unit cell in low temperature phase and it has 

rhombohedral crystallites in its intermediate phase (Nath et 

al. 2017). The NiTi SMAs are very sensitive to thermo-

mechanical load and corresponding alloy composition, 

which affects the final properties. However, the properties 

can be changed according to the process parameters of 

shape memory i.e., composition, annealing 

temperature/time and cold work (Saikrishna et al. 2001, 

Cuellar et al. 2016, Stosic et al. 2017). A normal SMA 

actuator has the potential to exchange complex 

electromechanical systems, thereby reducing the size, cost 

and weight. The compactness of SMAs allows it to combine 

without difficulty with the mechanical devices of small size 

and used as the actuating elements (Koomen 2015). The 

only restriction of SMA related to the energy efficiency and 

time response limits, while associated with various 

advantages like high strain recovery rate, silent operation, 

zero-gravity environment, spring characteristics and can be 

formed as wires, plate, etc. including the flexibility. Due to 

the availability of various forms, SMA has wide range of 

application in the mainstream industries like aircraft and 
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Abstract.  In this article, experimental training of the commercial available shape memory alloy fibre (SMA) fibre under the 

combined thermomechanical loading is reported. SMA has the ability to sense a small change in temperature (≥10°C) and 

activated under the external loading and results in shape change. The thermomechanical characteristics of SMA at different 

temperature and mechanical loading are obtained through an own lab-scale experimental setup. The analysis is conducted for 

two types of the medium using the liquid nitrogen (cold cycle) and the hot water (heat cycle). The experimental data indicate that 

SMA act as a normal wire for Martensite phase and activated behavior i.e., regain the original shape during the Austenite phase 

only. To improve the confidence of such kind of behavior has been verified by inspecting the composition of the wire. The study 

reveals interesting conclusion i.e., while SMA deviates from the equiatomic structure or consist of foreign materials (carbon and 

oxygen) except nickel and titanium may affect the phase transformation temperature which shifted the activation phase 

temperature. Also, the grain structure distortion of SMA wire has been examined via the scanning electron microscope after the 

thermomechanical cycle loading and discussed in details. 
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spacecraft, military, automotive, robotics, civil structures, 

telecommunication, biomedicine, engines including the 

crafts (Antunes et al. 2018). SMA wire when undergoes 

repeated temperature variation cycles through the 

transformation range under a constant or varying load, this 

referred as the thermo-mechanical cycling (TMC). It is 

noticed that major functional properties such as strain 

response, transformation temperature, transformation 

hysteresis, etc. keeps changing    frequently upon the 

TMC for SMA (Bhaumik et al. 2008, Ramaiah et al. 2005, 

Saikrishna et al. 2006, Eggeler et al. 2004, Humbeeck 1991, 

Stachowiak and McCormick 1988, Perkins and Sponholz 

1984). In addition, it is also observed that the unstable 

behavior is responsible to generate the defects in the 

microstructure during TMC (Bhagyaraj et al. 2013, Liu et 

al. 1999, Jiang et al. 1997, Stalmans et al. 1991). The 

response of the TMC in SMA largely depends on the 

material composition, stress-strain region of TMC and the 

thermo-mechanical processing history (Erbstoeszer et al. 

2000). In order to examine the thermo-mechanical 

behaviour of SMA wire an experimental setup was 

developed in the past (Churchill and Shaw 2008). For 

analysis purpose, the SMA wire clamped under 100N load 

to achieve the mechanical loading whereas the heating cycle 

was done by using an electrical resistive heating and natural 

convection. The major limitation of this setup was fixed 

loading and restricted to types of wires. In addition, the 

setup was unable to give accurate results for the studies 

below the room temperature. The structural application of 

different smart materials and the corresponding numerical 

analysis of the hybrid structures are provided exclusively 

(Arani et al. 2011, Barkozi et al. 2012, Arani and Kolahchi 

2016, Baseri et al. 2016, Bilouei et al. 2016, Kolahchi and 

Bidgoli 2016, Kolahchi et al. 2016a, 2016b, Hajmohammad 

et al. 2017, Kolahchi 2017, Kolahchi and Cheraghbak 2017, 

Kolahchi et al. 2017a, 2017b, 2017c, Zamanian et al. 2017, 

Zarei et al. 2017, Amnieh et al. 2018, Golabchi et al. 2018, 

Hajmohammad et al. 2018a, 2018b, 2018c) using various 

numerical techniques. Likewise, a series of study (Bouderba 

et al. 2016, Bousahla et al. 2016, Hamidi et al. 2015, Khetir 

et al. 2017, El-Haina et al. 2017, Menasria et al. 2017, 

Chikh et al. 2017, Mouffoki et al. 2017, Attia et al. 2018, 

Karami et al. 2018) are provided in the open literature to 

show the effect of thermomechanical loading on the 

advanced structures or the structural components. 

Taghizadeh et al. (2015) examined the bending responses of 

the beam based on nonlocal finite element method (NL-

FEM). The nonlinear dynamic buckling responses of the 

smart (piezo) composite plate is investigated by 

Totounferoush et al. (2014) usingthye Reddy’s theory. In 

recent past, a four-variable refined plate theory is developed 

by Tounsi and co-authors (2016a, 2016b, 2016c) to 

investigate the thermo-mechanical bending, bucking and 

post-buckling responses of the FGM sandwich structures. 
Based on the above literature survey, it is understood 

that the activation of SMA wires under the combined 
thermomechanical load including the low-temperature 
effect (liquid nitrogen) not reported in the open literature. 
Hence, the present research aims to fabricate two 
experimental set-up for the training as well as the TMC  

 

Fig. 1 Development of an experiment set-up 
 
 

behaviour of the commercially available SMA fibre using 
two kinds of treatment i.e., cold (liquid nitrogen) and the 
hot water. Further, the grain structure of the SMA wire and 
the molecular rearrangement due to the thermomechanical 
loading have been examined via the scanning electron 
microscope (SEM). Additionally, all three commercial SMA 
wire compositions are verified via SEM to indicate the 
necessary reason related to their corresponding actuation. 
Finally, the composition and the combined loading effect 
have been explored with respect to their stable state 
temperatures (Austenite or Martensite) under the combined 
temperature and mechanical loading.  
 

 

2. Experimental set-up  
 

In the present work, the experimental set-up is 

developed to analyse the behavior of the SMA wire under 

different conditions at National Institute of Technology 

Rourkela, India. To establish the experimental test rig for 

the said training of the commercially available SMA wires 

and the corresponding data acquisition details provided in 

Fig. 1. 

The test bench facility is developed to perform the 

desired experiment using two different medium i.e., the 

liquid nitrogen and the hot water. The setup consists of 

actuation unit (low temperature and high temperature), 

mechanical loading unit, sensors unit, microcontroller 

board, Parallax Data Acquisition tool (PLX-DAQ) along 

with computer unit. In order to perform the TMC at a lower 

temperature, the liquid nitrogen has been passed in the cold  
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Fig. 2 Sketch of setup for liquid nitrogen actuation 

 

 

Fig. 3 Sketch of setup for liquid nitrogen actuation 

 

 

chamber whereas the TMC at a higher temperature has been 

achieved by varying the temperature of water bath through 

an external source. In both the cases, the mechanical cycle 

is attained via the sand load at 7N using the pulley can be 

seen in Fig. 2.   

For measurement of displacement, ultrasonic sensor 

HRLV-MaxSonar-EZ has been used. The operating voltage 

of the sensor is from 2.5 V to 5.5 V and pulse width is 

1uS/mm. This sensor is the most cost-effective when the 

precision range finding and low-voltage are applied. For 

measurement of temperature in Celsius (°C) K-type 

thermocouple is used. This thermocouple has an operating 

temperature range from −270°C to 1,260°C. The 

microcontroller (Arduino mega 2560) having 54 digital 

input/output pins and 16 MHz crystal oscillator is used to 

connect the sensors and Parallax Data Acquisition tool 

(PLX-DAQ). PLX-DAQ is a software add-in for Microsoft 

Excel, it drops all the data in a proper manner as received 

from the microcontroller. 

 
2.1 Liquid nitrogen actuation 

 

The experimental set-up for liquid nitrogen actuation 

has been developed and the schematic line diagram is 

shown in Fig. 2 and the laboratory based experimental set-

up is presented in Fig. 3. The SMA wire is subjected to cold 

temperature by passing it through the cold chamber, where 

the liquid nitrogen is responsible to create lower 

temperature inside the cold chamber. Hence, the cooling 

process is achieved via liquid nitrogen and the heating 

process by natural convection. The cooling and the heating 

TMC is performed for three trials at 7N mechanical loading  

 

Fig. 4 Sketch of setup for hot water actuation 

 

 

Fig. 5 Experimental set-up for hot water actuation 

 

 

and the data is recorded within the temperature range for 

maximum displacement. 

After verifying that all the sensors are stable the 

experiments are conducted. The SMA wire is passed 

through the cold chamber, its one end is fixed and the other 

end is subjected to the sand load over a pulley. The liquid 

nitrogen is passed into the cold chamber, which is subjected 

to the martensite phase after a while the SMA wire is 

exposed to the atmosphere, where the temperature of the 

SMA wire returns back to the atmospheric temperature by 

natural convection. Similarly, the cycle is repeated for three 

experimentation trials. The microcontroller collects the 

reading in terms of emf and pulse from the temperature 

sensors and ultra-sonic sensor, respectively and this data is 

observed in PLX-DAQ in terms of temperature (°C) and 

displacement (mm), respectively. 

 

2.2 Hot water actuation 
 

In order to perform the experiment via hot water 

actuation, the hot water bath is placed instead of the cold 

chamber which has been used for the liquid nitrogen 

actuation as shown earlier in Fig. 2. The schematic line 

diagram for hot water actuation is shown in Fig. 3 and the 

experimental set-up is presented in Fig. 4. The SMA wire is 

actuated using the hot water in water bath via an external 

heating source and the cooling is achieved by natural 

convection. 

 

 

3. Results and discussion  
 

3.1 Liquid nitrogen actuation 
 

In this section, the experiments are performed on SMA 

wire for 7N mechanical loading via liquid nitrogen using  
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Fig. 6 Displacement vs. Time in cold working 
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Fig. 7 Temperature vs. Time in cold working 
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Fig. 8 Displacement vs. Temperature in cold working 

 

 

the laboratory-based experimental set-up.  

The results are obtained using the same procedure as 

discussed earlier and presented in Figs. 6-8. The total time 

for each cycle in case of cold working is 18.68 min (1121 

sec) where the cooling is attained via liquid nitrogen and the 

heating is achieved by natural convection. In addition, the 

time taken for cooling is 3.36 min (202 s) and for the 

heating is 15.31 min (919 s). As the cooling is achieved via 

liquid nitrogen, the time taken is much lesser compared to 

heating. The maximum displacement is 25 mm at a load of 

7N can be seen in Fig. 6. The room temperature is 28 (°C)  
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Fig. 9 Displacement vs. Time in hot working 
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Fig. 10 Temperature vs. Time in hot working 
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Fig. 11 Displacement vs. Temperature in hot working 
 

 

and the lowest temperature achieved by the SMA is -33°C 

in the third cycle can be seen in Fig. 7. The speed of 

actuation of different loads is not studied in the present 

work. During heating there is a drastic increase in the 

displacement when the temperature is ranging between 8°C 

to 18°C, the hysteresis curve is shown in Fig. 8. 
 

3.2 Hot water actuation 
 

In this section, the experiments are performed on SMA 

wire for 7N mechanical loading via hot water bath using the 

laboratory-based experimental set-up.  
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Without treatment 

 
Heating 

 
Cooling 

Fig. 12 SEM images of the SMA wire for grain size 
 

 

The results are obtained using the same procedure as 

discussed earlier and presented in Figs. 9-11. It is important 

to mention that the time taken the single cycle is very high 

as compared to the cold working i.e., liquid nitrogen 

actuation, hence, only one cycle is performed in this case. 

The total cycle time is 35.63 min (2138 s) which includes 

the heating time of 7.56 min (454 s) and the cooling time of 

28.06 min (1684 s). As mentioned earlier, the heating is 

achieved via an external heat source and the cooling is done 

by natural convection, therefore, the time taken for the 

cooling is higher than the heating. It is noticed from the Fig. 

9 that the maximum displacement is 20 mm at a load of 7N. 

Also, it is observed from the Fig. 10 that the maximum 

temperature allowed is 75°C. The hysteresis curve is shown 

in Fig. 11 and it can be seen that the temperature is ranging 

between 50°C to 75°C. 

 
(a) Wire 1 

 
(b) Wire 2 

 
(c) Wire 3 

Fig. 13 SEM images of SMA wires in spectrum form 

 
 

3.3 Grain structure of SMA wires 
 

In order to check the grain structure of the SMA wires, 

an experiment is conducted via SEM available at 

Metallurgy department, National Institute of Technology 

Rourkela, India. The experiment of SMA wire is performed 

without any actuation as well as after the actuation i.e., 

liquid nitrogen actuation and hot water actuation. The grain 

size of the SMA wires are obtained using SEM and the 

images are presented in Fig. 12. It is observed from the Fig. 

12 that the grain size is decreasing after the liquid nitrogen 

actuation whereas the grain size is increasing after the hot 

water actuation. 
 

3.4 Behaviour of SMA in ice, atmosphere, and boiling 
water 
 

After performing the TMC experiments using the liquid 

nitrogen actuation and hot water actuation, another sets of 

experiments are performed in different conditions which are  
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Table 1 Composition of different SMA wires 

SMA Wires 
Elements 

 C O Ti Ni 

Wire 1 
Weight% - - 42.53 57.47 

Atomic% - - 47.56 52.44 

Wire 2 
Weight% 15.17 16.40 33.38 35.05 

Atomic% 35.26 28.62 19.45 16.66 

Wire 3 
Weight% 24.58 16.79 23.78 34.85 

Atomic% 48.88 25.07 11.86 14.18 

 

 

Fig. 14 SMA’s at deep freezer (-15°C) 

 

 

Fig. 15 SMA’s at room temperature (32°C) 

 

 

discussed here. The experiment is extended to analyse the 

behaviour of three different compositions of the SMA under 

different environmental conditions. In order to do so, as a 

first step composition of the SMA wires has been checked 

via SEM and the presented in Table 1 which shows the 

content of carbon (C), oxygen (O), titanium (Ti) and nickel 

(Ni). In addition, the SEM study is presented in spectrum 

form in Fig. 13. 

As a next step, the SMA wires of different composition 

have been kept in the deep freezer as shown in Fig. 14 and 

they were deformed manually. It is noticed that out of three 

wires, the first wire (wire 1) unable to deform whereas other 

two wires (wire 2 and wire 3) deforming easily. Hence, the 

experiment indicates that the wire 2 and the wire 3 are in 

their unstable temperature state i.e., the martensite phase 

attains at -15°C (deep freezer) whereas the wire 1 is at the 

stable state (Austenite).  

After performing the cooling test, all three wires are  

 

Fig. 16 SMA’s at the hot water (95°C) 

 

 

exposed to the ambient condition (32°C) and the 

deformation (actuation) process observed for the wire 2.  

The change in temperature indicates the initiation of the 

phase transformation process for the wire 2. Additionally, it 

is interesting to note that the wire 2 regaining the original 

shape but too slow. However, the wire 1 and wire 3 are 

showing no deformation because of their Austenite and 

Martensite state (refer Fig. 15) of temperature at the deep 

freezer and the room temperature, respectively. Finally, the 

experiment is carried out by placing all three SMA wires in 

hot water bath as shown in Fig. 16. It is observed from the 

fig, that the third wire also started to undergo deformation 

that means the change or regaining back to its original 

shape and all the wires are at stable state i.e., Austenite 

phase and can be seen in Fig. 16. 

Based on the above SEM study and the behaviour in 

different environmental condition, it is observed that the 

wire 1 without any carbon and oxygen contents has the 

austenite temperature that is lower than the temperature in 

the deep freezer (-15°C). In addition, the wire 2 having the 

carbon and the oxygen of 31.57% has austenite phase 

change is at room temperature (32°C). Moreover, the wire 3 

having the carbon and the oxygen of 41.37% has austenite 

phase change is at a higher temperature (95°C). Therefore, 

it is understood from the above analysis that the percentage 

of the carbon and the oxygen increases as well as the 

percentage of the nickel and the titanium decreases than the 

austenite phase temperature increases. 

 

 

4. Conclusions 
 

A lab-scale experimental set-up has been developed for 

the experimentation to examine the thermo-mechanical 

loading on commercial SMA wires. In this regard, heating 

and cooling effect have been achieved using the liquid 

nitrogen and hot water actuation. After the solid-state phase 

change the molecular rearrangement of the utilized SMA 

wires are verified before and after the TMC with the help of 

SEM. The experimentation was carried out on three 

different types of the SMA wires and compositional effect 

on the thermomechanical loading also discussed for the 

sake of clarification. All three different SMA wires engaged 

in the experimental analysis infers different characteristics 

under the variable environment, i.e., low temperature, room 

524



 

Experimental training of shape memory alloy fibres under combined thermomechanical loading 

 

temperature and at high-temperature. The result shows that 

the SMA wire in its Martensite phase acts like a normal 

wire i.e., it experiences expansion including the contraction 

on heating and cooling cycles whereas the activated 

behavior observed during the high-temperature Austenite 

phase. Additionally, the study reveals that the wire 

commercially available may not follow the expected line 

while the alloy deviates from the equiatomic configuration, 

i.e., consist of foreign impurities (carbon or oxygen). 

Finally, it is understood that the phase transformation 

temperature and the cyclic load-bearing capacity largely 

depends on the alloy composition. 
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