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1. Introduction 

 
Shape memory alloys (SMAs) are crucial intelligent 

materials with both sensing and actuation functions. They 
exhibit a unique shape memory effect (SME) and 
superelasticity (SE) because of the phase transformation 
between austenite and martensite. Owing to their good 
mechanical properties, corrosion resistance, 
biocompatibility, high damping, and resistance sensing 
properties, SMAs have been used in many fields, such as 
aerospace, mechanical electronics, biomedical, and civil 
engineering (Janke et al. 2005, Song et al. 2006, Lester et 
al. 2015, Zadafiya et al. 2021). 

 SMAs are widely used in actuators (Dhanalakshmi et 
al. 2011, Lee et al. 2018, 2020, Shi et al. 2014) and sensors 
(Nahm et al. 2005, Song et al. 2007, Cui et al. 2010, 
Nakshatharan and Dhanalakshmi 2014) because of their 
excellent reset ability and resistive sensing characteristics. 
However, SME is related to the elemental composition, 
stress, and ambient temperature of the material, and its 
mechanical behaviors are relatively complex. Martensitic 
SMAs exhibit high energy dissipation capability, while 
austenitic SMA shows excellent self-centering capabilities 
but lesser energy dissipation. Moreover, both types 
guarantee a very high fatigue resistance to large strain 
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cycles, together with a stable and repeatable cyclic 
behavior. 

Considerable research efforts have been devoted to 
investigating the mechanical properties of SMA under 
different conditions. Churchill et al. (2010) conducted a 
series of experiments on shape memory wires to 
demonstrate the sensitivities of the superelastic response to 
the typical ambient media (water vs. air) and loading rate, 
which show how latent heat interactions between the SMA 
and its surroundings lead to loading-rate effects and 
complex phase front kinetics. Dolce and Cardone (2001a, b) 
investigated the mechanical behaviors of several specimens 
of NiTi SMA through experimental test programs, and they 
described and analyzed the results of the tests in terms of 
mainly four fundamental mechanical quantities: secant 
stiffness, energy loss, residual strain, and equivalent 
damping. The experimental results show that SMA bars and 
wires have great potential for use in seismic devices owing 
to their considerable energy dissipation capacity and 
outstanding fatigue resistance. Desroches et al. (2004) 
compared and analyzed the mechanical properties of SMA 
wires and bars under the circulating condition, where both 
SMA wires and bars showed excellent SE. Suhail et al. 
(2021) have analyzed and compared the thermomechanical 
behavior of NiTi-based SMAs at constant stress but variable 
temperature loading. The results showed that a large 
forward transformation strain at a constant stress of 600 
MPa, in the range of 5–11%, is produced when the 
temperature is lowered to or below room temperature. 
Casciati and Marzi (2010) investigated the creep 
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phenomenon of two different alloys, a classical NiTi alloy 
and a Cu-based alloy, and experimentally measured the 
fatigue characteristics of the Cu-based alloy. DesRoches et 
al. (2004) tested SMA wires and bars to evaluate the effect 
of bar size and loading history on the strength, equivalent 
damping, and self-centering properties of the SMAs in a 
superelastic state. They also investigated the effect of the 
number of thermomechanical training cycles (compression 
method) on the memory effect of hollow cylindrical Fe-Mn-
Si SMA casting. They analyzed the change in SME from 
the microstructural perspective and attributed it mainly to 
the preferred orientation of martensite and the formation of 
winding and dislocations in the alloy crystal structure 
during the thermomechanical training. Qian et al. (2011, 
2013) studied the mechanical properties of superelastic NiTi 
SMA wires of different diameters. They analyzed the effects 
of cyclic loading times, strain amplitudes, loading rates, and 
ambient temperature on the mechanical properties and then 
improved its constitutive model. Suhail et al. (2020a) 
studied the strain localization phenomenon, strain-rate 
effect, and interaction of NiTi SMA wires. During stress-
induced martensitic transformation, the expansion of the 
phase transition band showed a non-uniform strain 
distribution, and the unloading strain recovery within the 
transformation bands exhibited high strain-rate sensitivity. 
Fang et al. (2019) studied the effect of heat treatment on the 
phase transformation characteristics and mechanical 
properties of SMA cables, performed cyclic loading tests at 
room temperature, and studied further development of the 
mechanical behaviors of the SMA cables. Suhail et al. 
(2020b) studied the recovery stress generated by heating 
prestressed NiTi SMA wires and analyzed the optimal pre-
strain value of the maximum recovery stress of the material. 

The study of mechanical properties of SMAs lays a 
solid foundation for investigating their resistance sensing 
properties. The resistance of the SMA sensing element 
changes with the macroscopic strain or stress, which can be 
obtained by applying the voltage and current without 
additional measurement equipment. Therefore, SMAs may 
be used to integrate monitoring and sensing in the driving 
system with closed-loop control. SMAs can be used 
as feedback with resistance sensing characteristics, which 
have great engineering application potential. Therefore, 
many experimental studies have been conducted on the 
resistance characteristics of SMAs. 

 Ikuta et al. (1988) proposed an antagonistic type 
deformation control scheme using resistance feedback, 
which was experimentally verified, and the suggested servo 
actuator system was successfully applied in an active 
endoscope. Novak et al. (2008) investigated the evolution 
of the resistivity of NiTi SMA wires with R-phase 
transformation during thermal and mechanical tests using 
experiments and micromechanical model simulations. 
Sreekanth et al. (2018) investigated the considerable strain 
shown by SMAs during phase transformation with 
temperature. They demonstrated that the current rise time 
through a helical spring is directly proportional to its 
displacement and proposed a method to obtain the 
temperature of the SMA during actuation by estimating the 
resistance from the rise time. Zhang et al. (2013) explored 
and modeled the self-sensing properties of SMAs to imitate 

the integrated muscle-like functions of actuating and self-
sensing based on the investigation of the electrical 
resistivity of SMAs. They verified the validity of the 
electrical resistance (ER) model by conducting a series of 
thermal–electrical–mechanical experiments. Mohan and 
Banerjee (2021) proposed a novel yield parameter, which 
enables accurate simulation of minor hysteresis loop using 
the model of Boyd and Lagoudas. Using the modified 
model, pseudoelastic responses are compared against those 
obtained from the existing models, which illustrates its 
efficacy. Jain et al. (2020) explored the principle of 
significant change in the ER of SMAs during their solid-
phase transformation from austenite to martensite. Sensors 
could be employed for the detection of variable velocity 
flows and for obtaining the acceleration of the flow with 
proper tuning of input voltage and stress. Airoldi et al. 
(1996) examined the ER of NiTiCu ribbons either in the 
pseudoelastic range in martensite or under constant applied 
stress across the transformation range. The results show that 
the ER follows a linear relationship with the imprinted 
strain. Sherif and Ozbulut (2020) investigated the 
thermomechanical and electrical response of a NiTi SMA 
cable with a distinctive configuration, which was subjected 
to cyclic loading at various strain amplitudes ranging from 
3 to 7%. The results show that the global ER change cannot 
predict the strain/stress state accurately because of the 
complex geometry of the cable. Song et al. (2006) 
fabricated a concrete beam specimen with SMA reinforcing 
cables and embedded PZT patches. Experiments 
demonstrated that the IRC possesses self-sensing and self-
rehabilitation capabilities. The crack width of the specimen 
can be estimated by monitoring the electric resistance 
change of the SMA cables. Lee et al. (2020) also added an 
SMA and carbon fiber-reinforced polymer into the beam 
and used the resistance of the SMA as a feedback signal for 
estimating self-sensed deflection. The deflection was well 
controlled; however, its response was slightly delayed. 

In summary, many studies have explored the 
excellent mechanical and resistance sensing characteristics 
of SMAs. However, the use of SMAs as sensing elements 
needs further investigation. In this study, the mechanical 
and resistance sensing characteristics of superfine wires 
made of SMA (which is martensite at room temperature) 
were investigated. This study aimed to explore the 
relationship between strain, stress, and resistance of 
superfine SMA wires during phase transformation. The 
results of experiments can form the basis for the application 
of superfine SMA wires. 

 
 

2. Materials and test setup 
 
2.1 Materials 
 
In this experiment, NiTi SMA wires with a diameter of 

25 μm (SAES Smart Materials, USA) were used. Table 1 
shows the elemental composition of the SMA wires (by 
mass). 

The phase transition temperature of the material was 
measured using differential scanning calorimetry (DSC; 
DSC204, NETZSCH, Germany). The analysis results are 
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Table 1 Chemical composition of the SMA 

Chemical composition Mass percentage %/wt. 
Ni 55.8 ± 0.5 
Ti 42.6 ± 0.5 
C ≤ 0.05 
H ≤ 0.005 
O ≤ 0.05 
Fe ≤ 0.05 

others ≤ 0.01 
 

 
 

Fig. 1 DSC curves of SMA wires 
 
 

shown in Fig. 1. The following phase transition 
temperatures of the material were identified: Mf = 65.3°C, 
Ms = 84.6°C, As = 96.5°C, and Af = 113.4°C. 

As shown in Fig. 2, the length of the SMA wires used 
was 140 mm. To prevent relaxation and slip during the 
tensile process, 20 mm at both ends of the SMA wires were 
fixed and glued to the paper. Therefore, the gauge length of 
the martensite specimens was 100 mm at room temperature. 
In addition, the specimens were dislocation-wound to 
prevent the wire crossing, which would affect the 
measurement results; the measuring end fixed at the edge of 
the paper was reserved to make sure that the specimens are 
convenient to use in a special fixture for contact and 
measurement. 

 
2.2 Experimental setup 
 
The experimental setup and equipment used are shown 

in Fig. 3. The experimental apparatus was composed of 
measuring and data acquisition systems. The measuring 
system included a material tensile testing machine and 
measuring device. The stress–strain relationship of 
super f ine  SMA wires  was  measured  us ing  an 
electromechanical universal testing machine. The ER of 
superfine SMA wires was measured using a four-wire 
method. During measurement, the current did not pass 
through the voltmeter to ensure the accuracy of the 
measurement results. A high-precision DC tester (TM2516, 
Shenzhen Instrument Co., Ltd., China) with a resistance 
measuring range of 1 μΩ–200 kΩ and resistance measuring 
accuracy of 0.05% was connected to the testing machine 

 
Fig. 2 Specimen 

 
 

Fig. 3 Experimental setup 
 
 

through the expansion port, which enabled the synchronous 
acquisition of SMA resistance and tensile test data. 

 
 

3. Experimental procedure and analysis methods 
 
3.1 Experimental procedure 
 
Many scholars have found that the mechanical 

properties of SMA wire and rod will gradually stabilize in 
uniaxial cyclic tensile test. We describe this phenomenon as 
training process. During training (cyclic loading and 
unloading), the number of cycles considerably affects the 
behavior of SMA, worsening the energy dissipation 
capability and increasing the cyclic strain hardening. 
However, these properties stabilize after a certain number of 
cycles. In this part of the experiment, during training, each 
specimen was repeatedly loaded to the set amplitude and 
unloaded to the initial state using the hyperelasticity of 
austenite. After that, the effects of cyclic training time and 
training strain amplitude on the following mechanical 
properties: stress–strain relationship, hysteretic energy 
dissipation capacity, secant stiffness, equivalent damping 
ratio, and residual strain during specimen training were 
mainly considered. The mechanical properties of superfine 
SMA wires under three sets of working conditions were 
studied: 

(1) The initial training of the austenitic SMA. To ensure 
the stability of the mechanical properties of SMA wires, 
uniaxial cyclic tensile tests were performed. The effects of 
training strain amplitudes and training time on the 
mechanical properties of superfine SMA wires were 
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investigated. The training strain amplitudes were 4, 6, and 
8%. The temperature at 120°C was maintained during the 
test, and the loading strain rate was 0.005 s-1. 

(2) Uniaxial tensile test of the austenitic SMA. This part 
was conducted to compare the mechanical properties of 
superfine SMA wires after the training at different 
amplitudes. During the test, the temperature was maintained 
at 120°C, the strain amplitude was 4%, and the loading 
strain rate was 0.005 s-1. 

(3) Uniaxial tensile test of the martensitic SMA. This 
part was conducted to analyze the effects of training strain 
amplitude and cyclic loading time on the mechanical 
properties of the martensitic SMA. During the test, the 
temperature was maintained at 40°C, the strain amplitude 
was 4%, and the loading strain rate was 0.001 s-1. 

 
3.2 Methods of mechanical property analysis 
 
Fig. 4 shows the typical stress–strain curves and 

characteristic parameters of SMAs corresponding to single 
loading and unloading cycles, where σMs, σMf, σAs, and σAf 
represent the beginning stress of martensitic transformation, 
end stress of martensitic transformation, beginning stress of 
austenite transformation, and end stress of austenite 
transformation, respectively. To analyze the mechanical 
properties of SMA filaments under different working 
conditions, the following mechanical characteristic 
parameters were defined: 

 
(1) Cyclic energy dissipation capacity WD: the area 

enclosed by the stress–strain curve during one 
loading and unloading (curve OABCDEFO), which 
represents the hysteretic energy dissipation 
capacity of an SMA. 

(2) Secant stiffness kS: the ratio of peak load to 
maximum displacement, as shown in Eq. (1). 

 𝑘௦ = 𝐹௠௔௫ − 𝐹௠௜௡𝛿௠௔௫ − 𝛿௠௜௡ (1)

 
(3) Equivalent damping ratio 𝜉௘௤: the damping ratio of 

the SMA under unloading conditions after the 
uniaxial tensile process reflects the damping 
performance of the SMA, where WE is the total 
strain energy of a single cycle, equal to the sum of 
WD and W, as shown in Eq. (2). 

 
 

 
Fig. 4 Schematic stress–strain curves and mechanical 

parameters of austenitic SMAs 
 

𝜉௘௤ = 𝑊஽4𝜋𝑊ா = 𝑊஽2𝜋𝑘௦𝜀ఋଶ (2)

 
(4) Residual strain 𝜀௥: the corresponding strain value 

of the specimen when unloading to zero stress (to 
evaluate the self-centering ability of the SMA). 

 
3.3 Methods of ER sensing analysis 
 
Based on the mechanical test results, the ER sensing test 

was carried out with the trained specimen. The strain-
sensing test of superfine SMA wires consisted of a tensile 
test and resistance measurement. To enrich the resistance 
test data of the material and ensure the stability of the 
mechanical properties of the SMA filament, a specimen 
with a training strain amplitude of 8% was used for the test. 
In this experiment, an important indicator of resistance 
characteristics, resistance variation in Eq. (3), was studied 
from the following three aspects: the strain-sensing 
characteristics, the effect of loading rate on resistance, and 
the effect of temperature on resistance. 

 Δ𝑅 = 𝑅 − 𝑅଴𝑅଴  (3)

 
where R0 is the initial resistance of the SMA specimen, R is 
the measured resistance, and ΔR is the resistance variation. 

 
 

4. Experimental results and discussion 
 
4.1 Analysis of ER sensing characteristics 
 
In general, the NiTi SMA has three phases: martensitic, 

austenitic, and R. These three phases have different 
resistivities. During phase transformation, the volume 
percentage of each phase changes. Therefore, we assumed 
the volume percentage content of each phase to be ξA, ξM, 
ξR, and the resistivity: ρA, ρM, ρR, respectively. Ikuta et al. 
(1991) reported that all phases of SMA are randomly 
distributed at the microscopic scale but can be regarded as 
parallelly distributed at the macroscopic scale, as shown in 
Fig. 5. Using this variable sublayer model, Dutta and 
Ghorbel (2005) proposed nonlinear temperature coefficients 
of resistivity for each phase to model SMA resistance. 
Therefore, the linear summation relationship shown in Eq. 
(4) holds for the resistivity of each phase. Moreover, Fig. 2 
indicates that the superfine SMA wires did not contain the R 
phase, which was thus not considered in the present study. 

 𝜌 = 𝜌஺ + 𝜌ெ + 𝜌ோ (4)
 
 
 

Fig. 5 Variable sublayer model of SMA
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4.2 Mechanical behaviors of superfine SMA wires 
 
4.2.1 Effect of cyclic loading on mechanical 

properties 
The stability of mechanical properties of SMAs is the 

basis of their application in practical engineering. Current 
studies have shown that the mechanical properties of 
austenitic SMA would gradually stabilize under cyclic 
loading. To explore the effect of training on the mechanical 
properties of superfine martensitic SMA wires, a test was 
designed with the cyclic loading and unloading of a single 
virgin specimen. During the test, the temperature was 
maintained at 120°C, fixed loading strain amplitude was 
4%, and loading strain rate was 0.005 s-1. When the set 
number of training cycles was reached (1, 10, 20, 30, 40, 
and 50), the test was stopped, and the temperature was 
decreased to 40°C. After that, uniaxial tensile tests of the 
SMA in a complete martensitic state were conducted to 
analyze the variation of the stress–strain curve of the 
martensitic SMA corresponding to high-temperature 
training. 

Fig. 6 shows the stress–strain curve of the austenitic 
SMA wire after different numbers of cycles at 120°C. With 
the increase in the number of cycles, the initial martensitic 
transformation stress of the superelastic specimen gradually 
decreased and then stabilized. In this process, the stress–
strain curve gradually changes from the initial flag type to 
the fusiform type. Moreover, the hysteretic energy 
dissipation capacity decreased from 896.21 MJ·m-3 in the 
first round to 431.97 MJ·m-3 in the 50th round, and the 
overall decrease was approximately 48.2%. At the same 
time, the loading and unloading stages tended to stabilize 

 
 

 
Fig. 6 Stress–strain curves of the SMA wire under 

increasing cyclic load
 
 

after 40 cycles. As shown in Fig. 6, the specimen did not 
slip during the test, which proved the reliability of the 
clamping scheme. 

Fig. 7 shows the stress–strain curve of the martensitic 
SMA under different numbers of training cycles at 40°C. 
The figure shows that the peak stress of the stress–strain 
curve increases with the number of training cycles, 
implying that the strain energy of the wire also increases. 
The specimen, in complete martensitic state at 40°C is 
mainly composed of twinned martensite and detwinned 
martensite. Detwinned martensite crystals have a higher 
elastic modulus than twinned martensite crystals. During 
loading, stress induced the transformation of twinned 
martensite into detwinned martensite with a more favorable 
direction, that is, twinning occurred. With the increasing 
number of training cycles, the volume fraction of detwinned 
martensite increases, resulting in the continuous shortening 
of the twinning stage. In Figs. 6 and 7, the test curves of the 
40th and 50th turns are almost the same, indicating that the 
mechanical properties of austenitic and martensitic SMA 
filaments can stabilize at the same time under high-
temperature cyclic training. 

Mechanical properties of the martensitic SMA under 
different numbers of training cycles are shown in Table 2. 
With an increasing training period, during the gradual 
stabilization of the specimen, the hysteretic energy 
increases by approximately 11%. The peak stress and 
equivalent secant stiffness significantly increased, and the 
secant stiffness increased by approximately 150%. Residual 
strain and damping ratio gradually decreased by 17 and 
56%, respectively. 

 
 
 

Fig. 7 Stress–strain curves of the martensitic SMA 
with corresponding cycles 

 
 

 

Table 2 Characteristic parameters of the martensitic SMA at different numbers of cycles 

Training 
cycles 

Hysteretic energy 
(MJ·m-3) 

Residual strain
(%) 

Peak stress
(MPa) 

Equivalent secant 
stiffness (GPa) 

Damping ratio 
(%) 

1 3.56 3.57 128.8 3.2 11.1 
5 3.79 3.51 154.6 3.8 9.7 

10 3.46 3.33 203.1 5.1 6.8 
20 3.62 3.21 245.0 6.1 5.9 
30 3.83 3.03 305.7 7.6 5.0 
40 3.97 2.97 323.6 8.1 4.9 
50 3.91 2.97 323.5 8.1 4.8 
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4.2.2 Effect of training amplitude on mechanical 

properties 
The specimens were trained with strain amplitudes of 4, 

6, and 8% at the temperature of 120°C and a loading rate of 
0.005 s-1, and the results are illustrated in Fig. 8. With 
increasing training strain amplitude, the residual strain 
gradually increased because of the accumulation of 
dislocations in the crystal structure during training. After 40 
cycles, the mechanical properties of superelastic specimens 
stabilized. 

Fig. 9 shows the stress–strain curves of austenitic and 
martensitic SMA specimens after training. Upon completion 
of the training, the uniaxial tensile tests of the austenitic 
SMA specimens were conducted at the temperature of 
120°C, amplitude of 4%, and loading strain rate of 0.005 s-1, 
and then the stress–strain curve was obtained (Fig. 9(a)). 
The specimens with different training strain amplitudes 
exhibited almost the same stress–strain curves. Thus, it can 
be concluded that the training strain amplitude has a weaker 
effect on the superelastic behavior of the material. 

The next section describes the analysis of the properties 
of the martensitic SMA. After the training of each 
specimen, the martensitic SMA uniaxial tensile tests were 
conducted at the temperature of 40°C, amplitude of 4%, and 
loading strain rate of 0.001 s-1. The stress–strain curves are 
shown in Fig. 9(b). With increasing training strain 
amplitude, the hysteretic energy and equivalent secant 
stiffness of the specimens increased during training. Fig. 10 
shows the elastic modulus of each specimen in Fig. 8 during 
loading. With increasing training amplitude, the turning 
point of elastic modulus (2, 1.6, and 0.4% for amplitudes of 
4, 6, and 8% respectively) gradually decreased. This 
indicates that the volume fraction of the detwinned 

 
 

 
 

Fig. 10 Variation in elastic modulus of each martensitic 
specimen during loading 

 
 

martensite at the temperature below Mf increased with the 
strain amplitude, which resulted in the shortening of the 
detwinning stage, and earlier completion of the stress-
induced martensitic transformation. Thus, the elastic 
modulus of the material increased sharply, and the 
mechanical properties of the martensitic SMA changed. 

Table 3 shows the mechanical properties of the 
martensitic specimens after training. With the increase in 
the training strain amplitude from 4 to 8%, the hysteretic 
energy increased by approximately 63%. The peak stress 
and equivalent secant stiffness also increased significantly. 
As shown below, the equivalent secant stiffness increased 
by approximately 325%. However, the residual strain 
decreased from 3.15 to 1.68%, while the damping ratio 
decreased by approximately 50%. 

 
(a) 4% (b) 6% (c) 8% 

Fig. 8 Training of the austenitic NiTi SMA at different strain amplitudes 

 
(a) Austenite (b) Martensite 

Fig. 9 Stress–strain curves of specimens after training
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Table 4 Schemes of ER sensing experiments 

Test 
schemes 

Pre-trained  
amplitude 

(%) 

Tensilestrain
amplitude

(%) 

Loading 
rate 
(s-1) 

Test 
temperature

(°C) 

1 8 5 0.003 40–120 

2 8 5 0.001, 0.003, 
0.005 -30–120 

 

 
 
4.3 ER sensing of superfine SMA wires 
 
The stability of mechanical properties needs to be 

determined to thoroughly utilize the resistance sensing 
ability of superfine SMA wires. To make sure the accuracy 

 
 

 
 

of the test results of super-fine SMA wires, we conducted a 
large number of pre-experiments. As determined by several 
tests, the accuracy of the SMA specimen resistance test 
results can be guaranteed within the 5% strain amplitude. 
Therefore, a specimen trained at 8% strain amplitude was 
used for the resistance characteristics tests in this study. By 
considering the influence of loading rates and temperatures 
on ER sensing characteristics, the test schemes are shown in 
Table 4. As a result of using pre-trained specimens and 
eliminating recoverable residual strain by heating up to Af 
after each test. 

 
4.3.1 ER sensing at different temperatures 
First, the strain-sensing properties of SMA filaments, 

which are martensitic at lower temperatures, needed to be 
 
 

Table 3 Characteristic parameters of specimens at 40°C after training 

Training 
amplitude 

Training 
cycles 

Peak stress 
(MPa) 

Equivalent secant
stiffness (GPa) 

Damping
ratio (%) 

Residual 
strain (%)

Hysteretic 
energy (MJ·m-3)

4% 50 258.5 6.5 5.1 3.15 3.3285 
6% 50 380.5 9.5 3.7 2.78 3.5348 
8% 50 841.7 21.1 2.6 1.68 5.4211 

 

(a) 30°C (b) 50°C 
 

(c) 80°C (d) 100°C 
 

(e) 110°C (f) 120°C 

Fig. 11 Stress–strain curves and relative resistance–strain curves of superfine SMA wires at different temperatures
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(a) -30°C (b) -20°C (c) -10°C 

 

 

(d) 0°C (e) 10°C (f) 20°C 
 

 
(g) 30°C (h) 40°C (i) 50°C 

 

 

(j) 60°C (k) 70°C (l) 80°C 
 

 

(m) 90°C (n) 100°C (o) 110°C 

 

 

 
 (p) 120°C  

Fig. 12 Effect of loading rate on the resistance variation of superfine SMA wires 
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confirmed, so the resistance of the specimen was tested at 
different temperatures from 40 to 120°C. 

Fig. 11 shows the relationship between the stress–strain 
and ER resistance–strain curves for the SMA specimens 
(trained at 8% strain amplitude) at different temperatures. 
As shown in Fig. 11, when the temperature exceeds 70°C, 
SMA filaments begin to transform from the initial 
martensitic phase to the austenitic phase, yield platform of 
the stress–strain relationship curve gradually rises, and 
residual deformation decreases after unloading. At 120°C, 
the SMA is completely in the austenite phase, and the 
residual deformation is about 0.4% (see the stress scale on 
the left). 

In general, the resistance of the SMA filament in the 
martensitic phase and the phase transformation is linearly 
related to the strain. However, the resistance variation of the 
austenitic SMA filament in the elastic stage was relatively 
low (see the resistance variation scale on the right). After 
that, with increasing tensile stress, the material underwent 
stress-induced martensitic transformation and the resistance 
variation slightly increased, which resulted in a piece-wise 
linear relationship. 

 
4.3.2 ER sensing under different loading rates 
The application of SMA superfine wires in practical 

engineering requires sufficient test data; therefore, 
comprehensive consideration should be given to the test 
conditions. In this experiment, we investigated the effect of 
loading rate on the resistance of superfine SMA wires, and 
considering the actual working environment, the test 
temperature range was expanded to -30–120°C. The low-
temperature environment was realized using liquid nitrogen. 

The effect of loading rate on the resistance of superfine 
SMA wires is shown in Fig. 12. Owing to the generation of 
residual strain in the tensile process, the resistance 
characteristics of the loading and unloading sections were 
different. Considering the experimental error, the resistance 
of superfine SMA wires may be considered to exhibit an 
excellent linear correlation with strain. At the same time, 
the loading rate had little effect on the resistance variation 
of the specimen at the same temperature, still maintaining a 
good linear relationship. This phenomenon greatly 
simplifies the establishment of the resistance characteristic 
model of SMA filaments in actual engineering. 

 
 

Fig. 13 Effect of Temperature on ER Characteristics of 
Superfine SMA Wires 

Fig. 13 shows the changes in the maximum resistance 
variation of SMA filaments with increasing temperature. 
With the gradual increase in temperature, the maximum 
resistance variation of SMA filaments overall increases. In 
the temperature ranges of 10–50°C and 90–120°C, the SMA 
filament is in the state of complete martensite and austenite, 
respectively. The resistance variation of the material 
fluctuates forming two platforms. During the phase 
transition between the two platforms, the resistance 
variation increases significantly, so it can be judged that the 
resistance variation of austenitic SMA is higher than that of 
martensitic SMA by approximately 1.8 times. 

 
 

5. Conclusions 
 
Thermomechanical and electrical sensing characteristics 

of superfine SMA wires were investigated in this study. To 
obtain stable mechanical properties of SMA wires, 
specimens were trained in the austenite state at 120°C using 
uniaxial cyclic loading and unloading. The loading and 
unloading strain amplitude in the training process was 
determined according to the purpose of the test scheme. The 
experimental results show that superfine SMA wires can be 
used as stable sensing elements with the linear relationship 
between resistance and strain. Therefore, this material has 
great engineering application potential. The major 
conclusions are summarized below. 

 
● The mechanical properties of austenite and 

martensite can be stabilized simultaneously through 
cyclic loading training in the austenitic state at high 
temperatures. 

● With the increase of the training strain amplitude, the 
increases in the volume fraction of detwinned 
martensite in the SMA at low temperatures results in 
shortening of the twinning process, which significant 
increases in the hysteretic energy dissipation 
capacity and tangent stiffness and reduces in the 
damping ratio and residual deformation. 

● The results of ER sensing experiment show that the 
strain-sensing characteristics of austenitic superfine 
SMA wires are piece-wise linear and that the strain–
resistance curves of martensitic superfine SMA 
wires exhibit excellent linear correlation. Therefore, 
this material may be used for the manufacturing of 
sensitive displacement sensors and applied in 
structural health monitoring. 

● The experimental results show that the effect of 
loading rate on the mechanical properties and 
resistance sensing characteristics of superfine SMA 
wires can be ignored. This finding indicates that 
superfine SMA wires have a large specific surface 
area, through which latent heat is rapidly dissipated 
into the environment, thus ensuring the stability of 
the internal temperature of the material during the 
tensile process. 
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