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Abstract

:

In this article, the use of Nickel Titanium (NiTi) alloy as a sensor is examined. A cyclic stretching test, that has various elongations (0.5 and 1%), is administered to NiTi wires with various diameters and lengths. It is assumed that the elongation enables an observation of the change in electrical resistance of the NiTi wires, due to martensite reorientation. During the test, the stretching force, the displacement, and the electrical resistance of the NiTi wires are measured. Following the test, the resistance of all the tested samples differed compared to the starting position. Conducted research indicates that NiTi wires are very sensitive to resistance change when they are deformed. A large difference in NiTi electrical resistance was visible in all samples during the first stretching cycle. For longer wires, with a smaller diameter, resistance change was visible during almost all of the stretching cycles. However, the observed changes were very small. Based on the obtained results, it can be justifiably stated that NiTi wires could be used to build deformation sensors, which operate both online and offline. Moreover, NiTi wires with a small diameter could be used to create cyclic loading sensors. Such sensors can be used in self-sensing applications or in structural health monitoring.
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1. Introduction


Nowadays, the development of technology continues to be extremely fast. Novel designs, developed by scientists and engineers, are often very complex [1,2,3,4]. All newly designed devices require a lot of actuators and sensors, so that they can operate as intended. Various types of sensors are used to measure the influence of external forces and working conditions [5,6,7,8], alongside prediction of material properties when tested in laboratories [9,10,11,12]. Therefore, there is a need to find newer solutions to enable the development of novel measurement methods. An interesting solution is to build new devices and measuring systems with smart materials. These materials are defined as substances that have one or more properties that can be significantly modified in a controlled fashion by external stimuli, such as stress, moisture, electric or magnetic fields, light, temperature, pH, or chemical compounds [13]. Smart materials are increasingly used in new designs that operate based on, for example, piezoelectric effects (such as a griper [14]) or magnetic fluids (a suspension system [15] and a clutch [16]).



Shape memory alloys (SMAs) belong to a group of smart materials that change their shape and material properties under the influence of external factors, such as, for example, heat or mechanical deformation [17,18]. SMAs were discovered in the 1930s, but their first applications arose in the 1960s when Nitinol (nickel and titanium (NiTi) alloy) was invented in the Nickel Titanium Naval Ordnance Laboratory. Three structure types for NiTi alloys can be observed for various thermal and mechanical loading combinations. The basic structure (in which no external source of heat or mechanical load is supplied) is known as the martensite phase. This phase encompasses both the twinned and de-twinned martensite phases. Detwinned martensite is formed during the mechanical material deformation of the twinned martensite, in a process called martensite reorientation. Any changes caused by this transformation are permanent at low temperatures (i.e., those below the temperature that initiates the austenite phase transformation). However, the changes could be restored by temporarily modifying the martensite phase to the austenite one; this transformation is related to a shape changing mechanism and it is controlled by temperature. NiTi alloys can be divided into the categories of low temperature (LT) and high temperature (HT), which depends on the temperature that initiates the transformation between the martensite and the austenite phases. During this heat-based transformation, the shape, and some of the properties, of the materials are changed (e.g., Young modulus and electrical resistance). When the temperature of NiTi wire falls below the transformation phase temperature (i.e., from austenite to martensite), the material returns to the martensite phase. During this transformation, all the properties of the material are restored to the values that correspond to the martensite phase [17,19,20]. Due to the unique properties of the SMA, many applications are possible throughout a wide range of fields, which includes civil engineering, space and aircraft science, and medicine [21,22,23,24,25,26,27,28,29].



All the mentioned phase transformations of NiTi wires have an impact on their electrical resistance. The latter is complex since it depends on many factors, such as temperature, r-phase distortion, stress, deformation, phase transformation, and martensite reorientation [18]. Thus, NiTi sensors can be based on thermally or mechanically induced resistance changes. Liu et al. [30] state that SMAs are strong candidates for sensor applications because of their sensitivity. Rączka et al. [31] reported that NiTi resistance measurements could be used as feedback variables that enable positioning of systems based on thin NiTi wires. Šittner et al. [32] measured change in electrical resistance of NiTi wires, which allowed an investigation into the thermomechanical behavior of the R-phase. During an analysis on the electrical resistivity of NiTi during thermal cycles and under constant tensile stress, Uchil et al. [33] found that electrical resistivity is dependent on the number of performed cycles. Wu et al. [34] examined the change in electrical resistance of NiTi wire and stated that the stress-induced martensite reorientation has little influence on the slope of the curves. However, they also noticed that the relationship between stress and electrical resistance of NiTi wire is complicated. Moreover, the electrical resistivity of NiTi during heating and cooling stages has been investigated by Antonucci et al. [35]. The results they obtained showed that the NiTi phase can be identified from electrical resistivity measurements. The electrical resistance of NiTi wires, when acted upon by thermal and mechanical effects, has been investigated by Novák et al. [36]. They discovered that the electrical resistivity of the martensite phase greatly increases when martensite reorientation is under tension.



Electrical resistance measurements of NiTi wires can also be used as feedback in self-sensing applications. The linearity and repeatability of the stress-resistance curve [37], determined by Furs et al. makes these materials ideal for applications that use resistance measurements as a position feedback sensor. NiTi wires are also used by Li et al. [38], who proposed a new repair method for simple RC beams strengthened with carbon fiber reinforced polymers. In this method, Li et al. used the relationship between the deflection and the change in rate of electrical resistance of NiTi wires. This correlation provides a potentially useful tool for developing smart RC structures with integrated self-diagnosis and self-repairing functionality. Wang et al. [39] enabled accurate control of an actuator, which consisted of a pair of NiTi wires, by self-sensing feedback with hysteresis compensation. The development of a fused deposition modeling (FDM) technique increased the possibility of the applications of NiTi wires in polymer-based composite materials, which had been previously presented by Dudek et al. [40].



In this paper, change in the electrical resistance of NiTi wires during cyclic stretching with small elongations is investigated. In the literature, there is currently a lack of research on this topic, which focuses on the electrical resistance change in NiTi wires caused by martensite reorientation that is induced by cyclic stretching with small elongations. The measured change in the electrical resistance can be used to assess the deformation of the structure, or count the number of deformation cycles. Thus, it can be used in self-sensing application and in structural health monitoring.




2. Materials and Methods


The research presented concerns cyclic stretching of NiTi wires with small elongations. The performed research assessed the use of NiTi wires in a sensor that operates based on martensite reorientation, which occurs during the mechanical deformation of the material; it is permanent until the NiTi wire is not associated with the martensite-austenite-martensite phase transformation. Therefore, the studied phenomenon can be used to create a NiTi wire-based sensor that can operate both online and offline. Thereby, it was important to assess the influence of the diameter of the NiTi wire on the resistance change during cyclic stretching. Thus, NiTi LT wires of various diameters (i.e., 100, 150, 200, and 250 µm) were employed. Depending on the actual application of the NiTi wires, the length could also be modified. Due to this, NiTi wires with various free lengths (the NiTi wire was placed between fasteners, which locked it into place) were investigated (ca. 150 and 200 mm). During the tests, all the samples underwent cyclic stretching with small elongations (0.5 and 1%). Information about the tested NiTi wire samples is presented in Table 1.



Before beginning the test, the NiTi wires were fastened between clamps. To avoid problems with NiTi soldering, a special fastening system was used. The various creation stages for the NiTi wire fastening are presented in Figure 1. For the first stage, the NiTi wire was bent (about 180°). After that, the ends of the bent NiTi wire were positioned inside the steel sleeve. Subsequently, the steel sleeve with the NiTi wire inside it was mechanically clamped (a few times to secure the mechanical connection). Following mechanical clamping, the steel sleeve was positioned inside the ring tongue. The connection between the steel sleeve and the ring tongue was created by soldering. In this case, the free length of the NiTi wire was measured between the ring tongues that were fastened at both ends of the NiTi wire.



As previously mentioned, all the prepared NiTi samples were applied to the cyclic stretching test with small elongations (0.5 and 1%). A representation of the stretching cycle is provided in Figure 2. Each stretching cycle began in position “0”, which is when the NiTi wire deformation corresponds to the applied preload (ca. 0.3 N). These preloads were all similar for every analyzed case and the stretching cycle consisted of four stages. In the first stage, the NiTi wire sample was stretched to the required elongation length. The movement speed during this stage was set as 10 mm/min. In the second stage (where the sample had elongation), the movement was stopped for 1s. During the third stage, the wire was clamped back into its initial position “0” (which was set up based on the applied preload); the movement speed for this stage was identical to the first stage (i.e., 10 mm/min). In the fourth stage, the movement again stopped (but in the “0” position) for 1s. The described stretching cycle was repeated 30 times for each test sample. The test conditions assumed that NiTi wires deformed in the martensite phase, which indicates martensite reorientation from the twinned to the detwinned configuration. Martensite reorientation is associated with a change in some of the material properties, such as electrical resistance, although the observed changes in the materials are temporary. Modifications in the material properties can be measured until the NiTi wires do not perform the martensite—austenite—martensite phase transformation, which is related to the application of heat. If the tested samples aligned with the martensite—austenite—martensite phase transformation, their properties would return to initial values (i.e., those before the test).



The described test was realized by use of a developed test stand, the schema of which is presented in Figure 3. This test stand is based on the motorized vertical test stand, STAV 500/280 (AXIS Sp. z o.o., Gdańsk, Poland), the software of which was enabled to program the required stretching cycle. During the test, the displacement of the STAV 500/280 moving handle was measured at all times. This handle was also used to mount the force sensor FB50 (AXIS Sp. z o.o., Gdańsk, Poland), which was used during the test to measure the NiTi wire stretching force. FB50 is a dedicated STAV 500/280 force sensor with an accuracy of 0.05 N. During the test, one end of the fastened NiTi wire was fixed to the STAV 500/280, while the second end of the wire was attached to the FB50 force sensor that was mounted onto the moving handle of the STAV 500/280. The ring tongues of the prepared samples were not directly fixed to the STAV 500/280 and the FB50. Special clamps, made of PLA, were designed and manufactured by using the FDM method. The resistance of the NiTi wires was measured with a 24-bit analog module NI9216 (NI, Austin, TX, USA). This module was configured for a four-wire resistance measurement with a 1 mA stimulus current. According to the Joule-Lenz law, low stimulus current does not increase the temperature of a specimen, which is an important factor in the thermal behavior of NiTi alloy. The resistance measurement error of the NI9216, during the four-wire measurement at 25 °C, was 0.006 Ω. The second module NI9219 (NI, Austin, TX, USA) was used to measure the ambient temperature when using a TTE426 thermocouple. Both the NI9216 and NI9219 modules were connected with a cDAQ-9174 (NI, Austin, TX, USA) modular data acquisition system.



The measured data (i.e., the NiTi wire electrical resistance, the ambient temperature, the displacement of the moving handle, and the stretching force) were transmitted to a PC with a dedicated application installed. Communication between the cDAQ and the PC was realized via a USB cable that used a dedicated transmission protocol. The data obtained from the force sensor FB50 during the first stage was transferred to the STAV 500/280 test stand. Communication between the STAV 500/280 and the PC was created using a control unit via the USB virtual serial port. In both cases, the measured data from the cDAQ and STAV 500/280 were acquired at a frequency of 10 Hz.



The dedicated controlling software is written in the LabVIEW environment, for which there are three measurement streams that have to be controlled with different rates and protocols. The force and the displacement measurements were determined by STAV 500/280, which communicated with the computer via a USB serial protocol. The STAV 500/280 was in continuous operation, so it had to be handled at all times when the software was running, even when the making of measurements was inactive. The resistance measurements and the ambient temperature were found by NI9216 and NI9219, respectively. Both could be handled separately and could be switched on and off when the measurement procedure started or stopped. They communicated with the computer via a USB cable and a dedicated protocol that used a native LabVIEW library called DAQmx, which was employed. Each measurement was handled by its own separate parallel loop. The structure of the program consists of the main loop, called the Message Handling Loop, the two GUI loops (for handling user activities and displaying messages to the user), and three loops called “drivers” that handled the measurement devices described above. The base software structure is called a Queue Message Handler; this is because the main internal communication between the loops is based on queues.



The measurement data was stored in a TDMS file, which enabled storage of many measurement series in one file. The measurement series is called the group, the properties of which store information on, for example, the sample diameter, the length and the elongation, the date of measurement, the author etc. The synchronization of the data points was completed by using another programming structure called a Functional Global Variable. In fact, it is this type of function (known as the “save function”) that, when the measurement procedure starts a new file or a new group, creates data in an existing file. Each driver calls a save function with input parameters, which consists of measurement data alongside a timestamp. The latter are compared to each other and, if the difference is less than the maximum delay, the data is stored in the file as one measurement point that consists of all measurement values. At the end, the measurement file was closed. This solution enabled us to run short measurement series similar to those presented in this article, as well as long measurement series that are to be considered in future research.




3. Results


During the tests, electrical resistance, force, and deformation of NiTi wires were measured. The ambient temperature during the test was observed to be between 22 and 24 °C, which did not change the resistance of the tested samples to any noticeable extent. The force registered by the FB50 sensor and the deformation registered by STAV 500/280, during the cyclic stretching of the NiTi wires, are displayed in the graphs of Figure A1 and Figure A2 for the case of a stretching strain at 0.5% and 1%, respectively. The measured displacements indicate that the assumed stretching cycles did not have any distortions for all the analyzed configurations. At time t = 0, the force was equal to the applied preload, which is similar in all the examined cases (ca. 0.3 N). The maximum force peak, during each stretching cycle, was comparable in all the tests and it depended on the sample tested. The highest force peak was observed during the first stretching cycle in all the analyzed samples. In the case of NiTi wires with a diameter of 100 µm, the force peaks in the next stretching cycles gradually reduced, until they finally stabilized at a constant level after a few stretching cycles. This force peak stabilization occurred at a faster rate for NiTi wires with larger diameters. In fact, the larger the diameter of the NiTi wire, the faster the force peak stabilization. The measured force, following the first stretching cycle, dropped to 0 in all the examined cases. This indicates that the length of the NiTi wire changed (the tested samples were temporarily lengthened, due to martensite reorientation).



The measured electrical resistances of the tested NiTi wires are presented in Figure 4 and Figure 5 for the case of a stretching strain at 0.5% and 1%, respectively. It can be observed that the resistance of NiTi wires is related to its deformation. If this deformation increases, the electrical resistance also increases. The largest change in electrical resistance is seen for the first stretching cycle; this also occurred for the measured stretching force. Interesting parts of the presented charts relate to the time when the test stand movement was stopped. As can be seen in Figure 4 and Figure 5, the maximum and minimum peaks for electrical resistance differ, which depended on the number of performed stretching cycles. This is especially visible when the wires have the diameter of 100 or 150 µm.




4. Discussion


Measured data related to NiTi wire electrical resistance can be divided into three sections; this will be discussed using the example data presented in Figure 6.



The data presented in Figure 6 displays almost three stretching cycles of NiTi wire, which has a diameter 100 µm, length 150 mm, and a stretching strain of 0.5%. As mentioned previously, the electrical resistance of NiTi wire depends on its displacement. When the test stand movement was stopped, in a position where this displacement was at a maximum (in the case of this sample, this was at 0.75 mm), the electrical resistance of the tested sample remained similar. Therefore, the first section responds to the part of the stretching cycle in which displacement is at a maximum and there is no movement. The second section responds to the portion of the cycle in which the displacement is at a minimum and there is again no movement. The third section relates to the stretching force. As seen in Figure 6, the stretching force was equal to 0 when the displacement was greater than 0 (when the moving handle had not yet returned to its initial position). This situation occurs because the distance between the moving and the fixed fastener is set up based on the free length of the NiTi wire and the applied preload. When the test begins, the sample length is increased due to martensite reorientation. Due to this, the length of the sample is slightly larger than the distance between the moveable and the fixed fasteners. This explains why the stretching force is equal to 0 before the system returns to its initial position. However, the conducted research indicated that the electrical resistance of NiTi wires was similar in the second and third sections [41]. In the next part of this article, electrical resistance of NiTi wires was obtained based on electrical resistance in the second section.



The change in NiTi resistance during cyclic stretching is related to the occurrence of a hysteresis loop. Such loops, corresponding to the resistance of the NiTi wires, for selected stretching cycles, are presented in Figure 7 and Figure 8. These hysteresis loops show the difference between NiTi wire electrical resistance when comparing the beginning and the end of selected stretching cycles. As seen in Figure 7 and Figure 8, the largest change in electrical resistance occurred during the first stretching cycle. The average value of electrical resistance for the tested wires in the second section, during all the stretching cycles, are presented in Figure 9 and Figure 10. As mentioned earlier, the largest change in NiTi wire electrical resistance is observed during the first stretching cycle. Independent from the applied stretching, the elongation of the tested samples can be divided into two groups. In the first group (for wires with diameters 100 µm and 150 µm), resistance, following the first stretching cycles, decreased. In the second group (for wires with diameters 200 µm and 250 µm), resistance after the initial stretching cycles increased.



For the first group, it can be seen that the resistance in the second section descended in each stretching cycle. This phenomenon is not observed in the samples from group two. It is noteworthy that the change in resistance for samples with diameters 100 µm and 150 µm were small following each stretching cycle. Changes in the resistance for samples with a diameter of 100 µm seemed to be larger than those with a 150 µm diameter. The initial resistance of the wires with a diameter 100 µm was greater than for wires with a 150 µm diameter. Thus, the change in the resistance could be related to its initial resistance, since the smaller the diameter of the wire, the greater the resistance. For the tested samples with larger diameters (i.e., 200 µm and 250 µm) their initial electrical resistance changes were much smaller compared to the samples with smaller diameters. Therefore, changes in their electrical resistance during cyclic stretching probably also occurred, but they were too small to be measurable with the test stand.



Figure 9e–h and Figure 10e–h show that only one significant change in electrical resistance occurred during the test, for cases with diameters 200 µm and 250 µm. This resistance change arose during the first stretching cycle. For the remaining cycles, the resistance fluctuated around a certain value. For samples with diameters 100 µm and 150 µm, the change in electrical resistance was visible for almost all the stretching cycles. The hysteresis loops that are presented in Figure 7a–d and Figure 8a–d clearly indicate a decline in resistance at the end of each stretching cycle. This is also confirmed by the average resistance values presented in Figure 9a–d and Figure 10a–d. The discussed trends concern the electrical resistance changes that are clearly visible for both the lengths that are tested. However, in the cases of the longer samples, the results are more chaotic. This could be related with the elongation of the wire during cyclic stretching (especially during the first cycle). For the longer wires, the free length of the tested samples extends more and this could be the reason for the small amount of measurement fluctuations. The obtained results also show that the changes in the resistance of the wires were largest at the beginning and they decreased with each stretching cycle. Due to this, in future, it could be worth performing research that concerns cyclic stretching with smaller elongations. The latter would probably enable avoidance of such large changes in electrical resistance during the first stretching cycle. This would allow us to observe the decrease of electrical resistance in many more of the cycles. In the case of the elongation provided in this research, the change in the resistance after 30 cycles was much smaller compared to the initial cycles. However, a descending trend was observed. Therefore, in future, it could be worth performing tests with an elongation employed in this work (i.e., at 0.5%), but with many more stretching cycles.



The performed research shows that using the presented NiTi wires in effective sensors is a future possibility. For wires with smaller diameters (i.e., 100 µm and 150 µm), there is an opportunity to employ them within cyclic working sensors, because the difference in electrical resistance is visible for almost all the stretching cycles. For NiTi wires with larger diameters (i.e., 200 µm and 250 µm), their use in cyclic sensors is practically impossible, since resistance change is unclear compared to wires with smaller diameters. However, the conducted research shows that they are highly sensitive to deformation events and, thus, they could be used to monitor the maximum deformations of larger structures (e.g., composites). The great advantage of this type of application is that it is useable both online and offline. On exceeding the allowable deformation of the structure, monitoring by NiTi-based sensors could still be detectable after the deformation, due to change in the NiTi wires (and the corresponding change in resistance) relating to martensite reorientation. This change will be permanent until the martensite-austenite-martensite phase transformation is caused by heating. After such a heat-phase transformation, the NiTi-based sensor would return to its initial indications and become reusable again. The performed research showed that NiTi-based sensors could be used in the future in self-sensing applications and in structural health monitoring.




5. Conclusions


The performed research showed that NiTi wires are very sensitive to deformation. During deformation of NiTi wires, a martensite reorientation occurs. This transformation affects the properties of the material, such as electrical resistance. Due to martensite reorientation, the length of the tested wires also changed (especially for the first stretching cycles). Electrical resistance of all the tested NiTi wires was significantly changed during the first stretching cycle. Change in electrical resistance as a function of displacement of the wire creates hysteresis loops. Resistance changes in the NiTi wires with smaller diameters (i.e., 100 µm and 150 µm) was slightly different compared to wires with larger diameters (i.e., 200 µm and 250 µm). For smaller diameters resistance decreased after the first stretching cycle, while for larger diameters resistance increased after the same cycle. Moreover, smaller diameters (i.e., 100 µm and 150 µm) experienced a decrease in electrical resistance for almost all the stretching cycles, which was small, but measurable; this was most easily observed for the smallest diameter (i.e., 100 µm). The smaller diameter samples also had the highest initial resistance, since this is dependent on wire diameter. It is supposed that resistance change occurred in all tested wires, but larger diameters (i.e., 200 µm and 250 µm) had an initial resistance much smaller than for smaller diameters. Therefore, because change in electrical resistance during cyclic stretching is small with respect to the initial resistance, resistance changes for larger diameters were often too small to be measured with the developed test stand. The observed phenomenon can be used in the future to build sensors which are based on electrical resistance change in NiTi wires. Such sensors could be used in self-sensing applications or in structural health monitoring.
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Appendix A


The force registered by the FB50 sensor and the deformation registered by the STAV 500/280, during the cyclic stretching of the NiTi wires, are presented in Figure A1 and Figure A2 for stretching strains 0.5% and 1%, respectively.
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Figure A1. Force and deformation recorded during cyclic stretching of NiTi wires where stretching strain was 0.5%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm. 






Figure A1. Force and deformation recorded during cyclic stretching of NiTi wires where stretching strain was 0.5%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm.
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Figure A2. Force and deformation recorded during cyclic stretching of NiTi wires where stretching strain was 1%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm. 






Figure A2. Force and deformation recorded during cyclic stretching of NiTi wires where stretching strain was 1%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm.
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Figure 1. Stages for the creation of the NiTi wire fastening. 
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Figure 2. Stretching cycle of NiTi wire. 
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Figure 3. Schematic for the test stand. 
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Figure 4. Resistance of NiTi wires recorded during cyclic stretching, in which the stretching strain is 0.5% and (a) the diameter, D = 100 µm and the length, L = 150 mm, (b) D = 100 µm and L = 200 mm, (c) D = 150 µm and L = 150 mm, (d) D = 150 µm and L = 198 mm, (e) D = 200 µm and L = 148 mm, (f) D = 200 µm and L = 200 mm, (g) D = 250 µm and L = 149 mm, and (h) D = 250 µm and L = 200 mm. 
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Figure 5. Resistance of NiTi wires recorded during cyclic stretching, in which the stretching strain is 1% and (a) the diameter, D = 100 µm and the length, L = 150 mm, (b) D = 100 µm and L = 200 mm, (c) D = 150 µm and L = 150 mm, (d) D = 150 µm and L = 198 mm, (e) D = 200 µm and L = 148 mm, (f) D = 200 µm and L = 200 mm, (g) D = 250 µm and L = 149 mm, and (h) D = 250 µm and L = 200 mm. 
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Figure 6. Selected parts of the measured data for cyclic stretching of a NiTi wire with diameter 100 µm and length 150 mm, where the strain is 0.5%. 
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Figure 7. NiTi wire resistance change during selected stretching cycles where strain was 0.5%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm. 
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Figure 8. NiTi wire resistance change during selected stretching cycles where strain was 1%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm. 
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Figure 9. Average resistance of NiTi wires after each stretching cycle where elongation was 0.5%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm. 
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Figure 10. Average resistance of NiTi wires after each stretching cycle where elongation was 1%: (a) D = 100 µm, L = 150 mm; (b) D = 100 µm, L = 200 mm; (c) D = 150 µm, L = 150 mm; (d) D = 150 µm, L = 198 mm; (e) D = 200 µm, L = 148 mm; (f) D = 200 µm, L = 200 mm; (g) D = 250 µm, L = 149 mm; (h) D = 250 µm, L = 200 mm. 
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Table 1. Diameters and lengths of the NiTi wires that were used in the tests.
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NiTi Wire Diameter [µm]

	
NiTi Wire Free Length [mm]

	
Stretching Elongation [%]






	
100

	
150

	
0.5




	
200




	
150

	
1




	
200




	
150

	
150

	
0.5




	
198




	
150

	
1




	
198




	
200

	
148

	
0.5




	
200




	
148

	
1




	
200




	
250

	
149

	
0.5




	
200




	
149

	
1




	
200
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