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[bookmark: _Hlk85890298]Abstract. The aim of the paper was to study the one-way and two-way shape memory effects in the NiTi nanofilm/Kapton composite. 500 nm film of the Ni50Ti50 alloy was deposited to Kapton by flash evaporation. After deposition, the NiTi layer was amorphous and the sample was held at a temperature of 350 - 400 ºC for two hours in vacuum to crystallize the NiTi layer. As deposited sample as well as samples after heat treatment were bent around the mandrel with various diameters at room temperature and subjected to heating – cooling – heating through a temperature range of the martensitic transformations. It was shown that as-deposited sample did not demonstrate the recoverable stain variation. At the same time, the heat treated sample demonstrated the one-way shape memory effect on heating and a maximum recoverable strain was found to be 2 %. The two-way shape memory effect was not observed on further cooling and heating.
Introduction
Shape memory alloys (SMAs) are able to accumulate large unelastic strain on cooling and then recover it on heating due to the thermoelastic martensitic transformation. This unique property of SMAs allow them to be used as working element for various drives, sensors and actuators [1–4]. These devices can be produced in any shape or form, moreover they are easily scalable compared to traditional actuators (hydraulics, pneumatics or electrical motors), because the force is linearly dependent on effective cross-section area of SMA working body. The advantage of SMA actuators over traditional ones are higher generated forces, larger strain recovery, ease of production, smooth and reliable actuation [3,5–8]. Nowadays, using the SMAs actuators in microelectromechanical systems (MEMS) becomes most promising field [9–11]. To minimalize such SMA drives, different techniques were developed, and one of them was the film deposition on a flexible substrate. To produce thin films usually sputtering [8,12], thermal or flash evaporation [6,7,13] techniques are used, and the flash evaporation provides better quality nanofilms with uniform NiTi layers [13]. 
NiTi-based alloys are widely used for thin films production due to their superior functional and mechanical properties. There were many successful attempts to produce such films, however the thickness of the TiNi layer were more than several microns as it was difficult to produce uniform thin layer with crystalline structure [7,14]. Previously, the thin NiTi films with a thickness of 100 - 500 nm were deposited on Kapton by flash evaporation [13, 15]. The recoverable strain variation was studied on cooling and heating  in stress free state or under a stress [15]. At the same time, the one-way and two-ways shape memory effects have never been studied in NiTi nanofilms deposited to Kapton that may be used in mircoactuators. Thus, the aim of the present work is to study the recoverable strain variation on heating – cooling – heating of the NiTi nanofilm/Kapton sample pre-deformed by bending around the mandrel with various diameters to find the influence of the residual strain on the one-way and two-way shape memory effects.
Materials and methods
The pieces of Ni50Ti50 wire with a total weight of 1 g were placed in tungsten boat (crucible) inside the high vacuum chamber. The vacuum inside the chamber was maintained at 5×10-5 mbar with rotary and diffusion pump during the flash evaporation deposition process. A 50 × 20 × 0.09 mm3 kapton polymide flexible sheet was used as the substrate for the NiTi nanofilm deposition. The polymide sheet was cleaned with isopropyl alcohol and deionized water before deposition and attached to substrate holder in flat position inside the chamber [15]. After deposition, the thickness of NiTi layer was measured by scanning electron microscopy and was equal to 500 ± 40 nm. X-ray analysis showed that the NiTi film was amorphous hence, to obtain the crystalline samples, the samples were held for 2 hours at 350 or 400 ºC in vacuum (10−4 bar). The holding temperature could not be increased over 400 oC because the Kapton thermal dissociation occurs at 425 °C [16]. The structure of the films before and after heat treatment was studied by X-ray diffraction (XRD) analysis using a Bruker D8 DISCOVER diffractometer (CuK). 
To characterize the functional properties, samples were preliminary deformed by bending around the mandrel with a diameter of 2, 1.2, 0.5 or 0.2 mm. During bending, the NiTi layer was on the outer side of the sample and do not touch the mandrel. To calculate the strain after unloading, the photos of the bent samples were digitized with OriginPro™ software as shown in fig. 1 and the bending radius was measured. The strain was calculated as , where h was sample thickness and r was a bending radius. After preliminary deformation, samples were installed in a holder and subjected to heating – cooling - heating in thermal chamber with a rate of 7 °C/min in the temperature range of 120÷0 °C. During temperature variation, the shape of the samples was photographed to estimate the strain variation and the sample temperature was measured with thermocouple attached to the sample. Thus, strain vs temperature dependences were obtained on heating – cooling – heating of the samples pre-deformed to various strain. 
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	Figure 1 The photo and the digitizing the shape of the NiTi/Kapton sample pre-deformed around the mandrel. 






Results and Discussion
Fig. 2 shows that the NiTi layer deposited on the Kapton was amorphous. Holding the sample at 400 ºC for 2 hours led to the formation of thin oxide layer on NiTi side. The oxidation might be caused by oxygen escaped from Kapton due to holding temperature was close to dissociation temperature of Kapton (425 ºC). The oxidation of the NiTi films decreases the volume of the NiTi film which is able to undergo the martensitic transformations, that worsens the functional properties. The oxidation of the NiTi surface was not observed in the sample held at 350 ºC for 2 hours. Moreover, a martensite reflexes were found on the X-ray pattern of this sample (Fig. 2) that showed that thin NiTi layer underwent the crystallization during holding at 350 ºC for 2 hours.  
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	[bookmark: _Hlk81321872]Figure 2 X-ray patterns obtained before and after heat treatment at 350 °C for 2 hours.




As deposited sample as well as the sample held at 350 ºC for 2 hours were deformed at room temperature by bending around of the mandrels with different diameter and unloaded. The residual strain was measured in the samples after unloading and shown in Table 1. Then, samples were subjected to heating – cooling – heating in a temperature range of 120÷0 °C. It was found that as-deposited sample did not demonstrate any strain variation. At the same time, the strain recovery was found on heating of the heat treated sample (Fig. 3) hence, the NiTi/Kapton sample demonstrated the one-way shape memory effect. On subsequent cooling and heating, the strain variation was not found, thus, heat treated samples did not reveal the two-way shape memory effect.

Table 1. Radius of mandrel used for preliminary deformation and residual strain measured after deformation in each sample
	N
	Rm, mm
	εres, %

	1
	1
	0.8

	2
	0.6
	0.1

	3
	0.25
	1.1

	4
	0.1
	2.8
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	Figure 3 Strain on temperature variation in the NiTi/Kapton sample with a residual strain of 2.8%.




The shape memory effect (εSM) and irreversible strain (εir) are measured as shown in Fig. 3 and their dependences on the residual strain are presented in Fig. 4. It is seen that an increase in the residual strain increases the shape memory effect value to 2 %. The shape memory effect value does not attain the saturation but the deformation to a larger given strain is not possible due to the destruction of the NiTi layer during bending. The irreversible strain is observed after heating of the sample pre-deformed by 2.8% which shows that plastic strain as well as destruction occur during bending.
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	Figure 4 Dependences of the shape memory effect and irreversible strain values on the residual strain.



Thus, NiTi nanofilm deposited to Kapton by flash evaporation demonstrates the one-way shape memory effect however, it does not reveal the two-way shape memory effect. It is known that  the two-way shape memory effect is caused by the internal stress fields [17]. Such stress may be induced by the plastic strain however, the irreversible strain is small and found only in the sample with a residual strain of 2.8 %. On the other hand, the internal oriented stress may be accumulated in the Kapton substrate during the realization of the one-way shape memory effect due to various mechanisms of the strain variation in NiTi film and Kapton, as it is observed in bimetallic shape memory composites [18–20]. However, the results of the study show that internal stress does not appear because the two-way shape memory effect is not observed. This may be caused by the inelastic deformation of Kapton on heating (during the realization of the one-way shape memory effect) that prevents the stress formation but leads to the observation of irreversible strain.   
Summary
The one-way and two-way shape memory effects were studied in the NiTi films deposited on Kapton substrate and subjected to heat treatment at 350 ºC for 2 hours. It was shown that the NiTi/Kapton samples demonstrate the one-way shape memory effect with the maximum recoverable strain of 2%. The two-way shape memory effect was not found in NiTi films deposited on Kapton due to inelastic deformation of Kapton that prevented the formation of internal stress.
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