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Abstract

:

Successful one-step manufacturing of micro-foils of NiTi shape memory compound by pulsed-current sintering of nickel and titanium is reported. Sandwich-like starting configurations of Ni/Ti/Ni (ST1, ST4), Ti/Ni/Ti (ST3), and a simple Ni/Ti (ST2) one, were used. XRD and differential scanning calorimetry (DSC) measurements revealed multistep martensitic transformation, much more pronounced for ST1 than for ST2 and ST3. SEM/energy dispersive X-ray spectrometer (EDS) measurements showed the predominant NiTi phase in ST1, ST4, and other intermetallic compounds in addition to it, for ST2 and ST3. The temperature dependence of the electrical resistance for ST4 shows a peak corresponding to the R-phase and a high residual resistivity. The shape memory effect of 100% was obtained for ST1 and ST4, with the temperature range of its recovery dependent on the initial strain. The ST2 and ST3 materials revealed brittleness and a lack of plasticity due to the dominancy of the austenite phase and/or the intermetallic compound content.
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1. Introduction


Ni-Ti alloys have been a subject of interest to many scientists and engineers in the world. Their extraordinary properties (e.g., super-elasticity and shape memory effect (SME) of the NiTi compound) have found applications in many areas of industry [1,2,3]. SME originates in them from the martensitic and the reverse martensitic transformations due to external stress and thermal treatment (martensite, B19’ monoclinic phase ↔ austenite, B2 cubic phase) [4]. Between the B19’ and the B2 phases, a rhombohedral R phase can also appear for alloys due to different physical parameters (e.g., thermal processing and Ni4Ti3 particles appearance) [5]. The demanding restrictions on the synthesis conditions are one of the main technological problems, where, for example, small content variation can significantly influence transformation properties [6,7]. In alloy production, vacuum melting methods are mainly used, and deposition methods are applied in the case of thin films [8], e.g., magnetron sputtering, pulsed laser deposition (PLD) [9,10], or biased target ion beam deposition (BTIBD) [11]. Sputtering methods are very effective for obtaining thin films of thickness up to few micrometers. Deposition from NiTi target can provide fully crystallized material, and with co-sputtering it is partly crystallized or amorphous. The appropriate heat treatment or additional annealing process have to be included for improvement of the crystallinity. Depending on the initial composition and thermal processing, they can exhibit transition peaks broadening and/or multipeak presence in differential scanning calorimetry (DSC) patterns, revealing a broad or multistep character of the transition [12,13]. Interpretation of such transitions by DSC can be disrupted by the presence of inhomogenous areas with slightly different compositions. It was shown that electrical resistivity measurements are more sensitive for detection of the R-phase in comparison with DSC [14]. Titanium deficiency in the final material can often be a problem, but it can be corrected by co-sputtering with a pure titanium target [13,15,16,17,18].



Gas atmosphere purity during the sputtering process is also an important factor due to a possible creation of oxides [10,19]. For complex structures, the selective laser melting method can be used [20]. Cold rolling with post thermal processing was found to be efficient for foil manufacturing. Laminates consisting of many layers of nickel and titanium (with appropriate proportions) are sealed in a container under vacuum and eventually cold/hot rolled. After that, heat treatment is required to obtain desirable properties [21]. A hot pressing technique was shown to be very effective for obtaining nickel/titanium plates and multilayers of thin films for diffusion bonding purposes [22,23], powder metallurgy [24], and micro-foil/laminate preparation [21,25,26,27,28]. The positive influence of the application of electrical current during synthesis on the NiTi phase creation was reported in [26,27,29]. It was also shown that pulsed direct current has an impact on the recrystallization process after deformation [30]. During annealing, Kirkendall voids are often created close to the material surfaces [31]. It was shown that pressing techniques can be effective not only to assure smooth diffusional interfaces, but also to prevent creation of voids.



The present paper focuses on the possibility of one-step fabrication of NiTi shape memory micro-foils by pulse-current pressure sintering from elemental micro-foils of their lowest number. The materials have been obtained at different experimental conditions and different starting configurations of elemental foils. A thorough characterization of the composition and the crystallographic structure along with temperature dependence of the electrical resistivity has been carried out. The results are presented and discussed with respect to the material parameters and pulse-current pressure sintering conditions used, to draw conclusions on their influence on the final material quality, its shape recovery rate, and the effectiveness of this one-step manufacturing process.




2. Materials and Methods


For the starting materials of pure nickel and titanium metal foils of thicknesses of a few micrometers, their numbers were calculated to fit with the content into the Ni-Ti phase occurrence (based on the phase diagram [7]), i.e., of 49 atom % nickel content. Two different foil configurations were used to test the diffusion effectiveness, possible compound creation, and shape memory effect properties of the materials obtained. The appropriate sets of 1 and 2 μm nickel and 2 and 5 μm titanium foils manufactured by Furuuchi Chemical Co., Ltd. (Tokyo, Japan) with purity of 99.6% were used.



For sintering, the appropriate sets of elemental foils were placed into graphite dies of the pulse-current pressure sintering machine (PLASMAN, S S Alloy Co., Ltd., Hiroshima Prefecture, Japan) between two 1 mm thick tantalum foils, with a protective thin layer of boron nitride sprayed on their outer surfaces. The sintering process was performed at 973 K for 60 min under an uniaxial compression pressure of 13 MPa by current heating, at a low vacuum atmosphere of ~10 Pa. A free increase of the pressure up to 20 MPa was occurring due to thermal expansion, and the pressure was released at 973 K during cooling of the machine. The temperature was measured by a thermocouple placed in the graphite die, next to the sample. Four kinds of samples were prepared. For three of them, the synthesis was controlled by the temperature, and pulsed-current waveform was in the range of high level: 210 amperes, and low level: 190 amperes with 0.5 Hz frequency, 1:1 pulse length ratio, and 10 mm in diameter. They were the ST1: starting from a sandwich-like structure consisting of 3/10/3 μm nickel/titanium/nickel foils, ST2: starting from a structure consisting of 6/10 μm nickel/titanium, and ST3: a sandwich-like structure consisting of 5/6/5 μm titanium/nickel/titanium foils. The fourth one, ST4, starting from 5/16/5 μm nickel/titanium/nickel foils, was prepared by application of the same temperature for 120 min of sintering under uniaxial pressure of 3 MPa (500 amperes, same frequency, 1:1 pulse length ratio, and 20 mm in diameter). As a result, foils of ~15–16 μm thicknesses were obtained after the sintering process for ST1-3 with diameter of 10 mm, and for ST4: ~25–26 μm and 20 mm diameter.



X-ray diffraction (XRD, Siemens d5000 Diffractometer, Siemens, Munich, Germany) measurements of the sintered foils were performed at various temperatures, using CuKα radiation at 40 kV and 40 mA with a molybdenum holder. Measurements were done at the angle range 2θ from 20° to 120° with the step of 0.03°/min, at the temperatures of 300, 333, and 393 K. A scanning electron microscope (SEM, FEI Nova NanoSEM 450, Hillsboro, OR, USA) and JSM-7100F (JEOL Ltd., Tokyo, Japan), equipped with energy dispersive X-ray spectrometer (EDS), and back scattering electron (BSE) detector, was employed for the microstructural characterization. The accelerating voltage of 20 kV was used. Pieces of foil were put between 6 mm fixation clips (Struers GmbH, Willich, Germany) and inserted into graphite resin (KEM 70 Pulver, ATM GMBH, Mammelzen, Germany). After 24 h of curing, the resin holder was ready for the cutting and grinding process, starting from 200 and finishing on 3000 of sandpaper granulation. The last part involved the polishing process: initially with aluminum oxide and finishing with silicon oxide powders. At the end of the process, undesirable pollution was removed from the surface by washing with ethanol and drying.



Thermal analysis was carried out with a DSC-60 Plus Differential Scanning Calorimeter (DSC, Shimadzu Corporation, Kyoto, Japan) in the temperature ranges from 143 to 423 K in argon, at a heating/cooling rate of 10 K/min. The weight of ST1-3 was 1.1 mg, and that of ST4 was 1.4 mg. The shape recovery rate (SRR) was determined from the bending test performed at room temperature, based on [20]. Bending rod diameter was adjusted to the samples’ thickness for the required bending strain. The system consisted of the heater, camera, and container with mineral oil, the sample holder, and a thermometer (placed close to the sample position). Shape recovery (angle change) recorded by a camera placed above the sample and heated to different temperatures in the range from ambient temperature to 393 K. Sample dimensions were 5 × 2 mm, with the thickness of that of the individual sample studied. Temperature was measured by a K-type thermocouple with its working range of 253 to 1473 K and accuracy of ±1 K.



The electrical resistivity of the micro-foils obtained were measured with the Physical Properties Measurement System (PPMS, LOT-QuantumDesign GmbH, Darmstadt, Germany) at the temperature range between 2 and 350 K.



OriginLab (v. 2018 SR1 Academic, OriginLab Corporation, Northampton, MA, USA) software used for data and graphical visualizations, X’Pert HighScore Plus (v. 2.1.0, PANalytical B.V. Almelo, The Netherlands) for XRD patterns analysis, and ImageJ (v. 1.51j8, Wayne Rasband, National Institutes of Health and University of Wisconsin, Bethesda, MD, USA) for image processing.




3. Results and Discussion


XRD patterns obtained at ambient temperature for the ST1–ST3 foils are presented in Figure 1.



Patterns for both sides of the sample ST2 and for the ST3 exhibit differences at room temperature in comparison to ST1, as shown in Figure 1. The ST1 material exhibited the presence of a B19’ NiTi phase. The ST2 pattern corresponding to initial nickel side of the presence of Ni3Ti and B2 NiTi phases, and for the titanium foil side, the presence of a B19’ NiTi phase and Ti2Ni diffraction peaks can be observed. Analysis software also suggests content of Ni2Ti4O phase from the Ti surface, but their positions were very similar to B19’ and Ti2Ni phases. At 26.6 of 2Theta, a peak of BN can be seen, which was a residue after the cleaning process.



XRD patterns obtained at 300 (ambient temperature), 333, and 393 K for the Ni-Ti alloy foil of the sample ST1 are presented in Figure 2a. To test completeness of the recovery with XRD, a sample of the ST1 batch was measured at 300 K, then heated to 373 K, cooled back to 300 K, and measured again. The patterns are presented in Figure 2b.



Diffraction peaks corresponding to the martensite and austenite phases were observed. Their relative intensities strongly change with temperature, revealing the occurrence of the martensitic and the reverse martensitic transformation. The austenite peaks grow with increasing temperature, whereas an opposite tendency is seen for the martensitic phase.



Figure 3 presents the DSC results for the Ni-Ti alloy micro-foils obtained during heating and cooling down. The XRD and DSC results show for the ST1 alloy micro-foil (obtained from the Ni/Ti/Ni “sandwich”) a considerable thermal hysteresis of the structural transformation. A smaller hysteresis was observed for the samples ST2 and ST3 (obtained from simple Ni/Ti and “sandwich” Ti/Ni/Ti configurations, respectively), which also show much weaker transformation peaks. The heating curve for the ST1 sample shows the occurrence of the reverse martensitic transition manifested in broad endothermic peaks with an austenite start/finish at ~333/378 K and an exothermic one with a martensite start/finish transformation at ~343/306 K. Two separate peaks can be distinguished during heating and they are attributed to the presence of inhomogeneities. During cooling three peaks were present, which were respectively attributed to the transition from austenite to the R-phase, and others to inhomogeneities. Based on the literature, the R-phase creation during transformation can be attributed to the Ni4Ti3 particles’ presence for the high nickel [32,33,34] and Ti2Ni for the high titanium alloys [35,36]. The reverse transition was reflected on cooling down, where more than one peak was observed. A similar effect was observed during the NiTi ageing process [32,34,35]. It could also be caused by the presence of multi-compositions of NiTi, slightly differing in their transformation temperatures.



SEM images presented in Figure 4 show smooth cross-section surfaces of the foils. EDS measurements were taken at the points marked with red numbers, starting from the upper surface to the lower one, for (a) ST2, (b) ST1, and (c) ST3 samples.



For the Ni/Ti configuration, as shown in Figure 4a, an uncompleted diffusion process can be observed. Phases with higher content of nickel show up as brighter areas, and titanium richer—as darker. From the top of the image almost pure titanium can be seen, then Ti2Ni (~2.4 μm), NiTi (rich in titanium and further in nickel, ~10.5 μm in total), and Ni3Ti (~3–4 μm) at the opposite surface. The SEM image shows a fine, dendritic-like microstructure in the region of the NiTi phase, developing towards the Ni side. The titanium side is characterized mainly by a rough boundary of this phase and the Ti-rich phase (possibly Ti2Ni), extending between points 2 and 3. The latter shows elongated forms perpendicular to the sample surface towards residual Ti, similarly to those reported in [27,37]. It is worth noting that the better homogenized NiTi region is located at the Ni3Ti phase—in the initial nickel zone.



The Ni/Ti/Ni configuration, as shown in Figure 4b, shows a significant difference in comparison with the Ni/Ti one. Diffusion occurred in the whole volume, with some inhomogeneities which were closer to both surfaces (points 2 and 5) here. The central part of the material is well diffused (about 50:50 atom % Ti:Ni), which was similar to the Ni/Ti configuration, but the difference in the elemental compositions between their boundary points was smaller for the Ni/Ti/Ni one. Closer to the surfaces, a slight increase of titanium content was observed (although remaining below 60 atom %). The microstructure shows an increase of titanium-rich inclusions area along both surfaces. In the middle, Kirkendall voids can be seen (examples are marked by arrows in Figure 4b,c). In the diffusion process, the last undiffused phase in such a configuration is Ti2Ni, which was close to the composition of the observed inclusions.



For the Ti/Ni/Ti “sandwich”, the diffusion occurred also in the whole material volume. Higher titanium content was found closer to the surfaces and small elemental content variations around the 50:50 atom %, occurring in the center, as shown in Figure 4c. The material shows different microstructure in comparison with the previous types. It was similar to that in the NiTi area from the Ni/Ti configuration, close to the titanium surface. Also, small Kirkendall voids appearing in characteristic rows parallel to the sample surfaces can be observed (next to points 3 and 4). At both sample surfaces, a Ti-rich phase was found. At the center, some undiffused Ni-rich areas (64 atom % Ni) can be seen, as shown in Figure 5. The image denoted as (a) shows the final steps of Ni3Ti area decomposition with diffusion progress into a visible Ni-rich area and, finally, into NiTi. The image (b), of a higher magnification, shows the presence of small elongated particles—Ni-rich particles (light grey color) in the NiTi matrix with a diameter of 0.1 μm and a length of ~0.5–1.3 μm. Closer to the surfaces, a collection of Ti-rich (dark grey color) particles of different sizes between NiTi phase dendrites can be seen. With respect to their shape, these particles are very similar to those of the Ni4Ti3 phase obtained upon annealing of the Ni-Ti nickel-rich compound [38,39] and with powder sintering [40]. Also, external stress may lead to similar behavior [41]. Lighter areas can also be seen in the region of NiTi dendrites and, based on the Ni-Ti phase diagram [7], such particles can be identified as Ni3Ti phase or, according to the study [40], as Ni4Ti3. This illustrates a transformation of Ni3Ti compound to the NiTi phase, by its disintegration into smaller elongated particles, which further were transformed into the NiTi phase. In a closer look, some similarities of their shape to NiTi dendritic structure can be noted. Due to the NiTi phase growth, the Ni-rich phase content lowers [27].



It is considered that during the diffusion process, due to a concentration gradient, titanium from the Ti-rich phase diffuses into the Ni-rich phase. Nickel diffusion occurs predominantly in the opposite direction, from the nickel-rich dendrites, which then transform into the NiTi phase. The diffusion and elemental mixing result in the appearance of needle-like particles as can be seen in the SEM image. External pressure creates stress, which additionally influences the process. It is worth noting, that the lowest melting point (~1215 K) in the Ni-Ti phase diagram occurs in the Ti-Ti2Ni phase area [42]. The next eutectic point is in the NiTi-Ni3Ti zone—at ~1391 K [42]. Thus, at an elevated temperature of the sintering process, the diffusion within those phases would be very effective. Having in mind their beneficial thermodynamic parameters [27], this may explain why the Ti2Ni and Ni3Ti phases were initially formed, and finally, why the NiTi phase was created in such a synthesis process.



Comparing SEM and EDS results of Ni/Ti/Ni and Ti/Ni/Ti configurations, it can be seen that the difference between them is dendritic structure for the latter and Ti-rich inclusions for the former. Dendritic-like patterns were observed mainly at the Ti-sides of the Ti/Ni/Ti and Ni/Ti configurations, and the contrast variations indicate local content inhomogeneities at the scale of dendrite size. This shows that a better homogenization of the NiTi phase was obtained for the Ni/Ti/Ni configuration. A possible explanation of the effect can be the fact, that in such a geometry of pulsed-current synthesis, where sintered foils are in series for the current flow, the Joule heat is an order of magnitude higher in the Ti layer than in the Ni layer, due to much higher Ti resistivity. At the same sintering parameters used, the Ti layer in the Ni/Ti/Ni configuration would have a higher temperature enabling a faster elemental diffusion and alloy homogenization, than in the Ti/Ni/Ti/ and Ni/Ti configuration, where the excess heat generated in the Ti layer(s) was partly dissipated into the graphite molds.



Further parts of the study were focused on the detailed study of properties of the obtained NiTi shape memory micro-foil material. For this purpose, the ST4 sample was used and the results of its characterization are presented in Figure 6.



The XRD data for ST4 are presented in Figure 6a and peaks corresponding to the martensite and austenite phases can be seen, also with a possible Ni2Ti4O phase. Figure 6b shows DSC results, where two broad endothermic peaks can be observed with austenite start/finish at ~338/363 K and an exothermic one with martensite start/finish transformation at ~343/303 K. Figure 6c presents a SEM image of the foil cross-section with rows of titanium-rich particles close to the surfaces, and (d) shows EDS point measurements showing very well diffused material. Oxygen content was low (<5 atom %).



Figure 7 shows a closer look at the particles found in Figure 6c, with elemental composition corresponding to the marked points (see Table 1).



Their shape was irregular. and size varied from ~0.2 to ~1 μm. The composition reveals the Ti-rich phase. The progression of these particles can be attributed to the fact that titanium initially was placed between nickel foils. Looking at the stage of the diffusion process imaged in Figure 3b, it can be stated that the Ti-rich phase disappears during synthesis as the last phase in the interior of the material, in favor of NiTi.



For the ST4 sample, the temperature dependence of the electrical resistivity was measured and results are presented in Figure 8.



Above approximately 50 K, the ST4 sample exhibits the temperature dependence of resistivity close to linear with a bump at cooling and a small deviation from linearity at the highest temperatures upon heating. The residual resistivity is relatively high and the ratio of R(293K)/R(4K) is of 3.5. The bump appearing at cooling is attributed to the appearance of the R-phase. The effects are similar to those reported in [14,43,44].



The shape recovery rate (SRR) was studied with bending tests for the ST1 and ST4 materials and the results are presented in Figure 9.



They show that shape recovery runs along different paths for different initial strains. For the lower strain, full shape recovery was obtained in a temperature range narrower than for the higher one. This was consistent with the DSC data, as shown in Figure 3 and Figure 6, where a multistep transformation can be observed. The samples exhibit a 100% SRR for both initial bending strains applied. The analogous test was tried for the ST2 and ST3 samples, but it indicated their brittleness with no signs of plasticity at room temperature. Their bending to a similar strain value as for the ST1 sample caused their breaking.




4. Conclusions


The sintering process of the elemental Ni and Ti micro-foils has been carried out at 973 K for 60 min under pressure of 13 MPa. The foils of respective thicknesses were used in two configurations: Ni/Ti/Ni and Ti/Ni/Ti “sandwich”, termed ST1 and ST3, respectively, and a simple Ti/Ni one, denoted as ST2. In addition, properties of shape memory effect for material prepared under lower pressure, higher diameter/thickness, and longer diffusion time, termed ST4, were studied. The results obtained are summarized as follows:

	
A single-step pulsed-current synthesis procedure was formulated and successfully carried out to obtain a 16 μm thick NiTi homogenous micro-foil.



	
For the material obtained from Ni/Ti/Ni configuration, a full (100%) shape recovery was obtained in the temperature ranges between room temperature and 388 K, with recovery completing at lower temperatures for a smaller initial strain.



	
The Ni/Ti/Ni configuration was found to be superior to those of Ni/Ti and Ti/Ni/Ti, as it allowed for faster diffusion and better homogenization. This occurred possibly due to the Joule heating effect, which was much larger for the Ti layer than for the Ni layer, and more effective in this configuration, leading to homogeneous growth of the NiTi phase.



	
R-phase participation in the shape change transformation upon the reverse martensitic transition has been confirmed in the temperature dependence of the electrical resistivity and attributed to the presence of rows of Ti-rich particles forming along the direction towards the foil surfaces of the Ni/Ti/Ni configuration.








The study presented shows promising results for a simple one-step process of micro material manufacturing, in an exemplary application to nickel-titanium shape memory alloy.
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Figure 1. X-ray diffraction patterns at ambient temperature for the sample: ST2, ST3, and ST1. Phases’ structural peaks are respectively marked. 
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Figure 2. X-ray diffraction patterns (a) at various temperatures for the sample ST1: red, blue, and green corresponds to 300, 333, and 393 K. (b) Patterns at 300 K: before and after heating to 373 K. Structural peaks of the phases present are marked, respectively. 
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Figure 3. Results of differential scanning calorimetry measurements on the Ni-Ti alloy micro-foils (a) in the whole temperature range, (b) during heating, and (c) cooling. Transition temperatures are respectively marked. 
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Figure 4. Back scattering electron-images (left) and energy dispersive X-ray spectroscopy results (right) for the cross-sections of: (a) ST2, (b) ST1, and (c) ST3 samples. Measured nickel/titanium contents correspond to the points on going from the top surface of the sample in the SEM image on the left side. The uncertainty is of order of the marked measurement point size. The arrows show the location of Kirkendall voids (Figure 4b,c). 
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Figure 5. Back scattering electron-image results for the cross-sections of sample ST3: (a) whole cross-section and (b) zoomed area. Images taken at different parts of the micro-foil cross-sections. 
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Figure 6. Experimental results for the sample ST4: (a) X-ray diffraction pattern, (b) differential scanning calorimetry results, (c) back scattering image of the cross-section, and (d) energy dispersive X-ray spectroscopy point measurements. 
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Figure 7. Back scattering electron-image for the cross-sections of the sample ST4. Points with nickel/titanium contents (see Table 1) correspond to the marked points in the SEM image. 
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Figure 8. Temperature dependence of the electrical resistivity for the ST4 sample. The inset shows magnification of the high temperature region with marked transition points as: RS–R phase start, RF–R phase finish, MS Martensite start and MF–Martensite finish. 
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Figure 9. Temperature dependence of the shape recovery rate for the ST1 and ST4 samples. 
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Table 1. Results of the Energy dispersive X-ray spectroscopy measurements for the cross-sections of the sample ST4 corresponding to the points marked in the SEM image, Figure 7.
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	Point Number
	Ni (atom %)
	Ti (atom %)





	1
	49
	51



	2
	42
	58



	3
	40
	60



	4
	47
	53
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