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Abstract
[bookmark: OLE_LINK66][bookmark: OLE_LINK55][bookmark: OLE_LINK59][bookmark: OLE_LINK77][bookmark: OLE_LINK60]NiTi shape memory alloy joints were obtained using ultrasonic spot welding and the effect of this manufacturing process on the mechanical behaviour was investigated.  Comparing to the as-received NiTi, the welded material presented increasing austenite transformation temperatures and decreasing martensite finish transformation temperature.  No detrimental intermetallic compounds were found at the weld interface due to the advantages of this solid-state welding technology. A typical interfacial fracture mode was observed at the fracture surface with numerous cleavage planes and micro cracks.  Additionally, plastically deformed regions were observed in the weld spot.  Ultrasonic welding can be used to effectively join NiTi shape memory alloys.
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1. Introduction
[bookmark: OLE_LINK58][bookmark: OLE_LINK57][bookmark: OLE_LINK56][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK7][bookmark: OLE_LINK6][bookmark: OLE_LINK18][bookmark: OLE_LINK17]NiTi is one of the most important shape memory alloys due to its functional properties, namely superelasticity and shape memory effect, high strength and biocompatibility, and it has been widely applied in the automotive, biomedical and aeronautical fields as actuators, sensors and structural elements [1,2].  To achieve successful fabrication of complex parts with NiTi, it is necessary to develop effective and efficient processing technologies.  Mechanical crimping is a common method used to achieve the connection of NiTi parts [3].  However, the poor workability of NiTi alloys requires the development of proper welding and joining methods which can ensure that the functional properties of these alloys are kept after processing [4].  The main problem of the traditional fusion welding techniques for NiTi is the formation of brittle intermetallic compounds (IMCs), such as Ti2Ni, which deteriorate the mechanical properties of the joints [5-7].  Fusion-based welding methods can also result in significant changes in transformation behaviour from the austenitic to the martensitic phase [5,8,9], which may significantly affect the application conditions of the welded NiTi structures. 
[bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK78][bookmark: OLE_LINK79]Since NiTi is highly sensitive to the temperature history experienced during thermomechanical processing [10], a low heat input welding process can restrict the physical deterioration of the alloy properties, especially the shape memory effect and superelasticity, in the weld zone [11].  Consequently, to achieve sound structures based on these materials, several solid-state processes, such as explosive welding [12], friction stir welding [13], brazing and soldering [14] have been applied to join NiTi.  Ultrasonic spot welding (USW) is a rapidly developing non-melting joining method with advantages of a shorter welding time, a lower energy consumption and no requirement for filler metal, which makes the process more efficient [15,16].  Therefore, USW is especially suitable for welding of small parts and thin materials, which make this process particularly interesting to weld materials with reduced weldability such as NiTi.  Some researchers have attempted to improve the bonding quality of metallic matrix composites reinforced with NiTi wires using ultrasonic additive manufacturing [17,18].  To the best of the author’s knowledge, there are no reports on the weldability and mechanical behaviour of NiTi joints obtained by USW.  For this reason, we carried out a detailed experimental study on the effect of USW on NiTi shape memory alloys, which could develop potential applications in distinct smart materials and structures.  The effects of USW process on NiTi material performance are investigated in detail.
2. Methods
[bookmark: OLE_LINK50][bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK47]50.8Ni-Ti (at. %) sheets with an approximate thickness of 100 μm were used. The as-received sheets were subjected to cold-rolling and stress-relieving annealing by heat treatment at 400°C for 45 min in Ar atmosphere.  Before welding, the oxidized layer on the material surface was removed by etching in a mixed solution of 7.5% HF, 20% HNO3 and 72.5% H2O (in volume) for 40-50 s.  Specimens of a 100 mm length and 25 mm width were machined.
[bookmark: OLE_LINK63]The USW process was carried out by using a SONICS MW-20 machine with a sonotrode tip size of 8 mm  8 mm.  The USW system is schematically shown in Figure 1(a).  The ultrasonic vibration direction is perpendicular to the rolling direction of NiTi, and the schematic diagram of weldment obtained is shown in Figure 1(b). 
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Figure 1. (a) Schematic illustration of USW, (b) schematic diagram and dimensions of NiTi weldment.

Initially, trial experiments were performed to optimize the welding parameters window: different welding energies (500, 750 and 1000 J), amplitudes (40, 50 and 60 μm) and pressures (0.30, 0.34 and 0.38 MPa) were adjusted by using the ultrasonic welder.  A L9 orthogonal test was carried out and the detailed experimental parameters are listed in Table 1.  According to the data analysis of the welds quality in terms of their mechanical resistance, it can be concluded that the welding energy has the most significant influence on the weld quality.  Therefore, the main process parameters selected were a welding amplitude of 60 μm and a constant clamping pressure of 0.38 MPa with the energy varying from 500 J to 2000 J.  


Table 1 - L9 orthogonal array with inputs and responds values
	Exp. No
	Welding energy (J)
	Clamping pressure (MPa)
	Vibration amplitude (μm)
	Failure load (N)

	1
	500
	0.30
	40
	76.4

	2
	500
	0.34
	50
	77

	3
	500
	0.38
	60
	83

	4
	750
	0.30
	50
	100

	5
	750
	0.34
	60
	105.6

	6
	750
	0.38
	40
	77.8

	7
	1000
	0.30
	60
	148.6

	8
	1000
	0.34
	40
	93.4

	9
	1000
	0.38
	50
	142



[bookmark: OLE_LINK87]The phase transformation temperatures of the NiTi alloy were measured by differential scanning calorimeter (DSC).  Test specimens were cut across the welding region with a total mass of approximately 10 mg. The analysed region is depicted by the blue dotted line in Figure 1(b). DSC measurements were performed at a controlled heating/cooling rate of 10 °C/min from –90 °C to 250 °C.  Tensile lap shear tests were performed with a constant displacement rate of 0.1 mm/min at room temperature, and the tensile direction was set perpendicular to the direction of ultrasonic vibration. Dimensions of the tensile test specimen are given in Figure 1(b) and three specimens for each welding condition were examined.  The fracture surface was characterized by scanning electron microscopy (SEM), and the phase composition at the weld interfaces was identified by X-ray diffraction (XRD) analysis on the fracture surfaces of the tensile specimens.

3. Results and discussion
[bookmark: OLE_LINK80][bookmark: OLE_LINK81]A typical macro-morphology of the top surface and the cross-section for the ultrasonic spot welded NiTi joint is presented in Figure 2(a)-(c), and obvious indentations due to the effect of sonotrode tip and anvil can be observed.  The cross-section of the weld exhibits a partially bonded interface with the existence of weak bonded regions along the weld interface as shown in Figure 2(c). 
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Figure 2. (a) Macro-morphology of top surface for NiTi weld produced at 500 J, (b) magnified image of a welded spot in (a), (c) cross-section of ultrasonic spot welded NiTi.

[bookmark: OLE_LINK9][bookmark: OLE_LINK88]Figure 3(a) shows the thermal transformation behaviour of the base material (BM) and welded samples obtained via DSC analysis.  Since there are no changes in the phase transformation behavior beyond room temperature, the temperature scale of DSC analysis has been stopped at 100 °C rather than 250 °C (the maximum heating temperature) to make the transformation peaks are clear and visible.  Upon cooling, the BM exhibits a one-step transformation from B2 austenite to B19’ martensite, which exhibits the typical behaviour of a NiTi alloy [19].  At room temperature the base material is fully austenitic.  In opposition to the DSC results of the base material, the samples welded at different energies present two exothermic peaks, which potentially indicates the presence of R-phase transformation during cooling before the martensitic transformation.  The partial overlap between the first exothermic peak during cooling and the endothermic peak upon heating, further emphasizes the possibility of R-phase is present in the welded joint because of the USW process.  For Ni-rich NiTi, it is known that the presence of R-phase is associated with the formation of the Ni4Ti3 precipitates, as reported in the literature [10,20,21].  In this study, it is possible that the USW process contributed to the formation of Ni4Ti3 precipitates, which results in the occurrence of R-phase transformation.
The detailed phase transformation characteristics, that is, the initial and final temperatures of austenite (As, Af), R-phase (Rs, Rf) and martensite (Ms, Mf) were determined by the intersection of the tangents to the slope of a peak with a baseline, according to the ASTM-F2004-00 standard, and the results are plotted in Figure 3(b).  The calculated values show that the martensite to austenite transformation temperatures of the welded region increased when compared to the base material.  Such, can be related to changes in the chemical composition of the joint, namely trough preferential Ni depletion due to Ni-rich precipitation, which can increase the transformation temperatures in NiTi shape memory alloys [2].  Furthermore, residual stresses, which would occur from the welding process may also drastically change the transformation temperatures of the welded joint [22, 23]. Such change in the transformation temperatures may be critical for the functional properties of the welded joints [24].  However, despite the increase of the transformation temperatures of the welded joint, the Af temperature in all welded samples is still below room temperature.  
In addition, decreasing martensite transformation temperatures can also be observed for the ultrasonic spot welded NiTi welds.  The occurrence of such phenomenon is associated with local stress fields caused by thermo-mechanical effect of the USW process, which increases the driving force for phase change and hinders the martensitic transformation. Additionally, the existence of containments such as oxygen, nitrogen, and hydrogen in the welded materials may also affect the transformation temperature and the shape memory effect [8].
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Figure 3. (a) DSC curves (heating on the left, cooling on the right; and B19’ for martensite, B2 for austenite) and (b) phase transformation temperatures of NiTi base material and different welded samples.

XRD was conducted at room temperature to evaluate the influence of USW on the stable phases of the NiTi joint, and the diffraction patterns of BM and welds obtained at different parameters are shown in Figure 4.  The indexed pattern of the BM and welds are similar and consist of B2 cubic austenite only, without traces of B19’ monoclinic martensitic phase.  No intermetallic phases, such as Ti2Ni, which are usually formed during some fusion welding processes [5-7], were detected in the weld region.  These results are consistent with the DSC results, where it was expected that both the welded joints and the base material would be fully austenitic, despite the differences in the Af  temperatures of both regions.  It is noteworthy that no Ni4Ti3 precipitates was detected by XRD due to the potential low volume fraction (since the thermal cycle is very short), or the peak intensity is too low to differ from background noise. Thus, further microstructural analysis is needed to identify and observe the presence of precipitates in the joints.
[image: XRD]
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK65][bookmark: OLE_LINK42][bookmark: OLE_LINK46][bookmark: OLE_LINK43][bookmark: OLE_LINK40][bookmark: OLE_LINK41]Figure 4. XRD patterns of NiTi base material and fracture surfaces of different joints.

The fracture location of all the joints in this study occurred at the welded interface, and Figure 5 presents the tensile test results, a schematic diagram of fracture mode and the microscopic fracture surface of the tensile test sample, which exhibits a typical interfacial fracture mode and is characteristic of a brittle fracture.  
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Figure 5. (a) Tensile test results of NiTi welded at different welding energies, (b) schematic diagram of fracture mode, (c) microscopic photographs of fractured surface, (d) magnified portion of d in (c).

[bookmark: OLE_LINK61][bookmark: OLE_LINK62]From Figure 5(a), it can be noticed that the maximum tensile load of NiTi joints exhibited a gradually increasing trend as the welding energy increased, and the 2000 J joint showed the highest tensile strength with a mean value of 556.8 N.  The lower failure load of ultrasonic spot welded NiTi joints compared to the base material (1063 N) is attributed to the partially bonded weld interface, which can bear limited load during the tensile shear test.  Figure 5(c) shows that some micro cracks were presented in the welded spot at a higher welding energy of 2000 J because of its direct contact with the sonotrode tip.  The microstructures of the scratched region and plastically deformed region presented numerous cleavage planes.  The fracture surface in the region around the welded spot is significantly smoother macroscopically.  These flat-looking regions, whose relative locations are far from the point of the sonotrode tool, are formed due to the reduced effect of ultrasonic vibration, and only some particles bind on the material surface.
The plastically deformed zone in the welded spot indicates that, during the welding process, the NiTi interface is heated by ultrasonic vibration friction to a certain temperature so that shear softening is induced, which requires further investigation.
4. Conclusions
In the present study, the influence of ultrasonic spot welding on mechanical properties of NiTi shape memory alloys was analyzed. The following major conclusions can be drawn:
1. Ultrasonic spot welding has a significant effect on the phase-transformational behaviour of NiTi, with an increase in the Af temperatures occurring in the welded joint for all welding parameters tested.
2. Despite the change in the transformation temperatures, both the base material and welded joint were still fully austenitic at room temperature which was confirmed by X-ray diffraction analysis.
3. All joint fractures occurred at the weld interface. Cracks and a plastically deformed zone were observed in the welded spot.
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