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Abstract

:

NiTi-based shape memory alloys and the Ti2AlNb alloy have gained increasing importance in the aerospace field. The joining of these two materials can further increment the importance and usage of these relevant engineering materials and expand their potential applications. However, when joining NiTi-based shape memory alloys to Ti-based alloys, the formation of brittle Ti-rich intermetallic compounds often occurs, significantly limiting their functionality and use. Dissimilar joints between a NiTi shape memory alloy and Ti2AlNb alloy were obtained using a 0.1 mm thick Niobium (Nb) interlayer via laser welding. By process optimization, sound joints were obtained. The microstructure evolution was assessed by means of electron microscopy, whereas the mechanical strength of the joints was evaluated using lap shear tensile testing. The best performing joints were seen to fracture at maximum loads above 1230 N, thus allowing us to consider this dissimilar pair for structural applications.
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1. Introduction


Due to their unique properties of superelasticity (SE) and shape memory effect (SME), NiTi shape memory alloys are involved in a wide range of applications, including aerospace, biomedicine, energy development, and machinery, as well as other fields [1,2,3]. The joining of NiTi to itself or to other materials is therefore inevitable, as together these alloys possess extraordinary functions. Ti3Al-based alloys and Ti2AlNb alloys have various advantages, including possessing low density, high specific strength, good oxidation resistance, as well as excellent creep resistance and fatigue resistance. Ti2AlNb is one of the most promising lightweight, high-temperature structural materials for aerospace applications [4,5]. It can be used in a temperature range of 650 to 750 °C [6,7], which can have a significant impact in reducing an aircraft’s weight, improving fuel efficiency and high-temperature service performance [8]. Therefore, it is of great significance to connect these two advanced engineering materials and expand their functional/structural applications.



There are many works on the methods of connecting Ti-Al alloys in similar combinations, including friction welding [9,10], electron beam welding [11,12], diffusion welding [13,14], brazing [15] and wire and arc additive manufacturing [16]. Scholarly work on dissimilar connections were primarily focused on titanium and steel connections [17,18]. The progress of this research in creating autogenous and dissimilar welds for NiTi shape memory alloy in various joint configurations has been reported in the literature [19,20,21]. Due to the significant difference in the composition between Ti-Al alloys and Ni-based alloys, the physical and chemical properties of these alloys can also be significantly varied, leading to severe problems in direct connection [22,23,24]. Peng et al., [25] laser welded a NiTi alloy to Ti6Al4V and found the presence of brittle NiTi2 intermetallic compounds, which can promote a decrease in the joint strength and ductility. Shiue and Wu [26] found that NiTi and Ti6Al4V alloys can be successfully joined using a 50 µm thickness BAg-8 interlayer by infrared brazing technology. However, the tensile strength of the joint was only 200 MPa. Ti and Ni can easily form NiTi2 and Ni3Ti intermetallic compounds due to their strong affinity and the occurrence of chemical reactions within the melt pool. These brittle phases can seriously deteriorate the mechanical properties of the joint.



Laser welding has been widely used as an effective joining method for creating dissimilar joints as it possesses key advantages such as high energy density, reduced extension of the thermally affected regions, and low residual stresses [27,28]. Although research on the laser weldability of Ti3Al-based alloys has gained special interest after the 1990s, few studies have focused on the use of a laser source to weld Ti2AlNb alloys. Currently, there is a lack of systematic and in-depth research on the relationship between process parameters, microstructure evolution, and joint performance when it comes to dissimilar welding of Ti2AlNb to NiTi-based alloys. We bridge this gap in this work by joining for the first time a NiTi shape memory alloy to the Ti2AlNb alloy. To reduce and/or avoid the formation of brittle intermetallic compounds, a solid interlayer is used between both base materials. An interlayer with a melting point higher than the two different base materials has proved to be a successful barrier to diffusion and mixing, thus improving the joint performance [29,30,31].



In this work, laser-welded NiTi-Ti2AlNb dissimilar joints were obtained using a Nb interlayer. The microstructure, mechanical properties and fracture mechanism of the joints were studied in this paper. This work is of great significance for applying complex components composed of dissimilar joints made of Ti2AlNb and NiTi.




2. Materials and Methods


NiTi (51.9 at% Ni) shape memory alloy sheets with the dimension of 100 mm × 10 mm × 0.7 mm (length × width × thickness) and Ti2AlNb (87.6 at% Ti) sheets with the dimension of 100 mm × 10 mm × 0.6 mm were used in the laser welding experiments. Nb (99.9% purity) foils with 30 mm × 10 mm × 0.1 mm size were chosen as the interlayer material.



Before welding, a fine sandpaper was used to polish and remove the oxide film on the surface of each workpiece. Then, the specimens were cleaned with acetone and ethanol, and subsequently dried. A high power YAG laser W-LTA4030 (HGTECH, Wuhan, China), produced by HGTEC, with a wavelength of 1070 nm was used to create lap joints between NiTi and Ti2AlNb alloys. Several experiments were performed to optimize the welding parameters. The ranges of welding power (P) and welding speed (v) were changed from 900 to 1300 W and 1.5 to 4.0 mm/s, respectively. The total length of the weld was 8 mm. In this investigation, the NiTi sheet was placed on the top of the Ti2AlNb sheet, as detailed in Figure 1. The welding specimens were fixed using a special welding fixture, which was designed to minimize the gap between the base materials. Pure argon was used as the shielding gas at a flow rate of 20 L/min to prevent oxidation. The shielding gas was inserted both at the front and back of the weld.



The detailed experimental parameters for the laser welding experiments are depicted in Table 1.



The welded joints were cut into small metallographic specimens, mounted in epoxy resin, mechanically ground with sandpaper from 600 to 1500 grit, polished and etched for microstructure analysis. The microstructure of the samples was analysed using an Olympus BX53M optical microscope (OM, OLYMPUS, Tokyo, Japan). Furthermore, a scanning electron microscope (SEM, HITACHI, Tokyo, Japan), equipped with an Energy Dispersive X-ray (EDS) system was used to further assess the joint’s microstructure features. An Instron 5548 micro-tensile tester (INSTRON, Boston, MA, USA) was used to measure the tensile strength of dissimilar lap joints with a displacement speed of 1.5 mm/min at room temperature. Three samples were tested under each experimental parameter to determine the shear force. The microstructure of the fractured surfaces was observed on the SEM.




3. Results and Discussion


3.1. Macro Morphology and Microstructure of Welded Joint


Figure 2 depicts the bead’s appearance on the front side of the joint made with a 1100 W laser power and 3 mm/s of welding speed (No. 3 sample). It could be seen that the surface of the weld had a bright, silver metallic luster aspect, indicating that the surface of the weld was not contaminated by oxygen or nitrogen. The appearance of the intermetallic compound NiTi2 resulted in a brittle weld and caused cracks in the welded joint upon cooling due to thermal stresses that developed [25,32]. Hydrides in the weld could also cause the weld to fracture [10,33]. The weld surface of the lap joint was well-formed; no defects such as cracks and bead collapse were observed according to the macroscopic appearance of the joint.



Figure 3 details the macroscopic morphology of the cross-section of the welded joint when the laser power was 1100 W and the welding speed was 3 mm/s (No. 3 sample). It can be well observed that the fusion zone penetrates the Nb interlayer towards the Ti2AlNb sheet along the Z-axis direction. The weld penetration depth at the Ti2AlNb plate was close to 62 % of the thickness of the base metal, corresponding to roughly 370 µm. Compared to NiTi and Ti2AlNb, Nb has a relatively high thermal conductivity (18.0 W m−1 K−1 and 7.4 W m−1 K−1 for NiTi and Ti2AlNb, while for Nb the value is of 52.3 W m−1 K−1) [34,35,36] and can conduct the laser heat from the NiTi toward the Ti2AlNb sheet. Nb can undergo a eutectic reaction with NiTi according to the pseudo-binary NiTi-Nb phase diagram, preventing the formation of brittle intermetallic compounds [34].



The weld width on the Ti2AlNb sheet was smaller than that of the NiTi sheet, while it appeared to be larger than that of the Nb interlayer in the X-axis direction, which was caused by the gradual heat loss along the Z-axis. The maximum width on the top weld of the NiTi sheet was about 1830 µm and the maximum width of the Ti2AlNb sheet was 430 µm, while the width of the Nb interlayer was 300 µm. The temperature gradient experienced by each material along the thickness of the weld was responsible for such a difference in width. The temperature on the top surface of the weld was higher than that on the bottom surface, which caused more material to melt. Nb is a refractory metal with a melting point of 2477 °C, which is significantly higher than those of NiTi (1310 °C) and Ti2AlNb (1746 °C) [37,38], resulting in a narrow melting width in the weld. Although Ti2AlNb was positioned at the bottom of the joint, the heat was enough to partially melt its thickness. Melting of the Ti2AlNb sheet was also assisted by the high thermal conductivity of Nb.



To evaluate the microstructures of the joint, high magnification photos obtained at different locations within the joint (spots A, B, C, D, E and F in Figure 3) on the NiTi side are depicted in Figure 4. The dendrites nucleated from the cold base material and grew up towards the weld centreline. The low heat input of laser welding associated with the high cooling rates of the process promotes the formation of refined dendrites. Near-equiaxed grains were also observed in the central zone of the weld, as shown in Figure 4e,f, which corresponds to regions E and F of Figure 3. The high temperature in the centre of the weld and change in thermal gradient across the fusion zone was helpful in promoting the formation of such grains. Typically, the presence of equiaxed grains is preferable as it can improve joint strength and toughness.



SEM images of the interfaces between the Nb and both the NiTi and the Ti2AlNb base materials are shown in Figure 5a. The red circle was the starting point for the line scan. As shown in Figure 5b,c, the Nb interlayer formed defect-free interfaces with the NiTi sheet, while there was a small gap between Ti2AlNb and the Nb interlayer at a particular distance from the centre of the weld, which might aid in fracture propagation upon mechanical testing.



The line EDS analysis results are depicted in Figure 6. It can be observed that the intensity of Ni and Nb remains practically constant within the fusion zone. At some locations minor shifts in composition are observed, which can be attributed to the Marangoni effect resulting from the melting and mixing of the three materials. Another interesting point is the fact that Nb exists in both the NiTi and Ti2AlNb regions. The Nb interlayer can constitute a protective barrier, which is beneficial to improve the performance of the welded joint [30,31]. Nb can exist in the form of solid solution in both alloys and, depending on the atomic percentage, it can promote the formation of new phases in both base materials [39,40]. Table 2 details the results of EDS chemical analysis in regions 1, 2 and 3 of Figure 5a. The atomic ratio of Ti and Ni in the three regions is close to 1, and the chemical constitutions were very close to original NiTi base material. In fact, up to 3 at. % of Nb can be dissolved in NiTi. As observed in the electron microscopy images, no secondary phases were seen, which further suggest that Nb-enriched NiTi solid solution was formed [41]. Previous work has shown that NiTi-Nb hypoeutectic structures can be formed when the Nb content ranges between 3 and 20 at. % [42].




3.2. Mechanical Properties of Lap Joint Tensile


Keeping other factors constant, changes in the laser power (P) and welding speed (v) directly affect the energy input during welding. The laser power is positively correlated with heat input, but the welding speed is negatively correlated with heat input. Therefore, without considering efficiency, the relationship between the laser heat input (Q) and these welding parameters can be expressed as Q = P/v.



Figure 7 details a summary of the mechanical properties obtained after tensile lap shear testing joints obtained with different combinations of process parameters, keeping the welding speed constant at 3 mm/s. When the laser power was 900 W, the lap joint tensile strength was 967 N; when the laser power was 1100 W, the lap joint tensile strength was 1236 N, which was the highest tensile strength, and the corresponding maximum displacement was 1.26 mm; when the laser power was 1300 W, the lap joint tensile strength was 1069 N. Figure 7b shows the average tensile strength of lap joints under different laser powers. The tensile strength of the lap joints first increased and then decreased with the increase of laser power, which was caused by the continuous increment in heat input. resulting from the rise in power and constant speed. When the laser power was 900 W and 1000 W, the laser heat input was insufficient to promote a sound joint, resulting in lower strength. The heat conduction gradually reduced along the decreasing direction of the temperature gradient of the weld, resulting in a smaller cladding area on the Ti2AlNb side and less molten metal. Although the NiTi sheet was well joined to the Nb interlayer, the connection strength between the Ti2AlNb sheet and the Nb interlayer was weak. When the laser power was 1200 W and 1300 W, the larger laser heat input would cause a severe collapse of the weld surface, and even burn through the weld, thus reducing its strength.



Figure 8 shows the tensile strength of the lap joint when the laser power was kept constant at 1100 W, while the welding speed was varied. When the welding speed was 1.5 mm/s, the lap joint tensile strength was 1052 N; when the welding speed was 4 mm/s, the lap joint tensile strength was 1048 N, while the welding speed was 3 mm/s, the maximum tensile strength of 1236 N was obtained. Figure 8b details the average tensile strength of lap joints for different welding speeds. The tensile strength of the lap joints increased first and then decreased with the increase of welding speed. This is related to the variation in heat input of laser welding, which was continuously decreasing when the laser power was kept constant, while the welding speed was increased. Similarly, to what was previously explained when addressing the impact on changing the laser power, when the welding speed was too low, the heat input during welding was excessive, causing the weld to burn through the materials and reduce the tensile strength. When the welding speed was too high, insufficient heat was given to the materials making the weld depth too shallow, resulting in a decrease in the strength of the welded connection.



The tensile strength of dissimilar NiTi-Ti2AlNb lap joint was ultimately determined by the welding parameters. When the heat input energy was too low, the materials could not be effectively joined. On the other hand, the weld would collapse when the heat input energy was very high. Therefore, proper control of the heat input is fundamental to improve the joint’s mechanical properties.




3.3. Fracture Characteristics of Lap Joint


In this work, two fracture modes were observed by changing the laser power and welding speed. The broken positions of fracture mode I and fracture mode II occurred at the interface between Nb interlayer and Ti2AlNb and the weld centre of the NiTi sheet, respectively. The tensile fracture specimens of experiments No. 3 and No. 5 were used to analyse the fracture mechanisms of the two fracture modes in this subsection.



When the laser power was 1100 W and the welding speed was 3 mm/s (condition No. 3), the NiTi sheet, Nb interlayer, and Ti2AlNb sheet were effectively joined, which resulted in maximum tensile strength. As shown in Figure 9, the broken position occurred at the bottom of the joint on the Ti2AlNb alloy side (defined as fracture mode I), while NiTi and Nb interlayer were firmly bonded together. The strength of the fusion zone dictated by the Nb interlayer and NiTi sheet mixing, which was higher than the fusion zone created by the Nb interlayer and Ti2AlNb sheet. This can be related to the hypoeutectic bonding zone formed between Nb and NiTi [42]. The above EDS analysis (refer to Table 2) results indicated that a NiTi-Nb hypoeutectic structure existed in the weld area. The starting point of the fracture might be at the previously observed small gap existing between the Ti2AlNb and Nb interlayer. When the laser power was 1300 W, and the welding speed was 3 mm/s (condition No. 5), the width and depth of the weld on the Ti2AlNb side were further increased, and the fracture position was located on the centre of the NiTi side (defined as fracture mode II), as shown in Figure 10. Although the penetration depth of the weld was effectively increased, excessive heat input resulted in a burned weld and subsequent decrease in the strength of the joint.



The micrographs of the fracture interface under the two identified fracture modes are shown in Figure 11 and Figure 12, respectively. Figure 11a illustrates an SEM image of the fractured joint on the Ti2AlNb side. It can be observed that there are tearing characteristics along the weld interface. As shown in Figure 11b, marks with cleavage characteristics and some microcracks were found. The hydrogen and oxygen absorbed by the molten pool on the Ti2AlNb side made the fracture surface brittle [33,43,44], which could have caused the weld strength to weaken. Micro pores were observed in Figure 12a, which might be due to the high laser heat input causing Ni vaporization. The rapidly vaporized metal vapor would have generated a strong stress wave, which is a hidden risk of premature failures of the welded joint [25]. A large number of fracture ridges were observed on the fracture interface (refer to Figure 12b), indicating that the fracture interface was characterized by brittle cleavage. In addition, intermetallic compounds (such as NiTi2, Ni3Ti and Ni4Ti3) precipitate under the action of high heat input [45,46,47], thus reducing tensile strength. It was interesting that both fracture mode I and mode II were brittle fractures.





4. Conclusions


NiTi and Ti2AlNb sheets were effectively joined by laser welding using a Nb interlayer. The following main conclusions could be drawn from the study:



(1) NiTi and Ti2AlNb dissimilar welded joints were achieved, forming a defect-free interface with the Nb interlayer. This proves that laser welding is an effective technology that can successfully obtain NiTi to Ti2AlNb dissimilar joints and expand their functional applications.



(2) Equiaxed grains were found in the centre of the weld, while columnar dendrites grew from the fusion line toward the centre of the weld in Figure 4. This is attributed to the gradual decrease in temperature gradient from the centre to the direction of the fusion line.



(3) The tensile strength of the lap joint was improved by optimizing the process parameters. When the laser power was 1100 W, and the welding speed was 3 mm/s, the maximum lap shear force obtained was 1236 N. It was found that the welded joint had two fracture modes. Fracture mode I showed that the tensile strength of the hypoeutectic structure formed by NiTi and Nb interlayer was stronger than the connection strength of Nb interlayer and Ti2AlNb. Both fracture mode I and mode II had brittle-like features.
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Figure 1. Schematic diagram of lap test: (a) Welded specimen in the X-Y plane; (b) Welded specimen in the X-Z plane. 
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Figure 2. Overall macroscopic morphology of the weld joint (No. 3 sample). 






Figure 2. Overall macroscopic morphology of the weld joint (No. 3 sample).



[image: Metals 11 01578 g002]







[image: Metals 11 01578 g003 550] 





Figure 3. Macro morphology of weld cross section (No. 3 sample). 
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Figure 4. Microstructures of different zones on Figure 3 (No. 3 sample): (a) A zone; (b) B zone; (c) C zone; (d) D zone; (e) E zone; (f) F zone. (The white dotted line indicates the fusion zone boundary). 
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Figure 5. SEM images of: (a) Interface between NiTi, Nb and Ti2AlNb; (b) Zone M of Figure 5a; (c) Zone N of Figure 5a. (The red line represents the EDS line analysis.) (No. 3 sample). 
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Figure 6. EDS line scans across the NiTi-Nb-Ti2AlNb interface (No. 3 sample). 
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Figure 7. Effect of laser power on lap tensile shear force: (a) Representative lap tensile shear testing under different laser powers; (b) Mean value of lap tensile resistance under different laser powers. 
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Figure 8. Effect of welding speed on lap tensile shear force: (a) Representative lap tensile shear testing under different welding speeds; (b) Mean value of lap tensile resistance under different welding speeds. 
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Figure 9. Fracture mode I: (a) Tensile fracture specimen; (b) Schematic diagram of fracture (The red line indicates the fracture surface). 






Figure 9. Fracture mode I: (a) Tensile fracture specimen; (b) Schematic diagram of fracture (The red line indicates the fracture surface).



[image: Metals 11 01578 g009]







[image: Metals 11 01578 g010 550] 





Figure 10. Fracture mode II: (a) Tensile fracture specimen; (b) Schematic diagram of fracture (The red line indicates the fracture surface). 
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Figure 11. SEM image of fracture interface in fracture mode I: (a) Fracture surface on Ti2AlNb side; (b) High magnification image of M. 
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Figure 12. SEM image of fracture interface in fracture mode II: (a) Fracture surface on NiTi side; (b) High magnification image of N. 






Figure 12. SEM image of fracture interface in fracture mode II: (a) Fracture surface on NiTi side; (b) High magnification image of N.



[image: Metals 11 01578 g012]







[image: Table] 





Table 1. Laser welding parameters.
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	Experiment No.
	Laser Power (W)
	Welding Speed (mm/s)





	1
	900
	3.0



	2
	1000
	3.0



	3
	1100
	3.0



	4
	1200
	3.0



	5
	1300
	3.0



	6
	1100
	1.5



	7
	1100
	2.0



	8
	1100
	2.5



	9
	1100
	3.5



	10
	1100
	4.0
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Table 2. Chemical analysis of different regions in Figure 5a (at. %, No. 3 sample).
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	Region
	Ti
	Ni
	Nb





	1
	51.80
	45.90
	2.30



	2
	51.15
	47.22
	1.63



	3
	53.15
	42.26
	4.59
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