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Abstract:



NiTi shape memory alloy (SMA) tube was coupled with mild steel cylinder in order to investigate deformation mechanisms of NiTi SMA tubes undergoing radial loading. NiTi SMA tubes of interest deal with two kinds of nominal compositions; namely, Ni-50 at % Ti and Ni-49.1 at % Ti, where at room temperature, B19′ martensite is dominant in the former, and B2 austensite is complete in the latter. The mechanics of the NiTi SMA tube during radial loading were analyzed based on elastic mechanics and plastic yield theory, where effective stress and effective strain are determined as two important variables that investigate deformation mechanisms of the NiTi SMA tube during radial loading. As for the NiTi SMA tube with austenite structure, stress-induced martensite (SIM) transformation as well as plastic deformation of SIM occur with the continuous increase of effective stress. As for NiTi SMA tube which possesses martensite structure, reorientation and detwinning of twinned martensite as well as plastic deformation of reoriented and detwinned martensite occur with the continuous increase in the effective stress. Plastic deformation for dislocation slip has a negative impact on superelasticity and shape memory effect of NiTi SMA tube.
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1. Introduction


NiTi shape memory alloy (SMA) has been substantially employed in the domain of engineering since it possesses perfect shape memory effect (SME) and excellent superelasticity [1]. Based on SME, NiTi SMA can remember the shape in the austenite phase when it is heated to austenite finish temperature (Af) after undergoing a certain extent of deformation in the martensite state. In terms of superelasticity, NiTi SMA is characterized by nonlinear recoverable deformation behavior when the temperature is above Af. Superelasticity stems from stress-induced martensite (SIM) transformation by exerting force and spontaneous reverse martensite transformation after removing force.



NiTi SMA tube—which possesses perfect SME, good corrosion resistance, high plateau stress, ultimate tensile strength, high fatigue life, and excellent superelasticity at/around body temperature—has been the best candidate for biomedical stents and pipe coupling [2,3,4]. More and more researchers have been engaged in plastic working of NiTi SMA tube, such as drawing [5,6,7], extrusion [8], spinning [9] and equal channel angular extrusion [10].



In particular, the mechanical behavior of NiTi SMA tube based on different loading modes is a critical factor in engineering applications. In general, NiTi SMA tube exhibits different mechanical behaviors as well as different transformation characteristics under different loading conditions. Sun and Li studied the mechanical behavior of B2 austenite NiTi SMA tube under simple tension and simple shear [11,12]. They found that when NiTi SMA tube with B2 austenite undergoes simple tension, SIM transformation occurs so that a martensitic spiral band can be observed. However, when NiTi SMA tube with B2 austenite suffers from simple shear, a martensitic spiral band cannot be observed. SIM transformation of B2 austenite NiTi SMA tube under simple tension was further validated on the basis of experimental observation by Mao et al. [13]. Furthermore, Mao et al. also found that in the case of uniaxial compression, a homogeneous martensite phase transformation appears in B2 austenite NiTi SMA tube, where a martensitic spiral band is unable to be observed. Jiang et al. investigated buckling and recovery of B2 austenite NiTi SMA tube under compressive loading by combining digital image correlation (DIC) with finite element simulation, where SIM transformation plays a significant role [14,15]. Bechle and Kyriakides studied the mechanical behavior of B2 austenite NiTi SMA tube subjected to bending load. Consequently, they found that bending can also lead to localized nucleation of martensite phase, where deformation patterns exhibit the considerable difference between the compression and tension sides [16]. Wang et al. investigated the mechanical behavior of austenitic NiTi SMA tube subjected to biaxial load, which involves tension loading and torsion loading, and has been widely studied in the literature [17]. Bechle and Kyriakides also investigated localization evolution of B2 austenite NiTi SMA tube undergoing biaxial stress loading by means of DIC, which is able to track the evolution and degree of inhomogeneous deformation resulting from transformation from austenite into martensite under loading as well as from martensite into austenite under unloading [18,19]. Rivin et al. investigated the recoverable deformation of hollow thin-walled NiTi tube subjected to radial loading which acts on the outer wall of NiTi tube [20]. Zhang et al. studied the mechanical behavior of hollow thin-walled NiTi tube under radial quasi-static compression, where the compressive loading is also imposed on the outer wall of NiTi tube [21].



In the present study, a new radial loading mode is put forward for NiTi SMA tube by selecting mild steel cylinder as loading media. The radial loading is implemented by imposing inner pressure on the inner wall of NiTi tube, where inner pressure results from plastic deformation of the steel cylinder.




2. Materials and Methods


NiTi SMA bars—which have chemical composition of Ni-50 at % Ti and Ni-49.1 at % Ti, respectively—were used for manufacturing NiTi SMA tubes. The inner diameter, outer diameter, and height of NiTi SMA tubes were 8, 10, and 10 mm, respectively. In order to investigate the mechanical behavior and deformation mechanism, the mild steel cylinder (with diameter and height of 8 and 20 mm, respectively) was symmetrically inserted into NiTi SMA tube. The assembled sample experienced a compression test on the INSTRON-5500R equipment (Instron Corporation, Norwood, MA, USA), as shown in Figure 1. The pressure, p which is imposed on NiTi SMA tube can be solved according to plastic yield and plastic mechanics of the mild steel cylinder. The deformation mechanism of NiTi SMA tube can be analyzed based on the pressure p and according to the dimension variation during plastic deformation.


Figure 1. Photograph of NiTi shape memory alloy (SMA) tube undergoing radial loading test.
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Microstructures of NiTi SMA samples were characterized using transmission electron microscope (TEM). Specimens for TEM experiment were mechanically ground to 70 μm. Subsequently, they were thinned via twin-jet polishing in an electrolyte composed of 6% HClO4, 34% C4H10O, and 60% CH3OH, according to volume percentage. TEM observation was performed on a FEI TECNAI G2 F30 microscope (FEI Corporation, Hillsboro, OR, USA). To further acquire the microstructure of NiTi SMA samples, electron back-scattered diffraction (EBSD) experiments were carried out on NiTi SMA specimens using a Zeiss Supra 55 scanning electron microscope (University of South Carolina, Columbia, SC, USA) coupled with an OXFORD EBSD instrument (Oxford Instruments, Oxford, UK). The samples for EBSD were mechanically polished and subsequently electropolished in a solution of 30% HNO3 and 70% CH3OH by volume fraction at −30 °C. A step size of 1.5 μm was used to capture area scans for NiTi SMA specimens.




3. Mechanical Analysis of NiTi SMA Tube under Radial Loading


The mechanical model of NiTi SMA tube under radial loading can be shown in Figure 2. NiTi SMA tube is viewed as the thick-walled tube under the action of the pressure p. The deformation mechanics of NiTi SMA tube belongs to the axisymmetric problem as well as the plane stress problem, where the axial stress [image: there is no content] is equal to zero without the axial loading, and the radial stress [image: there is no content] and the tangential stress [image: there is no content] are irrespective of the axial coordinate axis. Simultaneously, it is assumed that all the total material particles within NiTi SMA tube experience deformation. [image: there is no content] and [image: there is no content] are both the principal stresses due to the absence of shear stresses in NiTi SMA tube.


Figure 2. Mechanical model of NiTi SMA tube subjected to radial loading, where p is the pressure, R the outer radius, r the inner radius, and H the height.
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3.1. Geometric Equation between Strain and Displacement


The tangential strain [image: there is no content] and the radial strain [image: there is no content] of any point in NiTi SMA tube are expressed as follows, respectively


[image: there is no content]



(1)




where u is the displacement of any point along the radius direction in NiTi SMA tube.




3.2. Equilibrium Equation under Static Inner Pressure


By intercepting an element slab in NiTi SMA tube in Figure 2, the equilibrium differential equation along the radial direction is obtained as follows.
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(2)





By ignoring the high-order items of Equation (2), the following equation can be obtained.
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(3)






3.3. Constitutive Equation between Stress and Strain


According to generalized Hooke’s law, the relationship between the stresses and the strains can be expressed by


[image: there is no content]



(4)







Substitution of Equation (1) into Equation (4) results in


[image: there is no content]



(5)







According to Equation (5), the expressions of [image: there is no content] and [image: there is no content] can be expressed by
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(6)







Substitution of Equation (6) into Equation (3) leads to


[image: there is no content]



(7)







The displacement u is obtained as follows by solving Equation (7).
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(8)





Consequently, [image: there is no content] and [image: there is no content] can be further expressed by


[image: there is no content]



(9)







The expressions for the radial strain, the tangential strain, and the axial strain [image: there is no content] are determined as follows.




[image: there is no content]



(10)





The effective strain [image: there is no content] is expressed as follows.




[image: there is no content]



(11)





The axial stress [image: there is no content] is equal to zero due to the absence of loading along the axial direction. The effective stress is expressed as follows:


σ¯=22(σρ−σθ)2+(σθ−0)2+(0−σρ)2=22(σρ−σθ)2+σθ2+σρ2



(12)









4. Results and Discussion


Figure 3 shows the microstructure of Ni-49.1 at % Ti SMA, which belongs to B2 austenite. The microstructure of Ni-50 at % Ti SMA is illustrated in Figure 4. It is found from Figure 4 that NiTi SMA belongs to B19′ martensite, where martensite twins can be captured. Furthermore, the martensite twins belong to type I twins. It is generally accepted that type I twin plays a crucial role in SME of NiTi SMA.


Figure 3. Transmission electron microscope (TEM) micrographs of Ni-49.1 at % Ti SMA: (a) bright field image; (b) diffraction pattern of (a).
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Figure 4. TEM micrographs of Ni-50 at % Ti SMA: (a) bright field image; (b) diffraction pattern of (a).
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For the purpose of better understanding microstructure and phase composition of NiTi SMA, EBSD maps of Ni-49.1 at % Ti and Ni-50 at % Ti SMAs are shown in Figure 5 and Figure 6, respectively. It can be found from Figure 5 that Ni-49.1 at % Ti SMA consists of complete B2 austenite structure. However, regarding Ni-50 at % Ti SMA, a small amount of residual B2 austenite appears in the matrix of B19′ martensite. It is generally accepted that the residual B2 austenite phase has little influence on the mechanical behavior of Ni-50 at % Ti SMA. In other words, the mechanical behavior of Ni-50 at % Ti SMA is dominated by B19′ martensite rather than B2 austenite. In addition, the distribution of twin boundaries can be observed in Figure 6a, and the frequency distributions of misorientation angles between B19′ martensite and B19′ martensite, as well as between B19′ martensite and B2 austenite, are given in Figure 6b.


Figure 5. Electron back-scattered diffraction (EBSD) maps of Ni-49.1 at % Ti SMA: (a) microstructure; (b) kikuchi pattern of point B in (a); (c) kikuchi pattern of point C in (a); (d) kikuchi pattern of point D in (a).
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Figure 6. EBSD maps of Ni-50 at % Ti SMA: (a) microstructure; (b) frequency distribution of misorientation angle.
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Figure 7 illustrates compression stress–strain curves of Ni-49.1 at % Ti and Ni-50 at % Ti SMAs, respectively. In general, in terms of compression loading, NiTi SMA with B2 austenite structure experiences elastic deformation of austenite, SIM transformation, elastic deformation of SIM, and plastic deformation of SIM based on dislocation slip [22]. However, in the case of compression loading, NiTi SMA with B19′ martensite structure undergoes elastic deformation of twinned martensite, reorientation and detwinning of twinned martensite, elastic deformation of reoriented and detwinned martensite, and plastic deformation of reoriented and detwinned martensite based on dislocation slip [23,24].


Figure 7. Compression stress–strain curves of NiTi SMAs: (a) Ni-49.1 at % Ti; (b) Ni-50 at % Ti.
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According to the aforementioned mechanical analysis for NiTi SMA tube under radial loading, it can be accepted that the effective stress [image: there is no content] and the effective strain [image: there is no content] become the two key parameters that analyze the mechanical behavior of NiTi SMA tube during radial loading. As for NiTi SMA tube with B2 austenite structure, when the effective stress [image: there is no content] is more than a critical value [image: there is no content] above which SIM transformation can be induced, the crystal structure of NiTi SMA is converted from B2 structure to B19′ structure, as shown in Figure 8. SIM transformation is of great significance in the superelastic behavior of NiTi SMA. Plastic deformation for dislocation slip—which has an adverse influence on superelasticity of NiTi SMA—occurs with the further progression of radial loading. As for NiTi SMA tube with B19′ martensite structure, when the effective stress [image: there is no content] is greater than a critical value [image: there is no content] above which reorientation and detwinning of twinned martensite is capable of arising, the crystal structure of NiTi SMA remains as B19′ martensite, but the orientation of crystal exhibits a significant change, as shown in Figure 9. Reorientation and detwinning of twinned martensite lays a profound foundation for SME of NiTi SMA. With the further progression of radial loading, the plastic deformation of reoriented and detwinned martensite for dislocation slip occurs, which has a negative impact on the SME of NiTi SMA. Consequently, dislocation slip should be avoided for NiTi SMA tube undergoing radial loading in order to guarantee the perfect SME of NiTi SMA tube.


Figure 8. Schematic diagram of crystal structure evolution of NiTi SMA tube subjected to stress-induced martensite (SIM) transformation.
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Figure 9. Schematic diagram of crystal structure evolution of NiTi SMA tube subjected to martensite reorientation and detwinning.
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So far, because of the limitation of experimental techniques, SIM transformation of NiTi SMA tube under radial loading has been unable to be validated by means of experimental observation. Martensitic reorientation and detwinning of NiTi SMA tube subjected to radial loading should be observed experimentally in the future.




5. Conclusions


(1) A new radial loading mode is put forward for NiTi SMA tube, where NiTi SMA tube is subjected to the inner pressure which results from plastic deformation of the steel cylinder. The effective stress [image: there is no content] and the effective strain [image: there is no content] are regarded as the two key parameters that analyze the mechanical behavior of NiTi SMA tube during radial loading. As for NiTi SMA tube with B2 austenite structure, when the effective stress [image: there is no content] is more than a critical value [image: there is no content] above which SIM transformation can be induced, the crystal structure of NiTi SMA is converted from B2 structure to B19′ structure. As for NiTi SMA tube with B19′ martensite structure, when the effective stress [image: there is no content] is more than a critical value [image: there is no content] above which reorientation and detwinning of twinned martensite is capable of arising, the crystal structure of NiTi SMA remains as B19′ martensite, but the crystal orientation exhibits a significant change.



(2) When NiTi SMA tube is subjected to radial loading, SIM transformation is of great significance in the superelasticity of NiTi SMA, and reorientation and detwinning of twinned martensite lays a profound foundation for the SME of NiTi SMA. Plastic deformation for dislocation slip has an adverse influence on the superelasticity and SME of NiTi SMA tube. Because of the limitation of experimental techniques, SIM transformation of NiTi SMA tube under radial loading has been unable to be validated by means of TEM observation since shape recovery of NiTi SMA tube can occur after unloading. Martensitic reorientation and detwinning of NiTi SMA tube subjected to radial loading should be observed by means of TEM techniques, since shape recovery of NiTi SMA tube cannot occur after unloading. We will perform the corresponding investigation in the future.
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