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Abstract

:

The effect of annealing temperature on the microstructures and mechanical properties of Ti50Ni47Fe3 (at. %) shape memory alloy was investigated by using a cold-rolled alloy sheet. For this purpose, a scanning electron microscope, electron backscatter diffraction, a transmission electron microscope, X-ray diffraction, tensile tests and Vickers hardness tests were used. The evolution of the microstructures, mechanical properties and fracture morphology of Ti50Ni47Fe3 alloy was studied. The results show that the recovery occurs at an annealing temperature of 500 °C, and the recrystallization occurs at 600 °C. Because of the recrystallization at 600 °C, the <110>//RD texture disappears, and the intensity of the <111>//RD texture decreases; the alloy reaches its maximum elongation while maintaining a high strength, and at this annealing temperature, the alloy has excellent comprehensive mechanical properties. After the temperature exceeds 600 °C, the mechanical properties of the alloy decrease sharply. With the increase of the annealing temperature, the quantity and distribution of elliptical Ti2Ni-phase particles show almost no specific changes. Additionally, with the increase of annealing temperatures to 600 °C, the fracture surface of Ti50Ni47Fe3 alloys becomes flatter.
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1. Introduction


TiNi shape memory alloys (SMAs) show an extraordinary shape memory effect (SME) and superelasticity (SE). These peculiar functional properties originate from the solid-to-solid martensitic transformation and its reverse transformation between the B2 austenite phase and B19′ martensite phase, which is called thermoelastic martensitic transformation (MT) [1,2]. Owing to their unique memory effects, TiNi and TiNi-based SMAs can be widely used in the aerospace industry, electronic products, mechanical control, biomedicine and even architecture fields [3,4,5,6]. It is known that plastic deformation is the most important method to manufacture SMA products, as it is able to induce a high density of dislocations and fine broken grains and will promote SE and SME. However, the mechanical properties of SMAs after plastic deformation will decrease sharply, so that the annealing process after deformation is extremely necessary [7,8]. The annealing process after deformation can influence the microstructural evolution, mechanical properties and phase transformation of the alloys [9]. To improve the mechanical properties of TiNi-based SMAs, researchers have reported two main methods. One is heat treatment and the other is the addition of third elements in the TiNi SMAs, such as Fe, Nb, Cu, etc. The addition of a Cu element in TiNi-based alloys can lead to a cubic-B2-to-orthorhombic-B19 transformation and will reduce the transformation hysteresis [10,11]. Additionally, the addition of a Nb element will cause both a wide transformation hysteresis and low martensitic transformation temperature [12,13]. However, the addition of both Cu and Nb in TiNi binary alloys has limitations in terms of their application to aviation industries. In these circumstances, TiNiFe SMA shows unique advantages. An Fe atom can replace Ni in the TiNi unit cell and form an intermetallic compound, resulting in lattice distortion and atomic relaxation. It not only continues the excellent shape memory characteristics and mechanical properties of TiNi SMA but also makes the transformation temperature of martensite lower with the addition of the Fe element. Therefore, TiNiFe SMA is often used in a cryogenic service environment [14,15]. At the same time, the addition of an Fe element will lead to point defects, resulting in the appearance of an R phase transformation and the stability of the R phase in thermodynamics. Additionally, a lower phase-transition potential barrier is generated in kinetics [16], thus inhibiting the B2-B19’ phase transformation of the alloy [17,18].



At present, research on TiNiFe alloys mainly focuses on deformation behavior, phase transformation behavior and mechanical properties. It has been found that the addition of an Fe element can promote nucleation, and with the increase of Fe content, the grains are refined, the B2 phase will be stable, and the hardness of TiNiFe alloys will increase. Additionally, recent studies show that the hot deformation of TiNiFe alloys will induce dynamic recrystallization, which is mainly a softening mechanism [19]. Furthermore, during the hot deformation process, the flow stress increases with the decrease of the deformation temperature [20].



Cold deformation methods, such as cold rolling, cold drawing and high-pressure torsion, have been widely used in TiNi SMAs’ formation. After cold deformation, the recovery stress and recoverable strain of TiNi SMAs have been greatly improved. Additionally, it is found that the larger the cold deformation, the higher the tensile strength and deformation-stored energy [21]. However, the plasticity of TiNi SMAs decreases rapidly after cold deformation. Hence, the annealing process after cold deformation will play a vital role. For Ni-rich TiNi alloys, the formation of precipitates increases the strength of the material after the annealing process [22]. Additionally, an appropriate annealing temperature will also reduce the internal stress and homogenize the grains [23,24].



TiNiFe SMAs cannot be strengthened by solution strengthening. Cold deformation can induce a large number of defects and is prone to work hardening. Furthermore, the hardening index of TiNiFe alloy is extremely high, which affects its application in practical engineering [25,26]. Research on the cold deformation of TiNi-based alloys is mainly focused on deformation methods and processes, transformation behavior and SME [7,27,28,29]. Meanwhile, the investigation of heat treatment on the microstructures and mechanical properties of TiNiFe SMAs has not been sufficiently comprehensive. To provide guidance for a cold-deformed Ti50Ni47Fe3 heat-treatment system and to obtain the optimal strength–toughness matching after heat treatment, a cold-deformed Ti50Ni47Fe3 alloy was used as experimental material for this study.




2. Materials and Methods


A Ti50Ni47Fe3 alloy ingot with a diameter of 150 mm was prepared by vacuum induction melting. A graphite crucible was used in the vacuum induction melting process, the vacuum degree of the induction furnace was 1 × 10−2 Pa, and argon gas was used as the protective gas during the melting process. After cogging and forging, a 200-mm-long sample was forged into a 30 × 30 mm square billet. Then, the billet was wire-cut into a Ti50Ni47Fe3 slice and acid-dipped, and an alloy sheet with a thickness of 1.1 mm was obtained after cold rolling. The cold-rolling reduction of Ti50Ni47Fe3 alloy is 27%. To investigate the effect of different annealing temperatures on the microstructure and properties of Ti50Ni47Fe3, the cold-rolled Ti50Ni47Fe3 alloy sheet was annealed at 400~800 °C for 60 min followed by air-cooling (AC), with an annealing temperature interval of 50 °C. The selection of the annealing temperature range and interval is because the overall temperature range of the recovery, recrystallization and grain-growth process is wide; choosing 50 °C as the heat-treatment temperature range has a high representativeness and significance. Additionally, the chemical composition of the material is given in Table 1.



The tensile test specimens were prepared by wire-cutting parallel to the rolling direction. Furthermore, the dimensions of the specimens are shown in Figure 1 The tensile properties at room temperature were tested by an MTS electromechanical test system, with an initial strain rate of 5 × 10−4 s−1. The microhardness tests were conducted on the WILSON VH1150 Vickers hardness tester with a 49 N load (HV5), and the average value was taken after measuring five groups.



The microstructures and fracture morphology observations were carried out by a JEOL JSM-7900F field emission scanning electron microscope (SEM) equipped with an electron backscattered diffraction (EBSD) probe. The SEM and EBSD samples were wire-cut, sandpapered and polished by Struers OP-S. After that, the SEM samples were etched in a solution of HF:HNO3:H2O = 1:2:10 (volume fraction). Additionally, the EBSD samples were electropolished with a solution of 30 vol. % HNO3 and 70 vol. % CH3OH at −30 °C. The transmission electron microscope (TEM) observations were carried out by an FEI TECNAI G2 F20 microscope. The foils for TEM observations were prepared by twin-jet polishing technique using a solution of 10 vol. %HClO4 and 90 vol. %C2H5OH. Additionally, X-ray diffraction (XRD) via a Rigaku D/Max 2500 VB2 was used for the analysis of the phase composition of alloys.




3. Results and Discussion


3.1. Microstructure Observations


Figure 2 shows the microstructures of the alloy after annealing at different temperatures. When the annealing temperature is 400 °C, the alloy shows a long strip-shaped deformation structure with a large aspect ratio, as shown in Figure 2a. And the same structure can also be observed when the annealing temperature is 500 °C, as shown in Figure 2b. When the annealing temperature increases to 600 °C, most of the regions exhibit fine equiaxed grains, and a small amount of long strip-shaped deformation structure still remains, which indicates that a large range of recrystallization occurs, as shown in Figure 2c. When the annealing temperature is further increased to 800 °C, as shown in Figure 2e, the specimen shows a full equiaxed structure, and the grain size grows and becomes homogenized, indicating that complete recrystallization occurs. The average grain-size variation of the alloy is shown in Table 2. When the annealing temperature is 600 °C, the alloy undergoes a recrystallization process, and the size of fine recrystallized grains may be smaller than that of deformed grains. When the annealing temperature rises to 800 °C, the grains grow significantly due to the high heat input.



Through annealing for 60 min, the alloy will undergo recrystallization at 600 °C, and the recrystallized grain size is extremely fine. This is due to the large deformation and severely broken grain, introduced by cold working and leading to a high deformation-stored energy in the cold-rolled alloy. Thus, a large amount of stored energy remains after the recovery process at lower temperatures, leading to recrystallization occurring at 600 °C. After the recrystallization process, the misorientation angle between adjacent grains is large, the migration speed of the grain boundary is high, and, with the increase of the temperature, the internal energy of the grains is higher, resulting in the migration of the grain boundary and the devouring of grains under various effects.



It is worth noting that a large number of second-phase particles can be observed near the grain boundaries and within the grains, as shown in Figure 2. The appearance of the precipitates does not significantly change as the annealing temperature increases. The composition of the black phase, as shown in Figure 3a, is determined by EDS as Ti-32Ni-2Fe (at. %). From Figure 3b, the particles show an overall oval shape. Additionally, the corresponding selected area electron diffraction (SAED) in Figure 3b can be indexed as an FCC structure with a lattice parameter a = 1.13 nm. Accordingly, the second phase in the alloy is constituted by Ti2Ni particles.



The inverse pole figures (IPFs) of annealed Ti50Ni47Fe3 alloys were characterized via EBSD, as shown in Figure 4. One can see that with the increase of the annealing temperature, the alloy grains gradually change from long stripe shapes after cold deformation to a fine equiaxed structure. When the annealing temperature is 400 °C, the alloy shows the deformation structure to be elongated along the rolling direction. With the annealing temperature reaching 500 °C, recrystallized grains can be found at the grain boundaries of the deformed grains, but the recrystallized grains are extremely fine. When the temperature is further raised to 600 °C, under the influence of external heat input, the recrystallization process is almost completed, recrystallized grains at the grain boundaries expand into deformed grains, and the recrystallization process is intense; however, there are still a few non-recrystallized grains inside the alloy at this time, as shown in the box in Figure 4c.



With the EBSD analysis of annealed Ti50Ni47Fe3 alloys, the GOS maps are shown in Figure 5. The deformation stress state existing inside the individual grains is still high when the annealing temperature is 400 °C; additionally, the recovery process is not fully carried out. As the annealing temperature reaches 500 °C, the alloy is at the end of the recovery process and the beginning of the recrystallization process. Under these conditions, due to the high energy at the grain boundaries, subgrain nucleation can easily occur, and the recrystallized grains are preferentially nucleated at the deformed grain boundaries with a high stored energy. With the annealing temperature augmenting to 600 °C and above, the internal deformation-stored energy of the alloy is almost released, at this time the stress level and dislocation density are at a low level, and most of the internal microstructures of the alloy are fine recrystallized grains.



The inverse pole figures along the rolling direction for the annealed Ti50Ni47Fe3 alloys are shown in Figure 6. The texture of Ti50Ni47Fe3 alloys annealed at 400 °C, at which temperature the recovery process is not fully carried out, is <111>//RD and <110>//RD with the highest intensities of 6.32 and 1.04. When the annealing temperature reaches 600 °C, with the recrystallization of Ti50Ni47Fe3 alloys, the <110>//RD texture disappears, and the intensity of <111>//RD texture decreases to 2.47. This is because the higher annealing temperature causes the recrystallization process, and the cold-deformed structure transforms into fine equiaxed grains, resulting in a decrease of the texture intensity.




3.2. XRD Analysis


The phase and structures of annealed Ti50Ni47Fe3 alloys were further investigated by XRD, as shown in Figure 7. It can be noted that the matrix of Ti50Ni47Fe3 alloy is B2 phase with a small amount of Ti2Ni phase, even if plenty of Ti2Ni phase can be observed from the SEM in the Ti50Ni47Fe3 alloy. With the increase of annealing temperatures, there is no significant change in the XRD patterns of Ti50Ni47Fe3 alloys, indicating that although Ti50Ni47Fe3 alloys undergo recovery and recrystallization at different annealing temperatures, there is no obvious change in phase compositions.




3.3. Mechanical Properties


Figure 8 shows the mechanical properties of the alloy at different annealing temperatures. From the stress-strain curves in Figure 8a, one can see that the tensile behaviors are dramatically affected by the annealing temperatures. Figure 8b illustrates the relationship between the tensile properties and annealing temperature, including the ultimate tensile strength (UTS), yield strength (YS) and elongation (EL). With the increase of annealing temperatures, both the UTS and YS of Ti50Ni47Fe3 alloy show a decreasing trend, while the EL first presents an increasing trend and then a decreasing one. This is because when the annealing temperature is low, the alloy is dominated by the recovery process, the dislocation density is still high, and a large internal stress field is in the alloy. Meanwhile, during the recovery process, the work-hardening phenomenon of the alloy gradually weakens. Therefore, the plasticity of the alloy increases significantly, and the strength of the alloy is still high. With the increase of the annealing temperature, the strength of the alloy decreases linearly, and the reduction rate of UTS is equivalent to that of YS. However, the maximum EL of Ti50Ni47Fe3 alloys occurs at 600 °C and then decreases dramatically. This is because when the temperature reaches 600 °C, severe recrystallization occurs, the internal dislocation density decreases, and the microstructure of the Ti50Ni47Fe3 alloy is dominated by fine equiaxed grains. When the annealing temperature exceeds 600 °C, the recrystallized grains in Ti50Ni47Fe3 alloys continue to grow with the increase of the annealing temperature, resulting in the reduction of both strength and plasticity.



Additionally, the curve of the annealing temperature and microhardness of the alloy in Figure 9 clearly shows that the microhardness decreases with the increase of the annealing temperature. Furthermore, the changing trend of the microhardness is consistent with the strength in general. It is worth noting that the hardness value drops sharply in the range of 400~600 °C and then slows down as the temperature further increases. This is related to the recrystallization and growth of grains, as revealed above.




3.4. Fracture Characteristic


To understand the fracture properties of Ti50Ni47Fe3 alloys, fractographies are shown in Figure 10, Figure 11, Figure 12 and Figure 13.



Figure 10 and Figure 11 are the SEM photos of the fracture area with annealing temperatures of 400 °C and 500 °C. The fracture morphology of the two samples is similar, which is because both samples are in the recovery stage, and their microstructure and mechanical properties are similar.



We take the sample with an annealing temperature of 500 °C as an example to analyze the fracture morphology. Figure 11 shows the SEM photo of the fracture area with an annealing temperature of 500 °C. In Figure 11a, one can clearly observe that the fracture surface is not flat and that the pattern of fatigue crack growth looks like an inverted Y. The shear lip zone is at the edge of the specimen and is relatively smooth. At the microscale, one can see that there are obvious tearing edges and small cleavage facets in the crack propagation area, as shown in Figure 11b, and there are voids in the crack propagation area, caused by the Ti2Ni phase detaching from the matrix during the tensile process. Additionally, there are a large number of dimples at the fracture, as shown in Figure 11c. Due to different stress states during the fracture process, there are also differences in the shape of dimples: circular dimples produced under tensile conditions and parabolic dimples formed under shear conditions. Furthermore, the size distribution of dimples is relatively uneven, while there are still tearing edges and small cleavage facets in this area. One can see that the fracture of the alloy under this annealing system is a combination of quasi-cleavage fracture and ductile fracture, the fracture form is a transgranular fracture, and the plasticity is relatively poor.



The fracture surface of Ti50Ni47Fe3 alloy annealing at 600 °C is shown in Figure 12. From Figure 12, one can see that the fracture surface is relatively flat and that the inverted Y pattern is shallower than that of the 500 °C specimens. Compared with the fracture area of the 500 °C specimen, the sizes of cleavage facets are relatively small, as shown in Figure 12b. As shown in Figure 12c, the edges of the dimples are relatively flat, with only small tearing edges in the dimple enrichment area. Under this annealing temperature of 600 °C, the distribution of dimples is more uniform, the sizes of cleavage facets are smaller, the plasticity of the alloy is improved, and the fracture form is also a transgranular fracture.



After annealing at 800 °C, as shown in Figure 13a, one can see that the flatness of the fracture surface is reduced. Additionally, as shown in Figure 13b, after annealing at 800 °C, the size of dimples at the fracture surface are inhomogeneous; this is due to the high annealing temperature and grain growth, which reduces the strength and plasticity of the alloy. Meanwhile, the fracture form is also a transgranular fracture.





4. Conclusions


	(1)

	
The microstructure of Ti50Ni47Fe3 alloy is composed of a TiNi matrix and Ti2Ni second phase. With the increase of the annealing temperature, the alloy structure changes from a long strip-shaped deformation structure to an equiaxed recrystallization structure, and the recrystallization process occurs dramatically at 600 °C. With a further increase of the annealing temperature, the devouring of grains occurs and results in the growth of grains.




	(2)

	
With the increase of annealing temperatures, both the UTS and YS of Ti50Ni47Fe3 alloy decrease. The highest EL of Ti50Ni47Fe3 alloy is present at 600 °C and then decreases sharply. This is because with the increase of the annealing temperature, the alloy will experience three stages: recovery, recrystallization and grain growth. In the recrystallization stage, Ti50Ni47Fe3 alloy has the best strength–toughness match.




	(3)

	
With the increase of the annealing temperature, due to the recrystallization and grain-growth process, the fracture surface tends to flatten out at 600 °C; furthermore, dimples become the most uniform at the same time, and the alloy has the best plasticity. After exceeding 600 °C, the dimple size at the fracture surface of the alloy is uneven, and the plasticity decreases.
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Figure 1. Schematic diagram of tensile specimen. 
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Figure 2. SEM micrographs of Ti50Ni47Fe3 alloy after annealing at different temperatures. (a) 400 °C/60 min/AC; (b) 500 °C/60 min/AC; (c) 600 °C/60 min/AC; (d) 700 °C/60 min/AC; and (e) 800 °C/60 min/AC. 
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Figure 3. The SEM and TEM images of Ti2Ni-phase particles. (a) SEM-BED and the EDS analysis show the composition of the second phase; (b) TEM-bright field image (inset is the corresponding SAED). 
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Figure 4. Inverse pole figure (IPF) of annealed Ti50Ni47Fe3 alloys. (a) 400 °C/60 min/AC; (b) 500 °C/60 min/AC; and (c) 600 °C/60 min/AC. 
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Figure 5. Grain orientation spread (GOS) of annealed Ti50Ni47Fe3 alloys. (a) 400 °C/60 min/AC; (b) 500 °C/60 min/AC; and (c) 600 °C/60 min/AC. 
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Figure 6. Inverse pole figures along rolling direction for the annealed Ti50Ni47Fe3 alloys. (a) 400 °C/60 min/AC; and (b) 600 °C/60 min/AC. 
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Figure 7. XRD patterns of annealed Ti50Ni47Fe3 alloys. 
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Figure 8. Tensile properties of Ti50Ni47Fe3 alloy with different annealing treatments. (a) Stress-strain curves of Ti50Ni47Fe3 SMA; and (b) the yield strength (YS), ultimate tensile strength (UTS) and elongation (EL) trends with the increase of annealing temperature. 
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Figure 9. Effect of different annealing temperatures on microhardness of Ti50Ni47Fe3 SMA. 
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Figure 10. Fracture morphology after tensile test of alloy annealed at 400 °C for 60 min. (a) Low magnification morphology of fracture area; (b) crack propagation area; and (c) dimple region. 
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Figure 11. Fracture morphology after tensile test of alloy annealed at 500 °C for 60 min. (a) Low magnification morphology of fracture area; (b) crack propagation area; and (c) dimple region. 






Figure 11. Fracture morphology after tensile test of alloy annealed at 500 °C for 60 min. (a) Low magnification morphology of fracture area; (b) crack propagation area; and (c) dimple region.
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Figure 12. Fracture morphology after tensile test of alloy annealed at 600 °C for 60 min. (a) Low magnification morphology of fracture area; (b) crack propagation area; and (c) dimple region. 
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Figure 13. Fracture morphology after tensile test of alloy annealed at 800 °C for 60 min. (a) Low magnification morphology of fracture area; and (b) dimple region. 






Figure 13. Fracture morphology after tensile test of alloy annealed at 800 °C for 60 min. (a) Low magnification morphology of fracture area; and (b) dimple region.
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Table 1. Chemical compositions of TiNiFe alloys.






Table 1. Chemical compositions of TiNiFe alloys.





	Element
	Fe
	Ni
	C
	O
	Ti





	Content (wt. %)
	3.27
	52.16
	0.0028
	<0.002
	Bal.
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Table 2. Effect of annealing temperature on the average grain size of Ti50Ni47Fe3 alloys.






Table 2. Effect of annealing temperature on the average grain size of Ti50Ni47Fe3 alloys.





	Annealing Temperature/°C
	400
	600
	800





	Average Grain Size/μm
	5.6
	5.3
	11.9
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