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Abstract

:

A systematic study was conducted on the impact of annealing treatments on the microstructure and properties of cold-rolled Ti50Ni47Fe3 alloys using optical microscopy, scanning electron microscopy, electron backscattered diffraction, and an electronic universal testing machine. It was found that, during low-temperature annealing (400 °C and 500 °C), the annealing time had no significant effect on the microstructure or properties of the Ti50Ni47Fe3 alloy. Only elongation (δ) increased with the increase in the annealing time, and the grain orientation of the Ti50Ni47Fe3 alloy was <111>//RD (rolling direction). When annealing at medium–high temperature (600 °C), as the annealing time increased, recrystallization and grain growth processes occurred, resulting in a continuous decrease in strength and an increase in δ. Meanwhile, it was found that the grain orientation of the cold-rolled Ti50Ni47Fe3 alloy changed from <111>//RD during the recovery and recrystallization processes to <101>//RD after the grain growth process. The orientation distribution function cross-section φ2 = 45° results indicate that the texture was mainly distributed along the γ orientation line (φ1 = 0~90°, Φ = 54.7°, φ2 = 45°). When annealed at 400 °C and 500 °C, the texture of the Ti50Ni47Fe3 alloys was (111)[uvw]. When the annealing treatment was 600 °C for 120 min, a (110)[uvw] texture occurred. Additionally, ductile fracture occurred in all specimens, and the crack origin was located on one side of the fracture surface, with obvious “Y”-shaped propagation. This article studied annealing treatments of cold-rolled Ti50Ni47Fe3 alloys, providing corresponding theoretical guidance for subsequent production applications.
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1. Introduction


Shape memory alloys (SMAs) are types of alloys with shape memory effects (SMEs) and superelasticity (SE), achieved through martensitic transformation and its reverse transformation [1,2,3]. TiNi-based shape memory alloys have excellent SMEs and SE, as well as good mechanical and physical properties, making them the most widely used SMAs [4,5,6,7], utilized in the aerospace industry, electronics, mechanical control mechanisms, and biomedical materials [4,8,9].



The assembly and application of some SMA functional devices used in the aviation field, such as aircraft hydraulic pipeline fittings and low-temperature temperature control valves, need to be carried out at low temperatures, so TiNi SMAs with a low phase transformation temperature are required [10]. Adding elements such as Fe [11], Nb [12,13], Cu [14], Hf [15], and Zr [16] to TiNi alloys can change their phase transformation temperature, microstructure, and properties [17]. Among them, the Fe element can replace Ni in TiNi alloys, resulting in lattice distortion and atomic relaxation. While maintaining the excellent SMEs and mechanical properties of TiNi SMAs, the Fe element significantly decreases the martensitic transformation temperature [18], increases transformation hysteresis, improves transformation stability, and avoids the phenomenon of softening caused by stress-induced martensitic transformation at low temperatures [19,20]. Therefore, TiNiFe alloys have broad application prospects as low-temperature connectors in aerospace and other fields.



Deformation processing is a commonly used method to improve the properties of TiNiFe alloys. At present, research on the processing behavior and microstructure properties of TiNiFe alloys mainly focuses on hot-worked bars. Studies have shown that the Fe element content and the hot-working process can refine the grain size of a TiNiFe alloy, improve its room-temperature strength, and have a significant impact on its low-temperature performance [21,22,23,24]. However, the dynamic crystallization behavior during hot working can lead to insufficient deformation stored energy in a TiNiFe alloy [23], resulting in a decrease in its low-temperature performance. Cold working is also a commonly used material processing technology. After cold working, the alloy grains are more severely broken [25], and a large number of defects such as dislocations are introduced, which greatly improves the room-temperature strength and low-temperature recovery performance of the alloy [26]. However, a TiNiFe alloy is an insoluble strengthening alloy, which is prone to work hardening after cold deformation, resulting in a significant risk of failure during subsequent use and affecting its engineering applications [27,28]. Therefore, improving its microstructure and properties through heat treatment is of great significance [29,30]. At present, there are few reports on the effect of the annealing process on cold-worked TiNiFe alloys.



As an important part of the processing and application of TiNi-based SMAs, different heat treatments have a significant impact on their microstructure and properties. Research has shown that, as the aging temperature increases, the tensile strength of TiNi alloys decreases, while their plasticity increases [31,32,33]. For Ni-rich TiNi alloys, as the aging temperature increases, the transformation process gradually changes from complete austenite to a coexisting state of austenite, martensite, and R phase at room temperature [34]. Moreover, research has shown that annealing temperature also has an important impact on the phase transformation and recovery properties of TiNi-based SMAs. As the annealing temperature increases, the starting and ending temperatures of martensitic transformation in TiNi alloys increase, while the starting and ending temperatures of austenite transformation decrease [35,36]. With an increase in annealing time, the phase transformation temperature of R-B19’ in TiNi alloys increases, and B2–B19’ phase transformation is separated from B2-R transformation [37,38]. Additionally, with an increase in annealing temperature, the recovery property of TiNi alloys decreases [39,40]. Heat treatment affects the second phase in TiNi-based alloys. Under specific annealing treatment, the Ti3Ni4 phase nucleates [41], and the Ti2Ni phase partially dissolves [31]. However, annealing treatment cannot completely remove the second phase in TiNi-based alloys.



In our previous work, the effects of annealing temperature on the microstructure and properties of Ti50Ni47Fe3 alloy were studied [30]. However, after further research, it was found that the annealing time has a more significant impact on the engineering applications of Ti50Ni47Fe3 alloy when annealed at 400 °C, 500 °C, and 600 °C. Therefore, in this study, we focused on the mixed effects of annealing temperature and time on the microstructure, texture, and properties of Ti50Ni47Fe3 alloy.



This study takes cold-rolled Ti50Ni47Fe3 alloy sheets as the research materials, systematically studies the influence of different annealing treatments on the alloy microstructure, texture, and properties. And provides a theoretical basis for the formulation of Ti50Ni47Fe3 alloy heat treatment processes and the promotion of engineering applications.




2. Materials and Methods


Vacuum induction melting was used to prepare a Ti50Ni47Fe3 alloy ingot with a diameter of 115 mm. During the vacuum induction melting process, a graphite crucible was used, and the vacuum degree of the induction furnace was maintained at 1 × 10−3 Pa. Argon gas was used as the melting protective gas. The weight of the Ti50Ni47Fe3 alloy ingot was 30 kg. After forging and cold rolling, a Ti50Ni47Fe3 alloy sheet with a thickness of 1.1 mm and a cold-rolling deformation of 27% was obtained. The chemical composition of the Ti50Ni47Fe3 alloy is shown in Table 1.



The cold-rolled microstructure of the Ti50Ni47Fe3 alloy sheet is shown in Figure 1, with the microstructure elongated along the rolling direction and obvious grain fragmentation. Different annealing treatments were carried out on the cold-rolled sheets, with annealing temperatures of 400 °C, 500 °C, and 600 °C and holding for 15 min, 30 min, 60 min, 90 min, 120 min, and 300 min, followed by air cooling (AC).



Microstructure, texture, and fracture analyses were carried out using a JEOL JSM-7900F field-emission scanning electron microscope (SEM) (JEOL Ltd., Akishima-shi, Japan) equipped with an electron backscattered diffraction (EBSD) detector and a Zeiss Axiovert 200 MAT optical microscope (OM) (Carl Zeiss, Oberkochen, Germany). The OM and EBSD samples were wire cut, sandpapered, and polished using Struers OP-S (Struers, Copenhagen, Denmark). After that, the OM and SEM samples were etched in a solution of HF:HNO3:H2O = 1:2:10 (volume fraction), and the EBSD samples were electropolished with a solution of HClO4:CH3COOH = 5:95 (vol.%). For the EBSD analysis, the working voltage was 20 kV, and the scanning step was 0.2 μm. Inverse pole figure maps (IPF maps), inverse pole figures (IPFs), pole figures (PFs), orientation distribution functions (ODFs), grain orientation spread maps (GOS maps), and kernel average misorientation maps (KAM maps) were acquired and calculated using a TSL-OIM analysis (EDAX Inc., Mahwah, NJ, USA) after EBSD. IPF maps, IPFs, PFs, and ODFs were used for an orientation analysis. GOS maps were used for recovery, recrystallization, and grain growth analyses, and recrystallization was considered to occur when the GOS was less than 2, recovery was 2 to 7, and the number of deformed grains was 7 or higher. KAM maps and KAM numerical statistical histograms were used for deformation and stress state analyses.



The tensile properties of the Ti50Ni47Fe3 alloy sheets with different annealing treatments were tested using an MTS E45.105 electronic tensile testing machine (MTS, Eden Prairie, MN, USA). Tensile samples were cut along the cold-rolling direction (RD) of the sheet, and the size of the sample is shown in Figure 2. The length of the parallel segment was 30 mm, and the length of the gauge section was 25 mm. The initial tensile rate was 5 × 10−4 s−1.




3. Results and Discussion


3.1. The Effect of Annealing Treatment on the Microstructure of Ti50Ni47Fe3 Alloy


Figure 3 shows the microstructure analysis of the cold-worked Ti50Ni47Fe3 alloy after annealing at 400 °C for different times. It can be observed that, after annealing at 400 °C, the Ti50Ni47Fe3 alloy still exhibits an elongated microstructure along the RD, and, with the increase in the annealing time, there is no significant change in the microstructure. This is mainly due to the lower annealing temperature, and the alloy is in the early stage of the recovery process without undergoing recrystallization. Therefore, with the increase in the annealing time, the microstructures do not undergo significant changes.



Figure 4 shows the microstructure and grain orientation analyses of the Ti50Ni47Fe3 alloy sheet after annealing at 500 °C for different times. It can be observed that, as the annealing temperature increases to 500 °C, the microstructure significantly changes with the increase in the annealing time. When the annealing time is 15 min, as shown in Figure 4a,d,g, the microstructure of the Ti50Ni47Fe3 alloy elongates along the RD. When the annealing time reaches 120 min, as shown in Figure 4b,e,h, more small equiaxed recrystallized grains can be seen at the grain boundaries. This is because, with the increase in the annealing time, grains with higher deformation stored energy at the grain boundaries preferentially undergo recrystallization, as shown in Figure 4h. When the annealing time reaches 300 min, as shown in Figure 4c,f,i, the stored energy during the rolling of the Ti50Ni47Fe3 alloy sheets further promotes grain recrystallization during the annealing treatment, and the number of recrystallized grains increases. However, due to the low annealing temperature, the recrystallization fraction of the Ti50Ni47Fe3 alloy is low after annealing at 500 °C for different times.



Figure 5 shows the microstructure and EBSD analyses after annealing at 600 °C for different annealing times. Through the microstructure analysis, it can be observed that, during annealing at 600 °C, the Ti50Ni47Fe3 alloy rapidly undergoes three stages, namely, recovery, recrystallization, and grain growth, with the increase in the annealing time, as shown in the OM and GOS maps in Figure 5. When the annealing time is only 15 min, as shown in Figure 5a,e,i,m, the microstructure is mainly characterized by elongated grains along the RD, and the internal stress of the grains is high, with an average KAM value of 2.02. When the annealing time is extended to 30 min, as shown in Figure 5b,n, a small amount of fine equiaxed recrystallized grains appear at the grain boundaries. At this time, the alloy is in the late stage of recovery and the early stage of recrystallization. Due to the increase in heat input, the grains first undergo recrystallization in areas with high deformation stored energy (deformed grain boundaries), while internal stress decreases, with an average KAM value of about 1.31, as shown in Figure 5j. When the annealing time increases to 60 min, the number of recrystallized grains in the Ti50Ni47Fe3 alloy increases sharply, and almost all recrystallization is completed, as shown in Figure 5o. At this time, a large amount of energy stored during rolling is released, and the internal stress is significantly reduced, with the KAM value decreasing to 0.70. As the annealing time further increases to 120 min, the recrystallization process of the Ti50Ni47Fe3 alloy is completely carried out, as shown in the GOS map in Figure 5p, resulting in the devouring of grains and leading to grain growth. At this time, the stored energy is almost completely released, the internal stress decreases to its lowest, and the KAM value is only 0.28, as shown in Figure 5l.




3.2. The Effect of Annealing Treatment on the Texture of Ti50Ni47Fe3 Alloy


Figure 6 and Figure 7 show the inverse pole figures (IPFs) in the RD and the (111) pole figures (PFs) of the Ti50Ni47Fe3 alloy sheets with different annealing treatments. Through the texture analysis, it can be found that the grain orientation of the alloy remains basically consistent. When annealing at 400 °C and 500 °C, the orientation remains mainly <111>//RD, and there is no significant change in texture with the increase in the annealing time.



Compared with the inverse pole figures at 400 °C and 500 °C, it can be observed that the texture of the alloy undergoes significant changes after annealing at 600 °C. As shown in Figure 6e, when the annealing time is short, the Ti50Ni47Fe3 alloy is in the recovery stage, and it still maintains the <111>//RD texture, but the intensity of the texture significantly decreases, to only about 2.8. When the annealing time is further extended to 120 min, the recrystallized grains undergo significant growth, the rolling orientation is basically eliminated, and texture transformation occurs mainly in the <101>//RD. Therefore, during the high-temperature annealing of Ti50Ni47Fe3 alloy, the texture changes as the annealing process progresses.



Figure 8 shows the ODF cross-section φ2 = 45° of the Ti50Ni47Fe3 alloys. For body-centered cubic (BCC) alloys, texture characteristics are most easily visible on the cross-section φ2 = 45°. The ODF cross-section φ2 = 45° results indicate that the texture is mainly distributed along the γ orientation line (φ1 = 0~90°, Φ = 54.7°, φ2 = 45°). The texture of the Ti50Ni47Fe3 alloys is (111)[uvw]. However, when the annealing treatment is 600 °C for 120 min, a (110)[uvw] texture occurs, which corresponds to Figure 6f and Figure 7f and is related to the recrystallization and grain growth processes.




3.3. The Effect of Annealing Treatment on Mechanical Properties of Ti50Ni47Fe3 Alloy


Figure 9 shows the mechanical properties of the Ti50Ni47Fe3 alloy with different annealing treatments, including ultimate tensile strength (UTS), yield strength (σ0.2), and elongation (δ). In Figure 9a,b, it can be seen that the changes in the strength and elongation of the Ti50Ni47Fe3 alloy are basically consistent when annealing at 400 °C and 500 °C. That is, with the increase in the annealing time, the UTS and σ0.2 of the Ti50Ni47Fe3 alloy first decrease and then remain stable, while δ slowly increases. When the annealing time reaches 120 min, the strength and elongation of the alloy are basically equivalent after annealing at 400 °C and 500 °C, with the UTS and δ being about 830 MPa and 17%, respectively. However, when the annealing temperature increases to 600 °C, as shown in Figure 9c, extending the annealing time has a more significant effect on the strength and elongation of the Ti50Ni47Fe3 alloy. After annealing at 600 °C for 15 min, the Ti50Ni47Fe3 alloy can achieve an excellent combination of toughness and strength. At this time, the UTS and σ0.2 are 800 MPa and 550 MPa, respectively, and δ can reach 20%. With the further increase in the annealing time, A significantly increases, while the UTS and σ0.2 gradually decrease and ultimately remain at 730 MPa and 450 MPa.



During the heat treatment process, the cold-rolled Ti50Ni47Fe3 alloy sheet undergoes three stages of grain recovery recrystallization grain growth as both the heat treatment temperature and annealing time increase. When annealing at 400 °C, the microstructure of the Ti50Ni47Fe3 alloy is dominated by the recovery process, and the grain morphology is generally fibrous after cold deformation, as shown in Figure 3. With the increase in the annealing time, the recovery process gradually proceeds, and vacancies in the alloy migrate and disappear. The reduction in dislocation density results in a slight decrease in the UTS and σ0.2 and an increase in δ, as shown in Figure 9a. When annealing at 500 °C, as the annealing time increases, the dislocation density further decreases, and the recovery process of the Ti50Ni47Fe3 alloy gradually completes. Under the combined effect of sufficient external heat input and higher deformation stored energy at grain boundaries, recrystallization occurs at the grain boundaries [42], forming fine recrystallized grains. However, due to the small number of recrystallized grains, the characteristics of the rolling deformation texture are still retained, as shown in Figure 4, Figure 6, Figure 7 and Figure 8, and this has a small impact on the properties of the Ti50Ni47Fe3 alloy. Therefore, the changes in the UTS, σ0.2, and δ are not significantly different from those during annealing at 400 °C. When the annealing temperature increases to 600 °C, the external heat input continuously increases, and the Ti50Ni47Fe3 alloy rapidly undergoes recrystallization, causing a decrease in the UTS and σ0.2, while δ increases sharply, as shown in Figure 9. Moreover, with the increase in the annealing time, the recrystallized grains of the Ti50Ni47Fe3 alloy grow, leading to a change in grain orientation, gradually changing from a <111>//RD texture to a <101>//RD texture, but the texture strength is low.




3.4. The Effect of Annealing Treatment on the Fracture Characteristics of Ti50Ni47Fe3 Alloy


Figure 10 shows SEM images of the tensile fracture surfaces of the Ti50Ni47Fe3 alloys after different annealing treatments for 300 min. By comparing the tensile fracture surfaces, we found that ductile fracture occurs in all specimens, and the crack origin is located on one side of the fracture surface, with obvious “Y”-shaped propagation. At the same time, it can be found that there are a large number of dimples of varying sizes and depths. However, with the increase in the annealing temperature, the “Y”-shaped pattern is shallower, and the elongation of the alloy is improved.





4. Conclusions


(1) When annealing at low temperatures (400~500 °C), as the annealing time prolongs, the Ti50Ni47Fe3 alloy mainly undergoes a recovery process, with only a few grains undergoing recrystallization under a prolonged annealing time at 500 °C. Additionally, with the extension of the annealing time, the UTS and σ0.2 decrease, while δ increases.



(2) When the cold-rolled Ti50Ni47Fe3 alloy sheet is annealed at a medium–high temperature (600 °C), the alloy undergoes recovery, recrystallization, and grain growth processes. Additionally, the texture gradually changes from <111>//RD to <101>//RD, with a significant decrease in texture strength.



(3) During the heat treatment process, the texture of the Ti50Ni47Fe3 alloy is mainly distributed along the γ orientation line (φ1 = 0~90°, Φ = 54.7°, φ2 = 45°). The texture of the Ti50Ni47Fe3 alloy is composed of (111)[uvw]. Additionally, (110)[uvw] occurs when annealing at 600 °C for 120 min.



(4) After annealing at 600 °C for 15 min, the cold-rolled Ti50Ni47Fe3 alloy sheets can achieve an excellent combination of toughness and strength. Increasing the annealing time appropriately can greatly improve elongation, but this is not conducive to strength. To achieve higher strength, it is advisable to anneal at 400 °C and 500 °C and to increase the annealing time to improve elongation.
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Figure 1. Microstructure of cold-rolled Ti50Ni47Fe3 alloy (RD for rolling direction, ND for normal direction). 
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Figure 2. Schematic diagram of tensile test specimen. 
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Figure 3. Microstructure and orientation analyses of TiNiFe alloy annealed at 400 °C for different times. (a,c) Annealed for 15 min; (b,d) annealed for 300 min. Among them, panels (a,b) are OM, and panels (c,d) are EBSD-IPF maps (the black area is an uncalibrated area that is difficult to calibrate due to the large amount of cold-working deformation, which is consistent with the uncalibrated areas in the other IPF maps). 
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Figure 4. Microstructure and orientation analyses of Ti50Ni47Fe3 alloy annealed at 500 °C for different times. (a,d,g) Annealed for 15 min; (b,e,h) annealed for 120 min; (c,f,i) annealed for 300 min. Among them, panels (a–c) are OM images, panels (d–f) are EBSD-IPF maps, and panels (g–i) are EBSD-GOS maps. 
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Figure 5. Microstructure and EBSD of Ti50Ni47Fe3 alloy annealed at 600 °C for different times. (a,e,i,m) Annealed for 15 min; (b,f,j,n) annealed for 30 min; (c,g,k,o) annealed for 60 min; (d,h,l,p) annealed for 120 min. Among them, panels (a–d) are OM images, panels (e–h) are EBSD-IPF maps, panels (i–l) are EBSD-KAM maps and EBSD-KAM numerical statistical histograms, and panels (m–p) are EBSD-GOS maps. 
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Figure 6. Inverse pole figures (IPFs) in the RD of Ti50Ni47Fe3 alloy with different annealing treatments. (a) Annealed at 400 °C for 15 min; (b) annealed at 400 °C for 300 min; (c) annealed at 500 °C for 15 min; (d) annealed at 500 °C for 300 min; (e) annealed at 600 °C for 15 min; (f) annealed at 600 °C for 120 min. 
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Figure 7. Pole figures (PFs) of Ti50Ni47Fe3 alloy with different annealing treatments. (a) Annealed at 400 °C for 15 min; (b) annealed at 400 °C for 300 min; (c) annealed at 500 °C for 15 min; (d) annealed at 500 °C for 300 min; (e) annealed at 600 °C for 15 min; (f) annealed at 600 °C for 120 min. 
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Figure 8. Orientation distribution function (ODF) sections in Euler space with constant φ2 = 45° of Ti50Ni47Fe3 alloy with different annealing treatments. (a) Annealed at 400 °C for 15 min; (b) annealed at 400 °C for 300 min; (c) annealed at 500 °C for 15 min; (d) annealed at 500 °C for 300 min; (e) annealed at 600 °C for 15 min; (f) annealed at 600 °C for 120 min. 






Figure 8. Orientation distribution function (ODF) sections in Euler space with constant φ2 = 45° of Ti50Ni47Fe3 alloy with different annealing treatments. (a) Annealed at 400 °C for 15 min; (b) annealed at 400 °C for 300 min; (c) annealed at 500 °C for 15 min; (d) annealed at 500 °C for 300 min; (e) annealed at 600 °C for 15 min; (f) annealed at 600 °C for 120 min.



[image: Crystals 14 00360 g008]







[image: Crystals 14 00360 g009] 





Figure 9. Tensile properties of Ti50Ni47Fe3 alloys with different annealing processes. (a) Annealed at 400 °C; (b) annealed at 500 °C; (c) annealed at 600 °C. 






Figure 9. Tensile properties of Ti50Ni47Fe3 alloys with different annealing processes. (a) Annealed at 400 °C; (b) annealed at 500 °C; (c) annealed at 600 °C.



[image: Crystals 14 00360 g009]







[image: Crystals 14 00360 g010] 





Figure 10. Fracture characteristics of Ti50Ni47Fe3 alloys. (a,b) Annealed at 400 °C for 300 min; (c,d) annealed at 500 °C for 300 min; (e,f) annealed at 600 °C for 300 min. 
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Table 1. Chemical composition of Ti50Ni47Fe3 alloy.
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	Element
	Fe
	Ni
	C
	O
	Ti





	Content (wt.%)
	3.27
	52.16
	0.028
	0.031
	Bal.
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