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Abstract

:

The precipitation behavior and microstructural evolution of α phase in a novel metastable β-type Ti alloy, Ti-10Mo-6Zr-4Sn-3Nb (wt.%), during isothermal compression are investigated in this study through the use of SEM (scanning electron microscope), TEM (transmission electron microscope) (HRTEM) (high-resolution transmission electron microscopy) and EBSD techniques. The results show that some finer α precipitates are randomly distributed within the β matrix during hot deformation. The morphological characteristics of α precipitates are distinctly different from those of α precipitates during the same solution-plus-aging treatment. The volume fraction of α precipitate gradually increases with increased true strain. A large proportion of precipitated α phases are prone to be precipitated at HAGBs (high-angle grain boundaries) and LAGBs (low-angle grain boundaries) during isothermal deformation. On the contrary, only a small amount of spherical α phases is precipitated within the β grain. The crystallographic orientation relationships for most spherical α precipitates formed at LAGBs and within the β grains are similar, whereas the crystallographic orientation relationships for α precipitates at grain boundaries are significantly different. The precipitation behavior of α phase in the Ti-B12 alloy during hot compression is considerably influenced by the density of dislocations.
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1. Introduction


Metastable β-type Ti alloy is regarded as an extremely promising functional rare metal in strategic industries including aerospace, ballistic protection, marine engineering and biomedical applications due to its high strength, outstanding fatigue properties, excellent cold/hot processing properties, low Young’s modulus and prominent work-hardening effect [1,2,3]. For example, Ti-3.5Al-10Mo-8V-1Fe (TB3), Ti-15333 (TB5), Ti-1023 (TB6), β-21S (TB8) and Ti-55531 alloy products have been successfully applied in large-size forgings of civil aircraft, such as in the Boeing 777 and Boeing 787 of USA, as well as China’s C919 [4,5]. It is worth mentioning that TB3 bars are successfully used to manufacture fasteners in aircraft [6]. The room-temperature mechanical performances of metastable β-type Ti alloy are significantly influenced by microstructural features, including the volume fraction, size, morphological characteristics and distribution pattern of precipitated α phase within the β matrix [7,8,9,10]. Compared with the (α + β)-type Ti alloy, the above parameters for β-type Ti alloy are extremely sensitive to the factors including heating temperature, holding time, cooling method and heating rate during the thermomechanical treatment [11,12]. For instance, the equiaxed and lath-like precipitated α phase in Ti alloy presents a significant difference in room-temperature strength, plasticity, microhardness and fatigue limit [13,14].



A large amount of research has been performed in recent years, focusing on the microstructural evolution of precipitated α phase in the (α + β)- and metastable β-type Ti alloys, such as Ti-6Al-4V, Ti-1023, Ti-5553 and Ti-55511 alloy, which are subjected to conventional heat treatment or hot working [15,16,17,18]. These studies can help to better understand the necessity of precise control of the microstructure and further optimization of mechanical performances. Most of investigations on the precipitation behavior and evolutionary mechanisms of precipitated α phase have been focused on the process control of heat treatment. Qian et al. discussed the phase decomposition and precipitation behavior of α precipitate in Ti-6Cr and Ti-11Mo binary alloys after β-solution treatment followed by water quenching plus aging [19]. It was found that the discontinuous growth of the secondary phase appeared in the transformed region, which was composed of several parallel laths. These laths gradually grew from the areas of β grain boundary into the inside of the β matrix [20,21]. However, α phases in the alloys subjected to aging were continuously precipitated in the whole region, and the driving force for precipitation was significantly improved [22,23]. Dye et al. studied the effect of nucleation and precipitation behavior for the secondary phase in Ti-5553 alloy through the use of various heat-treatment routes [24]. Moreover, the precipitation and growth rate of α phase was relatively slower during aging in Ti-5553 alloy. In the process of solution-plus-aging treatment, some precipitated α phases with various morphological characteristics were also examined in typical metastable β-type Ti alloys, for instance, TB5 and Ti-4.5Fe-6.8Mo-1.5Al alloys [25,26]. In addition, the study on the precipitation behavior of α phases in the process of isothermal compression deformation was primarily focused on the Ti-6Al-4V alloy. Zherebtsov et al. have discussed the whole process of spheroidization evolution of lath-like α precipitates in Ti64 alloy during thermomechanical treatments [27]. The lath structure was gradually transformed into a spherical structure by the formation of dislocation walls and a grain-boundary separation mechanism. With the decrease in temperature, the possibility of shearing deformation could increase. On the contrary, the volume fraction of the parent β matrix could decrease correspondingly, resulting in inhomogeneous deformation. Compared with (α+β) Ti alloys, the nucleation and growth of precipitated α phases are extremely sensitive to the molybdenum equivalent ([Mo]eq) and mutual diffusion of alloying elements between different phases in some metastable β-Ti alloys [28]. It is noted that the molybdenum equivalent is often considered one of the critically significant factors for the design of novel biomedical Ti alloys. The precipitation behavior and microstructural evolution of precipitated α phase are also greatly influenced by the molybdenum equivalent. They mainly depend on the type of newly added alloying elements, such as Zr, Mo, Sn, Al, Cr, Nb and V. Owing to the modification of various alloying elements, the influences of interdiffusion of alloying elements are completely distinct in influencing the nucleation and precipitation behavior of α phase [29]. Until now, few reports have focused on the nucleation and growth behavior of precipitated α phase in metastable β-type Ti alloys during hot compression. Therefore, more theoretical analyses and experimental research still need to be conducted in an attempt to clarify precipitation behavior and its corresponding mechanism of α phase in metastable β-Ti alloys during hot working.



The precipitation behavior and microstructural evolution of precipitated α phase in a novel biomedical metastable β-type Ti-10Mo-6Zr-4Sn-3Nb (Ti-B12) alloy during hot compression is investigated in this work. Morphological characteristics and crystallographic orientation evolution of α phase in the Ti-B12 alloy during hot compression are discussed in detail. The acquired results of this study can provide valuable theoretical guidance for a better understanding of the microstructural evolution and precipitation mechanism of α phase during hot deformation.




2. Experimental Materials and Methods


2.1. Ti-B12 Alloy Preparation and Processing


A Ti-B12 alloy ingot of 160 mm diameter was fabricated using vacuum arc remelting four times in order to ensure high consistency of chemical composition and avoid the occurrence of elemental segregation. The ingot was homogenized in an electric furnace (KSL-1200X, 3.5 KW, Kejing Materials Technology Co., Ltd., Hefei, China) at 1150 °C for 10 h. The ingot was multidirectionally forged three times in the β-phase region (1080 °C) to break the initial coarse as-cast microstructures and achieve fairly refined grains. The free forging of square rods and hot continuous rolling of round bars were performed in the (α + β)-phase region (700~740 °C). Finally, the final products with a diameter of 10.5 mm were manufactured after straightening and mechanical polishing. Ti-B12 alloy was originally developed by the Northwest Institute for Nonferrous Metal Research (NIN) (Xi’an, China) as a novel metastable β-type Ti alloy for surgical implants [30,31,32]. Compared with the α and (α + β) Ti alloy, Ti-B12 alloy possesses higher yield strength-to-elastic modulus ratio, excellent workability, good biocompatibility and non-toxicity. The molybdenum equivalent was calculated to be about 10.9 using an empirical equation, which is similar to that of βIII alloy (Ti-11.5Mo-6Zr-4.5Sn). It can be seen from Figure 1 that the equiaxed primary α phases (αp) were dispersedly distributed within the β matrix. The β transus temperature for this alloy determined by the metallographic method and DSC (differential scanning calorimetry) curves was close to 750~755 °C.




2.2. Isothermal Compression Testing


Isothermal compression testing was performed on a Gleeble-3800 instrument (DSI company, New York, NY, USA). The compressed samples (diameter: 8 mm, height: 12 mm, surface roughness: 0.8 μm) were machined using electric discharge machining (EDM) (SHANGHAI ESUNTEK, Shanghai, China) and CNC (computer numerical control) machining (BAOJI MACHINE TOOL GROUP Co., Ltd., Baoji, China). The K-type thermocouple sensors were spot-welded in the middle of the specimen in an attempt to accurately control and monitor the deformation temperature and strain rate. Two pieces of FTa-1 (purity of more than 99.95%) foils with a thickness of 0.16 mm were placed between the specimen and compression mold to reduce friction and avoid the appearance of flow instability, such as shearing deformation and cracking. First, the samples were solution-treated in the β single-phase region (790 °C) for 1 h using an electrical-resistance furnace before hot compression. Air cooling was carried out immediately once the holding time was over. The microstructural morphology of Ti-B12 alloy subjected to β-solution treatment is shown in Figure 2. The solution-treated sample is composed of equiaxed β grains. The average grain size was calculated by Image J analysis software to be 68 μm. Meanwhile, there were some flow lines in the β matrix due to previous hot rolling of the bar. The results of XRD (X-ray Diffraction) (Bruker, Karlsruhe, Germany) analysis of the profile revealed that there was no trace of α precipitate in the Ti-B12 alloy subjected to β-solution treatment followed by air cooling. Isothermal compression testing was conducted at a deformation temperature of 550 °C and a strain rate of 0.001 s−1. The heating rate was set to 30 °C/s, and the holding time was determined to be 30 s. When the experiment was completed, the compressed specimens were immediately taken out of the vacuum chamber of the Gleeble-3800 tester (DSI company, New York, NY, USA) and water-quenched to retain the deformed microstructure at room temperature. The time it took to complete the whole process was about 2–3 s. All of e hot-compression experiments were performed under the high-vacuum condition (vacuum degree: 5 × 10−3 Pa). The true strain values were determined to be 0.6, 0.8 and 1.2, respectively, in an attempt to investigate the influence of deformation reduction on microstructural evolution during isothermal compression. The experimental procedure is shown in Figure 3. The serrated part represents isothermal compression deformation rather than temperature fluctuation. In this process, the deformation temperature was constant.



The severe compressive deformation zone in the center of the specimen was selected as the observed region in this work. The metallographic sections were sampled from similar positions in each specimen. The true strain/temperature history at these locations were subject to unknown variability and error between specimens. The alloy sample was etched using Kroll’s solution (15% HF: 15%, HNO3: 70%, H2O, vol.%) to show the morphology of deformed microstructure under various conditions. The surface of the specimen required for EBSD characterization should be smooth without residual stress, in an attempt to achieve high-resolution images. The sample was prepared by electrolytic polishing using a Buehler ElectroMet 4 instrument. The solution for electrolytic polishing was composed of 8% perchloric acid and 92% ethanol, with a voltage of 37 V for 240 s at 28 °C. The prepared specimen was analyzed using an FEI Quanta FEG 250 field emission scanning electron microscope (FESEM) (FEI, Hillsboro, OR, USA) equipped with an Oxford Instruments EBSD detector (Oxford Instruments, Oxford, UK). EBSD measurement was performed at an accelerating voltage of 22 kV, and the data were further processed using HKL Channel 5 software (Oxford Instruments Company, Abingdon, UK). The random distribution of crystallographic orientation and higher image noise could be caused by the effect of severe plastic deformation in the center of the specimen, resulting in an obvious decrease in the resolution rate of EBSD maps. Therefore, grain boundaries and phase interfaces became indistinguishable, and misorientation angles of less than 2° were difficult to be completely marked by Channel 5 software. In general, the misorientation angles located in the range of 2–15° were defined as low-angle grain boundaries (LAGBs). Moreover, we defined misorientation angles >15° as high-angle grain boundaries (HAGBs). The quantitative characterization of the hot-compressed microstructure was conducted with the help of Photoshop CS6 (64 bit) (Adobe Systems, Mountain View, CA, USA) and Image-Pro Plus commercial software (Media Cybernetics, Inc., Rockville, MD, USA). TEM foils with a thickness of 0.6 mm were cut from alloy bars by an EDM machine. Subsequently, they were mechanically thinned to approximately 40 μm in thickness using SiC waterproof papers (200–5000#). The observed area was prepared using ion beam thinning on a Gatan-691 instrument. Finally, morphological observation and microstructural analysis were conducted on an FEI G2 F30 TEM (FEI, Eindhoven, The Netherlands) operating at an accelerating voltage of 200–300 kV.





3. Results and Discussion


3.1. Hot-Deformed Microstructural Characteristics under Various True Strains


The SEM images of the microstructural morphology of Ti-B12 alloy subjected to hot compression at various true strains are presented in Figure 4. It can be clearly seen from the above figures that a small amount of α precipitates is formed within the β matrix. The density of precipitated α phases gradually increases with an increase in the true strain during isothermal compression. According to the statistics, the volume fraction of the alpha phase is increased from approximately 15% to 80%. In addition, the morphology of precipitated α phases near the β grain boundary is a finer lath shape, and the non-uniform distribution of α precipitates can be observed within the β grains. In general, the precipitated α phases are evidenced by either lath-like or needle-like features at the grain boundaries and within the β matrix during conventional heat treatments. Nevertheless, a large amount of small, spherical precipitated α phases are mainly formed in the β grains of Ti-B12 alloy after isothermal compression. Based on the literature [33,34], it can be concluded that the size of α precipitates within grains or on the grain boundaries after isothermal deformation is apparently finer than that of α precipitates under the same heat-treatment condition. The nucleation and growth of α precipitates are primarily regulated by the diffusion and redistribution of alloying elements during solution-plus-aging treatment. The diverse morphological characteristics of precipitated α phase indicate that the secondary phase is simultaneously influenced by the mutual diffusion of alloying elements and dynamic loading during hot deformation, namely a thermal-mechanical asymmetric coupling role. The lamellar α phases are gradually transformed into spherically shaped precipitates near the grain boundaries under compression loading, resulting in increased workability and a refined microstructure [35].



Electron backscattering diffraction (EBSD) is used to quantitatively characterize the microstructural morphology, preferred orientation, grain boundary types and crystal orientation in metallic materials. As shown in Figure 5, EBSD maps are composed of the inverse pole figure (IPF) map and grain boundary distribution mapping (such as LAGBs and HAGBs). The IPF figure of β matrix and α phase is presented in Figure 5a. LAGBs (gray) and HAGBs (black) are distinguished with various colors, as shown in Figure 5b. The β grains are obviously elongated and flattened perpendicularly to the loading direction after hot compression at 550 °C. At the same time, the continuous grain boundaries are split into several discontinuous parts. The boundaries of flattened β grains are relatively straight, and there are a few fine recrystallized grains with necklace shape in the vicinity of grain boundaries. The phenomenon of dynamic recrystallization is caused in some β grains under the isothermal compression condition, promoting grain refinement and improvement of mechanical properties in the Ti-B12 alloy.




3.2. Precipitation Behavior of α Phase


A large proportion of the α precipitates is prone to be formed at HAGBs and LAGBs. There is also a small amount of spherical α precipitates appearing within the elongated grains. The α phases precipitated at the β grain boundaries have peculiar crystallographic variants, owing to their different crystallographic orientation relationship between two phases. The formation of secondary phases and hot-compressed morphological features for Ti-B12 alloy can be analyzed in depth using the TEM technique, as shown in Figure 6. It can be observed from Figure 6a that there are many dislocation line segments and dislocation cell walls in the β grains after hot compression at under certain strain. In the process of hot compression, a large amount of dislocations begins to gradually move and slip within the β grains, resulting in dislocation tangles and the formation of dislocation walls [36]. It is interesting to note that some dislocations eventually evolve into a sawtooth-shape (Figure 6b). In addition, cross-linking between dislocations was induced in the form of dislocation tangles, resulting in an increase in dislocation density in the local region after hot compression.



As shown in Figure 7, hot compression can give rise to the precipitation of grain boundary α phase with a size of about 2.5 μm in length and 600 nm in width. Some needle-like α precipitates are also discontinuously distributed in the β matrix. It can be seen from Figure 7b that the angle between two adjacent precipitated α phases is approximately 15°. Moreover, some α precipitates that are nearly parallel to each other form on both sides of the β grain boundaries (Figure 7a). The morphology of precipitated α phases at grain boundaries during hot compression is similar to that of α precipitates during conventional solution-plus-aging treatment. Nevertheless, the density of dislocations introduced into αGB phases increases with increased true strain under the combined effects of thermal-mechanical asymmetric coupling, resulting in the formation of dislocation walls and spheroidization of grain boundary α phase.



In general, dislocation is a type of line defect that is often considered the nucleation site of the secondary phase at the grain boundary during deformation. The variant selection of αGB phase and subsequent texture evolution during phase transition are sensitively affected by dislocation. The density of dislocation in the severe deformation region significantly increases with an increase in true strain, leading to local stress concentration in certain areas. In response, more preferred slip systems are activated in order to effectively alleviate the degree of stress concentration during deformation. The discontinuous αGB dislocation tangles and dislocation glide/climb are promoted by the synergistic interactions between deformation bands and grain boundaries.



Furthermore, it can be seen from Figure 5a that the crystallographic orientations of precipitated α phase in the parent β phase are basically the same. A small number of refined spherical α precipitates are formed within the β grains after hot compression. The size of intragranular α phase is approximately 0.6 μm, as shown in Figure 7c. It is also observed that the morphological characteristics and crystallographic orientations of hot-compressed alloy are completely different from those of the Ti-B12 alloy subjected to traditional solution-plus-aging treatment. The precipitated α phase has an HCP crystallographic structure and the number of predominant slip systems is also limited, resulting in an increase in the difficulty of plastic deformation [37]. Therefore, it is difficult to completely release the distortions and residual stresses induced by isothermal compression merely depending on the dislocation intercross, pileup and recombination of dislocations. As shown in the bright-field TEM image (Figure 7d), it is difficult to distinguish the α/β interface in the Ti-B12 alloy after hot compression. One main reason is due to relatively higher local stress concentration near the interphase interface, resulting in the appearance of stress gradient distribution from the grain boundary to the grain interior. It can be inferred that most continuous lattice fringes for the interfaces of α precipitate are partly broken by discontinuous lattices due to the movement of dislocation. Finally, the slipping of partial dislocations results in a blurring effect on the phase interface.




3.3. Precipitation Behavior of α Phase and its Formation Mechanism


According to the analysis of the above results, the rapid nucleation and growth of α precipitates can occur both within β grains and near β grain boundaries during isothermal compression. The grain boundary is composed of a layer of precipitated α phase. There are also some lath-like α phases, which are parallel to each other around the grain boundary, and the epitaxial growth direction gradually grows towards the β grain interior. In general, the lath-shaped Widmanstatten α phase (αW) generated during solution-plus-aging treatment is mainly due to the mutual diffusion of alloying elements and the destabilizing effect of nucleation at the α/β interface [38].



Figure 8 shows a schematic diagram of the precipitation mechanism for α phase in the Ti-B12 alloy during isothermal compression. The precipitated α phases formed during hot-compression deformation are simultaneously controlled by crystal defects and local stress concentration. In general, hot compression can drastically increase the volume fraction of LAGBs. LAGBs can be considered preferred nucleation sites that effectively promote the precipitation of α phase with a similar crystallographic orientation relationship [39]. In addition, large amounts of crystal defects, such as dislocation lines and dislocation cells, are prone to be introduced into the grain interior under the condition of applied stress [40]. These defects can contribute to assisted nucleation of secondary α phase, possibly resulting in the refinement of spherical α precipitates. A large number of dislocation tangles near the α/β phase interface or inside of the precipitated α phase also leads to an effect of local stress concentration during isothermal deformation. Subsequently, more shear bands are induced in the α phase with an increase in true strain, resulting in dislocation multiplication, as well as formation and migration of dislocation walls in the α phase. The generation of abundant dislocations results in spheroidization and refinement of α precipitates to some extent. Finally, equiaxed α phases with different shapes and sizes are formed, and the microstructural transformation from lamellar to spherical shape is completed.




3.4. Crystallographic Orientation Relationship between Precipitated α Phase and Parent β Phase


The crystallographic orientation of α phases (HCP) precipitated at the grain boundaries of the parent β phase (BCC) without plastic deformation has been studied in numerous research works. T. Furuhara et al. reported that a Burgers orientation relationship exists between precipitated α phase and at least one of the neighboring β grains in some β-type Ti alloys [41].



In an attempt to determine the crystallographic orientation relationship between precipitated α phase and parent β phase during hot compression, the pole figures (PFs) of a given local zone obtained from EBSD imaging are illustrated in Figure 9. It can be clearly noted that there is no particular Burgers orientation relationship between precipitated α phase and parent β phase in the strict sense. The primary reason is that the original orientation relationship between α precipitate and β changed to some extent after hot compression. Nevertheless, the PFs of αGB precipitates indicate that a near-Burgers orientation relationship (BOR) is still present between αGB precipitates and the β matrix. The BOR of spherically shaped precipitated α phase was destroyed, owing to the effect of spheroidization of the lamellar structure. Therefore, the trend of globularization gradually becomes more obvious with increased true strain during hot compression, and finally, some finer globular α precipitates are formed within the β matrix. In general, the globularization of lath-like α phase can be divided into four representative stages: (1) shear loading of the lath-like structure; (2) formation of dislocation structures; (3) thickening of dislocation walls; and (4) dislocation interface separation and disconnection-assisted migration [42,43]. Thus, it is beneficial to further clarify the microstructural evolution mechanisms and distribution characteristics of α phase in the Ti-B12 alloy during hot compression.



The interface and crystallographic orientation relationship between α precipitates and the β matrix were further characterized using the HRTEM technique. The α/β crystallographic orientation relationship is as follows: [1]α//[110]β and (10-10)α//(−110)β, as presented in Figure 10. There exists a remarkable variant selection effect on the precipitated α phase formed at the grain boundaries on the basis of diverse types of grain boundaries and applied loading. The α precipitates are prone to be generated at LAGBs based on the crystallographic orientation relationship between the precipitated α phase and the parent β phase. The reason is that the initial continuous grain boundaries were broken by compressive stress during isothermal deformation.





4. Conclusions


The precipitation behavior of precipitated α phase in Ti-B12 alloy was systematically investigated using SEM, TEM (HRTEM) and EBSD. The principal conclusions are as follows:




	
The volume fraction of α phases precipitated within the parent β phase gradually increases with an increase in true strain. A large proportion of α phases is prone to be precipitated at HAGBs and LAGBs during isothermal deformation. On the contrary, only a small amount of spherical α phases is precipitated within the β grain.



	
The size of the precipitated α phase during isothermal compression is much finer than that of α precipitate during the same solution-plus-aging treatment. Some finer lath-shaped α phases are generated after hot-compressed deformation. Meanwhile, some precipitated α phases are non-uniformly distributed within the β grain.



	
The crystallographic orientation relationships for most of spherical α precipitates formed at LAGBs and within the β grains are similar. On the contrary, the crystallographic orientation relationships for α precipitates at grain boundaries are significantly different.
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Figure 1. Hot-rolled microstructure (1000×) of Ti-B12 alloy. 
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Figure 2. The β-solution-treated microstructure (a) and XRD pattern (b) of Ti-B12 alloy before isothermal deformation test. 
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Figure 3. A schematic diagram of the isothermal deformation test. 
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Figure 4. The hot-compressed microstructure of Ti-B12 alloy at different true strains: (a) 0.6, (b) 0.8 and (c) 1.2. 
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Figure 5. EBSD images of hot-compressed microstructures of Ti-B12 alloy at a true strain of 0.8: (a) IPF figure; (b) grain boundary distribution mapping. 
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Figure 6. TEM images of dislocations in the air-cooled specimen of Ti-B12 alloy after isothermal compression: (a) dislocation tangles; (b) dislocation slip and dislocation cell. 
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Figure 7. Bright-field (BF) TEM images of α precipitates formed in an air-cooled Ti-B12 alloy after hot compression at a true strain of 0.8: (a,b) grain boundary α phases; (c,d) α precipitates inside of β grains. 






Figure 7. Bright-field (BF) TEM images of α precipitates formed in an air-cooled Ti-B12 alloy after hot compression at a true strain of 0.8: (a,b) grain boundary α phases; (c,d) α precipitates inside of β grains.



[image: Metals 12 00770 g007]







[image: Metals 12 00770 g008 550] 





Figure 8. Schematic diagram of precipitation behavior for α phase during isothermal compression. 
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Figure 9. Pole figures (PFs) of a given local zone obtained from EBSD imaging at a true strain of 0.8 in the Ti-B12 alloy. 
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Figure 10. HRTEM image of hot-compressed microstructure at a true strain of 1.2 in the Ti-B12 alloy. 
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