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Abstract

:

In this study, TA15 titanium alloys were successfully prepared using selective laser melting (SLM). The results show that the microstructure of each TA15 specimen is composed of a large number of acicular α’ martensite crystals accompanied by a lot of dislocations and twin structures in the martensite due to non-equilibrium heating and cooling via SLM. After solution treatment and aging treatment, the martensite structure is successfully transformed into a typical duplex structure and an equiaxial structure. When there is an increase in the solution temperature, the size of the equiaxed primary α phase and the elongation of the specimen gradually increases, while the thickness of the layered secondary α phase and the tensile strength of the specimen decreases accordingly. After solution treatment at 1000 °C, the specimens show the best comprehensive mechanical properties, i.e., a high-temperature tensile strength of 715 MPa and a corresponding elongation of 24.5%. Subsequently, an appropriate solution–aging treatment is proposed to improve the high-temperature mechanical properties of SLMed TA15 titanium alloys in aerospace.
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1. Introduction


TA15 (Ti-6Al-2Zr-1Mo-1V) is a near-α-type titanium alloy which has both the good thermal strength and weldability of α-type titanium alloy and the process plasticity of α-β-type titanium alloy. It has been widely used in aerospace, bearing parts, and engine structures because of its high-temperature performance, fracture toughness, and corrosion resistance [1,2,3]. However, owing to the high activity, deformation resistance, and low thermal conductivity of titanium alloys, the traditional melt casting and welding methods have some shortcomings, such as high equipment requirements, complex processes, low material utilization rates, and long production cycles, etc., making it difficult to prepare TA15 titanium alloy structural parts with complex shapes and structures [4,5,6,7]. Therefore, it is necessary to explore a new process to prepare titanium alloy parts with complex structures [8].



As a new type of metal additive manufacturing technology (AM), SLM uses a high-energy laser beam to scan pre-laid metal powder according to the predetermined scanning path, and the powder is then completely melted, cooled, and solidified, which can effectively reduce the cost, shorten the cycle, and improve the utilization rate of materials. SLM technology can manufacture metal parts with complex shapes and structures [9,10]. In recent years, SLM has proved to be a promising manufacturing method for TA15 titanium alloys. Xu et al. [11] successfully prepared Ti-6Al-2Zr-1Mo-1V (TA15) titanium alloys with ultra-fine crystals and many nanoscale twins using SLM, and the tensile properties of the SLM specimens at room temperature and a high temperature (500 °C) were significantly higher than those produced using conventional technology. Cai [12] prepared high-density and high-strength TA15 titanium alloys by optimizing the process parameters of SLM (laser power, scanning speed, and scanning distance), and their performance was significantly higher than that of as-cast TA15 titanium alloys. Jiang [13] prepared nearly full-density TA15 titanium alloys using SLM, and the tensile strength at room temperature reached 1296 MPa, 35% higher than that of as-cast materials. These studies have demonstrated the feasibility of the SLM-based preparation of TA15 titanium alloys. Due to the technical characteristics of SLM, i.e., the non-equilibrium heating and cooling of thermal cycles at different peak temperatures, many α´ needle martensite crystals are found in the TA15 titanium alloy parts prepared via SLM. The martensite is unstable and prone to decomposition at a high temperature, which restricts its further application in aerospace.



The preparation process determines the microstructure of titanium alloys. Heat treatment can effectively improve the microstructure of titanium alloys and regulate their mechanical properties. Li et al. [14] annealed the forged TA15 titanium alloy at 810 °C to 995 °C and found that the content of the primary α phase decreased while the content of the secondary α phase increased, resulting in a decrease in the plasticity of the specimen but an increase in the strength. Sun et al. [15] performed a two-phase field heat treatment on a conventionally forged TA15 titanium alloy. Obtained via the equiaxed α phase, the lamellar α phase and transformed β matrix composed of a tri-modal microstructure have excellent comprehensive mechanical properties. Wu et al. [16] performed single-phase field heat treatment and single-phase + two-phase field heat treatments on forged TA15, and a lamellar microstructure, basket weave microstructure, two-phase composite microstructure, and tri-modal microstructure were obtained in forging (α + β phase zone) combined with high-temperature aging and dual heat treatment. The results show that the two-phase composite microstructure and tri-modal microstructure exhibit better mechanical properties. The above studies show that an equiaxed primary α phase and layered secondary α phase can be obtained after proper heat treatment for TA15 titanium alloys forged by traditional methods, which show excellent comprehensive properties. In addition, the microstructure of the equiaxial α phase and layered α phase can also be obtained by using the heat treatment methods of solution and aging [17,18]. However, there are few reports about the solution and aging treatment of TA15 titanium alloy prepared via SLM. The purpose of our research is to improve the comprehensive mechanical properties of TA15 titanium alloy prepared via SLM at a high temperature by using a solution and aging treatment.



In this study, we analyzed the microstructure of TA15 prepared with SLM and the reason for martensitic grading. Then, we explored the effects of the solution and aging treatment on the microstructure evolution and mechanical properties of TA15. The fracture mechanism was also discussed.




2. Materials and Experimental Procedures


2.1. Materials


SLM has strict requirements for powder. The spherical degree, smooth degree, and size of the powder will affect the overall quality of the final specimens. This study used aerosol TA15 powder provided by AVic Metal Powder Technology Co., Ltd., Beijing, China. The chemical composition of TA15 titanium alloy powder is shown in Table 1. The main chemical elements of TA15 alloy powder are Ti, Al, Zr, Mo, and V. The morphology and particle size distribution of TA15 powder are shown in Figure 1. The spherical diameter is 15–53 μm and 7.76 μm for D10, 16.12 μm for D50, and 27.93 μm for D90.




2.2. Sample Fabrications and Heat Treatment Scheme


The selective laser melting (SLM) experiments were conducted by utilizing a BLT-S200 3D printing machine (manufactured by Albot Technology Co., Ltd., Shenzhen, China) with an oxygen concentration maintained at a level below 100 parts per million (ppm). The laser power was set at 180 W, with a scanning rate of 900 mm/s and a scanning interval of 0.06 mm. The TA15 alloy prepared via SLM was heat-treated in a tubular furnace (OTF-1200X, Koji Crystal Material Technology Co., Ltd., Hefei, China), and the heat treatment scheme is shown in Table 2. The heat treatment process involves (i) heating to the preset temperature at a heating rate of 10 °C/min, which is kept for 2 h for water quenching (WQ) to take place; (ii) the temperature is then kept at 600 °C for 4 h, followed by cooling in air (AC).




2.3. Characterization Method


In this study, an X-ray diffractometer (XRD, Rigaku) was used for phase analysis, a scanning electron microscope (SEM, JSM-IT500HR/LA) for microstructure analysis, and an electron backscatter diffractometer (EBSD, SEM5000) and a transmission electron microscope (TEM, Talos F200s) for analyzing the crystal orientation and crystal structure. The specimens used for microstructure observation were polished using standard metallographic techniques. First, the specimens were polished with 400, 800, 1200, 1600, and 2000 metallographic water-abrasive paper. Then the specimens were polished with a woolen polishing cloth, using diamond spray polishing liquid with a particle size of 1 μm. Finally, a diamond polishing solution with a particle size of 0.5 μm was used for secondary polishing with a velvet polishing cloth. The specimens for EBSD crystal orientation analysis were polished via electrolyzation, and the specimens for TEM crystal structure analysis were thinned using an ion beam.



Tensile experiments were conducted on an electronic universal mechanical machine (American Instron3369) at 600 °C. The geometry of the tensile test is shown in Figure 1e; the fracture was observed via SEM.





3. Results and Discussion


3.1. Influence of Heat Treatment Parameters on Microstructure of TA15 Titanium Alloy


Figure 2 shows the microstructure and XRD pattern of TA15 specimens directly formed via SLM. It can be seen that the microstructure is composed of a large number of differently sized acicular α′ martensite crystals, among which the larger ones are primarily martensite, while the smaller ones are secondary or tertiary martensite. The multiple martensite structure is caused by the local input of high laser energy and the resulting high cooling rate. The α and α + β titanium alloys prepared via SLM usually exhibit a metastable α′ martensite microstructure [19]. In the process of laser melting, when the current powder is melted by using a laser, its heat will also remelt the previous layer of alloy that has already formed a layer, and the structure of the second thermal cycle is then formed. Because of the remelting action, the martensite that has formed a layer will be transformed into a finer second, third, and multistage martensite microstructure [20]. Although the microstructure of multistage martensite contributes to the tensile strength and elongation of the specimen, martensite may undergo phase transition aging under a high-temperature environment, and the failure of the phase transition will lead to a decrease in the mechanical properties, such as the tensile strength of the material.



Figure 3 shows the microstructure of TA15 titanium alloy specimens formed via SLM after different solution temperatures and aging treatments. With the increase in the solution temperature, the microstructure of the specimens changed from a typical duplex microstructure (Figure 3a) to an equiaxial microstructure (Figure 3c,f) and then to a Widmanstatten microstructure (Figure 3g), which was decomposed into an equiaxial microstructure after the aging treatment. At the solution temperature of 950 °C, most of the acicular martensite disappeared in the specimen, as shown in Figure 3a. The typical duplex structure with less primary α phase content was formed, in which the white structure was a lamellar mixed structure with alternating secondary α and β phases, and the intermixed black phase was a short rod-like primary α phase, which showed no obvious change after aging treatment. When the solution temperature increased to 1000 °C, the temperature exceeded the β-phase transition temperature. At this temperature, the β-phase microstructure was completely uniform, and the typical equiaxed microstructure was formed (Figure 3c) during water cooling. The primary α phase became larger and equiaxed, and the lamellar secondary α phase precipitated between the primary α phases. After aging treatment, the secondary α phase was further precipitated, and the microstructure became more uniform, as shown in Figure 3d. The average size of the primary α phase was 12.34 μm, and the average thickness of the secondary α phase was 3.9 μm. As the solution temperature further increased to 1050 °C, the size of the primary α phase in Figure 3e increased, and the primary α phase also presented an equiaxial shape.



Additionally, the microstructure became more uniform after aging treatment. The average size of the primary α phase was 25.02 μm, and the average thickness of the secondary α phase was 3.18 μm. At a solution temperature of 1100 °C, the microstructure was completely composed of a β-transition microstructure due to the high temperature, and the secondary α phase was mainly a lamellar and typical Widmanstatten microstructure. After aging treatment, the Widmanstatten microstructure decomposed into a larger primary α phase and an elongated secondary α phase. In this case, the average size of the α phase increased to 39.52 μm, and the average thickness of the secondary α phase decreased to 1.35 μm. It can be seen from the microstructure that the primary α phase appears equiaxed, the size of the primary α phase increases with the increase in the solution temperature, and the thickness of the lamellar secondary α phase decreases. The microstructure changes, and the strength and plasticity of the specimen, may also change accordingly.



To further discuss the effect of the solution and aging treatment on the specimen's microstructure, the crystal orientation and crystal structure of SLM as-built TA15 and HT2-TA15 were analyzed. The grain orientation, the distribution of orientation misorientation angles, and the pole diagram are shown in Figure 4. The microstructure of TA15 changed significantly before and after the solution and aging treatment, from acicular α´ martensite (Figure 4a) to equiaxed α phases (Figure 4d), and the secondary α phase precipitated between equiaxed α phases. In addition, it could be seen from the pole diagram (Figure 4c,f) that the texture of TA15 titanium alloys changed significantly before and after the solution and aging treatment, and the texture index increased from 24.81 to 169.73 after the solution and aging treatment. Compared with the SLM as-built TA15, more grains grew in the same crystal direction (01–10) after the solution and aging treatment; the texture degree was higher [21]. In addition, according to the statistics of the misorientation angle in Figure 4b,e, compared with the untreated specimen, the small-angle grain boundary (<10°) of the specimen decreased after the solution and aging treatment, while the large-angle grain boundary (>10°) increased. The large-angle grain boundary mainly makes crack propagation difficult, which is conducive to improving the toughness of the alloy [22].



Figure 5 shows the TEM images of the SLM as-built TA15 and TA15-HT2 alloys. The typical morphology of SLM as-built TA15 is shown in Figure 5a. Figure 5h,i proves that the equiaxed α phase and secondary α phase are Hexagonal Close Packed structures. As a result of heat treatment at higher temperatures, α′ martensite was fully decomposed due to the induction of the non-diffused transformation of α′ martensite, so the α′ martensite hierarchy retained a large number of crystal defects [23]. Figure 5d–f shows that martensite contained many dislocations and coherent twin interfaces. During the solution treatment process, primary, secondary, and tertiary α′ martensite conversions occurred simultaneously, and α′ martensite gradually returned to the α phase. Due to the diffusion of the elements, during the decomposition of martensite, Al elements were concentrated in the HCP phase, while V elements were expelled [24,25,26], which resulted in α complement nuclei along the original α′ boundary and the formation of β phases at the newly formed α boundary. The heterogeneous nucleation of the β phase occurred mainly at the grain boundaries of martensitic grains. With the gradual precipitation of the secondary α phase in the β phase, the composition of the primary α phase approached a more balanced state. Therefore, during the whole process of heat treatment, the martensite was decomposed into the primary α phase and the secondary α phase [27]. Different temperatures result in different contents and sizes of the primary α phase and secondary α phase, which results in a difference in the performance of the specimen.




3.2. Influence of Heat Treatment Parameters on Mechanical Properties of TA15 Titanium Alloy


A high-temperature tensile test was conducted on SLM as-built TA15 and its heat-treated specimen at 600 °C, and the results of its tensile strength and elongation are shown in Figure 6. With the increase in the heat treatment temperature, the tensile strength of the specimen first increased and then decreased. This is because the size of the equiaxed primary α phase gradually increases with the increase in temperature. In a certain range, more and larger equiaxed α phases are beneficial to the ductility of the specimen. Equiaxed α phases, which are too large, may lead to the formation of holes in the grain or the uneven deformation of the grain, thus reducing the plasticity of the material. It could be seen that when the solution temperature was 1000 °C, the tensile strength at 600 °C was 715 MPa, which was higher than that of other titanium alloys, e.g., 500–625 MPa for TA15 alloy prepared by using Hot Isostatic Pressing at 500–700 °C [28] and about 550 MPa for TiB/TA15 [29].



It could also be seen that the elongation gradually increased and then decreased with the increase in temperature. This is because the width of the layered secondary α phase decreases gradually, and more and thicker-layered secondary α phases in a certain range are conducive to the high-temperature strength of the specimen. Layered α phases can increase the deformation resistance of the material by resisting the movement of dislocation to improve the strength. As the temperature rose to 1050 °C, the elongation peaked at 25.5%, which was higher than that of other titanium alloys, e.g., 10.1–21.9% for TA15 prepared using annealed Laser Powder Bed Fusion [30]. On the one hand, the equiaxed α phases enhance the plasticity of the specimen; on the other hand, the laminar α phase enhances the strength of the specimen, which endows the specimen with a stable microstructure and good comprehensive mechanical properties [31].



To further understand the differences in the tensile behavior of SLM as-built TA15, the tensile fracture behavior was analyzed, and the fracture morphology was observed. Figure 7a shows the fracture morphology of the original specimen. There were small and dense dimples on the fracture surface, showing a ductile fracture mode, which coincided with the good comprehensive mechanical properties of the original specimen. Figure 7b–d shows the fracture morphologies of HT1, HT2, and HT3, respectively, all of which showed obvious dimple characteristics. With the increase in the heat treatment temperature, the dimples grew increasingly larger, corresponding to the gradually increasing elongation in Figure 6b because the larger the dimple size, the higher the elongation. Figure 7e shows the fracture morphology of HT4. Compared with the previous specimens, the fracture presented a very shallow dimple without any obvious cleavage plane trace. Despite the presence of ductile fracture dimples, the appearance of the cleavage plane reduced its plasticity, so HT4 exhibited a mixed fracture morphology and poor ductility. These results are consistent with the significant deterioration of the tensile properties.



According to the above results and analysis, it can be inferred that appropriate solution and aging heat treatment can improve the microstructure of SLM as-built TA15 and enhance its comprehensive mechanical properties at a high temperature. The microstructure evolution of SLM as-built TA15 is shown in Figure 8, in which the decomposition of martensite, the growth of equiaxial primary α phases, and the precipitation and growth of secondary α phases are the main factors affecting the comprehensive mechanical properties of the alloy. The first rapidly cooled laser melting process led to a martensite α’ phase formation. In this process, the formed α’ phase contained a high density of lattice defects, such as dislocations and twin crystals. When solid solution heat treatment was performed, residual dislocation was activated, and the Gibbs free energy of the lattice system was reduced through motion, which resulted in the aggregation of dislocation cells and dislocation walls [32]. As the dislocations moved and aggregated, sub-grain boundaries were formed within the α’ phase. Sub-grain boundaries are the interfacial regions of lattice misalignments in different directions in the crystal. Due to dislocation aggregation and the formation of sub-grain boundaries, subsaturated beta stabilizers repelled from the α’ phase. They accumulated at the newly formed sub-grain boundaries, which resulted in the formation of beta phases at such locations. These small α grains were expanded by equiaxed growth. These dislocations also provided pathways for atom migration from the supersaturated solid solution to the secondary α phase core, which gradually grew and aggregated with surrounding atoms to form secondary α grains through atom diffusion. Therefore, the microstructure of the specimens after heat treatment changed from a martensite structure to a typical equiaxed structure, in which equiaxed α phases showed better ductility than other grain structures and the secondary α phase contributed to the good strength of the specimens through microstructure enhancement and hindered grain boundary slip [33,34].





4. Conclusions


The mechanical properties of TA15 titanium alloys prepared via SLM were further improved by solution and aging treatment. The main conclusions we have drawn are as follows:




	
There are a lot of acicular α’ martensite crystals in the TA15 titanium alloy prepared via SLM, as well as many dislocations and twins in the martensite, which result in good mechanical properties. After solution and aging treatment, martensite is decomposed into equiaxed primary α phases and layered secondary α phases with good mechanical properties.



	
In a certain range, with the increase in the solution temperature, the size of the equiaxed primary α phases gradually increases, and the plasticity of the specimen gradually increases, but the thickness of the layered secondary α phase gradually decreases, accompanied by the gradual reduction in specimen strength. After solution at 1000 °C and aging, the specimens show the best comprehensive mechanical properties, i.e., a high-temperature tensile strength of 715 MPa and corresponding elongation of 24.5%.



	
Firstly, martensite is decomposed into primary and secondary α phases, and the mechanical properties of TA15 titanium alloys are improved through the formation of a phase transition interface and lattice distortion. Secondly, the equiaxed primary α phase and layered secondary α phase improve the mechanical properties and stability of TA15 titanium alloys by hindering the slip and movement of grain boundary dislocations.
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Figure 1. (a) Morphology of TA15 titanium alloy power; (b) size distribution of TA15 titanium alloy powder; (c) SLM machine; (d) sample geometry; (e) sample geometry for mechanical testing procedures. 
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Figure 2. (a) Microstructure of SLM as-built TA15; (b) XRD patterns of SLM as-built TA15. 
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Figure 3. Microstructure after different heat treatments of SEM: (a) 950 °C/2 h/WQ; (b) 950 °C/2 h/WQ and 600 °C/4 h/AC; (c) 1000 °C/2 h/WQ; (d) 1000 °C/2 h/WQ and 600 °C/4 h/AC; (e) 1050 °C/2 h/WQ; (f) 1050 °C/2 h/WQ and 600 °C/4 h/AC; (g) 1100 °C/2 h/WQ; (h) 1100 °C/2 h/WQ and 600 °C/4 h/AC. 
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Figure 4. EBSD-derived images of the tested alloys: (a,d) IPF map of the SLM as-built TA15 and HT2-TA15, respectively; (b,e) the misorientation angle distribution of the SLM as-built TA15 and HT2-TA15, respectively; (c,f) the pole diagram of the SLM as-built TA15 and HT2-TA15, respectively. 
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Figure 5. TEM results of SLM as-built TA15: (a) bright-field image; (b) HRTEM image of martensite; (c) SAD patterns of martensite (Z.A. = Zone Axis); (d) magnified image of (a); (e) HRTEM image of nano-size twin; (f) SAD patterns of twin. TEM results of HT2-TA15: (g) bright-field image; (h) HRTEM image of primary α and fast Fourier transformation; (i) SAD patterns of secondary α. 
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Figure 6. (a) Strain stress curve of tensile engineering at 600 °C; (b) variation trend of tensile strength and elongation. 
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Figure 7. Microscopic fracture morphology of tensile samples: (a) SLM as-built TA15; (b) HT1; (c) HT2; (d) HT3; (e) HT4. 
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Figure 8. Schematics of microstructures in different tenses: (a) SLM as-built TA15; (b) in solution; (c) after solution and aging. 
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Table 1. Chemical composition of TA15 powder.






Table 1. Chemical composition of TA15 powder.





	Element
	Ti
	Al
	V
	Zr
	Mo
	Si
	Fe





	wt.%
	Balance
	5.50–7.10
	0.80–2.50
	1.50–2.50
	0.50–2.00
	≤0.15
	≤0.25










 





Table 2. Heat treatment scheme.
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	No.
	Solution Conditions
	Aging Conditions





	HT1
	950 °C/2 h/WQ
	600 °C/4 h/AC



	HT2
	1000 °C/2 h/WQ
	600 °C/4 h/AC



	HT3
	1050 °C/2 h/WQ
	600 °C/4 h/AC



	HT4
	1100 °C/2 h/WQ
	600 °C/4 h/AC
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