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Abstract

:

TC11 titanium alloy is widely used in aerospace. To investigate the production of TC11 titanium alloy parts of high quality and performance, this paper adopts the Laser powder bed fusion (L-PBF) technique to prepare TC11 alloy specimens. We analyze in detail the effects of scanning strategy and forming angle on the forming quality and performance of TC11 alloy through a combination of theory and experiment. The results show that the upper surface quality of the strip-scanned molded parts is the highest, and the upper surface quality is better than that of the side surface under different scanning strategies. The fusion channel lap and surface adhesion powder were the main factors affecting the surface roughness. With increases in the forming angle, the surface roughness of the overhanging surface gradually decreases and the hardness gradually increases. The surface quality and hardness of the specimen are optimal when the forming angle is 90°. The research results provide the theoretical basis and technical support for L-PBF forming of TC11 titanium alloy parts.
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1. Introduction


Laser powder bed fusion (L-PBF) is a sophisticated additive manufacturing technique that utilizes a digital model file of a three-dimensional slice of a part as the foundation for sequentially melting fine metal powder particles, layer by layer, with a high-energy laser beam. This process results in the solidification of the melted powder, thereby producing a formed part [1,2,3]. L-PBF technology is extensively employed in the aerospace, defense, and biomedical sectors, owing to its rapid forming speed, absence of tooling requirements, net forming capability, high precision, high density, and the ability to fabricate intricate components [4].



Titanium alloys are widely favored due to their exceptional properties, such as high specific strength, superior corrosion and high-temperature resistance, and excellent fatigue resistance [5,6]. However, the traditional machining process for these alloys poses several challenges, including high cutting temperatures, strong chemical activity, and severe tool sticking, making it particularly difficult to manufacture complex parts by cutting. As aerospace equipment requirements increasingly demand intricate, high-performance designs, traditional manufacturing methods such as casting, forging, welding, and machining have become inadequate [7,8]. At present, the complex and high-precision titanium alloy parts formed by L-PBF can not only solve the problem that titanium alloy is difficult to process, but also ensure that the formed parts have good comprehensive properties and fully utilize the excellent properties of titanium alloy. This processing method has become a new direction for future development and has broad application prospects [9,10].



The quality and performance of the printed parts in laser powder bed fusion are directly affected by the process parameters [11], making the selection of these parameters of utmost importance. Currently, many researchers are investigating the impact of L-PBF process parameters on forming quality. Xinyue C et al. [12] studied the effects of L-PBF layer thickness, preheating temperature and scanning strategy on Ti-6Al-4V alloy. The results show that by manipulating the thermal gradient and heat accumulation in the L-PBF process, the residual stress changes from a non-uniform distribution with a local value of up to 600 MPa to a relatively flat distribution below 100 MPa, which provides an effective method for reducing in situ stress. Jcca B et al. [13] controlled the phase structure and phase transition temperature of NiTi alloy by changing the process parameters of L-PBF, which provided a theoretical and experimental basis for improving the comprehensive performance of NiTi alloy. Zhongpeng Z et al. [14] studied the influence of selective laser melting scanning strategy on the anisotropy of Ti6Al4 V material surface morphology, microstructure, microhardness, quasi-static and dynamic mechanical properties, concluding that the scanning strategy can affect the comprehensive performance of the parts. Sadali et al. [15] studied the effect of SLM scanning speed on the forming quality of TC4 parts and found that a scanning speed of 775 mm/s produced good surface morphology and microstructure. Using the controlled variable method, Yang, Lijun et al. [16] investigated the effect of laser power on TC4 parts and found that high laser power resulted in overburning or spheroidization, while low laser power led to decreased densities due to incomplete melting. Wo’zniak et al. [17] observed the surface morphology of SLM-prepared samples and found that laser power and scanning speed significantly affected the obtained material’s high corrosion resistance, full density, and lack of defects. Greco et al. [18] investigated the effect of SLM parameters on forming quality and found that increasing laser power for a constant input line energy density led to a decrease in surface roughness perpendicular to the stacking direction and an increase in relative density. However, current research on L-PBF process parameters primarily focuses on laser power, scanning speed, and scanning pitch, with limited studies on scanning strategies and forming angles.



Different scanning strategies and forming angles have a significant impact on the surface quality, dimensional accuracy, and forming time of parts [19]. The α + β dual phase titanium alloy combines the excellent properties of α and β titanium alloys, which are high strength and good thermal stability. As a result, α + β titanium dual phase titanium alloy constitutes more than 50% of the overall use of titanium alloys, mainly represented by TC4, TC11 and so on [20]. Since the concept of TC4 titanium alloy as was first proposed as a material in additive manufacturing, there have been relatively many studies on the additive manufacturing of TC4 [21]. TC11 titanium alloy has wide application prospects as the main raw material for manufacturing engines, turbine blades, missiles and other products in the aerospace field. However, there are few studies on L-PBF forming of TC11 titanium alloy. Therefore, this research aimed to prepare samples of TC11 titanium alloy using the L-PBF process under various scanning strategies and forming angles. The micro-morphology of the samples was observed, and changes in microhardness and surface roughness were analyzed to provide a theoretical foundation and technical guidance for producing high-quality and high-performance TC11 titanium alloy parts.




2. Experimental Materials and Methods


2.1. Experimental Materials


TC11 titanium alloy powder was prepared by the aerosol method. EDS was used for component detection, and its chemical composition is shown in Table 1; the main component was titanium. The microstructure of TC11 titanium alloy powder photographed by SEM is shown in Figure 1a. The powder generally presents an approximate regular spherical shape with a smooth surface, an absence of other impurities, and good wettability. The Winner2000 laser particle size analyzer was used to measure the particle size of TC11 powder. The particle size distribution is shown in Figure 1b. The particle size of the powder was mostly distributed in the range of 15~53 μm with a Gaussian distribution, which met the printing requirements of the equipment.




2.2. Experimental Equipment


The experiment utilized the HBD-150 3D printing equipment manufactured by Hanbang Lianhang Technology Co., LTD. (Shanghai, China). This equipment has a maximum forming size of φ159 × 100 mm, a maximum laser power of 500 W, a maximum scanning speed of 10,000 mm/s, a printing layer thickness of 10–40 μm, and a laser diameter of 60 μm. Surface roughness was measured using the LSM900 confocal microscope (Carl Zeiss AG, Oberkochen, Germany), which provides accurate three-dimensional imaging and analysis of various materials such as nanomaterials, metals, and polymers. The maximum laser wavelength of LSM900 is up to 640 nm, and it can achieve scanning magnification ranging from 0.5 to 40 times. Microhardness measurements were conducted using the VH-1102 microhardness tester (Wilson, New York, NY, USA), which has a pressure range of 100~2000 g, a holding time of 5~99 s, and a test depth of 0~130 mm.




2.3. Experimental Method


The 8 × 8 × 8 mm block specimen model was created using SolidWorks software (version2016, Dassault Systemes, Paris, France). To investigate the effects of scanning strategy, a scanning strategy as shown in Figure 2 was designed. All three scanning strategies utilized a layer-by-layer rotation of 67° for the interlayer scan lines. For the intra-layer scan, the strip strategy divided the 2D cross-section into three regions, which were scanned in an adjacent region order using a simple back-and-forth alternating scan within each region, with the vectors of adjacent regions parallel to each other. The linear scanning strategy employed a straightforward “back and forth” scanning mode throughout the entire plane. Lastly, the chessboard scanning strategy divided each constructed slice into four small regions resembling a chessboard pattern and selectively melted each region in random order using a simple alternating scanning vector, with paths in adjacent regions perpendicular to each other [22]. Furthermore, the plane perpendicular to the forming direction is referred to as the forming surface, whereas the plane parallel to the forming direction is known as the side surface.



The forming angle, which is also known as the sloping angle, refers to the angle between the side of the formed specimen and the substrate, whose side is also known as the overhanging surface. The plane perpendicular to the forming direction is called the front surface. If the sloping angle is too small, the overhanging surface tilts to a greater extent, and the specimen is prone to deformation such as warpage deformation, cracking and other phenomena [23]. Therefore, in the actual forming process, support is usually added to the part where the tilt angle is less than 45°. With complex parts in the actual printing process, the angle is usually between 45° and 90°. In order to study the effect of forming angle, 45°, 60°, 75°, and 90° tilt angles were selected for specimen printing as a basis for exploring the best placement of complex structural parts, as shown in Figure 3.



During the forming process, titanium alloy was utilized as the substrate material, and to maintain the oxygen content below 500 ppm, an inert gas, argon, was introduced into the forming chamber. After drying the powder, the following parameters were set for printing the TC11 titanium alloy: a laser power of 170 W, a scanning speed of 1100 mm/s, a scanning interval of 0.1 mm, and a forming layer thickness of 30 μm. The formed sample is presented in Figure 4. Surface roughness was evaluated using the laser confocal microscope LMS900, with 5 measurements per surface, 2.5 mm measurement length, and 1 μm measurement interval. The region method was used to obtain data through a planar three-dimensional surface structure, which was characterized by arithmetic average height (Sa) and root mean square height (Sq). Sa refers to the absolute average of the height difference between the surface and the center line, which is used to describe the overall roughness. The larger the value, the higher the surface roughness. Sq is the average of the square sum of the height difference between the peak and the valley in all the calculated lengths, which is used to describe the degree of fluctuation in the surface, and can fully reflect the complexity and variation of the surface. Both are important indicators of surface roughness. Microhardness was examined using the VH-1102 microhardness tester, with a chosen load of 1 kg and a loading time of 60 s. Five points were arbitrarily chosen from the measured plane, and the average value was recorded.





3. Results and Analysis


3.1. Effect of Scanning Strategy on Surface Morphology and Roughness


Figure 5 shows the shape of the forming surface and the roughness values of the block specimens under different scanning strategies. Figure 6 shows the height change in the line profile of the forming surface under different scanning strategies. The curve is generally stable, with individual peaks appearing, and the change is consistent with the roughness value. Comparing the surface morphology of the three scanning strategies, clear scanning trajectories can be seen, and it can also be observed that the weld overlap presents a relatively dense state. There are no obvious crater phenomena caused by ablation and no obvious cracks or holes. This is due to the “back and forth” scanning mode adopted by the three strategies, which ensures that the flow direction of the adjacent molten pool is strictly opposite, which ensures that the gap generated by the flow of the adjacent molten pool can be filled, thereby ensuring the forming quality. The main defect is the spheroidal phenomenon caused by the molten powder splashing onto the melt channel. Compared with the striping and checkerboard strategies, the sputtering phenomenon of samples under the linear strategy is more obvious, and some fine micro-cracks can be observed in some areas between the channels. This is because the linear laser thread is longer, and the continuous non-partitioned laser scanning leads to the molten pool being in continuous heat transfer mode. Under the condition of inevitable solidification and contraction of the molten pool, continuous heat transfer helps to restrain crack propagation [24], but this condition is also prone to generate energy accumulation, resulting in powder spatter. Comparing the roughness values of the three scanning strategies, the overall change is not obvious. The roughness value of the striping scanning strategy is small and the surface is relatively flat, whereas the value for checkerboard scanning strategy is large. This is because the checkerboard strategy is a type of zoned scanning strategy. During processing, the high energy laser beam divides the melting zone of the powder bed into several small zones and gradually melts it step by step in a certain order, which results in the thermal stress generated by melting and solidification being evenly distributed at the boundary of the zone, thus reducing the tendency for concentrated release of residual stress and suppressing crack growth [25]. However, the division of regions leads to more lap connections between regions, and there are more obvious lap connections, resulting in an uneven surface and increased overall roughness.



The side surface morphology and side roughness of the formed parts are shown in Figure 7. Because the angle between the middle layer and the layer rotates 67 degrees during the sample forming process, the elliptic welds overlap with each other, resulting in a certain unleveling phenomenon on the side of the sample formed under the three scanning strategies. Additionally, the laser remains for a while when it reaches the edge of the forming surface, so the powder melting time at the edge is longer than in the middle of the molten pool, resulting in serious powder adsorption phenomenon. In addition, the powder is fused through heat conduction, and the energy decreases in the process of transfer. Partial powder also appears due to incomplete melting, which affects the forming quality of the side surface [26]. Figure 8 shows the height change in the line profile on the side. Compared with the front, the curve has obvious changes, with a large number of peaks and troughs, and the distance between the peaks and troughs is further widened. The results of roughness measurement show that the side roughness of the samples formed under the three scanning strategies of strip scanning, straight scanning and checkerboard scanning is at the same level and is higher than that of the front surface.




3.2. Effect of Scanning Strategy on Microhardness


Table 2 shows the average microhardness values under three scanning strategies. The microhardness of linear scanning is greater than that of the other two scanning strategies, mainly because the checkerboard scanning strategy and strip scanning strategy are both partitioned scanning strategies, and the scanning line length is smaller than that of single-fill linear scanning. Due to the short scanning line length, the scanning time of the two adjacent scanning lines is relatively short when laser is applied to the powder surface. The temperature gradient in the scanned area decreases, and the cooling rate decreases, so that the overall temperature of the forming surface is higher and the growth time of the grains is sufficient. As a result, the grains are coarse and the number of grain boundaries of the whole sample is reduced. When subjected to external forces, the obstacle to dislocation movement is reduced and the hardness is only low [27]. Therefore, the microhardness of the checkerboard and strip scanning samples was lower than that of linear scanning, and the value for checkerboard scanning was greater than that of strip scanning. After laser scanning a region, the adjacent region can be preheated by heat conduction. The preheating times are longer so that the overall temperature gradient is smaller and the grain is coarser, resulting in a decrease in hardness. The Archimedes drainage method was used to measure the density of the samples under different scanning strategies. The samples were ground and polished for metallographic observation. The results are shown in Figure 9. The density of the samples reached more than 98.67 %, indicating that the overall forming quality of the samples was good, and that selection of the laser parameters was reasonable. The density of the straight line scanning sample was higher than that of the other two, and the density of the chessboard scanning sample was the lowest. The corresponding metallographic diagram also shows that there are certain pores and micropores in the chessboard scanning sample. The overall surfaces of the straight line and the strip samples are smooth, without cracks or large pores but with individual tiny pores. This is due to the excessive overlap between the scan partitions of the chessboard sample, which easily leads to defects such as pores, thereby reducing its hardness.




3.3. Effect of Forming Angle


Figure 10 and Figure 12a, show changes in the roughness of the specimen’s frontal surface and overhanging surface with different overhang angles. It can be seen that the roughness values of the frontal surface and overhanging surface are affected by the overhang angle. The front roughness is lower than that of the overhanging surface on the whole, and a complete banded weld can be observed, which is generally smooth and locally raised, mainly due to the spheroidization phenomenon caused by the splashing powder. The overhanging surface roughness changes greatly, the surface is uneven, and even folds appear. There are many granular bulges, and the bulges become more serious with decreases in the overhang angle. Figure 11 shows the height variation diagram of the line contour at the overhang angles of 90° and 45°. It can be clearly observed that, on the whole, the 45° curve is higher than the 90° curve and that the distance between the crest and trough also further increases. This indicates that the overhang angle is the key factor affecting the surface quality of the overhanging surface, and the smaller the overhang angle, the worse the surface quality. Due to the technological characteristics of L-PBF, there is a “step effect” on the overhanging surface, and the effect is more obvious when the overhang angle is larger, which is conducive to powder adhesion. At the same time, an increase in the overhang angle also leads to an increase in the overhang area, which is supported by powder, and the laser energy cannot be transferred in time. The energy concentration causes the volume of the molten pool shrink, resulting in an increase in unit energy density [28]. The metal powder particles under the laser sintered layer are easily melted, resulting in a serious powder adhesion phenomenon on the overhanging surface, which increases the surface roughness. The “step effect” is shown in Figure 12b.




3.4. Effect of Sloping Angle on Microhardness of Sample


Figure 13 shows the microhardness of the front and overhanging surface of the sample under different forming angles. It can be observed that different forming angles have little influence on the front microhardness but have great influence on the overhanging surface. With increases in the forming angle, the microhardness shows an increasing trend. This is because the forming quality of the overhanging surface is affected by the overhang length (L) between two adjacent layers. When the laser is applied to part L, the forming process is suspended over the metal powder, and the thermal conductivity of the support area of the powder is only 1/100 of that of the corresponding formed body [29]. The low thermal conductivity leads to the timely transmission of thermal stress. Coupled with the effect of structural stress and residual stress, plastic deformation occurs on the overhanging surface. The melted powder sinks into the powder layer below due to the action of capillary forces and gravity [30], resulting in poorer forming quality. As shown in Figure 14, when the forming angle is smaller, the overhang length (L) is longer, and L1 < L2 < L3 < L4. The greater the amount of deformation subsidence, the larger the decrease in forming quality and hardness.



In addition, it was found that the hardness of the side of a specimen formed with forming angle under 90° is higher than that of the front. This is because the front is the forming surface, the adjacent melting road is the “channel–channel” lap, the side is the deposition surface, and the adjacent melting road is the “layer–layer” lap. After the laser processes a layer, it needs to be paved with powder before processing the next layer, and the processed layer, therefore, has enough time to cool down. When processing the next layer, the temperature difference “layer to layer” is greater than that “channel to channel”, and the grain grows along the direction of the fastest heat dissipation, so the direction of grain growth is mostly vertical, resulting in the grain orientation on both sides of the weld boundary of the “layer to layer” lap being basically consistent [31]. As shown in Figure 15, the grain orientation on both sides of the weld is the same, and the microhardness increases when the weld is stressed more evenly, that is, the “channel–channel “lap is better than the “layer–layer” lap. When the forming angle changes, the lapping condition of the overhanging surface is between “channel–channel “lapping and “layer–layer” lapping [32]. Therefore, with decreases in the forming angle, the overhanging surface tends to the forming plane, and the higher the proportion of “layer–layer” bonding, the greater the microhardness of the sample.





4. Conclusions


TC11 alloy samples were prepared by laser powder bed fusion technology. The effects of three scanning strategies including stripe, straight line and chessboard scanning, and the forming angle within 45~90° on the surface morphology, roughness and microhardness of the samples were studied. The following conclusions are obtained:



(1) The scanning strategy has an effect on the roughness of both the front and side of the sample. The front roughness is mainly affected by the overlap of the melt channel and the spheroidization caused by the powder splash. The linear strategy easily leads to the problem of energy accumulation, and the powder splash phenomenon is obvious. The strip and chessboard strategies are types of partition scanning. Using these strategies, there are more melt channel overlaps on the front surface, leading to an uneven surface. The roughness of the side is generally higher than that of the front surface. The main reason is that the melting time of the powder at the edge is longer than that of the powder in the middle of the molten pool, resulting in serious powder adsorption. A relatively low level of roughness was obtained using the strip scanning strategy.



(2) The microhardness of samples formed with different scanning strategies is different. The linear scanning strategy has the highest hardness, and the chessboard strategy has lower hardness. The reason is that under the partition scanning strategy, the scanning line length is different, which leads to changes in the temperature gradient in the scanning area, thus affecting the growth of grains. Under partition scanning, the temperature gradient decreases, the cooling rate decreases, the grain growth is coarse, the number of grain boundaries is small, the dislocation movement obstruction is reduced, and the hardness is low. The density of the checkerboard sample is low, and there are some defects such as a small number of pores inside, which further affects the hardness.



(3) The forming angle has little effect on the front roughness of the sample, but has a great influence on the overhanging surface. As the forming angle becomes larger, the roughness of the overhanging surface gradually becomes smaller. The main reason is the step effect of the overhanging surface. The smaller the forming angle, the more obvious the step effect, the more serious the powder adhesion and the greater the roughness.



(4) The forming angle has a significant influence on the microhardness of the overhanging surface of the sample. The main reason is that the thermal conductivity of the powder and the solid changes. When the forming angle decreases, the longer the drape length L, the larger the forming area in the powder layer, the greater the deformation subsidence, the worse the forming quality, and the lower the hardness. In addition, the grain growth direction under the ‘channel–channel’ lap is basically the same, and the force is more uniform. The hardness of the ‘channel–channel’ lap is greater than that of the ‘layer–layer’ lap. With a decrease in forming angle, the proportion of ‘channel–channel’ lap joints on the overhanging surface decreases, and the proportion of ‘layer–layer’ lap joints increases, resulting in decreased microhardness of the sample.
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Figure 1. (a) SEM microscopic morphology, and (b) particle size distribution. 






Figure 1. (a) SEM microscopic morphology, and (b) particle size distribution.



[image: Metals 13 00983 g001]







[image: Metals 13 00983 g002 550] 





Figure 2. Schematic diagram of scanning strategy forming: (a) strip, (b) line, and (c) checkerboard. 
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Figure 3. Schematic diagram of forming angle: (a) 45°, (b) 60°, (c) 75°, and (d) 90°. 
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Figure 4. Block specimens. 
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Figure 5. Frontal morphology and roughness with different scanning strategies: (a,d) strip; (b,e) straight line; and (c,f) checkerboard. 
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Figure 6. The line profile height change in the forming surface under different scanning strategies. 
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Figure 7. Side morphology and roughness with different scanning strategies: (a,d) strip; (b,e) straight line; and (c,f) checkerboard. 
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Figure 8. The height change in the side line profile under different scanning strategies. 
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Figure 9. Density and metallographic diagram under different scanning strategies: (a) strip; (b) straight line; and (c) checkerboard. 
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Figure 10. Roughness of the front (a–d) and overhanging, (e–h) surfaces of samples at different overhang angles. 
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Figure 11. Line profile height variation. 






Figure 11. Line profile height variation.



[image: Metals 13 00983 g011]







[image: Metals 13 00983 g012 550] 





Figure 12. (a) Schematic diagram of sample roughness change; (b) schematic diagram of “step effect”. 
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Figure 13. Microhardness of samples under different forming angles. 
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Figure 14. The overhang length change diagram. 
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Figure 15. Grain growth direction diagram. 
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Table 1. Chemical composition of TC11 powder (mass fraction %).
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	Element
	Ti
	Zr
	Al
	Fe
	Mo
	Si
	C
	H
	N
	O





	Mass fraction (%)
	88.05
	1.43
	6.44
	0.182
	3.52
	0.255
	0.014
	0.0033
	0.001
	0.096
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Table 2. Microhardness under different scanning strategies.
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Scanning Strategy

	
Microhardness (HV)




	
1

	
2

	
3

	
4

	
5

	
Average Value






	
Strip scanning

	
365.7

	
374.8

	
370.7

	
364.9

	
377.2

	
370.7 ± 23.54




	
Straight line scanning

	
378.8

	
390.4

	
381.6

	
379.7

	
388.5

	
383.8 ± 22.46




	
Checkerboard scanning

	
370.5

	
362.4

	
364.8

	
355.6

	
368.7

	
364.4 ± 27.46
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