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In this study, porous Ti-55531(Fe) was fabricated by selective laser melting (SLM) with different laser scanning speeds. The microstructures, surface morphology, inner defects, porosity, microhardness, and compressive behaviors were studied. The variation of lattice constant and hardness were analyzed. The results show that all the specimens have a density of ∼1 g/cm3, and a Vicker’s hardness with a range of 280–320 Hv0.1. The porosity of the SLM-produced materials is greater than the designed value (77%) and increases from 77.33% to 82.33% with the increase of laser scanning speed from 500 mm/s to 1,500 mm/s. Continuous irregular columnar dendrites, a large number of gas-induced defects with small size between 20 and 60 μm and a deep molten pool form in the specimens fabricated with a laser scanning speed less than 1,000 mm/s. Some defects, elongated voids and interrupted columnar dendrites are identified in the specimens fabricated with the laser scanning speed more than 1,000 mm/s caused by the insufficient input energy. All specimens with different laser scanning speeds show the single ß phase patterns. The compressive strength of the specimens with the laser scanning speed of 500 mm/s is maintained at 32 MPa and the compressive strength decreases with the increase of laser scanning speed. The specimens with a scanning speed of 500 mm/s present the best mechanical properties and surface quality.
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INTRODUCTION
Recently, 3D-architected metamaterials with micro-lattice structures have shown considerable weight reduction efficiency, flexible design capability and especially potential applications in battery electrodes, shock energy damping, acoustic, biological implants, and thermal sensors or stretchable electronics (Barba et al., 2020; Yu et al., 2020; Zhang et al., 2020; Kelly et al., 2021a; Kelly et al., 2021b; Salmi, 2021; Timercan et al., 2021; du Plessis et al., 2022). Meanwhile, additive manufacturing (AM) is widely accepted as a new forming process for high performance components in aerospace, medical, energy and automotive applications due to its unique features of rapid prototyping, complex or customized processing and high efficiency (Chen et al., 2021). Various micro truss lattice structures can be achieved by AM method without limit of configuration of cell and the complexity of the structural surface. Selective laser melting (SLM) emerging as an advanced manufacturing technologies to fuse powders track-by-track and grow layer-by-layer under the control of a CAD model, is capable of fabricating porous 3D-architectures with optimal properties for various applications. Developing metallic lattice structures (e.g., aluminum alloys, titanium alloys, and superalloys) with high strength and good ductility has become the mainstream of additive manufacturing.
Based on the chemical compositions and relative amounts of the α phase with hexagonal close-packed (hcp) structure and β phase with body-centered cubic (bcc) structure at room temperature, titanium alloys are typically classified as α alloy, near-α alloy, α + β alloy, near-β alloy, and β alloy. Due to the superior strength, cold workability, corrosion resistance and biocompatibility, β alloys have attracted lots of attentions in aerospace, marine and biomedical industry (Chen et al., 2020; Zhang and Chen, 2020; Liu et al., 2021). Beta titanium alloy Ti-5553 (Ti-5Al-5V-5Mo-3Cr-0.5Fe) alloy is known as a heat treatable beta titanium alloy for its high strength and good ductility and has been widely applied as large aerospace components such as landing gears, arresting hooks and flap tracks (Huang et al., 2011; Ghosh et al., 2013; Cotton et al., 2015; Qin et al., 2016). The mechanical performance can be further improved by increasing the iron content from 0.5 wt% to 1 wt% (Guan et al., 2008). The strength and elongation of Ti-55531 (Fe) (Ti-5Al-5V-5Mo-3Cr-1Fe) alloy can be maintained at 1,350 MPa and 15.5%, respectively after STA heat treatment (Guan et al., 2008). To date, there have been some basic studies of dense SLM Ti-5553 components on the machinability (Grove et al., 2018) and the evolution of microstructure and tensile properties after isothermal heat treatments (Carton et al., 2019). The strength and the ductility of SLM dense Ti-5553 are approximately as 1,088 MPa and 14%, respectively after heat treatment (Carton et al., 2019), which is comparable to those of SLM Ti64 (Ti-6Al-4V) product (Simonelli et al., 2014). For Ti64, the mechanical properties are sensitive to the cooling rates. Further factors such as process parameters, build geometry, scanning strategy and surrounding conditions affecting the thermal history and cooling rates will determine the microstructure and resulted properties (Chen et al., 2021). Therefore, there could be similar changes in SLM porous Ti-55531(Fe), which may contribute to the high strength and ductility of porous metallic materials (Yuan et al., 2018; Ren et al., 2019; Liu et al., 2020; Chen et al., 2021). However, to the best of our knowledge, there are few reports on the fabrication and mechanical properties of SLM porous Ti55531(Fe) in the literature.
In this study, porous Ti-55531(Fe) specimens were fabricated by SLM process with different laser scanning speeds. The effects of scanning speed on the microstructure, surface morphology, porosity and compressive behaviors were investigated.
MATERIALS AND METHODS
The chemical compositions of the gas atomization (GA) Ti-55531(Fe) pre-alloyed powder are shown in Table 1. The Ti-55531 powders show a regular spherical morphology and a size distribution with a range of 20–70 μm and an average particle size (d50) of 45 μm (Figure 1). The surface morphology and chemical compositions of the GA powders and the as-SLMed specimens were analyzed by SEM (JSM-6510A) assembled with an energy dispersive spectrometer (EDS). And a laser scattering particle size distribution analyzer (Horiba, LA-920) was used to determine the powder size distribution.
TABLE 1 | Chemical composition of Ti-55531(Fe) powders used for SLM process (wt%).
[image: Table 1][image: Figure 1]FIGURE 1 | SEM micrographs of cross-section (A), particle size distribution (B) of Ti55531 powders.
A 10 mm3 × 10 mm3 × 10 mm3 3D scaffold architecture cube arrayed by rhombic dodecahedron unit cells was generated using Magic software (Materialise, Belgium) and built in an SLM system (Realizer SLM 100 machine with a 200 W Yb: YAG fiber laser). The schematic diagram for SLM process of rhombic dodecahedron designed 3D lattice structure is shown in Figure 2. The laser power was 190 W, the diameter of the focused spot was 20 μm, the thickness of the fixed powder layer and scanning interval was 30 and 60 μm, and the scanning rate were between 500 and 1,500 mm/s. The phase constitution of the lattice samples was determined by Rigaku Smartlab X-ray diffraction (XRD). Metallography was performed to determine microstructural changes of porous structures with different laser scanning speeds. These samples were prepared by grinding to 3,000 mesh, mirror polishing with SiO2 suspension and followed by etching in acid mixture (HF: HNO3: H2O = 1:2:50). The shape of the molten pool is approximated by an arc in the building direction and the depth of the molten pool is reflected by the curvature radius of the approximate arc. The pool size could be changed along the building direction, so the average curvature radius of the fusion line was calculated by measuring more than fifteen fusion lines in the metallography figures.
[image: Figure 2]FIGURE 2 | Schematic diagram of SLM process (A) and side view of mesh arrays part (B) for rhombic dodecahedron designed 3D lattice architecture.
The X-ray tomography (micro-CT) has been reported as computed tomography (CT) technology to check the surface roughness and of mesh struts and inner defects in the metallic cellular structures (Chan and Young, 2013; Wang et al., 2013). An XRT work was carried out using an Xradia Versa XRM-500 system (Carl Zeiss X-ray Microscopy Inc., Pleasanton, California, United States) with a spatial resolution of micron even dozens of nanometers to check the topological mesh and the size and count distribution of the defects inside the samples. Surface roughness is evaluated by analyzing the surface morphology based on the Micro-CT slicing data. The average roughness (Ra) is calculated as Eq. 1 (Chen et al., 2021)
[image: image]
where fn is the length of the protruding at N locations on the surface of the struts based on the Micro-CT slicing data.
The porosity can be calculated by Eq. 2.
[image: image]
where the V0 is the total volume of the material, V is the volume of solid material, D is the measured density and the Dt is the theoretical density. The theoretical density (Dt) of Ti-55531(Fe) is presented as Eq. 3.
[image: image]
where Dt is the theoretical density, di is the atomic density of the ith atom and ηi is the atomic percentage of the ith atom in Ti-55531(Fe) alloys. The measured density of the SLM Ti-55531(Fe) was determined by the modified Archimedes method using a direct reading electronic hydrometer (ET-320), as is shown in Eq. 4 (Liu et al., 2016b)
[image: image]
where D0 is the density of the water, W1 is the weight of porous specimens in air, W2 is the weight of porous specimens in water after water osmosis stabilization and W3 is the weight of porous specimens in air after water osmosis stabilization.
Vicker’s microhardness tests were conducted by 401 MVD™ with a 100 g load and a 10 s dwell time. The hardness was measured at the horizontal surface with the maximum number of the struts which is around 9 mm from the substrate depending on the different porous structure. Random measurement of five points was conducted on the surface of the cellular samples using a single point mode. The lattice constant was quantitatively calculated by Kohn least square method (Zhang et al., 2009) according to Eq. 4.
[image: image]
where N is the number of the crystal planes for calculation, and for b.c.c. structure M = 1, X1 = 1/a2, C1 = h2+k2+l2, diexp is the experimental value of the crystal plane spacing. And the variance of X1 can be calculated according Eq. 5.
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A is a matrix with an element [image: image] , Aii−1 is the ith diagonal element of the inverse matrix of matrix A, [image: image]
Uniaxial compression tests were carried out by a uniaxial testing machine (Shimazu AG-X plus, 100 KN) with a speed of 0.5 mm/min at ambient temperature. The loading direction was parallel to the building direction. The specimens were continually loaded and all the tests were stopped near 3 kN. Specific strength was calculated based on compressive strength and the measured density.
RESULTS AND DISCUSSION
Microstructure
As is shown in Figure 3A, the single β phase peaks are identified in as-built SLM Ti-55531 (Fe) alloy. This is different from the α (hcp) and β phases found in EBM Ti-24Sn-4Zr-8Sn component reported by Liu et al. (2016a) and the complicated structure in NiTiNb alloy prepared by eutectic reaction reported by Wang et al. (2018). As the cooling rate in SLM process is very high, the microstructure (β phase) at high temperature can be retained at ambient temperature. The laser scanning speed has limited effect on the phase type of the Ti55531 (Fe) alloys. When the laser scanning speed is less than 1,000 mm/s, the joints of the samples consist of irregular continuous columnar dendrites along the building direction, and fusion lines with small average radius of curvature (923–1,003 μm) are obvious (Figures 3B,C). Discontinuous columnar dendrites can be identified in the sample fabricated with a laser scanning speed of 1,500 mm/s, and fusion line is hard to be found due to a larger average radius of curvature (∼1,095 μm) (Figure 3D). The irregular columnar dendrites along the thermal flow direction can be ascribed to the cyclic heat treatment response during the layer-by-layer SLM process.
[image: Figure 3]FIGURE 3 | XRD profiles (A), optical micrographs of materials built at 500 mm/s (A), 1000 mm/s (B), 1500 mm/s (C).
The porosity of porous materials is determined by the open holes (apparent porosity), surface morphology (surface roughness) and inner defects.
There is an energy volume density (Ev) to investigate the porosity, it is calculated as (Chen et al., 2021):
[image: image]
where v is laser scanning speed, tl is layer thickness and hs is hatch spacing. The laser scanning speed is inversely proportional to the input energy. Input energy density decrease with the increase of the laser scanning speed.
Inner defects
The morphologies of the inner defects in the samples built at 500 mm/s, 1000 mm/s, 1500 mm/s are shown in Figures 4A–C, respectively. The size and number of the defects inside the samples built at different laser scanning speeds are shown in Figure 4D. Lower scanning speed (500 mm/s) leads to a large number of inner defects with a small size in the range of 20–80 μm (Figures 4A,D). Small size defects is still visible, but medium size defects (90–150 μm) appears when the scanning speed increases from 500 mm/s to 1,000 mm/s (Figures 4B,D). Inner defects with average size larger than 150 μm form and the number of small size inner defects decreases when the scanning speed increases from 1,000 mm/s to 1,500 mm/s (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Morphology of the inner defects in the materials built at 500 mm/s (A), 1000 mm/s (B), 1500 mm/s (C), and size and distribution of the inner defects in the materials fabricated with different laser scanning speeds (D).
Homogenous porous structures always own advantages over both of the relative density of porous structure and the mechanical strength (Zhang and Wang, 2018). Besides the change of the microstructure and surface roughness on the mesh struts with different laser scanning speed, the size and count distribution of defects inside the basic cell may be responsible for the mechanical performance. The inner defects with small particle size distribution (20–60 μm) are mainly induced by the element volatilization in keyhole mode (Chen et al., 2021), are distributed in all samples built at different scanning speeds. But the number of the small size defects decreases slightly and the inner defects with large size increase by an increase of laser scanning speed. This phenomenon is because the input energy density at higher scanning speed is insufficient to maintain the keyhole mode, and insufficient depth of molten pool enhances the susceptibility of the lack of fusion zone.
Surface morphology
The surface morphology of the materials built at different laser scanning speeds is shown in Figures 5A–C. The surface roughness, pore size, and the strut size of the mesh arrays are analyzed according to the Micro-CT surface morphology and shown in Figures 5D–F, respectively. The surface of the material built at 500 mm/s is the smoothest (Ra = 10 μm) (Figure 5A,D) with the largest strut of 0.62 mm and the smallest pore of 2.35 mm. The surface roughness increases from 10 to 31 μm with the laser scanning speed increased to 1,500 mm/s. And the strut size decreases from 620 to 570 μm and hole size increases from 2.35 to 2.50 mm, accordingly. Sample fabricated with a scanning speed of 500 mm/s has a structure with an average hole size of 2.35 mm and an average strut size of 680 μm. The strut size decreases to 630 μm and hole size increase to 2.42 mm in the sample fabricated with a scanning speed of 1,000 mm/s. And the strut size continues to decrease to 570 μm and hole size continue to increase to 2.50 mm in the sample fabricated with a scanning speed of 1,500 mm/s. The porous material consists primarily of struts and holes. Larger holes and smaller struts mean more unfilled space in the porous sample and higher apparent porosity. As shown in Figure 6, the scanning speed also has effect on the actual strut size, with increasing the scanning speed from 500 mm/s to 1,500 mm/s, the strut size change from 0.48–0.63 mm to 0.61–0.74 mm, which is larger than the designed value of 0.48 mm.
[image: Figure 5]FIGURE 5 | Micro-CT surface morphologies of the materials built at 500 mm/s (A), 1,000 mm/s (B), 1,500 mm/s (C). Surface roughness (D), strut size (E), and pore size (F) of porous structures built at different laser scanning speeds.
[image: Figure 6]FIGURE 6 | The size of the designed rhombic dodecahedral scaffold (A), compare it with the actual size of the strut fabricated using different scanning speeds of 500 mm/s (B), 1,000 mm/s (C) and 1,500 mm/s (D).
Surface roughness is one of the important indicators of both of the porous and dense components prepared in SLM process and can ultimately affect the part performance. When a high laser scanning speed is used, the energy input is insufficient to fully melt the metallic powders (Chen et al., 2021). Some of the powders remain in the surface of the porous structure. Small balls form in the molten pool due to the plateau Raleigh capillary instability and move to the edge of the molten pool with the surface tension of molten pool. The surface roughness increases by an increase of the scanning speed because of an insufficient melting of metallic powders in total.
Porosity
The density and porosity of the SLM porous samples built at different scanning speed are shown in Figure 7. The densities of the samples decrease from 1.05 g/cm3 to 0.85 g/cm3 with the increase of laser scanning speed. The measured porosity is a little higher than the designed porosity (77%) and increase from 77.33% to 82.33% with the increase of laser scanning speed from 500 mm/s to 1,500 mm/s.
[image: Figure 7]FIGURE 7 | Densities and porosity of the SLMed-porous materials as a function of laser scanning speed.
A high input energy density at a low scanning speed leads to a deep molten pool with a small average radius of curvature of 923 μm. Deep molten pool can promote the full melting of the metallic powders and reduce the defects of large size on the surface. The molten pool is elongated and can be broken into small islands at high scanning speed due to the plateau Raleigh capillary instability (Chen et al., 2021). Inadequate penetration of molten pool will cause the lack of fusion defects. The shallower molten pool leads to unmelted holes and even discontinuous columnar dendrites.
In higher energy volume density, deep molten pool promotes element volatilization, and the volatilization gas can induce porosity. In this study, gas induced porosities with small size are dominated and both of the apparent porosity and the surface roughness are the lowest in the samples built at a scanning speed of 500 mm/s. Rapid scanning reduces the pool depth and enhances the stability of elongated lack of fusion defects and even interrupted the continuous growth of the columnar grains due to the plateau Raleigh capillary instability. Elongated voids with sharp edge form in the final parts and can be a resource of stress concentration under applied loads.
Microhardness and compressive behavior
The microhardness (Hv0.1) and the lattice constant increase with increasing scanning speed (Figure 8A). The factors affecting microhardness may include the phase constitution, the surface roughness and the surface residual thermal stress. All the samples show the same phase constitution as mentioned in Figure 3A. In this study, the residual thermal stress is evaluated by the lattice distortion based on the XRD data. The lattice distortion is mainly related to the vacancy concentration (Hu et al., 2010). The vacancies concentration can be lowered by decreasing the molten pool temperature. A higher scanning speed can lead to a shallower molten pool with a lower temperature because of a lower input energy density. The energy required to form Schottky vacancies is much less than that of Frenkel vacancies (Hu et al., 2010). Therefore, the atoms leaving the equilibrium position mainly form Schottky defects, which results in the decrease of lattice constant. The lattice constant decreases with increasing vacancy concentration. Thus, the lattice distortion decreases by increasing the laser scanning speed. Larger Schottky-mode lattice distortion enhances the tensile residual thermal stress on the surface of the samples. Residual thermal tensile stress on the surface reduces the resistance of the indenter head of the hardness tester to enter the material surface, thus showing low hardness.
[image: Figure 8]FIGURE 8 | Lattice constant and microhardness (A), the compressive stress-strain curves of the materials with different scanning speeds (B), compressive strength and specific strength for SLM porous Ti-55531(Fe) alloys with different laser scanning speeds (C), SEM micrographs of materials with scanning speed of 1,000 mm/s in pre-compression (D) and post-compression state (E), respectively.
Figure 8B shows the compressive stress-strain curves of materials prepared with different scanning speed. It can be seen that they exhibit the similar curve shape but different strength. Figure 8C shows the compressive strength and specific strength of samples built at different laser scanning speed. The compressive strength can reach 31 MPa in the sample fabricated with a laser scanning speed of 500 mm/s and decreases with the increase of the laser scanning speed. The compressive strength decreases to 25 MPa in the samples built at 1,500 mm/s. The highest specific strength of as-built SLM porous Ti-55531 (Fe) specimens is 30.2 MPa cm3/g at the scanning speed of 500 mm/s and decreases with the increase of the laser scanning speed. The specific strength decrease to 26.5 MPa cm3/g when the scanning speed increase to 1,500 mm/s.
Porosity is the dominant factor on the compressive stress (Kadirgama et al., 2018). In this study, porosity increase with the increase of laser scanning speed, and high porosity can induce low compressive strength. High porosity is mainly related to large size unfused defects and small size of strut size. Firstly, rapid scanning speed reduced the size of the molten pool, and insufficient penetration of molten pool led to large size unfused defects. Large size unfused defects can be resources of the stress concentration under applied loads and reduce the compressive strength. Secondly, an increase of the scanning speed can decrease the size of the mesh strut which reducing the bearing capacity of the porous sample.
After compression, some structural units of the sample are deformed along the loading direction in two-dimensional: the hole spacing along the loading direction decreases, and the hole spacing perpendicular to the loading direction increases. All the samples fabricated with different laser scanning speeds show breakdown in cell nodes perpendicular to the direction of loading after the compression (Figures 8D,E), indicating that the strength of 3D rhombic dodecahedron cell designed porous structure is significantly depending on the design of the unit structure.
CONCLUSION
In this work, different laser scanning speed was used to fabricate a β type Ti-55531(Fe) meta-material with a 3D rhombic dodecahedron cell designed porous structure. The effects of scanning speed on microstructural change, porosity, and compressive behaviors were systematically studied and discussed. The results are summarized as follows:1) The columnar grains are continuous and deep molten pool forms with the laser scanning speed of 500 mm/s. The melt pool becomes shallower with increasing the scanning speed from 500 mm/s to 1,500 mm/s. The continuous growth of β columnar grains can be interrupted due to plateau Raleigh capillary instability or inadequate melting when the laser speed is 1,500 mm/s. 2) Experimental porosities (77.33–82.33%) are higher than expected (77%). The surface roughness (10–30 μm) of porous SLMed Ti-55531(Fe) alloys is at the range level of particle size distribution. The inner defects with a size of 20–60 μm are distributed all over the samples built at different scanning speed. And the number of tiny inner defects with a range of 20–80 μm decreases and large inner defects with a range of 120–200 μm form by an increase of scanning speed. 3) All the specimens show a range of 280–310 for Hv0.1 and 25–31 MPa for compressive strength. The specific strength of samples with scanning speed less than 1,000 mm/s is in a range of 27.5–30.2 MPa cm3/g and the roughness is less than 20 μm. The specific strength is 26.5 MPa cm3/g and the surface roughness increase to near 30 μm when the scanning speed increase to 1,500 mm/s. Scanning speed of 500 mm/s is good for both of the mechanical properties and surface quality.
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