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Abstract

:

Selective laser melting (SLM) technology used for the design and production of porous implants can successfully address the issues of stress shielding and aseptic loosening associated with the use of solid implants in the human body. In this paper, orthogonal experiments were used to optimize the process parameters for SLM molding of Ti-6Al-4V (TC4) material to investigate the effects of the process parameters on the densities, microscopic morphology, and roughness, and to determine the optimal process parameters using the roughness as a judging criterion. Based on the optimized process parameters, the mechanical properties of SLM-formed TC4 alloy specimens are investigated experimentally in this paper. The main conclusions are as follows: the optimal combination of roughness is obtained by polar analysis, the microhardness of SLM-molded TC4 alloy molded specimens is more uniform, the microhardness of specimens on the side and the front as well as the abrasion resistance is higher than that of casting specimens, the yield strength and tensile strength of specimens is higher than that of ASTM F136 standard and casting standard but the elongation is not as good as that of the standard, and the elasticity and compressive strength of porous specimens are higher than that of casting specimens at different volume fractions. The modulus of elasticity and compressive strength are within the range of human skeletal requirements. This work makes it possible to fabricate high-performance porous femoral joint implants from TC4 alloy SLM-molded materials.
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1. Introduction


In today’s medical field, most of the solid metal implants used are prone to aseptic loosening, leading to a decrease in the service life of the implant [1,2,3,4]. It is possible to design the implant surface or all of it as a porous structure, but conventional manufacturing techniques are not able to achieve complex porous structures [5,6]. Selective laser melting (SLM) technology can achieve the molding of almost any complex structural parts with good mechanical properties and high molding accuracy. In terms of implant molding, the molding performance of SLM technology has met the requirements, but the performance of SLM-molded parts needs further research [7]. Titanium alloy material has been widely used in the field of bone implants such as in artificial scaffolds and artificial joints and dentures because its elastic modulus is close to that of autologous bone [8,9]. Powder material properties play an important role in the SLM forming process and the density of the formed parts and good powder properties are the basic guarantee of SLM forming technology.



Elshaer et al. [10] and Sangali et al. [11] investigated the corrosion properties of Ti-6Al-4V alloys fabricated by casting and SLM methods in 0.9% NaCl, respectively, in which the corrosion rate was 0.000171 mm/yr in case of casting, and corrosion products appeared on the surface of the samples in the case of SLM, and corrosion became more pronounced the faster the scanning speed. A lot of research has been conducted on cast Ti-6Al-4V. Feng et al. [12], Zhu et al. [13], Lee et al. [14], and Wen et al. [15] have determined the mechanical properties of Ti-6Al-4V cast alloys and the mechanical properties of Ti-6Al-4V casting alloys in terms of the machining conditions, the addition of Ti-TiB2 nanoparticles, vacuum centrifugation, Ni sandwich method from a single point of view, and the mechanical properties of Ti-6Al-4V casting alloys and the mechanical properties of Ti-6Al-4V casting alloys from a single point of view, in addition to 4V casting alloy’s mechanical properties as well as strength. In addition, some scholars have also investigated the properties of Ti-6Al-4V alloys made by the SLM method: Banu et al. [16] investigated the chemical properties of SLM Ti alloys in a lactic acid environment and observed that the corrosion resistance rate of Ti alloys by the SLM method was lower than that of wrought alloys; Cheng et al. [17] investigated Ti alloys with 0.3 wt.% Zn additions, and concluded they had better impact toughness and stable high-temperature tensile mechanical properties; Ben-Hamu et al. [18] investigated the corrosion resistance of Ti-6Al-4V in 0.9 M NaCl solution under EBM and SLM fabrication methods, and the results show that the corrosion resistance of SLM method Ti-6Al-4V alloys is slightly superior to that of the EBM method Ti-6Al-4V in both the XY and XZ planes. In recent years, the corrosion resistance of the SLM method Ti-6Al-4V alloys for medical articles has also been studied: Tamaddon et al. [19], Mondal et al. [20], and Kutsukake et al. [21] investigated the performance of SLM method Ti alloys in the field of implants, and initially confirmed that SLM method Ti-6Al-4V alloys have a certain development potential in the field of medical implants.



To summarize, the difficulty is in utilizing the important properties of the good biocompatibility and structural or mechanical compatibility of titanium, and the excessive densification of the SLM method may cause problems such as stress shielding or aseptic loosening of the implant, and the current research lacks an analysis of the properties of the SLM method in making multi-hollow femoral implants out of Ti-6Al-4V alloys; in particular, the topography of the material properties of the SLM method Ti-6Al-4V alloys.



The main objective of this study was to investigate the obtaining of high-performance porous femoral implants from TC4 alloy SLM-molded materials. Firstly, the best process parameters for SLM forming of Ti-6Al-4V materials were optimized by orthogonal test, and the best process parameters based on roughness evaluation criteria were determined. Then, based on the optimized process parameters, the microstructure, microhardness, tensile properties, compressive properties, and friction and wear properties of the SLM-molded specimens were systematically analyzed, and it was discovered that the microhardness, yield strength, tensile strength, and wear resistance of the TC4 alloy SLM-molded specimens were better than those of the casting specimens, but the elongation at break was slightly lower than that of the ASTM F136 standard [22]. The feasibility of molding porous femoral implants with SLM TC4 alloys was verified. This study lays the foundation for the application of high-performance porous femoral implants.




2. Materials and Methods


2.1. Materials


The experiments use TC4 powder from EOS company in Krailling, Germany, and its main chemical composition is shown in Table 1, which meets the requirements of China GB/T 13810-2007 [23] and the American ASTM F136 standard for the use of surgical implantation of titanium and titanium alloy materials. Table 2 shows the basic characteristics of TC4 powder. The bulk density of the powder is 2.45 g/cm3.




2.2. Experimental Apparatus and Experimental Methods


2.2.1. Orthogonal Test of Process Parameters


The essence of SLM technology molding is to use the laser to melt the metal powder and then use a molding process; in this process, the laser power, powder properties, scanning parameters, and other parameters will have different degrees of influence on the molding quality of the specimen. Thus, the introduction of the concept of laser energy density per unit volume and the size of the laser energy density per unit volume directly affects the molding quality. Laser unit volume energy density expression is shown in Equation (1) [25].


  φ =  P  vdh    



(1)







According to Equation (1), it can be seen that laser power (P), scanning speed (v), scanning pitch (d), and powder spread thickness (h) are the direct factors affecting the laser energy density per unit volume. It is also found by referring to the previous experimental study that laser power, scanning speed, scanning spacing, and powder spreading thickness are the most important process parameters affecting the quality of SLM molding [26]. This chapter focuses on optimization experiments for these four process parameters. The design of the orthogonal experimental program with four levels for four factors is shown in Table 3.



The purpose of the orthogonal test is to analyze the effects of different factors and different levels on the experimental results, and then determine the best level for each factor. Extreme variance analysis, analysis of variance, and signal-to-noise ratio analysis are commonly used to analyze data from orthogonal tests, and in this chapter, the extreme variance method was used to analyze the densification and surface roughness (using the profile arithmetic mean deviation Ra) of the 16 groups of specimens.



According to the process parameters designed in Table 3, 16 groups of specimens were printed using the EOS M290 molding equipment with a specimen size of 10 mm × 10 mm × 10 mm. The display effect of the specimens in Materialise Magics 24.0 software before printing is shown in Figure 1a, and the effect display after the specimen printing is completed is shown in Figure 1b.




2.2.2. Densification Experiments Based on the Drainage Method


Based on the drainage method, this experiment uses a high-precision electronic balance with an accuracy of up to 0.0001 g to measure the quality of SLM-molded specimens. The specific steps are as follows: (1) clean the surface of the specimen by, firstly, placing the specimen in the ultrasonic cleaner with alcohol solution, cleaning the specimen for ten minutes according to the specification of the manual, and then taking the specimen out and drying it for subsequent measurement of its mass; (2) measure its mass in the air; (3) measure its mass after being completely submerged in water; and (4) calculate its densification according to the formula shown below.


   ρ r  =    ρ 0     ρ  t h     × 100 %  



(2)




where    ρ r    is the densification of the specimen,    ρ 0    is the actual density of the specimen, and    ρ  t h     is the theoretical density of the specimen.


   ρ 0  =    m  a i r   ×  ρ   H 2  O      m  a i r   −  m   H 2  O      



(3)




where    m  a i r     is the mass of the specimen in air,    m   H 2  O     is the mass of the specimen completely submerged in water, and    ρ   H 2  O     is the density of water taken as 1.0 g/cm3.




2.2.3. Micromorphological Analysis of Materials


In this experiment, the shape measurement laser confocal microscope of VK-X1000 which manufactured by Keyence Corporation, Osaka, Japan (the microscope has an integrated magnification of up to 28,800×; a minimum field of view from 11 µm to 7398 µm; laser measurement speeds from 4 to 125 Hz, 7900 Hz; a height measurement resolution of 0.5 nm; a dynamic range of 16 bit; an accuracy of 0.2 + L/100 µm; a width measurement resolution of 1 nm; and the ability to observe images that include ultra-high resolution color CMOS images, 16 bit laser color confocal images, confocal and ND filter optics, and C-laser differential interference images) series was used to scan the morphology of SLM-molded specimens, which mainly included focus variation and laser confocal with a display resolution of 0.001 μm.



A scanning electron microscope (SEM) uses secondary electrons that are very sensitive to the surface state of the material and backscattered electron imaging that can produce specific compositional information. In this experiment, a FEI Quanta FEG 250, Hillsboro, OR, USA (the FEI QUANTA FEG250 field-emission scanning electron microscope has a secondary electron image resolution of 1.04 nm, a magnification of 15 to 300,000 times, an accelerating voltage of 0.2 to 30 kV, and a detection current of 0.3–22 nA) scanning electron microscope was used to observe and analyze the microscopic morphology of SLM-molded TC4 specimens.



The microstructure observation of SLM-molded TC4 specimens was carried out by a German Zeiss Observer D1m, Jena, Germany (micrometer: grid value of 0.001 mm/1 mm; differentiated eyepiece: 10× flat field zoom, grid value of 0.1 mm; and total magnification: 100–1000×; focusing mechanism: coaxial coarse micromanipulation; limit protection, lifting range of 30 mm, fine-tuning 0.002 mm) metallographic microscope. It is worth noting that before the metallographic observation of the TC4 specimen, it is first necessary to prepare a metallographic specimen, which needs to be sanded with different grits (320#, 600#, 1200#, 1500#, 2000#) of sandpaper, so that the surface of the metallographic specimen should be characterized by a basically smooth surface, free of stains and obvious scratches. After the initial formation of metallographic specimens, in order to be able to more clearly observe the microstructure of the specimen, a metallographic specimen corrosion treatment must be used. The corrosion solution chosen is Kroll reagent, the solvent ratio of the reagent is 5 mL HF:10 mL HNO3:85 mL H2O, and the corrosion time of the metallographic specimen using Kroll reagent is set to 20 s.




2.2.4. Measurement of Surface Roughness


In this experiment, the surface roughness of the SLM-molded TC4 specimen was measured using the roughness tester Mitutoyo (Kawasaki, Japan). During the measurement, three sampling points were selected on the surface of the TC4 molding specimen for measurement, and the average of the surface roughness of the three points was calculated, and this value was taken as the surface roughness value of the surface of the TC4 molded part.




2.2.5. Micro-Vickers Hardness Determination


This experiment used an HVS-1000AT/EOS100B which manufactured by NANBEI Instruments Ltd., Zhengzhou, China (measuring range of hardness value: 5–5000 HV; optical measuring system objective lens: 10× (observation), 40× (measurement); total magnification of optical measuring system: 100× (observation), 400× (measurement); measuring range: 200 μm; index value: 0.025 μm; light source: 12 V/20 W) automatic microhardness tester to test the surface hardness of SLM-molded specimens. In order to ensure the accuracy of the specimen Vickers hardness test data, before the Vickers hardness test, first of all, sandpaper of the mesh numbers 280 mesh, 400 mesh, 600 mesh, 800 mesh, 1000 mesh, 1500 mesh was used. The specimen was polished, and then the polishing paste was used to polish the specimen on the polishing machine to ensure that the surface of the specimen was clean and flat without large scratches. For the test, three parallel lines were selected in the measurement plane of the specimen, and five consecutive points with the same distance between each point were selected for measurement, with the distance between each point being 1 mm, and the distance between the starting point and the edge of the specimen in the measurement plane being more than 1 mm. The load size selected for the test was 9.8 N, and the loading duration was set to 15 s. After the load was unloaded, the microscopic images were transferred to a data transmission channel Based on the diagonal length of the rhombus measured by the four-line method, the computer automatically displayed the micro-hardness values, and the average of the micro-hardnesses of the five points was finally taken as the micro-hardness of the measurement plane of the specimen.




2.2.6. Tensile and Compression Tests


We used CMT 5105 microcomputer-controlled electronic universal testing equipment, which manufactured by JINSON Optical Instruments Ltd. in Nanjing, China, to measure the tensile and compressive properties of the specimen. The maximum test force of 100 KN was used, and was tested using constant speed loading mode: for tensile test, a loading rate of 0.5 mm/min; for compression test, a loading rate of 1 mm/min. The equipment recorded the entire experimental process of force and displacement (  F − Δ s  ) relationship. According to Equations (2)–(5), the force–displacement (  F − Δ s  ) relationship can be transformed into the actual stress–strain (  σ − ε  ) relationship, and the transformation formula is as follows:


   σ 0  =  F A   



(4)






   ε 0  =  s  △ s    



(5)






  σ =  σ 0  (  1 +   ε 0  )  



(6)






  ε  = In  (  1 +   ε 0  )  



(7)




where    σ 0    is the nominal stress,    ε 0    is the nominal strain,  s  is the initial length of the specimen, and  A  is the initial cross-sectional area of the specimen.




2.2.7. Friction Wear Test


This experiment uses the FTM M30 modular-controlled lubrication multifunctional friction and wear tester developed by Nanjing YuanSheng Shen Intelligent Technology Company (Nanjing, China) to carry out friction and wear tests on SLM-molded titanium alloy specimens. For the friction wear test, the reciprocating motion function module is selected, with a stroke of 10 mm, a frequency of 1 Hz, a speed of 10 mm/s, an experimental time of 60 min, and an experimental loading force of 50 N. The upper fixture model is FUS063, and the specification is a flat column specimen with a diameter of 6 mm and a length of 13 mm. According to the previous research experience, the upper fixture material used in this friction wear test is polyethylene molecule (UHMWPE), and the lubricant is deionized water [27].






3. Results and Discussion


3.1. Analysis of Orthogonal Test Results


According to Table 4, it can be seen that the influence on the side roughness of the specimen is ordered in the following sequence: scanning spacing > scanning speed > laser power > paving powder layer thickness, in which the scanning speed and laser power influence the side roughness in basically the same way, although the former is slightly higher than the latter. The optimal combination of the four process parameters is as follows: laser power is 300 W, scanning speed is 1250 mm/s, scanning distance is 0.09 mm, and the thickness of powder layer is 0.05 mm.



According to Table 5, it can be seen that on the front roughness of the specimen, the order of the size of the influence is scanning speed > scanning distance > laser power > paving powder layer thickness; the optimal combination of the four process parameters is laser power of 300 W, scanning speed of 1250 mm/s, scanning distance of 0.09 mm, paving powder layer thickness of 0.05 mm.




3.2. Influence of Process Parameters on Molding Quality


3.2.1. Influence of Process Parameters on Densification


Densification is not only an important index for assessing the quality of SLM-molded parts, but also a prerequisite and basis for certain mechanical properties of molded parts [28]. In order to analyze the effects of process parameters (laser power, scanning speed, scanning spacing, and powder layer thickness) on the densities of molded specimens, each level of different influencing factors was set as the independent variable, and the densities of the molded specimens were set as the dependent variables, where the molded specimen densities were the mean values of the densities corresponding to each level of each factor.



The effect of the experimental levels of factors on the densities of the molded specimens is shown in Figure 2, and it can be seen that the densities of the molded specimens are above 95%.




3.2.2. Influence of Process Parameters on Micromorphology


During the SLM molding process, the process parameters should be set to match the characteristics of the selected powder material, otherwise it will lead to an increase in the internal porosity of the molded specimen, which will reduce its density and affect the molding performance. In order to study the effect of different process parameters on the micromorphology of SLM-molded specimens, this paper adopts the Keens VK-X1000 series shape measurement laser confocal microscope to observe the micromorphology of SLM molding of TC4 alloy specimens; Figure 3 shows the micromorphology of 16 groups of molding specimens on the side and front of the Keens VK-X1000 series shape measurement laser confocal microscope.



According to Figure 3, it can be seen that the overall micromorphology of the 16 groups of samples is relatively good, in which the surface of the No. 5 specimen molding quality is high, the surface is relatively flat, with basically no hole defects. The surface morphology of the remaining 14 groups of specimens mainly shows unfused defects, because in the process of SLM molding, a deep melt pool is produced. The emergence of a deep melt pool can promote the melting of TC4 metal powder and, thus, less molded specimen surface defects, but due to the plateau Raleigh capillary instability, being the reason for the melt pool elongation [29], the melt pool penetration is insufficient, so the melt pool means mobility and wettability is poorer and unable to fill the molded layer overlap of the concave region of the molded layer, thus, leading to the emergence of irregular fusion of the defects. The surface morphology of specimen No. 1 is relatively poor, and more irregular hole defects appear on the surface. The reason for this phenomenon is that the laser and the metal powder in the SLM molding process are unstable, and the deep melting pool generated promotes the volatilization of elements to induce porosity, and the continuous growth of columnar grains is hindered by the plateau Raleigh capillary instability, which ultimately leads to the appearance of irregular holes in the specimen.




3.2.3. Influence of Process Parameters on Roughness


Surface roughness is one of the important parameters for evaluating the performance of implants, and SLM molding technology has a broad development prospect in the biomedical field. For artificial implants, less roughness is conducive to an improvement in the fatigue strength and wear resistance of implants, and greater roughness is a favorable basis for ensuring the attachment and proliferation of osteoblasts of artificial implants. There is currently a great deal of controversy about the optimal roughness of implants, and the differences in roughness due to different additive manufacturing methods is an important parameter to consider; all the values found are biocompatible for osteoblast adhesion and value-addition, and due to the heterogeneity of the studies, it is not possible to determine an optimal roughness [30,31]. Therefore, it is necessary to optimize the process parameters so as to obtain a better surface roughness.



Figure 4 shows the roughness curves of the side (perpendicular stacking direction) and front (parallel stacking direction) of the same specimen molded by SLM, and the roughness of the side of the molded specimen is measured to be 7.796, and the roughness of the front is 12.499. A reason for this result may be that the SLM molding layer-by-layer stacking process means that the melt channel and the real position have a certain deviation, and in the stacking direction of the phenomenon there is sticky powder, making the specimen surface uneven and rougher.





3.3. Analysis of the Results of the Experimental Study on the Evaluation of Properties of SLM-Molded TC4 Alloy


3.3.1. Microstructure Analysis of SLM-Molded TC4 Alloy


On the basis of optimizing the process parameters, the TC4 specimens were molded by SLM, and microscopic observation of the molded specimens in cross-section and longitudinal section was carried out by metallurgical microscope and scanning electron microscope, respectively. Shown in Figure 5 and Figure 6 are the micrographs of the cross-section and longitudinal section of the molded specimens, respectively, from which it can be seen that the micrographs of the molded specimens on the side and the front side show obvious differences, which is mainly due to the influence of the molding characteristics of the SLM technology (layer-by-layer powder laying, layer-by-layer deposition).



Figure 5a,b show the microstructure morphology of the longitudinal section of the molded specimen under optical microscope, and Figure 5c,d show the microstructure morphology of the longitudinal section of the molded specimen observed by SEM. Figure 5 shows that the cross-section microstructure of the TC4 molded specimen consists of several thick  β  columnar crystals with epitaxial growth of the fusion cladding layer, the growth direction of the columnar crystals is perpendicular to the scanning direction of the laser beam and along the direction of the stacked layer growth, and the inside of the original thick  β  columnar crystals consists of   α ′   martensite almost completely, and   α ′   martensite is widely present inside the grain boundaries. This is due to the fact that in the additive manufacturing process, in order to ensure the continuity between adjacent layers, the laser energy will penetrate the powder layer to melt the top of the last deposited layer [32], resulting in the remelting of the previous layer of powder, the temperature gradient in the direction of powder layer deposition, and the bottom of the melting pool has the largest temperature gradient, and the remelted grains will appear to be epitaxial along the direction of deposition, resulting in the formation of the columnar crystals [33,34].



At the same time, it can be clearly seen that along the direction of the stacking layer  β  columnar crystal grain boundaries, adjacent to the two  β  columnar crystal grain boundaries within the fine needle-like  β  martensite, growth direction is different; the growth of  β  columnar crystal grain boundaries stops growing. This is because the titanium alloy goes through a phase transformation process: the  α  phase from the parent phase  β  tethers in line with the Burgers orientation relationship as shown in Equations (1) and (2); in the cooling process, the  β  phase into the  α  phase has 12 different orientation relationships, and the martensitic lath bundle in the same  β  crystal has a specific orientation difference to localize the shape of the strain, which is reduced to a minimum [35].



From Figure 6, it can be seen that the microstructure is not completely uniform, which is because the melting and solidification of the powder material in the SLM molding is faster, and the solidification rate is higher than the rate of martensite phase transformation, which leads to the transformation of the  β  phase in the organization to the  α  phase too late, so that the  β  phase is transformed to the martensite   α ′   phase. Due to the local cooling rate and residual heat, there is a certain difference, so the martensite shows a different morphology. Some black particles can also be observed in Figure 6a,b, which may be caused by the oxidized metal powder splashing into the molten pool during the high-speed laser scanning in the SLM molding process.



In order to analyze the physical phase distribution of the specimens after SLM molding, the surface of the molded specimens was subjected to XRD analysis, and the XRD patterns of the molded specimens are shown in Figure 7. According to Figure 7, it can be seen that the peaks of SLM-molded TC4 alloy specimens are mainly Ti peaks, and no other substances were detected. Compared with the data of the standard (PDF#89-2762) card [36], it was found that the position of SLM-molded specimens was positively shifted, which means that the spacing of grain boundaries had become smaller, and, thus, it is speculated that the reason for this phenomenon may be the occurrence of the martensitic phase transition.




3.3.2. Testing and Analysis of Mechanical Properties of SLM-Molded TC4 Alloy


	
Microhardness Analysis






Figure 8a shows the microhardness of the side of the SLM-molded specimen. The microhardness of the side of the specimen is between 363~376 HV, and the average microhardness is 369.13 HV. It can be seen from Figure 8a that the side of the microhardness shows a waveform change of firstly increasing, then decreasing, and then increasing; the microhardness of the measuring point 2 reaches the maximum value, and the microhardness of measuring point 4 is the smallest, and the reason for this change may be that measurement point 2 is in the middle of the melt channel and the powder in the middle of the melt channel is more fully melted, resulting in a more detailed granular organization, so that the microhardness of the specimen is higher. Measurement point 4 is in the overlap of the melt channel, and the powder at the overlap of the melt channel will appear to be melted for the second time, resulting in a larger granular organization, so that the microhardness of the specimen is reduced. However, the overall difference in the hardness of the specimen is not very large, so the overall hardness of the specimen is more uniform.



Figure 8b shows the microhardness of the front side of the SLM-molded specimen. The microhardness of the front side of the specimen is between 360 and 370 HV, and the average microhardness is 364.06 HV. The difference in microhardness at different measurement points may be due to the temperature effect on the microhardness produced during the SLM molding process. If the measurement point occurs between the molding layers (measurement point 2), the laser energy absorbed by the powder here is greater, the melting is more adequate, and the microhardness is higher; if the measurement point occurs at the combination of the molding layers (measurement point 4), the energy absorbed by the powder here is less than that between the molding layers, the melting of powder is not enough, and microhardness is decreased. However, from the Figure, it can be seen that the difference between the maximum and minimum microhardness values is very small, so the microhardness is more uniform.



The microhardness of TC4 alloy SLM-molded specimens is higher than casting (320 HV), which may be due to the fact that SLM molding is a fast melting and fast solidification process, the number of grains is larger, the growth space between adjacent grains is narrow, and the growth time is short, resulting in insufficient grain growth, which results in a large number of fine grains, and, thus, the hardness of the specimen is increased.



	2.

	
Tensile Properties Analysis







The mechanical properties of SLM-molded specimens with different densities are also different, and it is generally considered that high densities are the prerequisite for guaranteeing mechanical properties. Based on the optimization of process parameters, tensile specimens were molded and tensile performance tests were conducted to verify whether the optimized process parameters could meet the requirements of mechanical properties. The preparation dimensions of the tensile specimens refer to the ASTME8/E8M-15a [37] “Standard Test Methods for Tensile Testing of Metallic Materials” standard (small-size specimens), in which the marking distance G is taken to be 25.0 mm, and the width of the cross-section T is taken to be 6 mm; the specific dimensions are shown in Figure 9.



The researchers found that the tensile properties of the molded specimens were closely related to the direction of metal powder accumulation during molding, and by placing the specimens horizontally and performing SLM molding along their thickness direction (i.e., the thickness direction is the direction of powder accumulation), the molded specimens with the highest tensile and yield strengths were obtained [38], and the molding effect is shown in Figure 10a. Figure 10b shows the effect of the molded specimen after tensile fracture, according to the recorded load–displacement (  F − △ s  ) curve, and converted into the actual stress–strain (  σ − ε  ) curve.



Figure 11 shows the stress–strain curves of three molded specimens obtained from the tensile experiment. The stress–strain curves show that the molded specimens in the tensile process experience a total of three stages: the elastic stage, the strengthening stage, and the deformation and fracture stage. In the elastic stage, the change curves of the three molded specimens basically overlap, and the stress–strain curve is similar to a straight line. After the elastic stage, the molded specimen enters the strengthening stage, and there is no obvious yield stage, so the yield strength of the specimen is characterized by    σ  0  . 2      (0.2% residual deformation of the stress value), the specimen passes through the maximum tensile strength of the stress    σ b   , and the phenomenon of local deformation occurs until the specimen is fractured.



The average yield strength of the three specimens was 1217.40 MPa, the tensile strength was 1315.32 MPa, and the elongation at break was 9.6%. Table 6 shows the test results of tensile properties of SLM-molded titanium alloy specimens. From the table, it can be seen that the yield strength and tensile strength of SLM-molded titanium alloy tensile specimens are higher than those of ASTM F136 and casting standards, but the elongation of SLM-molded titanium alloy specimens is slightly lower relative to the ASTM F136 standard. The reason for this phenomenon may be that the SLM molding process is a rapid melting and rapid solidification process, the metal grains cannot grow up in time to be limited by the surrounding grains, and then the formation of a very small and balanced organization, fine grain size, and a greater number of grain boundaries more effectively prevent the occurrence of dislocations, improve the SLM molding specimens yield strength and tensile strength. However, at the same time, it may lead to certain defects at the grain boundaries, which makes the molded specimen plasticity decrease and elongation decrease.



	3.

	
Compression Performance Analysis







The femur is an important part of the human lower limb, and the study of its stress state is of strategic significance for artificial joint replacement. Some studies have shown that the maximum stress on the femur during standing can reach 27.70 MPa [39], and the compressive strength of implants with a porous structure is lower than that of implants with a solid structure. In implant applications, porous structures also need to meet the requirements of mechanical properties (e.g., compressive strength), and, therefore, compressive properties are an important mechanical property index for evaluating porous implants.



Based on the topology-optimized reconstruction model, the compression specimen model was constructed by arraying the porous unit structures with volume fractions of 10%, 20%, 30%, and 40% through Materialise Magics 24.0 software, as shown in Figure 12.



Based on the optimized process parameters, the porous compression specimen is molded by SLM technology. When the compression specimen is molded, the specimen is firstly cut from the substrate by using the wire cutting technology to ensure the bottom surface of the specimen is flat. Then the compressed specimen is subjected to a series of post-treatment processes, such as ultrasonic cleaning, blowing, sandblasting, etc., in order to remove the metal powder that is not firmly bonded inside and on the surface of the porous structure. The final molded specimen was obtained as shown in Figure 13, and from left to right, the volume fractions of the porous compression specimen were 10%, 20%, 30%, and 40%.



According to the ISO 13314 standard [40] for compression testing of porous and honeycomb metals, the compression properties of SLM-molded porous specimens of TC4 alloy were analyzed by compression testing. It was found that specimens with different volume fractions had different failure locations and different resistance to deformation when compressed, and Figure 14 shows the effect diagram of the specimens after being compressed.



The corresponding force–displacement (  F − △ s  ) curves were obtained by compression tests of specimens with different volume fractions, and the stress–strain (  σ − ε  ) curves shown in Figure 15 were transformed according to equation. Generally speaking, when the compression test starts, the stress–strain curve will have a linear phase, but according to Figure 15, it is found that although the volume fractions of the compression specimens are different, the compression specimens all have a nonlinear concave tendency at the beginning part, which can be attributed to the local deformation of the bottom of the specimen when the specimen on the substrate is wire-cut or the porous structure of the surface of the compression specimen after molding is not flat enough, leading to the stress at the initial stage not being smooth, which is not enough.



The surface of the compressed specimen after molding is not flat enough, which leads to the uneven force in the initial stage. After a small phase of nonlinear changes, the structure enters the elastic deformation phase, and the equivalent elastic modulus of the structure can be obtained from the slope of the stress–strain curve in this phase. As the strain increases, the stress appears to change nonlinearly, and then enters the plastic deformation stage of the stress–strain curve. The ability to resist deformation of the compression specimen in this stage is different; the smaller the volume fraction, the weaker the ability to resist deformation. The specimen enters the failure stage of the stress–strain curve after the phenomenon of sudden change in stress. However, the densification stage did not occur during the compression of the specimen, which was caused by the fact that the tester stopped compressing the specimen when a local failure occurred in the porous structure during the compression performance test of the porous structure. The modulus of elasticity and compressive strength of different specimens were measured according to the stress–strain curves, as shown in Table 7.



	4.

	
Friction and Wear Performance Analysis







In order to analyze the experimental results more intuitively, Origin software (Version number: 8.0) was used to realize the conversion from data to image. Figure 16 shows the graph of friction coefficient comparison between SLM-molded specimens and casting specimens under different lubrication conditions. From the Figure, it can be seen that the initial change in each curve is not regular, and it is guessed that the reason for this phenomenon is that when the TC4 alloy specimen and the UHWMPE specimen are experimented with, because the molding specimen is not identical, the initial contact state of the two specimens is different, which leads to a certain difference in the trend of the friction coefficient at the initial stage.



Figure 16a shows the comparison curve of the friction coefficients of the casting specimen and the SLM-molded specimen under dry friction conditions, from which it can be seen that the casting specimen maintains its friction coefficient basically unchanged and stabilized at about 0.2 after about 20 min of the break-in period, while the SLM-molded specimen maintains its friction coefficient at about 0.16 after about 10 min of the break-in period, which is obviously lower than the friction coefficient of the casting specimen. As can be seen from Figure 16b, under the condition of deionized water lubrication, the friction coefficient of the casting specimen is still higher than that of the SLM-molded specimen, and both of them have experienced the same break-in period (10 min); the friction coefficient of the casting specimen fluctuates up and down around 0.17 and the friction coefficient of the SLM-molded specimen fluctuates up and down around 0.11 after the break-in period.



Figure 17 shows the average coefficient of friction of different specimens under different lubrication conditions. Combined with Figure 16, it can be seen that the wear resistance of TC4 specimens of both molding methods is improved under lubrication conditions, and the coefficients of friction are reduced. The reason for this result is that under dry friction conditions, the repeated friction between the specimen and the counter-abrasive specimen produces fine wear particles, and due to the lack of lubricant, the wear particles cannot be discharged in time, so that the wear particles accumulate between the specimen and the counter-abrasive specimen, and the friction coefficient between the two is larger. Under the deionized water lubrication condition, there is water lubrication between the specimen and the counter-abrasive specimen, and the wear particles are discharged in time by the hydrodynamic effect of the lubricant, which reduces the degree of wear of the specimen and the counter-abrasive specimen and the coefficient of friction between the two.



Figure 18 shows the friction coefficient comparison curves of different surfaces of SLM-molded specimens, from which it can be seen that the friction coefficient difference between the side and the front of the SLM-molded specimens is not very large, and its tendency to change and the size of the value is almost the same. However, it can be seen from the figure that the friction coefficient of the front side of the molded specimen is slightly higher than that of the side; the reason for this result is related to the surface roughness of the SLM-molded specimen. The SLM molding layer-by-layer stacking process means that the melt channel and the real position achieve a certain degree of deviation, and in the direction of the stacking of the phenomenon there is sticking powder, so that the front side of the specimen is not flat, the specimen is rougher, and, therefore, the front side of the specimen has a slightly larger coefficient of friction.






4. Conclusions


	1.

	
The SLM process parameters were optimized through orthogonal tests, and for roughness, the optimized process parameter combinations were determined as follows: laser power of 300 W, scanning speed of 1250 mm/s, scanning spacing of 0.09 mm, and a powder layer thickness of 0.05 mm. When the density of the molded specimen is high, it has fewer internal pore defects, and, on the contrary, when the density is low, the internal pore defects are more obvious;




	2.

	
The microstructure of the cross-section of the molded specimen is mainly    α ′    martensite, and there are oriented  β  columnar crystals in the microstructure of the elongated cross-section; the microhardness of the side of the molded specimen averaged 369.13 HV, and the microhardness of the front side has an average value of 364.06 HV, and the sides and fronts of the molded specimen are harder than those of the casting specimen;




	3.

	
The average yield strength of the molded specimens was 1217.40 MPa, the tensile strength was 1315.32 MPa, and the elongation at break was 9.6%. It was found that the yield strength and tensile strength of the SLM-molded specimens were higher than that of the ASTM F136 and casting standards but the elongation at break was slightly lower than that of the ASTM F136 standard; the elastic modulus of the molded specimens was in the range of 0.7~12.7 GPa and the compressive strength between 8~338 MPa, which is in line with the range of human bone requirements [41]. For the materials used to make femoral implants, Ti-6Al-4V femoral implants made by SLM meet the requirements, but in practical orthopedics application, it is necessary to apply a coating that enables osseointegration to the alloy obtained by SLM;




	4.

	
Under the same experimental conditions, the friction coefficients of SLM-molded specimens are lower than those of casting specimens, and their wear resistance is higher than that of casting specimens. The friction and wear performance of the molded specimens on the side and the front side do not differ much, and there is basically no difference in the friction coefficient trends and sizes of the two, with the friction coefficient on the front side of the specimens being slightly higher.
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Figure 1. Model display effect. Adapted from Ref. [24]. 
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Figure 2. Influence of each factor level value on density in orthogonal experiment. 
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Figure 3. Micromorphology of 16 groups of samples. 






Figure 3. Micromorphology of 16 groups of samples.



[image: Metals 14 00492 g003]







[image: Metals 14 00492 g004] 





Figure 4. Roughness curve. 
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Figure 5. Micromorphology of longitudinal section of forming sample. (a,b) show the microscopic morphology of the longitudinal section of the specimen under optical microscope, and (c,d) show the microscopic morphology of the longitudinal section of the specimen observed by SEM. 
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Figure 6. Micromorphology of cross-section of molding sample. (a,b) are the microscopic morphology of the specimen cross-section under optical microscope, and (c,d) are the microscopic morphology of the specimen cross-section observed by SEM. 






Figure 6. Micromorphology of cross-section of molding sample. (a,b) are the microscopic morphology of the specimen cross-section under optical microscope, and (c,d) are the microscopic morphology of the specimen cross-section observed by SEM.



[image: Metals 14 00492 g006]







[image: Metals 14 00492 g007] 





Figure 7. XRD pattern of SLM-formed sample. 
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Figure 8. Microhardness values of molding samples. 
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Figure 9. Dimensions of tensile specimens. 
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Figure 10. Tensile specimens. 
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Figure 11. Stress–strain curve. 
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Figure 12. Compressed sample model. 
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Figure 13. Compression sample molding effect. 
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Figure 14. Sample effect after compression test. 
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Figure 15. Stress–strain curve. 
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Figure 16. Friction coefficient of samples with different forming modes. 
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Figure 17. Average friction coefficient of samples under different lubrication conditions. 
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Figure 18. Friction coefficient of samples under different conditions. 
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Table 1. Comparison of Ti-6Al-4V powder with GB/T 13810-2007 and ASTM F136 standard. Reprinted from Ref. [24].
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	Ingredients
	Ti
	Al
	V
	Fe
	C
	O
	N
	H





	ASTM F136
	Residual
	5.5–6.5
	3.5–4.5
	≤0.25
	≤0.08
	≤0.13
	≤0.05
	≤0.012



	GB/T 13810
	Residual
	5.5–6.75
	3.5–4.5
	0.3
	0.08
	0.02
	0.05
	0.015



	TC4
	Residual
	6.1
	3.95
	0.1
	0.004
	0.01
	0.01
	0.001










 





Table 2. Basic characteristics of TC4 powder.
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	D3
	D10
	D50
	D70
	D90
	D95
	D97





	8.942 μm
	18.214 μm
	35.106 μm
	43.330 μm
	58.394 μm
	65.242 μm
	73.408 μm










 





Table 3. Factors and horizontal design of orthogonal experiment. Reprinted from Ref. [24].
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	Number
	1
	2
	3
	4





	Laser power P/(W)
	300
	320
	340
	360



	Scanning speed v/(mm/s)
	1050
	1250
	1450
	1650



	Scan spacing d/(mm)
	0.08
	0.09
	0.10
	0.11



	Thickness of powder printing layer h/(mm)
	0.04
	0.05
	0.06
	0.07










 





Table 4. Analysis results of the side roughness of the sample.
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	Factors (Process Parameters)
	Laser Power P
	Scanning Speed v
	Scan Spacing d
	Thickness of Powder Layer h





	Level index and K1
	35.911
	38.532
	41.6
	40.585



	Level index and K2
	37.331
	36.045
	36.431
	36.142



	Level index and K3
	40.807
	39.328
	37.988
	37.502



	Level index and K4
	40.937
	41.081
	38.967
	40.757



	Horizontal k1
	8.978
	9.633
	10.400
	10.146



	Horizontal k2
	9.333
	9.011
	9.108
	9.036



	Horizontal k3
	10.202
	9.832
	9.497
	9.376



	Horizontal k4
	10.234
	10.270
	9.742
	10.189



	Average index R
	1.256
	1.259
	1.292
	1.153










 





Table 5. Analysis results of the front roughness of the sample.






Table 5. Analysis results of the front roughness of the sample.





	Factors (Process Parameters)
	Laser Power P
	Scanning Speed v
	Scan Spacing d
	Thickness of Powder Layer h





	Level index and K1
	42.422
	43.578
	44.745
	44.677



	Level index and K2
	44.501
	42.426
	42.028
	43.356



	Level index and K3
	45.59
	44.506
	45.433
	45.365



	Level index and K4
	46.867
	48.87
	47.174
	45.982



	Horizontal k1
	10.606
	10.895
	11.186
	11.169



	Horizontal k2
	11.125
	10.607
	10.507
	10.839



	Horizontal k3
	11.398
	11.127
	11.358
	11.341



	Horizontal k4
	11.717
	12.218
	11.794
	11.496



	Average index R
	1.111
	1.611
	1.287
	0.657










 





Table 6. Tensile test results and comparison of SLM-molded samples.
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	Type
	Yield Strength

(MPa)
	Tensile Strength

(MPa)
	Elongation

(%)





	ASTM F136
	795
	860
	10.0



	Casting
	847
	976
	5.1



	SLM molding
	1217.40
	1315.32
	9.6










 





Table 7. Compression experimental results.
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	Volume Fraction
	10%
	20%
	30%
	40%





	Modulus of elasticity (GPa)
	0.75
	1.51
	7.99
	12.63



	Compressive strength (MPa)
	8
	48
	219
	338
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